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".I revised engines, extended electronic control and the use of complex
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130 kW have been revised in essential parts for exhaust level Tier
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while the specific fuel combustion could be reduced by up to 6 %.
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TRANSPORT AGENDA

Dear Reader,

The IAA Commercial Vehicles 2010 is open-
ing its doors at the best possible time - the
start of an upturn in the economy. The
transport industry, vehicle manufacturers
and their suppliers, all of which were par-
ticularly hard hit by the economic crisis,
can now breathe a sigh of relief. In the first
half of 2010 alone, the increase in orders
for heavy goods vehicles was 80 percent
up on the very poor figures of the previous
year. With around 1700 exhibitors, the [AA
is returning to its 2006 level.

Alongside the economy, the demand for
transport services is also growing, in par-
ticular in emerging nations such as China
and India. However, the European truck
manufacturers have a disproportionately
small share of these markets, because
with their high-quality and correspond-
ingly expensive products they have noth-
ing to offer in the face of the huge pres-
sures on prices in these countries. As a
result, four of the five largest manufactur-
ers of heavy goods vehicles now come
from China and India.

On their home markets in Europe the
manufacturers are faced by political chal-
lenges. The CO, balance has to be im-
proved, despite the fact that the volume of
goods traffic is continuing to grow and the
introduction of stricter exhaust emissions
limits in Euro 6 will result in an increase
in consumption. Finding the correct solu-
tion to these problems is even more diffi-
cult for trucks than it is for cars. One cor-
rect solution that will definitely not be in-
troduced in heavy goods vehicles is elec-
tric drive systems. Although they may per-
haps make even more sense for local de-
livery vans than they do for cars, depend-
ing on energy taxes and tolls, for trucks

MTZ 1012010 Volume 71

the best way of achieving CO, neutrality is
by using biofuels. However, these fuels
will continue to be in short supply even
with industrial-scale production and the
first signs of competition for resources be-
tween goods transport on the roads and in
the air are already emerging.

Anyone who wants to take a closer look
at the links between drive systems, mar-
kets and logistics concepts will find the
“Transport and Logistics” issue of our
Automotive Agenda, which is appearing
to coincide with the IAA, an interesting
read. You can try an excerpt at www.auto-
motive-agenda.de.

I am looking forward to the opportunity
of discussing with you at the IAA the
latest technical solutions to the challenges
that I have outlined in this editorial.

fth

JOHANNES WINTERHAGEN, Editor-in-Chief
Wiesbaden, 17 August 2010

EDITORIAL
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THE NEW DEUTZ TIER 41 ENGINES

The limit values stipulated by exhaust legislation under Tier 4i or EU Stage IIIB for mobile machinery with a
power of more than 130 kW will become valid in the USA and in the EU on January 1, 2011. In comparison to
today, these limit values entail a reduction in particulate by up to 90 % and nitrogen dioxide emissions by 50 %.
Deutz has applied several technical concepts to its engines of displacement classes 6 to 16 litres, in order to
comply with Tier 4i and Stage IIIB. This first part of the article describes the aspects design and durability, you
will find the second part in the MTZ issue 11/2010.
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REQUIREMENTS

Hence, all manufacturers of engines for the off-road market are
faced with enormous technical challenges, which can only be
overcome with revised engines, extended electronic control and
the use of complex exhaust aftertreatment.

As a provider of engines in the on-road and off-road area with
displacement between 2.9 and 16 1 and power between 25 and
520 kW, Deutz has refined existing concepts for Tier 4i and EU
Stage I1IB, while implementing new technology to this end [1, 2].
In comparison to engines of the previous generation, the develop-
ment has focussed on:

: increasing the specific power

: increasing the ignition pressure resistance

: increasing the thermal load capability and conversion to cool-
ing gallery pistons (TCD 6.1 L6)

: increasing the cubic capacity (TCD 7.8 L6)

: increasing the maximum injection pressure

: improving the crankcase ventilation and oil separation (TCD

12.0 V6 or TCD 16.0 V8).

The 11/2010 edition will examine the different combustion pro-
cesses as well as the exhaust aftertreatment components for the
engines more closely. @ summarizes the technical data of the
Deutz Tier 4i engines in the power range above 130 kW.

TCD 6.1 L6 ENGINE WITH SCR FOR TRACTORS

The TCD 6.1 L6 is a refinement of the TCD 2012 LO6 engine and was
been conceived both for industrial applications as well as for use
in tractors. The tractor variant is described here as representative.

Deutz is the first engine manufacturer for the agricultural machin-
ery segment to introduce selective catalytic reduction (SCR) for
exhaust aftertreatment in the exhaust level Tier 4i/Stage IIIB. The
decision to use SCR for the agricultural machinery segment was
made in particular under the aspect of avoiding thermal regenera-
tion of a particulate filter as well as of the high requirements in
comparison to construction machine applications in respect to
power and torque over wide sections of the load profile and the
comparatively good availability of “Ad Blue” (aqueous urea dilu-
tion) in the market.

Increasing the ignition pressure is especially advantageous for
achieving an optimum fuel consumption. Increased power in com-
parison to the previous engine TCD 2012 L06 and the associated
higher thermal load on the powertrain means that considerably
stricter requirements are placed on the engine components. In
order to meet at the same time the much more stringent require-
ments for lower product costs, the decision was made to transfer
the cylinder head concept of the TCD 2013 L06 4V successfully
used in the commercial vehicle segment since 2006 to the smaller
engine series, @.

The cylinder head concept corresponds to the Deutz-typical L-
flow design, i.e. charge air intake from above and exhaust outlet
on the left side in respect to the flywheel side the of engine. The
water jackets have been designed for better cleaning of the raw
parts without a cast dome for the centrally positioned injector.
The partition between the water jacket and the injection/fuel
cavities is via a copper sleeve. The leak fuel is recirculated cen-
trally via a fuel line integrated in the cylinder head.

personal buildup for Force Motors Ltd.
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ENGINES > 130 KW TCD 6.1 L6 TCD7.8 L6 TCD12.0 V6 TCD16.0 V8
ENGINE VARIANT - Agri Industry Agri Industry Industry Industry
NUMBER OF CYLINDERS - 6 6 6 8
DISPLACEMENT | 6.1 7.8 12.0 16.0
CYLINDER BORE mm 101 110 132

STROKE mm 126 136 145

RATED POWER kW 203 180 285 250 390 520
NOMINAL SPEED rpm 2100 2300 2200 2200 2100 2100
RATED TORQUE Nm 920 747 1235 1085 1774 2365
PEAK TORQUE Nm 1170 1000 1490 1400 2130 2890
AT SPEED rpm 1450 1450 1500 1450 1400 1400
MAX. SPECIFIC POWER kW/I 33.3 29.7 38.6 323 32.8 325
BMEP @ PEAK TORQUE bar 24.2 20.7 24.2 22.7 225 229
MIN. BSFC g/kWh 200 210 198 200 196 198
BSFC RATED g/kWh 212 222 212 219 217 219

@ Technical data Deutz engines >130 kW for Tier 4 interim

The injection system of the TCD 6.1 L6
has been significantly revised to improve
the particulate emissions. In comparison
to the previous version, the maximum in-
jection pressure has been increased from
1600 bar to 2000 bar for the versions with
high power. The new 2000 bar system is
based on the Deutz common-rail system
successfully used in series production
since 2006. Besides the PF high-pressure
pumps typical for the system, a new injec-
tor forms the core of the revised injection
system. The CRIN 3 injector from Bosch
exhibits significantly reduced leakage vol-
umes in comparison to its predecessor
(CRIN 2) and therefore provides the option
of reducing the plunger diameter of the
high-pressure pumps in such way that the
fuel quantity balance allows representa-
tion of a peak power of 300 KW (in the
TCD 7.8 L6). Apart from in the TCD 6.1
L6, the new 2000 bar injection system is
also generally used in the TCD 7.8 L6.

In order to meet the high requirements
for power and torque as well as use the
good fuel consumption of the SCR process
over the entire characteristic map shortly
after starting as well, the exhaust gas tem-
perature before the catalytic converter in
operation must be increased as quickly as
possible to a level in the range 250 to
300 °C. To fulfil these requirements,
Deutz has developed a turbocharger with
electrical waste gate actuator together with
Borg Warner Turbo Systems. The turbo-
charger system with exhaust line for the

6

TCD6.1 L6 series is shown in @. The elec-
trical rapid waste gate adjustment control-
led via CAN bus ensures precise regulation
of the charge pressure in the entire engine
map.

TCD 7.8 L6 ENGINE WITH DPF
FOR USE IN THE CONSTRUCTION
MACHINE

The TCD 7.8 L6 engine represents a
refinement of the TCD 2013 L06 engine
and works in the same way as the TCD
6.1 L6 both for the agricultural machinery
segment and for use in construction
machines each with their own combus-
tion process. The essential feature of the
new engine is the increased cubic capac-
ity in comparison to the TCD 2013 L6
from7.21t0 7.8 L.

A system with externally cooled EGR
and a diesel particulate filter (DPF) with
active regeneration were selected for the
industrial application. This means the
diverse off-road applications no longer
have to use additional operating media.

The EGR system has been designed for
the 6-cylinder engines as a double-flow
modular concept, which is used as the
same part both for the TCD 6.1 L6 series
and the TCD 7.8 L6 series. The main ele-
ments are the EGR cooler, the EGR flap,
the peak pressure valve, the flap actuator,
as well as a Venturi system for measuring
the EGR mass flow. An essential design
feature of the module is the omission of

the otherwise standard corrugated pipes,
which both increase the installation com-
plexity and negatively affect the product
costs. The fastening is on the gas inlet
side directly on the exhaust manifold and
on the gas outlet side using a bracket on
the crankcase, which is designed as a
“loose bearing”. The concept chosen pro-
vides the option of a complete preassem-
bly and hence a significantly reduced
installation time on the engine assembly
line.

For reliable and fault-free operation of
the engine with particulate filter in con-
struction machines, a burner is necessary
to increase the exhaust gas temperature in
line with requirements, this enabling a
reliable regeneration of the loaded partic-
ulate filter under all operating conditions.

@ TCD 6.1 L6 cylinder head
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Above all, reference is made to the appli-
cations with long-lasting low load opera-
tion here.

The burner system developed by Deutz
itself with the required air and fuel supply
is shown in @. Besides the actual burner,
an electrically driven air pump, a meter-
ing unit for the primary and secondary fuel
supply as well as lines for air and fuel are
necessary. The electric drive of the air pump
ensures the requisite air supply to the
burner for a regeneration of the particu-
late filter also when operating the engine
at low speeds in the idling range. The
burner is designed as a partial-flow burner.
The partial flow of combustion air fed
separately via the air pump and the fuel
are combusted directly in the burner,
thereby increasing the exhaust gas tem-
perature. After reaching a sufficiently high
exhaust gas temperature, extra fuel is
injected via a second injection pipe in the
burner, which does not combust directly,
however, but is converted chemically in
the diesel oxidation catalyst (DOC) up-
stream of the particulate filter. Thanks to
this further exhaust gas temperature in-
crease directly before the particulate filter,
the necessary regeneration temperature is
then reliably reached.

TCD 12.0/16.0 V6/V8
ENGINE WITH SCR

The TCD 12.0 V6 and TCD 16.0 V8
engines are derived from the TCD 2015

MTZ 1012010 Volume 71

© Exhaust manifold with turbo
charger and electric actuator

series as V-engines with a cylinder dis-
placement of 2 1. For exhaust level Tier 4i
or EU Stage IIIB, the engines retain the
basic dimensions of the previous versions,
but have been revised in essential parts.

Both units operate with an SCR system
and dispense with exhaust gas recirculation.

This emission concept was defined on
the basis of the packaging conditions in
the segments covered by these engines,
because it reduces the installation space
requirements for the exhaust aftertreat-
ment system and allows the machine
manufacturer to retain the cooling system
of the previous engine versions.

The increased mean combustion tem-
perature in comparison to its predecessor

Intake throttle
Nap

EGR module

has been countered via improved piston
cooling as well as a re-adjustment of cyl-
inder liner and piston rings.

The low level of engine out emissions is
achieved via an optimized combustion
process and the use of a Bosch common
rail system of the latest generation. The
system comprises the high-pressure pump
CPN-5, which can provide a maximum
injection pressure of up to 2000 bar, two
forged rails (V6) or a single rail (V8) as
well as solenoid controlled injectors.

The high-pressure pump is driven by a
wheel set via the camshaft gear wheel of
the engine and is located in the rear part
of the inner V. In comparison to its prede-
cessor with unit pumps and a separate
camshaft for injection control, the crank-
case and the engine timing have been sig-
nificantly simplified, @.

A further module for achieving engine
out emissions is the closed crankcase ven-
tilation. An electric disk separator is used
for the first time in an industrial engine,
which is located in a space-saving constel-
lation in the inner V. The blow-by gas con-
taining oil is routed from the crankcase
into the disk separator, flowing through
the latter radially from inside to outside.
The oil accumulates on the 98 rotating
disks and is cast centrifugally outwards
and returned from there to the crankcase.
The cleaned gas flow leaves the disk sepa-
rator via a constant-pressure valve and is
returned to the combustion chamber. The
disks rotate electrically in the entire engine
map at a constant speed of 12,000 rpm,
the system thereby achieving separating
efficiencies >98 % for smallest droplet

Burner

Alr pump

O Deutz burner system
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sizes (0.4 pm). In contrast to conven-
tional separating systems, droplet sizes
down to the aerosol range are therefore
separated off reliably. The majority of
particles < 0.4 pm consist of evaporated
and re-condensed lube oil droplets, they
contain much less lube oil components
with a tendency to accumulate and thus
remain uncritical for the compressor
cleanliness.

The TCD 12.0 V6 and TCD 16.0 V8
engines have individual cylinder heads
that can be installed on either cylinder
bank with four valves per cylinder, which
are actuated via forked rocker arms and
push rods. The cylinder heads have been
redesigned for exhaust level Tier 4i/EU
Stage IIIB. Besides integration of the
common rail injectors, which are fuel
supplied at the sides via an inlet connec-
tor, the cylinder heads optionally have an
additional valve, which is used as engine
brake. The brake valve, whose seat is a
machining variant in the cylinder head,
is operated with engine oil pressure and
enables a bypass bore into the exhaust
port, ©.

On the exhaust side, the TCD 12.0 V6
and TCD 16.0 V8 engines have waste gate
turbochargers. For emission level Tier 4i
or EU Stage IIIB, their layout has been
fundamentally revised, with water-cooled
electrical actuators being used for operat-
ing the waste gate, as in the in-line Deutz
engines. This resulted in simplification to
the design as well as a significantly
improved transient behaviour in compari-
son to the predecessor, which had a fixed
turbocharger with separate pneumatic
bypass valve.

O TCD 16.0V8 cylinder head with brake valve

8

@ Distribution and injection system

FUNCTION AND DURABILITY TESTING

The function and durability testing is based
on the long-standing experience from
Deutz engine developments and has been
supplemented further by the additional
requirements of Exhaust After Treatment
Systems (EATS).

The development of new specifications
for EATS corresponded in particular to the
specific requirements from the diverse off-
road applications. The overview in @ shows
the content of the function and durability
testing for all engines with EATS.

PISTON TEMPERATURES

Adaptation of the SCR combustion pro-
cess to the TCD 6.1 L6 Agripower engine
represented a challenge regarding mechani-
cal validation of the basic engine. The
higher thermal and mechanical stresses
associated with SCR combustion in com-
parison to EGR combustion call for exten-
sive functional examination in the power-
train. As an example, the temperature field
measurement at the piston (PTM) is to be
examined here. While standard piston
temperature measurements using “tem-
plugs” can only provide a static record of
the maximum temperature, the “online”
PTM measuring method also allows tran-
sient temperature variations to be
recorded at all critical points of the piston.

The measured values enable a detailed
calibration of the piston calculation
model, while engine protection strategies
for critical application and surrounding
boundary conditions for field use can also
be devised.

The calculated FEA temperature field
for the pistons of the Tier 3 engine with-
out cooling gallery reveals piston bowl
rim temperatures just below the critical
limit for aluminium materials under the
new boundary conditions of the Tier 4i
SCR combustion. For comparison of the
calculation, a PTM measurement with the
previous series pistons without cooling
gallery was therefore conducted at the
beginning of the Tier 4i combustion
development. The temperatures thus
ascertained confirmed the critical temper-
ature level in the area of the piston bowl
rim and the necessity to introduce a cool-
ing gallery. Repetition of the PTM with
the cooling gallery piston confirmed a
significant reduction in temperature as
expected, @.

TURBOCHARGER AND CONNECTION

Owing to the installation space require-
ment typical of tractors for a small engine
width, the turbocharger of the TCD 6.1 L6
Agripower must be located above the valve
cover. The resultant so-called “swan neck”
of the exhaust manifold, ®), represents a
special challenge for the turbocharger and
the electrical actuator from a vibrational
point of view. Besides the usual turbo-
charger validation, e.g. oil leak tightness
test and installation temperature survey,
the shaft motion track of the turbocharger
rotor assembly had to be measured for
this particular installation position.

To examine the operational reliability
under all operating conditions and toler-
ances occurring in the tractor, compressor
and turbine wheel were provided with a

personal buildup for Force Motors Ltd.



ENGINE MECHANICS DURABILITY TEST

FOCUS OF TESTING

DURATION

VIBRATION DURABILITY TEST

Vibration validation of add-on parts and systems

FULL-LOAD DURABILITY TEST

Wear to crank drive, valve train, bearings

CYCLE DURABILITY TEST

Thermo-mechanical alternating loads: cylinder head, cylinder head gasket, turbocharger, exhaust

line, EGR cooler, pistons

RELEASE DURABILITY TEST

Final program run for entire engine

Total 62,000 h

EXHAUST GAS AFTERTREATMENT

SCR CRYSTALLISATION DURABILITY TEST

Low load operation

SCR HIGH-TEMPERATURE DURABILITY TEST

High-temperature operation

DPF REGENERATION CYCLE

Regeneration durability testing

DPF FIELD CYCLE

Software and data setting (e.g. soot loading model)

DPF COLD CHAMBER

Cold start & cold operation

Total 8,500 h

FUNCTION TEST

MOTOR MECHANICS

Component & system testing

THERMODYNAMICS APPLICATION

EXHAUST AFTERTREATMENT APPLICATION

Data setting & map application

Total 45,000 h

FIELD TEST

REPRESENTATIVE TEST SPECIMENS

Function & durability under field conditions

Total 45,000 h

Total amount 160,500 h

@ Deutz Tier 4 interim engine test bench and field validation

maximum imbalance and the bearing
clearance set to the maximum dimension.
The turbocharger provided with an induc-
tive measuring system for recording the
shaft motion track was now operated
under “worst case” conditions at extreme-
ly low lube oil pressure and temperatures
in transient measuring cycles and the
operational reliability of the turbocharger
was demonstrably ensured.

EXHAUST AFTERTREATMENT
COMPONENTS

The significantly higher requirements for
the exhaust aftertreatment components
in off-road application in comparison to
on-road is above all due to higher shock
loads and tougher load cycles. The
mechanical durability was tested in com-
ponent tests based on the real values
measured in the vehicle. In this way,
durability of the components could be
reliably ensured.

New tests for ensuring the function and
durability have been developed for the
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Deutz burner system. The functional vali-
dation comprises both component tests
for the media supply and the ignition
components as well as the overall system
testing on a burner test bench developed
in-house. The regeneration capability at

all operating points in the engine map
under stationary and highly-transient con-
ditions was also verified at high altitude
under extreme temperature conditions. To
ensure the thermal material strength,
extreme temperature amplitude tests have

Reduction of thermal load: example piston of engine TCD 6.1 L& SCR

Acceptable limit for bowl rim temp.

Hmmtl;l:r with =
caolin

Temggm reduction caused
by cooling gallery =55 K —

O Piston thermal stress
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been conducted. @ shows the tempera-
ture amplitudes. The durability of the
overall system was verified via shaker
tests and special engine test bench endur-
ance trials (lifetime test).

New test standards compatible with
the high requirements of off-road appli-
cations have also been defined for the
DPF component tests jointly with the
system suppliers. “Worst case“ load spec-
tra for the (thermo-)mechanical stress on
the exhaust aftertreatment components
in field measurements were therefore
determined in the early phase of the
development, these forming the basis for
the service life design:

Evaluation

Miasuremieni

Component tests/test bench at supplier:
: hot-shaker test
. thermal shock test
. pipe bending fatigue test
service life test.
System tests/test bench at engine manu-
facturer, @:
: loading - regeneration test (substrate
life cycle test)
field simulation (software & data input
for soot loading model)
cold cycle test (cold start & cold run-
ning performance).
The service life test corresponds to the
real loads of the “worst case” application.
The harmful elements thereof ascertained

Load capacily best

Durability line
tfar components)
- Time fs1 ~ Deviation Equiv. lead
iy y Y
Enging mm up Spectum
d < 0.1
Check fatigue strenght

® Determining the component service life from load populations (source: Tenneco)

10

@ Burner in thermal

350.0 *C shock testing

BREEBEE:

in the field are transferred to a real time
test on a hot-shaker test bench, taking
into consideration a safety factor. The com-
plex harmful mechanisms of the above
test are summarized as a whole in @.

SUMMARY

The Deutz engines with powers above

130 kW have been revised in essential parts
for exhaust level Tier 4i/Stage IIIB, their
most recent form enjoying a leading posi-
tion technically ahead of the competition.
In the range from 130 to 520 kW, it was
possible to further increase the power by
up to 15 % depending on the series, while
the specific fuel combustion could be
reduced by up to 6 %. The measures for
Tier 4i/Stage IIIB lay the foundations for
the next development phases set to ensure
that the engines reliably comply with the
exhaust classes Tier 4 final or EU Stage IV.
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delivers the newest findings on electric mobility, high performance electronics, energy
management, testing, human-machine interaction, consumer automotive electronics,
and anything else that would electrify automobile developers. Geared for professionals
who seek unique in-depth information.

More information at: www.ATZonline.de/leseprobe/atze
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INDUSTRY NEW ENGINES

THE NEW 4.6 L V8 GASOLINE
ENGINE FROM MERCEDES-BENZ

Mercedes-Benz is poised to introduce a new generation of the V6 and V8 gasoline engines. Autumn 2010
will see the successful V6 engines with the internal model designation M272 and the M273 V8 engines
replaced with a completely new engine family on a phased basis beginning with the CL-Class and followed
by the S- and E-Class.
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OBJECTIVES

The new engines with the model designa-
tion M 276 for the V6 engine and M 278
for the V8 engine are systematically based
on modularisation and technological
development.

The use of flexibly deployable techno-
logical modules permits the fulfilment
of the different market and legal require-
ments worldwide and guarantees the
sustainability of the engine family for
the future. The successful V6 and V8
gasoline engines with the internal model
designation M 272 and M 273 rolled
out across all Mercedes-Benz vehicles
in the medium-size and luxury class
since 2004 will now be replaced by a
new family of engines. The new V6 has
the model designation M 276 and the
new V8 the model designation M 278.
The new engines fulfil the following
requirements:

. high-performance engine offering ex-
clusive driving characteristics and
benchmark-oriented fuel consumption
targets
fuel consumption-optimised technical
equipment including third-generation
direct injection as well as stop/start
functionality

. the highest levels of acoustic and vibra-
tion comfort
fulfilment of current emissions regu-
lations worldwide with potential for
the future

TPn:m chain dn;

Ganerale mansgemant |

” S

direct start

Multi ition
fem ()

: modular concept for the integration of
turbocharging and hybridisation

. fuel compatibility up to an ethanol con-
tent of 25 % and, as an additional mod-
ule, up to 85 %

: provision of a further performance
module.

The purpose of the newly developed V8

engine - which is described below - was

to introduce a new engine based on the

tried-and-tested M 273 engine design that

best meets these requirements.

In order to reduce fuel consumption
and CO, emissions, the main develop-
ment emphasis was therefore placed on
further developing the direct injection
system featuring spray-guided combus-
tion and piezo injectors, successfully
introduced in series production at Mer-
cedes-Benz, as well as on reducing the
power consumption of auxiliary devices
such as a scaled-down water pump, use
of a regulated oil pump, a flow-controlled
high-pressure fuel pump, generator man-
agement and second-generation thermal
management as well as the reduction of
friction losses in the engine and cylinder
head, @.

DESIGN CHARACTERISTICS

Despite significantly higher engine loads,
suitable further development made it possi-
ble to use the tried-and-tested basis of the
predecessor engine and to carry over impor-
tant production-relevant characteristics, @.

(1] Technologies used in the new M 278 V8 gasoline engine

13
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INDUSTRY NEW ENGINES

M 278 DELA 46 M 273 KE 55 (PREDECESSOR)

TRANSMISSION

7 gear automatic 7 gear automatic

NO. OF CYLINDERS v8 v8
BANK ANGLE 90° 90°
VALVES/CYLINDER 4 4
DISPLACEMENT cm? 4663 5461
BORE mm 92.9 98
STROKE mm 86 90.5
CYLINDER GAP mm 106 106
COMPRESSION € 10.5 10.5
CONROD LENGTH mm 146.5 148.5
MAIN BEARING DIAMETER mm 64 64
BEARING WIDTH mm 20.6/24 20.6/24
CRANK PIN DIAMETER mm 52 52
BEARING WIDTH mm 19.6 19.6
PISTON COMPRESSION HEIGHT mm 32.35 28.1
NOMINAL POWER, kW 320 285
RATED RPM rpm 5250 6000
NOMINAL TORQUE, Nm 700 530
RATED RPM rpm 1800-3500 2800-4800
MAX. BOOST PRESSURE mbar 900 -
ENGINE WEIGHT DIN 70020 GZ kg 220 195

CERTIFICATION FUEL

Eurosuper RON 95

Eurosuper RON 95

(2] Comparison of key data of the M 278 with that of the predecessor engine

CRANKCASE AND ENGINE

Despite additional increased loads, the
engine still has a die-cast aluminium crank-
case with aluminium/silicone cylinder lin-
ers. Basic and connecting rod journal di-
ameters were adopted from the predecessor
engine, while the piston compression height
was raised by just under 4 mm for load
reasons. By reducing the stroke and short-
ening the connecting rod by 2 mm, it was
possible to retain the interior height of the
crankcase. The high compression ratio of
10.5:1 of the naturally aspirated engine
remains unchanged despite the use of
turbocharging.

CYLINDER HEAD AND
ENGINE TIMING

The tried-and-tested basic cylinder head
design featuring the compact, low-friction
roller cam follower valve control was largely
carried over from the predecessor engine.
Due to the higher combustion chamber
load and in order to achieve the desired
high compression ratio along with an ex-
cellent centre of combustion position, the
heat transfer on the combustion chamber
roof was significantly improved. The re-
quired flow optimisation was realised by
means of a two-piece water jacket, ©.

14

The development of the functional and
production-oriented design of the cores and
the cylinder head using unprecedentedly
small core cross-sections represented a
particular challenge for the Development
and Manufacturing departments.

The new V8 is equipped with a com-

pletely new silent chain timing assembly.

The aim on the one hand was to ensure
a compact design so as to further reduce
the crash-relevant overall height of the

(3] Cylinder head with split water jacket
and combustion chamber

Injector

Evhaust vaives

Spark plug

Cylinder head water jacket
on the combustion chamber

Waler pcket in fhe
CIankCass

engine in particular, while at the same
time further optimising the tried-and-
tested good acoustic and durability char-
acteristics as well as the chain friction on
the other. The further development of the
hydraulic vane-type camshaft adjuster
was an important aspect in terms of in-
stallation space requirements and weight
optimisation.

The significant improvements in rela-
tion to weight, installation space and func-
tion can be clearly seen in @. In order to
ensure an optimum level of wear and leak-
age, the use of steel was retained. Even
so, weight was nearly halved compared
with the previous status.

COOLANT CIRCUIT AND
THERMAL MANAGEMENT

The new V8 engine incorporates efficient
thermal management based on the fol-
lowing components: A highly efficient
and compact coolant pump, an unre-
stricted coolant circuit and an electri-
cally regulated thermostat which can set
different water control temperatures
according to the engine’s characteristic
map. Its special design allows it to inter-
rupt the flow of coolant while the engine
reaches its operating temperature, which
means that coolant is not circulated in
the crankcase and cylinder head during
this phase.

An additional electrically activated
valve also blocks the heating circuit dur-
ing this phase, preventing it from acting

Uppe cyfinder head
watar jacket

Inlake valves
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83.7

68.2
- 15 mm length

(4] Comparison of previous and
new camshaft adjuster

B80.08
- 29 mm diameter
09

Contour

preliminary version

New version | | Preliminary version
Advance angle ["KW] 40 40
Adjustment speed ‘ 135% 100%
Adjustability fom bar 10 1.4
Weight (g] I~ e || 126

(1) Standing water circut

Bine it
Erom enging

Standing waler

B Fioeg waie

(3) Mixed aperation

{2) Rodiater aperation

(5] Optimised thermal management based on switch on / switch off water circuit
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as a possible bypass. @ shows the con-
cept of this two-disc thermostat in its four
control phases.

The improvements achieved in fuel
consumption result on the one hand
from the reduced power consumption by
the water pump during the standing
water phase and on the other from the
faster warming-up of the oil and water in
the engine.

OIL CIRCUIT

The new V8 is equipped with a com-
pletely new vane-type oil pump featur-
ing automatic flow control based on two
map-controlled electrically activated
main oil duct pressure stages. The con-
trolled oil pump as the heart of the
concept was developed in-house as a
modular and universally applicable
complete system. The system is also
manufactured in-house, @. At this point,
there are two characteristics that need
to be highlighted, specifically:

: the aluminium oil pump housing and
aluminium intermediate flange are ano-
dized thus ensuring long-term wear
resistance and low leakage play

: an additional external gear pump acting
as an intake stage for the turbocharger
oil return lines guarantees reliable drain-
age of the turbocharger.

With the two switched compression stages

of 2 bar respectively 4 bar the lubrication

and cooling points of the engine are sup-
plied in line with the engine load and
engine speed in absolute terms and particu-
larly in the partial load range using signif-
icantly lower drive power than would be
possible with an uncontrolled pump.

Whereas all lubrication and cooling
points in the engine are supplied with
the maximum amount of oil at 4 bar in
the high pressure stage, the volume flow
in the low pressure stage of 2 bar is
reduced to the absolute minimum
required. At the same time, oil sprayers
for cooling the piston underbody are
shut off since the selected opening pres-
sure is not reached.

@ uses the example of the NEDC to
illustrate the percentage reduction of drive
power in the controlled pump compared
to that of a conventional oil pump.

The mean value shows that the oil pump
drive power falls to below 35 % of that of
the fixed pump.

15
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GAS EXCHANGE

@ shows the entire scope of components
and their extremely compact arrange-
ment, which contributes significantly to
the excellent dynamic response to load
demands.

Since it was possible to accommodate
the hot gas ducting with the turbocharg-
ers on the outsides of the cylinder heads,
this enabled the intercooler module with
its air/water intercooler and charge-air
distributor to be located compactly inside
the V of the engine.

The two damper filters are symmetri-
cally arranged above the cylinder heads.

The supply to the compressors and the
connection from the compressors to the
central intercooler is realised using
extremely thin-walled hydroformed stain-
less steel tubes which perfectly satisfy the
requirements of installation space, weight
and pressure stability.

Charge regulation takes place using a
single butterfly valve fitted between the
outlet of the intercooler and the inlet into
the charge air distributor at the rear of
the engine.

TURBOCHARGING

The two waste-gate turbochargers are an
assembly consisting of a cast steel part
containing the turbine, waste gate and
gas distribution for the first cylinder and
a welded double-walled pressed steel
manifold for the gas distribution to cylin-
der two to four on each side. For space-
saving reasons, an exhaust pipe that con-

power "
vane-type pump in comparisen to
conwmntional pump %1
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0 Variable vane-type oil pump
with additional intake stage

nects turbine outlet and the exhaust sys-
tem is pre-assembled on the turbocharger,
. The turbine and compressor are opti-
mised to meet the conflicting objectives
of achieving a good response on the one
hand and a full-load response that bene-
fits fuel consumption on the other.
Another important aspect relating to con-
trol response, dynamics and emissions
optimization was the use of a vacuum-
operated waste gate enhanced by a
mechanical vacuum pump to ensure that
vacuums are created as quickly as possi-
ble. A pleasing fringe effect of choosing
this extremely rapid control system was
the ability to omit a deceleration air valve
on the compressor. The double-walled
sheet metal exhaust manifold and an
additional double-walled exhaust pipe

1000 1100 1200

from the turbocharger outlet leading to
the separating point for the hot end of the
vehicle exhaust system guarantee a swift
response of the catalytic converters.

INJECTOR AND COMBUSTION SYSTEM

The third-generation direct injection sys-
tem was further developed based on ex-
perience gained with the current M 272
engine. The common rail pressure can be
varied between 120 and 180 bar depend-
ing on the operating mode. The newly
developed high-pressure injector with di-
rect control by means of a piezo actuator
is capable of delivering up to five ex-
tremely precise injections per cycle and
forms the basis of the newly developed
combustion system.

@ Power consumption of the new variable oil pump
in comparison to conventional oil pump
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O The gas-exchange equipment
in the new biturbo V8 engine

optimum cooling of the combustion
chamber by designing the water jacket
accordingly

: rapidly and precisely operating injection
valve offering multiple injections during
a cycle
optimised charge movement in the
combustion chamber by means of suit-
able configuration of the intake duct

Turbcchangss with

edhaust manitold and the piston crown

cmsbvacnt o . fully exploiting the possibilities offered
Uil itk by the extremely accurate multiple injec-

tions from the piezo-actuated injector
: realising an extremely high compres-

sion ratio of 10.5:1, resulting in particu-

lar from the aspects mentioned above
. use of the multi-spark ignition system

depending on the operating point.
Taking into account the core sales markets
for this engine - in which low-sulphur
fuel is not available, thus making lean
stratified operation impossible - the
engine uses homogeneous direct injec-
tion, i. e. the engine operates predomi-
nantly in the range lambda = 1.

The excellent and easily controllable
mixture preparation by the new piezo
injectors offers an unprecedented degree
of control over the ignition and com-
bustion process in order to optimise fuel
consumption, emissions and noise
development.

Beneficial side effects of this include
excellent cold start characteristics and an
optimised catalytic converter heating
strategy without a secondary air delivery
system. To ensure the optimum mixture
formation during the catalytic converter
Rear mufiies - - . C

‘:" heating phase, up to 5 injections are de-

S . livered per intake. Together with the lean

. combustion chamber lambda here and the
delayed ignition, it was possible to dis-
pense with a secondary air delivery pump
to ensure a rapid light off of the catalytic
converters, despite the use of a turbo-
charger (which acts as an additional heat
sink).

Cenfre mirller

Lamibda sensors

Swilchover valve

Catabytic convarber bax

EMISSION CONTROL
@ The exhaust system of the new 4.6 | biturbo engine M 278 in the S-Class

The challenge in developing the exhaust
system, @, for the M 278 was in overcom-
ing the high mass flow rates combined

Naturally, the objectives in developing pected of a premium 8-cylinder engine on  with high temperatures. Looking ahead to
the combustion system for the new the other. The basic elements were: the future, the exhaust system also had to
V8 engine were to lower fuel consump- : a compact combustion chamber with a offer the potential to meet the emissions
tion and emissions on the one hand while central spark plug and central injection requirements around the world during the
providing the kind of NVH response ex- valve next decade.

MTZ 1012010 Volume 71 17
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The near-engine mounted catalytic
converter boxes each contain 2 ceramic
monoliths with a volume of around
1.5 1. The cell density is 600 cpsi in the
front monolith and 400 cpsi in the rear
one, both are provided with a Pd/Rh
coating.

For control purposes, linear O, sensors
are arranged in front of both catalytic con-
verters with planar sensors fitted between
the two bricks.

The acoustic components are fitted
further along the exhaust system. Noise
attenuation begins in the underbody
with a switchover valve featuring a
monocoque design.

This is followed by two separate centre
mufflers designed as Helmholtz resona-
tors which contain additional sound
absorption wool. The two rear mufflers
contain a reflection chamber and addi-
tional sound absorption wool.

Damper weights are used to optimize
the NVH response. The pipe routing and
acoustic components were optimized so
that it was possible to achieve virtually
the same exhaust back pressure value of
the predecessor engine even though the
mass flow rate has increased by around
30%.

START-STOP SYSTEM

The new V8 engine is equipped for the
relevant markets with the in-engine Mer-
cedes-Benz-start-stop function. This is a
combination of an engine-stop function,
which switches off the engine based on
activating operating parameters when
the vehicle is at a standstill and the foot
brake is applied, and a swift direct-start
engine function when the foot brake

is released.

The direct-start function uses the fact
that the selected piezo injection valve,
coupled with precise timing of the injec-
tion and ignition, enables the first com-
pression stroke of a cylinder to be used to
achieve controlled combustion.

An accurate sensor system combined
with finely tuned engine management
enables the detection of the very first cyl-
inder TDC and ensures a smooth engine
run-up to speed regardless of the highly
dynamic intake manifold pressure.

The engine control system manages
the activating operating parameters and
ensures that the engine is only switched

personal buildup for Force Motors Ltd.



off if specific conditions are fulfilled. For
example, the starter battery must have
sufficient energy. Likewise, the engine
must have reached the required operat-
ing temperature to ensure optimum emis-
sion control. The same applies to the
interior temperature desired by the
driver: If it has not yet been reached, the
engine is not switched off when the vehi-
cle is at a standstill. The management
system for the vehicle power supply
ensures that active audio, telephone or
video functions are not interrupted by
the ECO start/stop function. A yellow
“ECO” symbol indicates to the driver
that the ECO start/stop function is acti-
vated, but that one of the criteria above
is temporarily preventing the engine from
being switched off. If all the necessary
conditions are fulfilled, the “ECO” sym-
bol switches to green.

ENGINE RESULTS, PERFORMANCE
AND FUEL CONSUMPTION

Alongside the other internal project tar-
gets such as quality, deadlines and costs,
the results experienced in the truest sense
of the word by the customer are extremely
important.

In addition to examining the absolute
key figures, it is always interesting to
make comparisons with the predecessor
product. @ shows the torque and power
profile under stationary full load.

In this respect, the design focused in
particular on the delivery of high torque
even at low engine speeds and on avoid-
ing any disadvantages in terms of fuel
consumption during moderate output in-
creases under full load.

As a result, the increase in torque at
2000 rpm compared with the previous
engine still amounts to 45 %, with an
exceptional 600 Nm available between
1600 rpm and 5000 rpm.

The overall design delivered advantages
in terms of specific fuel consumption
across wide areas of the characteristic
map for the new turbo engine, especially
in the most relevant driving area.

The performance data compared with
the previous engine in the same vehicle,
®, confirm the development of longitudi-
nal dynamics with excellent figures for the
traditional yardsticks of the 0-to-100 km/h
dash or kick-down acceleration in the low-
est possible gear.

MTZ 1012010 Volume 71

Furthermore, the design and character-
istics of the engine guarantee effortless
driving with sporty performance available
when desired.

In spite of the downsizing, drivers will
benefit from a pleasant downspeeding
effect during real-life driving conditions.

Despite the very noticeable improve-
ments in vehicle dynamics, it was pos-
sible to make further significant progress
on the fuel consumption front.

The certified standard consumption fig-
ures of the S-Class and CL-Class vehicles
to be equipped as first with the new
engine in conjunction with the further
optimised automatic transmission 7G-
Tronic will be between 15 % and 23 %
lower than the predecessor engine, ®.

SUMMARY

With the new biturbo V8 engine, Mer-
cedes-Benz has succeeded in implement-
ing a design which, in addition to provid-
ing outstanding performance values along
with the highest degree of comfort, also
appropriately addresses environmental
issues and economic viability.

The use of a range of innovative tech-
nology modules such as third-generation
spray-guided direct injection combined
with multi-spark ignition and a direct
stop/start system results in fuel consump-
tion values that set new benchmarks for
the combustion engine in this class.
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THE NEW GENERATION OF THE AUDI 3.0 L
V6 TDI ENGINE

2o ha

personal buildup for Force Motors Ltd.

PART 1 — DESIGN AND MECHANICS

Following on from Audi’s 2003 production launch of the first generation of the 3.0 | V6 TDI engine, 2010 now
marks the launch of the second generation — a completely newly developed unit successfully combining low fuel
consumption, low emissions, high power output along with significantly reduced engine weight. This accom-
plishment is based on a large number of innovative solutions, focused particularly on minimising friction and on
lightweight construction. The familiar Audi four-valve combustion method has been thermodynamically modi-
fied. The fuel injection system is an updated piezo-inline common rail unit delivering up to 2000 bar maximum
rail pressure. The turbocharger has also been modified to provide enhanced spontaneity. In the following design
and the mechanics of the new engine are described, the second part in the MTZ 11 deals with thermodynamics,
application and exhaust treatment.
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LOW EMISSIONS,
LESS CONSUMPTION

V6 TDI engines have become an Audi tra-
dition. The success story began in 1997,
with the world’s first four-valve 2.5 V6 TDI
engine featuring a distributor-type injec-
tion pump. In late 2003 came the first V6
TDI with common rail fuel injection - a
3.0 | engine with a chain as the timing
drive. In 2004 this in turn led to the lower-
power 2.7 | variant. Both engines have since
undergone an evolutionary stage, and are
successfully deployed on the market in a
variety of models, not just from Audi but
across the VW Group. Over 1.6 million V6
TDI engines have been produced to date.
In 2010, the second generation of the
3.0 TDI engine will be introduced. An
engine with a power output range from
150 to 184 kW and a torque spread of 400
to 550 Nm. State-of-the-art diesel technol-
ogy with the piezo-inline common rail

system delivering up to 2000 bar rail pres-
sure, consistent thermal management,
extensive measures to optimise friction
and the start-stop system, in combination
with new eight-speed automatic transmis-
sions, make the new engine a low-emis-
sion unit which also offers outstanding
fuel economy. This ensures customers can
enjoy top-class driving pleasure without
troubling their conscience.

The engine’s weight has been reduced
by a substantial 25 kg compared to the
predecessor generation. The key factors in
this are innovative solutions in relation to
lightweight construction as well as the
use of lightweight materials such as mag-
nesium, aluminium and plastic.

DESCRIPTION OF THE ENGINE

The new V6 engine features a 90° V angle
and a 90 mm cylinder spacing. With an
83 mm bore and a stroke of 91.4 mm,

personal buildup for Force Motors Ltd.
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CONSTRUCTION

V6 engine with 90° V angle

DISPLACEMENT cm? 2967

STROKE mm 91.4

BORE mm 83.0

STROKE/BORE RATIO - 1,10

COMPRESSION RATIO - 16.8:1

CYLINDER DISTANCE mm 90

CRANKSHAFT - forged, four main bearings

MAIN BEARING DIAMETER mm 65.0

CONNECTING ROD BEARING

DIAMETER mm 60.0

CONNECTING ROD LENGTH mm 160.5

VALVE DIAMETER

- INLET mm 28.7 (2 x)

- OUTLET mm 26.0 (2 x)

e e e s

EEOITES arrei VIG 2260 (175,184 k)
with variable turbine geometry, electrical controller

IGNITION SEQUENCE - 1,4,3,6,2,5

POWER kW 150 - 184 kW at 4000/ min

TORQUE Nm 400 - 550 from 1250 — 3000/ min

EMISSION LEVEL - EU5

WEIGHT ACC. TO DIN 70020 GZ kg 193

ENGINE EFFECTIVE LENGTH mm 437.0

@ Technical data
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Balancing shaft

Crankshaft

engine capacity is 2.967 1. Depending on
vehicle equipment and transmission com-
binations, power output ranges from 150
up to a maximum of 184 kW. Torque
ranges from 400 to 550 Nm. Thanks to the
compact engine package with the two-
piece gearbox-side chain drive, it has been
possible to achieve an extremely short
overall length of just 437 mm between the
gearbox flange and the front edge of the
oscillation damper.

To achieve performance and torque fig-
ures as well as emission targets, the famil-
iar Audi four-valve combustion method
was further developed. The latest genera-
tion of the Bosch common-rail system is
used, with a maximum rail pressure of
2000 bar. The main technical features are
summarised in @.

CRANKCASE

The crankcase design principle employed
on all Audi V-configuration diesel engines
has been retained in the new engine gen-
eration, @. Consequently, the material
used is once again vermicular graphite
cast iron (GJV-450). This choice was based
on the need for high strength and dura-
bility under the given geometric condi-
tions of just 90 mm cylinder spacing. The
tried and proven construction principle of
the bearing frame was also employed for
the crankshaft bearing for reasons of
strength and rigidity. The material used is
nodular graphite iron (GJS-600). The
weight of the cylinder crankcase assembly
has been cut by 8 kg compared to the
predecessor generation based on reduc-
tions in wall thickness and on design opti-

22

Crankcase
GJV 450

(2} Engine block with bearing
frame and oil sump

misations aimed at achieving a more
lightweight construction.

For reasons of packaging, all lateral
water ducts were integrated into the
engine block. Unlike on its predecessor,
the water pump housing was moved from
the engine block to the aluminium sealing
flange in order to save weight. The crank
chamber is enclosed by an ignition force-
free oil sump top. Die-cast magnesium is
used for the first time as the material for
the oil sump top. The weight advantage
compared to aluminium is 1.8 kg. The
chosen high-rigidity design concept, fea-
turing a GJV crankcase, bearing frame
and raised oil sump, offers major benefits
not only in terms of weight but also with
regard to acoustics, and as such repre-
sents the best design principle for Audi.

In order to attain the optimum cylinder
shape in motor operation, the crankcase is
plate-honed. To do so, in cylinder bore
finishing the mounted cylinder head is
simulated by honing plates. The almost
optimally round bore in motor operation
enables a significant reduction in piston
ring pre-tension along with low blow-by
values. The resultant reduction in mechani-
cal friction plays a major role in improving
the efficiency of the new engine generation.
As the final cylinder bore machining step,
the UV photon imaging process familiar from
the predecessor engine is used. Consequent-
ly, the new engine too guarantees low oil
consumption right from the beginning.

CRANKSHAFT DRIVE

The crankshaft forged from 42 CrMoS4 is
of split-pin design in order to attain identi-

cal spark gaps on the 90° V-configuration
engine. To provide sufficient strength,
both the main bearing and conrod bearing
pins are induction-hardened. The area of
the 30° split pin poses a particular chal-
lenge in this respect.

The redesigned crankshaft plays a key
role in saving weight on the engine as a
whole. By omitting the centre counter-
weights and introducing crank pin light-
ening bores, a weight reduction of 2 kg
compared to the predecessor generation
was achieved.

The forged conrods made of 36 MnVS4
are obliquely split and cracked. The alu-
minium pistons are executed with a salt-
core cooling duct and splash oil cooling in
order to provide optimum cooling of the
bowl lip and ring package.

Lead-free materials are now used in the
new generation for the main bearing and
conrod bearing shells. At ignition pres-
sures up to 185 bar this imposes particu-
lar demands on production tolerances as
well as in terms of the cleanliness of the
individual components and the assembly
processes.

CHAIN DRIVE

One of the key features of Audi’s V-engine
family - the gearbox-side two-track chain
drive - has been further optimised on the
new V6 TDI, ©. The layout of the chain
drive is new. A relatively long bush chain,
with 206 links, is used to drive the two
inlet camshafts and the balancing shaft in
the timing drive. The chain has a highly
wear-resistant coating on the pins, the so-
called IC plus coating. This is a further
enhanced chromium carbide layer up to
20 pm thick. @ shows the rate of wear for
chains with conventional chromised pins
and IC plus-coated pins as determined
with the aid of radionuclide technology.
With oil heavily laden with soot, the rate
of wear and thus chain elongation is reduced
by up to 80 %. Even after rigorous, pro-
tracted tests, the elongation does not
exceed an outstanding 0.08 %, the maxi-
mum permissible limit value being 0.5 %.
The auxiliary drive chain is also exe-
cuted as a bush chain. It drives the high-
pressure injection pump positioned at the
rear in the inner V as well as the oil and
vacuum pump which are accommodated
in a common housing. The new chain lay-
out enabled the number of chains and
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chain tensioners to be reduced from four
to two compared to the predecessor gen-
eration. The omission of two intermediate
gears, as well as the new high-pressure
pump drive concept with no additional
toothed belt drive, not only makes assem-
bly much simpler but also greatly reduces
friction and weight. The new design saves
4 kg in weight compared with the prede-
cessor engine.

CYLINDER HEAD AND VALVE GEAR

The familiar Audi four-valve combustion
method, featuring one tangential and one
charging duct on the inlet side and two
exhaust ducts converged into a Y-pipe,
has been adopted from the predecessor

(5) Cylinder head cooling — bottom view
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generation. The inlet ducts have been fur-
ther optimised in terms of swirl and
throughput, largely by way of swirl cham-
fers on the valve seat.

In order to keep the component tempera-
tures close to the valve bridges at a with-
standable level despite the increased power
output, the cross-flow cooling concept for
the cylinder head has been modified. The
exhaust valves have been spread apart
and reduced in size, so as to increase the
cooling water flow cross-section. In addi-
tion, the water chamber as a whole has
been designed so as to enable targeted
water flow at high speeds, thus providing
optimum cooling in the areas close to the
combustion chamber, between the valves
and the injector channel. Water enters on

Built hollow
camshalts

Wired gear
sel

Roller cam
follower

0 Cylinder head with attachment parts

Pressure control valve
Fine oil seperator

the exhaust side via the three separate
ducts for each cylinder. The main flow is
fed between the exhaust valves and is
then distributed throughout the remaining
valve bridges, @. The intricate structure
of the water chamber around the injector
channel and between the inlet valves
requires utmost precision during the core-
making process and when positioning in
the mould. The new design enabled the
maximum temperatures in the hottest
area between the exhaust valves to be
reduced by some 10 K, despite the
increase in power output.

Following cylinder head assembly, the
constructed hollow camshafts are
mounted on the cylinder heads as a pack-
age with split double-bearing blocks, @.
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Pressure control D
valve

Central
swirl-flap
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This assembly sequence permits the use
of camshafts without specific clearance
for fitting the cylinder head bolts and at
the same time allows for a tight camshaft
position. The exhaust camshafts are
driven by tensioned gear wheels, for
acoustic reasons. The valve actuation

by low-friction roller cam followers has
been adopted from the predecessor gen-
eration. To optimise the friction of the
valve drive, the camshaft bearing diame-
ters were additionally reduced from 32
to 24 mm.

This design principle also meant that
the cylinder head, in AISi10MgCu 0.5,
could be made much flatter. In combina-
tion with the lightweight plastic cylinder
head cover, it was possible to reduce the
weight of the two cylinder heads by 3 kg,
despite the significant increase in specific
power output of the engine as a whole.
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High pressure pump

CP4.2

Pressure control sensor
Short rail
Piezo-inline-injector

(7] Injection parts

Double-flow
intake manifold

O Air ducting

Additionally, the engine breather system
is integrated into the cylinder head cov-
ers with a fine oil separator.

INJECTION PARTS

The chosen high-pressure fuel injection
system is the latest Bosch common rail
system, with up to 2000 bar injection
pressure and piezo-inline injectors, @.
Depending on power output and fit spec,
the maximum rail pressure is 1800 or
2000 bar, combined with the matching
nozzle flow rate. To save weight, the
forged rails are extremely short.

The rail pressure is generated by a lat-
est-generation two-stamp high-pressure
pump - the so-called CP4.2 - with an alu-
minium housing. The high-pressure pump
is located on the gearbox side in the inner
V beneath the turbocharger. It is driven by

a simplex chain directly from the crank-
shaft. To synchronise the delivery to the
injection, a transmission ratio of 1:0.75 to
the crankshaft was selected. To reduce
chain forces, the pump mounting on the
engine is phase-oriented.

0Oil circuit and engine block ventilation

As a means of improving efficiency, the
regulated oil pump already familiar from
the predecessor generation, featuring two
pressure stages, was deployed. New, how-
ever, is the pump combination. The oil
pump and vacuum pump are housed in a
single unit. Installation in the oil sump
enabled an ideal package solution to be
implemented. The two pumps are driven
by the gearbox-side chain drive by way of
a plug-in shaft. The breather system of the
new engine generation has been relocated
from the inner V into the cylinder heads.
Both cylinder head covers incorporate
coarse and fine oil separators, ®.

AIR INTAKE

The transfer point for the vehicle-side air
ducting to the engine is the throttle body
on the front of the engine, @. It was possi-
ble to position the throttle body in such a
way that its position in all vehicle systems
is identical, meaning identical components
can be used for the engine-side air ducting.
Attached to the throttle valve is a short
plastic air duct, into which the recirculated
exhaust gas is also routed by way of a ther-
mally insulated stainless steel sheet con-
struction. The geometry of the exhaust gas
intake means deposits on the inner walling
of the plastic pipe are avoided at all operat-
ing points, while at the same time, a good
mixture is guaranteed.

The swirl control for the new engine
generation is provided by just one central
flap instead of the six individual flaps
used previously. Consequently, down-
stream of the central swirl control flap the
intake manifold is of dual-flow design as
far as each of the two cylinder banks. For
this purpose, the intake manifold in plas-
tic (PAG) is of triple-shell construction and
friction-welded. The intake manifold
geometry was optimised to the individual
cylinders in terms of pressure loss and
uniformity of air flow distribution based
on multiple CFD calculation loops. The
reduced pressure loss is advantageous in
terms of power output, fuel consumption
and spontaneity.
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EXHAUST GAS RECIRCULATION

The EGR (exhaust gas recirculation) sys-
tem plays a key role in safeguarding con-
formance to emissions standards. The
EGR system, optimised to minimise pres-
sure loss and so attain high recirculation
rates, draws off the exhaust gas from the
turbocharger housing upstream of the tur-
bine. All the exhaust gas recirculation
function elements are housed in the EGR
module, comprising the EGR valve, EGR
cooler and bypass valve, @. The electri-
cally actuated EGR valve located on the
hot side has been redeveloped. To reduce
the pressure loss, the seat diameter of the
valve has been increased from 27 mm in
the predecessor generation to 30 mm.
The cooling power enhanced tubular
stainless steel EGR cooler is built-in to the
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@ EGR system

Integral
insulation

EGR tube

Exhaust manifold
air-gap insulated

aluminium housing of the module. For
EGR cooler bypass, a pneumatically oper-
ated lift valve is used instead of a flap.
The guaranteed leak-tight seating of a lift
valve - as opposed to a flap, with its un-
avoidable gap - is of major benefit in
delivering maximum cooling power. The
design-related disadvantage of higher
pressure loss was avoided by skilful exe-
cution of the inflow and outflow.

An EGR temperature sensor is located
in the exhaust gas outlet of the EGR mod-
ule, which helps to keep the exhaust
temperature to a minimum downstream
of the cooler. The aim of keeping recircu-
lated exhaust gas as cold as possible in
order to maximise the reduction in NO_
emissions is thus accomplished; at the
same time, condensation is prevented
from forming if gas temperatures are too

@® Exhaust manifold, turbocharger and EGR module

low. The pressure loss of the complete
EGR system has been reduced by around
10 % compared to the predecessor gen-
eration, despite the increase in cooling
power. This has resulted in emission and
consumption benefits based on a broader
usable EGR map with high EGR rates,
without activating the throttle valve to
assist inflow.

EXHAUST MANIFOLDS
AND TURBOCHARGERS

The two exhaust manifolds of the new

V6 TDI are executed as a one-piece air-
gap-insulated construction, including iso-
lating elements from the cylinder head
flange to the flange of the turbine housing,
@. As a result, exhaust gas heat losses in
the heat-up phase are minimised.
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To implement the power range
between 150 and 184 kW, there are
two turbocharger variants featuring spe-
cifically adapted rotor assemblies and
compressor trims. In all variants the
mounting of the rotor assembly was fur-
ther enhanced to reduce friction loss.
As a result, fast response and uniformity
of torque build-up was implemented.
In order to optimise flow acoustics, in
all applications a pulsation damper is
built-on to the turbocharger at the com-
pressor inlet.

WATER CIRCUIT AND
THERMAL MANAGEMENT

To enhance efficiency, particular atten-
tion during the development process was
paid to the engine’s heat balance. In
addition to the powerplant heating up as
quickly as possible thanks to the coolant
not being circulated in the warm-up
phase, the benefits of thermal manage-
mentwere to be secured for all engine
operating ranges.

The cooling circuit of the new Audi V6
TDI is therefore executed as a split cooling
system, meaning the flow through the cyl-
inder crankcase and the cylinder heads is
routed in two separate parallel cooling
circuits. A detailed description of the
operating principle will be given in the
second part of this article in the MTZ 11.
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DRIVE FOR AUXILIARIES

A poly-V belt drive operates the alterna-
tor, air conditioning compressor, water
pump and, depending on the vehicle fit
spec, also the power steering pump. The
crankshaft drive gear is executed as a
damper pulley. Due to the increased
demands of start-stop operation it was
necessary to further enhance the elas-
tomer compound. By lowering the belt
tension, it was possible to reduce the
bearing forces on idler pulleys and belt
pulleys, which resulted in reduced fric-
tion losses. A freewheel on the alternator
additionally dampens vibrations during
the starting process.

MECHANICAL FRICTION LOSS

The friction mean effective pressure
characteristic with the gas exchange
losses of the entire engine is presented in
®; the new V6 TDI is at the lower end of
the FEV reference distribution range of
all diesel engines analysed. This is one of
the key factors in the increased efficiency
of the new engine generation.

The relevant features of the new V6
TDI engine in terms of optimising fric-
tion and gas exchange are:

: Piston rings and cylinder barrel:

Plate honing of the cylinder barrels

significantly improved the true run-

@ Friction mean effective pressure in the
FEV distribution range for all engines analysed

ning of the bore in engine operation.
As a result, it was possible to reduce
the tangential forces of the piston rings
by around 35 %.

: Chain drive: Optimised layout with
just two instead of the previous four
chain drives and additional chain force
reduction.

: Valve drive: New camshaft bearing
concept with individual bearing blocks
and reduced diameters.

: De-throttled intake manifold, opti-
mised inlet ducts and turbocharging:
These components greatly reduce gas
exchange losses, particularly effec-
tively in the upper engine speed range.

: Adjustable oil pump: As introduced for
the predecessor generation, a vane
pump with volumetric flow control
and two pressure stages is used [5].
The delivery characteristic is varied by
a pivot-mounted adjuster ring in order
to adapt the volumetric flow of the
pump to the actual demand of the
engine. The lower pressure level is
increased to a maximum engine speed
of 2500 rpm, dependent on the engine
load, oil temperature and other operat-
ing parameters.

ENGINE WEIGHT

Consistent application of lightweight
construction techniques and the new
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engine design has enabled the weight as
per DIN 70020 GZ to be reduced by 25 kg
overall relative to the predecessor gener-
ation to 193 kg as per DIN 70020 GZ.
Only by saving weight on virtually all
components was it possible to achieve
this minimum weight, @. The short,
compact design produces additional sec-
ondary weight effects throughout the
vehicle which are beneficial in terms of
front axle loading and thus enhance driv-
ing dynamics.

The intelligent design meant that not
only a very short, but also a very light-
weight, V6 diesel engine could be real-
ised, combined with the high strength
advantages of a cylinder crankcase made
of vermicular graphite cast iron. Conse-
quently, the appropriate development
steps have now already been initiated to
meet even higher demands in future.

SUMMARY

Audi TDI engines have always had to be
very short and compact in order to
ensure optimum vehicle design. With the
new generation of the Audi V6 TDI, Audi
is once again setting a milestone in the
development of diesel engines. State-of-
the-art diesel technologies have been
combined with consistent lightweight
design. The engine’s weight has been
reduced by a substantial 25 kg compared

MTZ 1012010 Volume 71
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to the predecessor generation. Many
detailed solutions to minimise friction
help the engine to achieve very low con-
sumption figures in the respective vehi-
cle systems.

The new engine offers outstanding
power and torque figures of 184 kW and
550 Nm respectively at maximum out-
put. The V6 TDI also convinces with its
superb engine acoustics and refinement.
The V6 TDI engine has been designed
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today to meet the needs of future devel-
opments in terms of performance, emis-
sions and consumption.
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INDUSTRY TURBOGHARGING

TURBOCHARGER DESIGN FOR
ELECTRICAL WASTEGATE ACTUATION
TO MINIMIZE LEAKAGE

Exhaust gas turbochargers are a major part of current strategies for reducing CO, emissions — especially in
the gasoline engine. To optimally support downsizing and downspeeding, turbochargers must react as fast

as possible, and the exhaust gas volumetric flow to the turbine must be exactly adjustable with a wastegate.

Electric motor actuation is advantageous here. However, it places specific requirements on the wastegate
which Continental has taken into account in its new generation of turbochargers.

personal buildup for Force Motors Ltd.




AUTHORS

ACHIM KOCH

is Director Turbocharger Engineering
at Continental AG in Regensburg
(Germany).

HARTMUT CLAUS

is Director Sales and Customer
Application at Continental AG
in Grunstadt (Germany).

d T

DIRK FRANKENSTEIN

is Manager Turbocharger Design
at Continental AG in Grinstadt
(Germany).

D

ROLAND HERFURTH
is Project Leader Half Moon
Wastegate at Continental AG

in Regensburg (Germany).

MTZ 1012010 Volume 71

REQUIREMENTS

With its increasing thermodynamic effi-
ciency, the internal combustion engine
makes a contribution to reducing mobil-
ity-dependent CO, emissions. Downsizing
and downspeeding with a lower axle ratio
play key roles especially for the gasoline
engine, as they shift operation to more
favorable load points i.e. higher mean pres-
sures. Based on a naturally aspirated engine
with a corresponding power characteris-
tic, the combination of a turbocharger and
direct injection enables reductions in fuel
consumption of approximately 20 %.

However, to provide a fuel-efficient vehi-
cle with a downsized engine and good driv-
ability, the turbocharger must have a favo-
rable transient behavior. Especially in the
lower engine speed range with a low
exhaust gas volumetric flow, the spontane-
ous support for the gas exchange cycle is
essential.

As a result, the leakage at the turbo-
charger wastegate (WG) must be viewed as
especially critical. Particularly at low volu-
metric flows, disproportionately high leak-
ages on the closed wastegate are hardly
acceptable, as they delay the response of
the turbocharger. Furthermore, in other
parts of the engine map the focus shifts to
the exact control of turbine charging with
exhaust gas.

Two development goals can be derived
from this: First, the leakage at the waste-
gate must be minimized. Second, the elec-

trification of the wastegate with a close
connection to the engine control system is
particularly advantageous. However, this
assumes a specific optimization of the
wastegate for this type of actuation. Conti-
nental has realized both development goals
with its newly developed SK turbocharger
product range [1].

SK TURBOCHARGER DESIGN

The new turbocharger generation consists
of water-cooled units. The newly developed
modular design is available with turbine
diameters from 29.9 mm to 59.6 mm, and
therefore covers a broad engine perform-
ance range between approximately 50 kW
and 250 kW per turbocharger. A graduation
of the turbine diameters in small steps and
the modular design of the SK turbocharg-
ers enable optimal adjustment of inertia
and capacity to the respective application,
and therefore an excellent transient behav-
ior can already be realized at engine speeds
lower than 2000 rpm. This good suitabil-
ity for making application-specific adjust-
ments is one of the reasons for the turbo-
chargers’ high thermodynamic efficiency.
The structural integrity of the compo-
nents is designed for exhaust gas tempera-
tures of up to 1050 °C in order to avoid the
need to enrich the mixture at high engine
loads for reasons of component protection.
First the SK1 series with turbine diameters
from 30 to 38 mm for engine powers of up
to approximately 100 kW will go into series

@ Water-cooled exhaust gas turbocharger
of the SK1 series for gasoline engines with
half moon valve as wastegate
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production, @. In contrast to existing
designs, these turbochargers enable a fully
automated assembly from one direction.
The design characteristics include the
patented core design with unusually large
cooling duct cross sections for improved
cooling and tribology. The mounting of the
shaft on floating bush bearings is favora-
ble, even in case of an oil shortage. Both
features increase the service life and relia-
bility of the unit. The compressor impellers
are milled in the interest of an optimized

© Operating principle
of a common valve flap
(on left) and of the half
moon valve (on right)
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service life and improved acoustics. Two
labyrinth seals, mounted in separate
grooves on the compressor and turbine
sides, have small axial gaps and thus facili-
tate a correspondingly low blow-by by
sealing off the shaft and help to comply
with strict emission limits, @. The large
divided oil chamber combines excellent oil
leak tightness with an optimised oil drain-
off behavior.

Both, a purely pneumatic and an optional
electrical actuation, can be used to operate

the wastegate. However, the specific optimi-
zation of the wastegate creates the best con-
ditions for an energy-efficient operation
with electric motors.

ELECTRIC MOTOR
WASTEGATE ACTUATION

An electric operation of the wastegate pro-
vides several advantages: One advantage
is that the valve can be operated without
restriction. In contrast to pneumatic actu-
ators with boost pressure operation i.e.
without a vacuum pump, the electric actu-
ation is independent of the force of the
control pressure which has to exceed the
hold-closed force of the valve closing spring.
A flexible control of the wastegate position
results in fuel efficiency improvements in
parts of the engine map. In addition, the
operation with an electric motor is faster
and can be controlled more precisely with
an integrated position sensor. Another
advantage is the reduced complexity, as
no pressure hoses need to be installed.

However, as the output of electric motors
decrease as the temperature increases, the
remaining closing force is a critical variable
when the winding limit temperature is
reached. Due to the ohmic resistance which
increases with the rise in temperature and
the decreasing generator constant, servo-
motors must therefore be dimensioned in
accordance with their output at the wind-
ing limit temperature. With common valve
designs, this would result in unacceptably
large, heavy and expensive motors, which
would also require a disproportionately
large amount of electrical energy. Further-
more, motors with a high output at the
winding limit temperature also have a too
large closing force at low temperatures
which may lead to component damage.
For this reason, Continental has chosen a
new valve design for this purpose, which
requires considerably less closing force
and is therefore ideally suited for an opera-
tion with a compact electrical motor.

WASTEGATE WITH
HALF MOON VALVE DESIGN

In common wastegate valves, the valve
plate opens in flow direction. Therefore,
the effective lever arm between valve
plate and rotational axis remains almost
constant. This is different for the half
moon valve, where the spherical-shaped
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domed flap plate makes a swinging move-
ment. The pivot point of the flap is slightly
offset behind the flap plate. Due to this
geometry the flap does not open in the
direction of attack from the gas pressure
with its rotating movement, but instead
swings out of this direction, . As a
result, the gas forces act only on the flap
via a short lever arm. The closing move-
ment is supported by a spring, which gen-
erates approximately 15 Ncm on the actu-
ator rod at the closing point.

POSITIONING FORCES
AND LEAKAGE BEHAVIOR

Following this design, a small force is suf-
ficient to firmly close the flap. Measure-
ments on the hot gas test bench have shown
that the required specific force at the actu-
ator rod for the half moon valve is 65 %
less than the actuating force for a classical
valve, @. For the SK turbocharger the
Continental model NG2 electric actuators
were chosen, because they easily supply
this force up to their maximum operating
temperature of winding at 230 °C despite
their compact dimensions.

The actuator is a DC motor with a two-
stage spur-gear transmission. It is control-
led directly by a full bridge from the engine
control unit (ECU) with + 12 V. The effec-
tive acting voltage is set by the pulse duty
factor of a PWM signal. A sensor meas-
ures the angular position of the actuator
rod and outputs a sensor voltage between
0.5 and 4.5 V to the ECU, where the posi-
tion control of the actuator takes place.

The flow characteristic of the half moon
valve has advantages over common valve
designs. At the start of the valve opening,
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the increase in the gas flow through the
half moon valve has considerably flatter
slope and is more linear and therefore
offers a good controllability. Measured on
the stroke of the wastegate actuator rod,
the half moon valve also permits a higher
flow rate at the end of the opening move-
ment, ©.

A key advantage of the half moon valve
is its considerably lower leak rate. With
an actuating force of just 80 N, the flap
already shows a sealing capacity due to
its beneficial geometry which is much
better than that of classical valves. Even
with a considerably higher actuating
force, ordinary valves show more leakage
than the half moon valve, ®.

The low amount of leakage enables the
turbocharger to utilize the available
exhaust gas mass flow better for the tur-
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bine output. As a result, the available
power for the compressor increases, and
the boost pressure increases accordingly.
This closed wastegate position occurs in
parts of the engine map where good tran-
sient behavior is demanded. Leakage and
torque measurements on an engine have
confirmed this effect.

VALIDATION OF
TURBOCHARGER DESIGN

The turbocharger was tested extensively
in the course of the development of the
new turbocharger generation. For exam-
ple, the units were subjected to various
load collectives at the combustion cham-
ber test bench. In the process, the maxi-
mum component temperatures were
recorded with a tightly woven network of
55 measuring points and compared in
detail with the simulation results.

The combustion chamber test bench
used is additionally equipped with a device
for the sudden switchover from hot gas to
cold air. With this function the turbochar-
gers were subjected to a thermal shock
endurance test. Following its completion,
the resistance to cracking of the turbine
casing was checked and the measuring
results were compared with the thermo-
mechanical simulations.

Subsequently the operating behavior of
the turbochargers was checked with a
prototype engine. Here one focus was
placed on the forces on the actuator rod
and the exhaust gas pressure measure-

—
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ment. The tests during engine operation
showed that the specific actuating forces
on the rod were lower and more linear
than initially expected following the meas-
urements on the hot gas test bench. The
reasons for this are vibrations and exhaust
gas pulsations which reduce the influence
of friction on the valve behavior.

SUMMARY AND OUTLOOK

Due to the advantages for fuel efficiency,
exhaust gas turbocharging will prevail on
the gasoline engine in the years to come,
as this technology also enables good driv-
ability for smaller engines. The require-
ments for turbocharged engines in respect
of the transient behavior and the seal
tightness of the units increase which
make new design approaches advisable.
Many details of the Continental SK turbo-
chargers have therefore been optimized.
In addition to the reliability, above all the
thermodynamic efficiency and the option
of a fully automated assembly are charac-
teristic for the SK turbochargers. Due to the

32

graduation of the turbine diameters in small
steps and the program specific develop-
ment of the compressor side, the modular
product line can be specifically matched
to individual engines. The generic valida-
tion for the size SK1 has been successfully
completed.

With the new half moon valve wastegate
geometry, the SK turbochargers are opti-
mally prepared for the use of a compact
electrical actuation. The low actuation
forces in conjunction with the minimized
leakage and the linear flow characteristic
of the valve create the conditions for effi-
cient, precisely controllable exhaust gas
turbocharging. The faster pressure buildup
reduces the time to torque, and the mini-
mized leakage improves the torque offered
in the lower engine speed range and
increase the downspeeding potential.
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SYSTEMS DEVELOPMENT FOR FUTURE
PASSENGER CAR DIESEL ENGINES

By setting up a fully indicated, modern passenger car diesel engine, Mahle has created the basis for
systematically testing current and future engine technologies. The experimental set-up has both an
integrated high- and low-pressure EGR circuit and an open engine control unit, thus enabling efficient
development of new systems under real-world conditions. The advantages of this comprehensive
approach are illustrated below, using the example of different EGR technologies tested.
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MOTIVATION

The requirements for improvements in energy efficiency (ACEA
2012) and reductions in emissions (Euro 6, etc.) are the primary
cause of further increases in the complexity of modern diesel
engines. In order to optimise the various components and assem-
blies, and their interaction with each other, a comprehensive
approach to the diesel engine as a system is more necessary than
ever. Using the example of different EGR technologies, both the
potential of the “engine test bench” as development tool and that
of various systems for further reductions of emissions and fuel
consumption are demonstrated in the following.

TEST SETUP

The basis of the experiments is a modern, fully indicated four-
cylinder common-rail diesel engine with VGT turbocharger,
cooled high-pressure EGR, diesel oxidation catalyst and diesel
particulate filter, @. A cooled low-pressure EGR circuit was
added in order to analyse the potential of different EGR concepts,
@. The applied exhaust gas measurement technology is used for
analysing both stationary and transient emissions.

Additionally, the diesel throttle flap was replaced by a fast
rotating charge air valve (SLV) from Mahle, which opens and
closes the charge air path continuously. The associated SLV elec-
tronic synchronises the closing point relative to the engine cycle
(“phase” for short, @). Due to the temporary drop in charge air
pressure when running in SLV mode, the negative scavenging
pressure gradient increases, and so does the exhaust gas recircu-
lation rate [1].

ENGINE CONTROL UNIT

The following requirements are key for an electronic control unit
in order to be able to efficiently develop a complete engine system:

stationary and transient operation

free access to all actuators and sensors
: flexible integration of new (sub-)systems

independence of OEMs and controller manufacturers.
These requirements are optimally fulfilled by the Mahle Flexible
ECU. The system is based on the AFT Protronic control unit plat-
form [2]. The corresponding software toolchain allows automated
and secure code generation, using Simulink functional models,
while the components on the functional level are developed in-
house. Similar to a production ECU, a torque structure is used for
this diesel application, with an additional control concept based
on cylinder pressure currently under development. The charac-
teristic production engine map is emulated across the entire oper-

SPECIFIC POWER OUTPUT kW11 50

STROKE-TO-BORE RATIO [-] 1.18
COMPRESSION RATIO [-] 16.5
EMISSION STANDARD [-] Euro 5

@ Technical data of the test engine
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ating range. Integrated application inter-
faces allow direct control of individual
actuators. Diagnostic functions with flexi-
ble error handling, emergency shut-downs
and diesel particulate regeneration using a
loading model with temperature control,
are examples of already implemented
functions that go beyond regular combus-
tion control.

SIMULATION AND ANALYSIS

In order to investigate the potential of
various technologies without performing
expensive, time-consuming real-world
tests, and to support the analysis of test-
ing data, a thorough engine model has
been set up in a 1D simulation program
and validated across the entire operating
range. Supported by an integrated combus-
tion model, predictions about the engine
combustion and emissions behaviour can
be calculated. As the comparison of time-
resolved pressure traces for low-pressure
and high-pressure signals shows in the
example, @, the model correlates adequa-
tely in both trends and absolute values
with the test data.

Evaluation and analysis of the meas-
ured data using gas exchange and com-
bustion analyses is an efficient means for
interpreting the results, thus e.g. allowing
to describe the influence of highest EGR
rates on combustion and emissions.

EGR TECHNOLOGIES

The engine scavenging pressure gradient
is responsible for the external recircula-
tion of exhaust gas. If the gradient is nega-
tive, exhaust gas will flow back into the
intake air path, given the EGR valve is
opened. In order to meet future NO_emis-
sion limits (e.g., Euro 6) with engine
internal measures, the negative scaveng-
ing pressure gradient present in major
areas of the MVEG must be further inten-
sified. In principle, this can be done for
the cooled high-pressure EGR by increas-
ing the exhaust back pressure (e.g., VGT
actuator) or by lowering the charge air
pressure (e.g., diesel throttle flap). In
order to minimise the losses associated
with a constant throttling diesel throttle
flap, a SLV is used for the tests listed here.
Using the example of operating point 1
(OP1: 3.2 bar bmep at 1500/min), it is
shown that in order to meet Euro 6 NO,
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engineering targets with internal combus-
tion measures only, the SLV phasing, VGT
actuator position, injection timing and
pressure were optimized, @, using both
the Mahle Flexible ECU and design of
experiments. Additionally to the reduction
in NO, emissions, the comprehensive
optimisation also led to improved fuel
consumption and reduced soot emissions.
Reduction of NO_emissions can prima-
rily be traced back to two phenomena
caused by the SLV. The temporary pres-
sure gradient, which is generated by the
rotating SLV, leads to a increased EGR
rate, whereas the cylinder pressure drops
due to the an early intake closing realised
simultaneously (“Miller Cycle”). The
combination of these two phenomena
causes a decrease in peak cylinder pres-
sure, and thus in NO, emissions, ®. The
combined application of these internal

combustion engine measures is the key to
achieving Euro 6 emission targets over the
entire MVEG relevant operating map.

In order to analyse the potential of HP
and LP EGR systems, as well as combina-
tions of the two, identical test runs at
characteristic operating points within the
engine operating map were carried out.
Results for three characteristic operating
points (OP) of a modern diesel engine are
shown below.

: OP1 - low-load range: 3.2 bar bmep at
1500/min (MVEG)

: OP2 - medium-load range: 6.4 bar
bmep at 2000/min (MVEG)

: OP3 - full-load range: 19.2 bar bmep at
2000/min (US06).

The test layout shown @ was used for

these tests, i.e. the cooled HP EGR system

including a SLV and a series production

system for the LP EGR was used. When
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EGR valve was initially fully opened and
the NO, target values were set using the
exhaust back pressure valve. The LP EGR
rate is then lowered by continuously
opening the exhaust back pressure valve,
while simultaneously increasing the HP
EGR proportion by selecting the appropri-
ate SLV phasing to implement the NO_
target values desired, @.

In the low-load range, the pure HP EGR
has advantages with regard to fuel con-
sumption at constant NO_and particulate
matter (PM) emissions. The pure LP EGR
in contrast generates significantly higher
fuel consumption figures, due to the
essential increase in exhaust back pres-
sure and the associated increase in gas
exchange work. Another advantage of HP
EGR in this operating point is the higher
intake air temperature, as the admixture
of warm exhaust gas has a positive effect
on compression ignition at lower loads.

For the medium-load range and low
NO, emission levels, LP EGR has an
increasing advantage with regard to fuel
consumption and particulate matter,
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which is also evident in the gradient of
the trade-off from HP to LP EGR. With a
combination of both EGR systems how-
ever, the result is a fuel advantage for
constant NO, and PM emissions.

A comparison of the systems at high
loads shows significant advantages for
LP EGR. Due to the large scavenging
pressure gradient at peak torque, the
exhaust gas can be recirculated without
additional measures. The thermody-
namic advantage of LP EGR is that there
is no loss of enthalpy at the turbine, so
that the maximum possible charge air
pressure remains available at all times.
Furthermore, the recirculated exhaust
gas is cooled twice, @. On top, the addi-
tional pipe length of the air path has a
positive effect on homogenisation, and
therefore on the uniformity of the EGR
distribution.

On the basis of the tests presented here,
the following recommendation is made
for the various EGR technologies tested:
including internal combustion measures,
a combined EGR system shows the great-
est potential for the Euro 6 and US Tier 2
emission regulations, @.

@ Variation of SLV phasing (OP1)
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VALVE TRAIN VARIABILITY

As is known from literature [3,4,5], IC
engine emissions can also be lowered by
means of variable valve trains, especially
particulate matter and nitrogen oxide
emissions. The former can be reduced by
an optimisation of the charge motion -
analogous to the swirl flap - thanks to the
improved mixture homogenisation. The
function of the swirl flap is thereby substi-
tuted by the variable valve train. The adap-
tation of variable intake valve timing, simi-
lar to early or late intake closing (,,Miller/
Atkinson cycle®), primarily reduces the
NO, emissions. The reduction of the effec-
tive compression ratio is shifted to the
compressor, whereby lower in-cylinder
temperatures, and thus lower nitrogen
oxide emissions, can be achieved.

For this purpose, Mahle can implement a
technology already used in series produc-
tion for gasoline engines: the Cam-In-Cam

204

Spec. NO, [g/kWhi

(CIC) [6,7]. With CIC, two camshafts are
nested together - within the package con-
straints of one camshaft. The outer element
is a shaft with fixed cams. Within this shaft,
there is an inner camshaft with adjustable
lobes connected to the outer shaft. Using a
hydraulic cam phaser, the position of the
inner camshaft lobes can be rotated relative
to the lobes on the outer camshaft. With a
CIC installed on the intake side, all of the
effects mentioned above can be imple-
mented, @, by a relative phase adjustment
(9..) between the individual intake valves
(IV). The CIC can be integrated in the exist-
ing package constraint of the cylinder head.

Simulation results of the swirl numbers
achievable using the CIC - hereafter
shown as swirl ratio (angular velocity of
swirl to crank shaft speed) - are shown in
®. Compared to a conventional swirl flap,
the swirl numbers over an engine cycle
with intake CIC show the potential to fur-
ther increase swirl number levels.

Peak torque curve LP EGR

| (] e
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operating points (OP)

TOTAL SYSTEM OPTIMISATION

The previous tests and the results
obtained can be used to derive possible
optimisations for future diesel engines,
using a wide range of technologies. For
example, in order to implement an inter-
nal combustion measures solution meet-
ing Euro 6 NO_ emissions limits, the entire
EGR system including pressure levels in
the intake air and exhaust gas side pre and
post turbocharger must be considered. This
includes, in addition to the regular HP /
LP EGR valve and cooler design, the inlet
port and duct geometry, the turbocharger
as well as expanded operating modes due
to new controller functions optimisation.
Mahle is currently testing the following
approaches in its development programs:
: improvement of EGR strategy by using
the SLV to meet future legislative emis-
sion requirements and reduce fuel con-
sumption at the same time

@ EGR technologies

E Combined EGR
|:| HP EGR with SLV
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fast control of the EGR rate in transient
engine operation - engine cycle resolved
adaptation of EGR rates

optimisation of the air intake and turbo-
charging system - adaptation of the tur-
bocharger to the highest EGR rates

next generation EGR valves and coolers
- reduction in overall pressure losses in
EGR systems

improved inlet port and duct geometry
for uniform EGR rate distribution
cylinder-selective mfb-control (mass
fraction burned), using the Mahle
flexible ECU

gas exchange optimisation using a
variable valve train (CIC) - reduction in
raw emissions and fuel consumption
improvement of “classical” engine com-
ponents (pistons and piston rings) -
reduction in frictional losses, increased
durability and improvement in fuel
consumption.

SUMMARY AND OUTLOOK

By setting up an advanced diesel engine
prototype with an open ECU, Mahle was
able to reduce internal combustion nitro-
gen oxide emissions down to Euro 6 lim-
its, while maintaining the raw soot emis-
sions of the baseline engine (Euro 5).
The extensive analysis of different EGR
technologies, together with both a rec-
ommendation for an EGR application
with the focus across the entire charac-
teristic engine map and tests on variable
valve trains, illustrate the advantages of
this comprehensive approach in the
development of new systems for next
generation passenger car diesel engines.
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FUTURE EXHAUST EMISSION MEASUREMENT
TECHNOLOGY REQUIREMENTS

While in the past — especially in emission roller dynamometers — the emphasis used to be on integrated measure-
ment of emissions via bag using CVS systems, the transient course of emissions in the cycles is increasingly
becoming relevant for the development. As a result, FEV Motorentechnik GmbH and the Chair for Combustion
Engines, RWTH Aachen University, are working together on optimizing these measurements.
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CHALLENGES

As exhaust emissions standard are increasingly becoming more
stringent, the requirements for the measurement technology that
are being used are increasing as well. While raw emissions are
decreasing on the one hand, the measurement of catalytic con-
verter efficiency becomes more and more important. This not
only applies to engine test stands, but also to exhaust emission
roller dynamometers that are used for passenger car certification.

In addition to the rising demands when it comes to measuring
accuracy, the evaluation in particular plays an important role.
Various measures are used to ensure that the measurements from
diluted and undiluted exhaust can be compared for transient
cycles as well. In addition to humidity correction, steady-state and
non-steady-state response times, corrections based on samples
taken, as well as synchronization and integration of different
measurement data formats are important.

An evaluation program by FEV allows us to perform calcula-
tions necessary for transient evaluations. The steady-state and
non-steady-state response times are automatically corrected in
the program. This results in a considerable improvement in
measuring accuracy, which we were also able to verify in com-
parisons to measurement made with the help of a CVS system
(Constant Volume Sampling).

In addition to the legally prescribed exhaust emission meas-
urement technology that is used to measure the diluted exhaust
[1] (diluted and bag) of the last measurement cabinet, @, two
additional exhaust emission measurement cabinets are used for
the roller dynamometer under consideration for measuring the
undiluted exhaust upstream and downstream of the catalytic
converter. While the undiluted and the diluted stretches are con-
tinuously recording the concentration, the bag analysis merely
permits an integratativ measurement, which can only be split up
into individual phases by using several bags.

To permit a transient measurement with adequate accuracy,
optimized measuring probes, mass flow determinations, correc-
tions, and the integration of different data sources are necessary in
addition to an exact measurement technology. In the following, we
will explain the optimization options that are available.
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MEASURING PROBE

The objective is to take a representative
sample from the exhaust by means of
suitable probe design and positioning. A
suggestion for this can be found for exam-
ple in ISO 8178, which we adapted/applied
here in simplified form using chamfered
probes in the center of flow [3]. In order
to also permit measurements in the inho-
mogeneous range with plug-flow charac-
teristics (e.g., downstream of catalytic con-
verters), FEV has developed multi-hole
probes that are taking samples based on
the weight per unit area. They are produc-
ing representative results here.

Sampling from plug-flow ranges is nec-
essary in order to be able to take measure-
ments in standard exhaust systems, where
minimum distances cannot be observed.
Exhaust sampling in the wall-area of the
pipe leads to incorrect measurements due
to catalytic effects, @.
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DETERMINATION OF THE MASS
ON THE ROLLER DYNAMOMETER

In order to be able to record emission mass
flows online, the total mass flow in the
system must be known in addition to the
concentration course.

Various air and fuel mass flow measur-
ing instruments are available on the sta-
tionary test stand to determine the exhaust
mass flow. They cannot be used on the
vehicle without making changes to the air
system. This is why a tracer measurement
with the CVS system is typically used in
exhaust emission roller dynamometers.

Since the volumetric flow in the dilu-
tion tunnel is known as a matter of princi-
ple, the exhaust volume flow rate and
thus also the mass flow can be calculated
by measuring the CO, concentration down-
stream of the last exhaust aftertreatment
component in the CVS system, in the
intake air, and in the exhaust. Due to the

Graphic
template

(3] Fevalys— automated from the measurement results to the report
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relatively high concentration, CO, is used
here for the determination.

As an alternative, measurement by means
of ultrasound has been found to be a very
exact method for determining the exhaust
mass flow. This method is also used on
the roller dynamometer by the Chair for
Combustion Engines (VKA). This meas-
urement technology does not require any
large-scale response time correction.

CORRECTION OF SAMPLE
QUANTITIES TAKEN

Since the sample quantities that are being
taken have an impact on both the subse-
quent volumetric flow rate measurement
and the dilution ratio upon entering the
CVS system, the results must be corrected
accordingly.

COMPUTATION OF ADDITIONAL
MEASURED DATA

Inherent test bed data are transmitted to
the measurement data acquisition system.
The data from the application system are
typically recorded separately and must be
synchronized with the test stand data and
set to the same frequency. Additional fac-
tors can now be calculated based on all of
the raw data.

If we want to analyze engine processes,
catalytic converter efficiencies, integrated
emissions, or the correlation between
diluted/undiluted CO, measurements (tra-
cer measurements), the emissions must re-
late to a defined measuring point. We have
chosen a measuring point at the outlet of
the turbine or the exhaust manifold here.

RESPONSE TIME CORRECTION

The response time, @, is defined as the

time that is elapsing between the change

of an input factor (load, rotational speed,

etc.) and the measurement of the change

of the output factor (e.g., exhaust compo-

sition). It is mainly influenced by the

following:

: the positioning alongside the exhaust
emission system (t_ . )

. the length of the sampling lines (t

. the sampling flow rates (t, )

. the volume of the measuring cell

line)

(tequipmem)
: electronic signal processing (t, ...
. the CVS system (if available) (t

lunnel) .
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O Fever exhaust emission measuring
engineering system

The exhaust takes a certain time t  to
get from the engine block to any measur-
ing point. The response times t ., t. .
toquipmen A€ DY @approximation, exclusively
functions of geometry and volumetric
flow and therefore for the most part con-
stant. This results in a constant response
time (K) for the particular measuring point
and gas componenti. t_, . -describes
the gas travel time up to the sample remo-
val or up to the inlet level of the CVS sys-
tem during measurement in the undiluted
exhaust. This time is independent from the
component and changes as a function of
the exhaust volume flow rate with a given
volume of the exhaust system section.
This response time correction also has a
major impact on the mass flow determina-
tion by means of the CO, tracer method.

FEVALYS

The introduced response time correction
was implemented in a prototype based on
the development of the new FEV evaluation
software Fevalys and could therefore

MTZ 1012010 Volume 71

already be validated in practical work. The
implementation based on Fevalys is only
the first step here for expanding the prod-
uct by a trend-setting evaluation method
for exhaust emission measuring engineer-
ing. Fevalys is based on the technology by
National Instruments Diadem and imple-
ments the automated evaluation at the
touch of a button ranging from acquiring
various types of data formats and sources
and applying a calculation catalog to creat-
ing a standardized report, @. In the pro-
cess, Fevalys shows the perspectives of the
evaluation method. It permits an online
evaluation as early as during the test run
with early identification of errors and devi-
ations in the measurement and in the evalu-
ation chain. In addition to this, the consis-
tent automation also increases the reliabil-
ity and efficiency of the evaluation process
and, by means of guided analysis such as
the graphic data inspection, function chains
become tangible starting from the effects
down to their causes. The new methodol-
ogy in modal emission measurement thus
lays an important foundation here.

FEVER

Based on more than 20 years of experi-
ence in operating our own exhaust emis-
sion measuring engineering systems, the
FEV-Emission-Rate Fever as well as Fever
FTIR systems were created in 2006 for the
continuous analysis of undiluted engine
exhaust gas.

Due to the modular design and simple
accessibility to all components from the
front side, the Fever concept is highly flex-
ible, which makes the configuration requir-
ed for the measuring tasks a lot easier, @.
Fever contains the following main
features:

exhaust measurement system for diesel

and gasoline engines

10% B Manually corrected witracer

8% B Automatically corrected w/tracer
B Automatically corrected wiullrasonic

6%

4%

Absolute deviation

i l h ‘ ‘
0%
HC NO, co co,

: modular system design with complete
access on front (system can be set up
with the rear side facing the wall), elec-
tric indicator board with extendable
front, gas connections from above or
below, integrated temperature condi-
tioning as an option
easy to roll without additional installa-
tion effort involved, integrated gas
transport and conditioning module,
standard functions and standard com-
munication for all analyzers, user-
friendly touch screen for all functions,
fully integrated FTIR module as an
option, diagnostic socket located on
front in door aperture, versions availa-
ble for diluted or undiluted measure-
ment, can be integrated via AK protocol
commands or TCP/IP interface.

The system can be fitted as a system with

one or two exhaust measuring lines and

with up to ten individual analyzer chan-
nels. In addition to the standard systems
for measuring the exhaust components

THC, NO/ NO,/NO,, CO,, CO, and O,,

additional analyzers as well as an FTIR

system can be integrated. Due to the
switchover of the measuring gas, it has
become easier to use the Fever system for
emission measurement in several sam-
pling points.

RESULTS

With the help of the described measure-
ment technology and corrections, NEDC
vehicle tests were analyzed to see whether
the emission measurement using the CVS
system (bag) and the continuous undi-
luted measurement are matching. The
measurements were performed on the cli-
matic roller dynamometer of the VKA, @.
© compares the manually corrected
results (constant response time elements)
as well as the automatic response time

O Influence of the
response time correction
and the mass flow
determination on
measuring accuracy
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— CO, engine out
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O Influence of the dynamic response time correction on the comparability of two sampling positions

correction (all response time elements) on
the basis of different mass flow measure-
ments. The automatic response time cor-
rection is thereby based on the cross-corre-
lation [2] of the particular concentration
measurements with a comparison func-
tion, which comprises several input fac-
tors that depend on dynamic handling
characteristics. The automatic response
time correction is comparable to the best
possible manual correction; however, its
quality is the same regardless of the indi-
vidual person making the correction. Fur-
thermore, response time changes are auto-
matically compensated through drifts in
the system (depending on level of soiling,
change of measurement configuration).
The response time elements that are not
constant lead to only minor improvements
in accuracy, but they are the elements that
actually permit the automatic response
time correction. The ultrasonic measure-
ment leads to further improvement.

Even if the signals are used for the simu-
lation, these additional corrections are
important, since time synchronization
becomes possible for both small and large
volumetric flows. We can see this when
we take a look at the match between the
CO, concentration course of two measur-
ing points with a distance of approximate
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3 m upstream and downstream of the cata-
lytic converter, @. The measurements
correlate significantly better due to the
dynamic response time correction.

CONCLUSION

Due to the optimization of individual vari-
ables (measuring probes, mass flow deter-
mination, response time correction, and
corrections of the sampled measurement
gas quantities), the measuring accuracy
for the samples taken from undiluted
exhaust can be improved considerably.

Using a prototype, the automatic response
time correction for constant and dynamic
response times were integrated into the
Fevalis evaluation software by FEV. By
using this software, it was possible to
achieve an accuracy comparable to the
best possible manual correction, but with
the advantage of having an automatic
compensation of response time changes
and constant quality.

REFERENCES
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INDUSTRY VALVE GEAR

NEW VALVETRONIC ACTUATOR
FOR THE MINI TURBO ENGINE

To optimise the needed space, weight and functional integration, BMW Group and PSA Peugeot Citroén
switched to brushless DC technology for the fully variable valve control in the process of further developing
the “TwinPower” turbo engine. Sonceboz Automotive SA, in cooperation with Moving Magnet Technology,
the subsidiary for research and advance development in the area of actuators and sensors, has developed
a suitable new brushless DC motor with redundant, digital angle measurement. The fully automated produc-
tion of such a complex and highly stressed electrical actuator was and is at least just as challenging as its
development and qualification.
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HISTORY OF FULLY VARIABLE VALVE CONTROL AT BMW

To meet the demand for a technology usable worldwide to fur-
ther reduce fuel consumption of gasoline engines, BMW in 2001
brought “Valvetronic” onto the market [1]. In this design, system
demand control is performed by a fully variable mechanical valve
train, an electric actuator and an electronic controller. A reduc-
tion of consumption of 12 % compared to the predecessor motor
completely fulfilled the performance target. This established a
new basic technology for all BMW gasoline engines. Since then,
the Valvetronic has become standard in all BMW engine series,
from four-cylinder to twelve-cylinder.

The Valvetronic has been further developed and optimised
in the meantime and is now in the third generation [2]. Further
product development has focussed on reducing charge-cycle
losses and friction as well as optimising combustion. In the elec-
tronic system, the focus was placed on minimising the number
of control systems and individual components used to achieve
cost advantages and optimise the installation size. The Valve-
tronic was first used in Mini engines in 2006. To take the
special package situation of the transversely installed 1.6 1 four-
cylinder engine into account, a special variant of this servo-
motor, suitable for external installation on the cylinder head,
was developed, @.

As is typical for the third-generation Valvetronic, here, too, the
necessary position sensors were integrated redundantly in the
servomotor. The power electronics needed for control found their
place in the engine management system and so formed a unit
that was as economical as it was compact. To make optimal use of
the very limited space in the new Mini’s engine, the focus in the
design of the new servomotor was on keeping the installation
dimensions as small as possible while simultaneously achieving
high torque and dynamics.

To be able to use all the advantages of the latest BMW en-
gine construction set, the Valvetronic for the new 1.6 1 Mini en-
gine was combined with a gasoline direct injection as well as a
turbocharger with “TVDI” technology (Turbocharging Valvetronic
Direct Injection). The new Mini “TwinPower” turbo engine
thus uses the same fuel-saving motor technology as the new
3.0 1 six-cylinder engine with turbocharger, for example. More-
over, thanks to a further increase in performance over its pre-

o

@ Installation of the Valvetronic EC motor on the cylinder head
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r"
@ Mechanical integration of the EC motor

decessor engine, it provides the typical
BMW driving fun. To achieve this, a new
electrical actuator for the Valvetronic is
needed. In addition, the consistent fur-
ther development of electrical and elec-
tronic technology with the goal of con-
stantly increasing integration markedly
reduced system components and com-
plexity. This allowed a further increase
in stability and reliability which directly
benefits the end customer.

CHANGE FROM DC BRUSH
MOTOR TO BRUSHLESS DC MOTOR

In a Valvetronic an eccentric shaft sets the
intake valve stroke, @. In the previous
layout of the Mini 1.6 | engine this eccen-
tric shaft was driven by a classic DC motor.
A separate sensor recorded the position of
the shaft at the shaft end. BMW’s specifi-
cations for this small four-cylinder TVDI
engine were: compact installation with
high torque and high dynamics, long ser-
vice life as well as full integration of all the
sensors. The sensor was to be integrated
into the motor so that only a single ten-
pin connector was needed and the motor
diameter could be reduced from 61 to

42 mm. The torque was simultaneously
increased to achieve additional functional
reliability. The mass moment of inertia
also had to be reduced to make cylinder-
individual adjustments for greater actuator
dynamics.

Under these general conditions, in partic-
ular the significantly high ambient tempera-
tures and vibrations, it was soon apparent
that only a brushless DC motor (BLDC mo-
tor) would be acceptable, @. The high tol-
erance for vibrations and the possibilities
for weight reduction through minimisation
of the space used were the distinguishing
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(3] Exploded view of the new BLDC motor

a0 9

UNITS T2W VVT3
ROTOR INERTIA J [10° kgm?] 55 12
TORQUE CONSTANT Kt ImNm/A] 20 20
MECH. TIME CONSTANT T [ms] 26 1.97
MOTOR CONSTANT Km [mNm/W?] 45 78
RESISTANCE mOhms 190 65
DIAMETER X LENGTH mm x mm 761 x L91 @42 x L85
MASS kg 1.00 0.65
TORQUE PER KG Km/m [mNm/W2/kg] 45 120
VOLUMIC TORQUE [mNm’jm/mma] 1.780 6.6504
INTEGRATED SENSORS None 2 redundant sensors

(1): Estimated figures

o Comparison of DC motor VVT2 versus BLDC motor VVT3

features of this design. This also facilitated
mechanical integration. A comparison of
the classic VVT2 DC motor with the new
VVT3 BLDC motor is depicted in @.

SIMULATION VERSUS
PROTOTYPE CONSTRUCTION

The project also faced an extremely tight
time schedule. And so it was not possible
to approach the optimal design through
various experimental models. The exact
product definition as well as the design
had to be found through purely numerical
models. For example, the motor constant

O Rotor and magnet field modeling

of exactly 2 % had to be simulated with
the development software from Moving
Magnet Technology (MMT). The relevant
know-how and wide-ranging experience
in this area made it possible to start the
out-of-tool B prototypes before all meas-
urements were complete on the A proto-
types. In defining the redundant sensor,
the decision was made for a magnetic en-
coder with two solenoid coils, @. The
outside track was to have double resolu-
tion compared to the commutation sen-
sors. Here, too, it was necessary to first
evaluate feasibility based on a three-
dimensional magnetic simulation, but
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then, using a model, to determine the pre-
cision and the influences of the external
rotor on the internal rotor as well. MMT
then took over fast implementation of the
magnetising device. In this way, the calcu-
lated values were achieved from the start.

Due to challenging vibration require-
ments, numerical simulation was also used
to determine mechanical strength. This
meant that optimisation of the motor flange
could begin even before delivery of the B-
sample using purely numerical models.

Various simulations were performed to
define the optimal injection points and
also improve the mechanical characteris-
tics of the flow lines for the complex in-
jection moulding process, in which the
connector is formed and the sensitive
contacts of the three motor pins on the
coil windings are overmolded.

Despite the intensive use of simulation
tools, certain characteristics had to be im-
proved for the B prototypes based on the

( o
Eccentric shaft N

Set-up position
X [°/sec]

Load engine control

Required valve lift

(6] Torque characteristics

il DCH] 5000 6000

test results. The existing theoretical mod-
els helped find concrete solutions very
quickly. In retrospect, such a fast develop-
ment was possible only because these
numerical models and simulations were
used and comprehensive know-how was
already available. The gain in time from
the simulations made it possible to achieve
the specified development time for the
new small BMW four-cylinder engine.

IMPROVEMENT OF
PERFORMANCE AND TORQUE

The specifications for space, weight, vibra-
tion resistance, torque and dynamics in
accordance with @ could all be achieved.
The sensor could be integrated into the
specified space. The mechanics with
resetting mechanism required nominal

0.2 Nm. But to have a corresponding
torque reserve even for a cold start or
long-term wear, a torque of up to 0.8 Nm

M [Nm] I'[A]

was used, @. Power monitoring in the con-
troller avoided overheating of the actuator.

Clear optimisation compared to the
Mini’s predecessor motor, the 1.6 1 TGDI,
was achieved through the use of third-
generation Valvetronic technology. The
final customer can experience this directly.
Fuel consumption was reduced again by
about 9 % due to the Valvetronic and result-
ing further optimisation of frictional losses.
Responsiveness became more dynamic
and, besides a faster torque build-up, more
than 40 Nm more torque was provided.

Due to the high development and vali-
dation costs, a modular system was of
central importance for BMW so it could
combine additional applications with
standardised hardware, software, control
strategy and BLDC-motor building blocks
into new scalable systems - all within a
short and manageable time frame.

CONTROL STRATEGY

The regulator structure for control of the
BLDC motor is presented in the block
diagram, @, and has the following special
characteristics:
The position sensors are divided into two
groups. In addition to three commutation
sensors, two Hall sensors with their own
target wheel are built in. The thereby im-
plemented magnetic encoder has a reso-
lution that is more precise by a factor of
2 than the commutation sensors.
Through a worm gear, the servomotor
drives an eccentric shaft whose position
determines the stroke of the intake valves

U vl

Cllg;ed Torque Current Control value Output value
contrgl p) requirement requirement voltage PWM

T

Eccentric shaft
Set-up velocity

movement {
J

Closed
loop
control

T

5 Motor
D constant

Sensor system

Induction
voltage

} PWM [%]

YT

Sensor signal
detection

Ir Motor shaft
I position
T velocity
Juur

nnr
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[°]
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reference point

\ o
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Plausibility check of
the two sensor tracks
- J
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of the combustion engine. To determine
this position, the mechanical reference
position is driven to at the start of each
movement, which defines the reference
point. The validity of the sensor signal
is constantly monitored by comparing
the two sensor groups. As a result, the
system fulfils the requirements of the
E-gas guideline.

: The position control is designed so that
the motor control determines the opti-
mal valve stroke in connection with the
suitable actuator speed for the respec-
tive current operating condition. The
eccentric angle assigned to the valve
stroke is set by a PD control. From the
input signals (setpoint, eccentric angle,
actual value of eccentric angle and set-
point of actuator speed) and the charac-
teristic system variables (servomotor
constants, controlling torque, electrical
resistance of the servomotor circuit),
the necessary pulse-duty factor is deter-
mined in the 1 ms computation raster.

. To control the VVT3 motor dependent
on the current rotor position and the
pulse-duty factor specified by the con-
trol, a frequency of 16 kHz is applied to
the three motor phases via a B6 bridge. If
the current rotor position cannot be
determined as a result of an error, there
is also the possibility of operating the
BLDC servomotor in the stepper motor

TEST UNIT
Temperature lower o
operating limit (LOL) ore
Temperature upper R
operating limit (UOL) 200°C
Vibration operating limit (VOL) 50G

(RMS)

@ HALT test conditions

mode. The three motor phases are con-
trolled in a firmly specified time se-
quence to generate the stator rotary
magnetic field necessary for adjustment.
: The adjustment characteristics of the
control are continuously monitored by
a diagnostic function. An error is dis-
played if control deviations occur or the
adjustment speed does not meet the
requirements.
If one of the above diagnostic functions
recognises an error, system demand
control of the combustion engine is
passed on to the throttle, which avoids
impairment of the driving behaviour
that the driver experiences.

QUALITY IN DESIGN

Tools were also used to achieve the high
quality requirements. In close cooperation
with BMW, first FTA analyses were per-
formed, followed by D-FMEA. As soon as
the first prototypes were available, high
accelerated lifetime tests (HALT tests), ©,
and other extreme tests, @, were carried
out to uncover weaknesses within just a
few days. As a result, initial correction
processes were initiated as quickly as pos-
sible so the official qualification cycles
could be started with a good basis of con-
fidence. Here, too, the time specifications
did not permit an iterative development
due to the successive elimination of errors.
The assembly concepts were also devel-
oped simultaneously. P-FMEA were used as
main tool here to systematically verify the
concepts. For Sonceboz Automotive, it was
the first project in which fully automated
assembly immediately followed prototype
construction. Previously, the corresponding
experience was always gained first on a

manual assembly line. Process stability is
monitored using suitable tools. Processes
such as glueing and welding can thus be
checked for consistency even before a
delivery lot is shipped.

SUMMARY AND OUTLOOK FOR EURO 6

The TVDI technology, the various measures
for CO, reduction combined with a simulta-
neous increase in performance, were opti-
mised towards achieving the coming Euro 6
emission requirements. Experience with
VVT1 and VVT2 has been gained with fully
variable valve control since 2001. For VVT3,
more compact and dynamic actuators can
now be used to drive the eccentric shaft,
@. The improved dynamics permit a finer
and faster adjustment to the optimal
parameters for every condition. The Valvet-
ronic technology, continuously improved
over the past ten years, displays a high per-
formance level, is robust and efficient, and
is already on the road today.

The modular concept permits trans-
ferring this technology to other engines
in future. The cooperation partner PSA is
also using the new Valvetronic technol-
ogy, which has been available in the RCZ
sports car since the beginning of 2010, for
example. Additional models will follow.
BMW and PSA have already agreed to
continue the cooperation and develop this
TwinPower Turbo combustion engine fur-
ther so that it qualifies for Euro 6.
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@ BLDC motor in the TOV test chamber
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® Compact, dynamic and with integrated sensors: BLDC motor
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Scientific articles of universities in ATZ Au-
tomobiltechnische Zeitschrift and MTZ Mo-
tortechnische Zeitschrift are subject to a
proofing method, the so-called peer review
process. Articles accepted by the editors are
reviewed by experts from research and in-
dustry before publication. For the reader,
the peer review process further enhances
the quality of the magazines' content on a
national and international level. For authors
in the institutes, it provides a scientifically
recognised publication platform.

In the ATZ | MTZ Peer Review Process,
once the editors has received an article, it
is reviewed by two experts from the Adviso-
ry Board. If these experts do not reach a
unanimous agreement, a member of the
Steering Committee acts as an arbitrator.
Following the experts’ recommended correc-
tions and subsequent editing by the author,
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OPTIMIZATION OF THE SELECTIVE
CATALYTIC REDUCTION BY MEANS OF
NUMERICAL METHODS

At present the Selective Catalytic Reduction (SCR) with ammonia as reducing
agent is frequently used for Diesel powered vehicles to decrease significantly the
nitric oxide (NO,) emissions. The preparation of ammonia includes numerous
sub-processes that need to be understood completely to develop exhaust gas
systems efficiently. Within a co-operation project between Daimler AG and the
Institute for Powertrains and Automotive Technology (IPA) of the Vienna University
of Technology especially the CFD simulation method was employed successfully

to solve this task.
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INTRODUCTION

AMMONIA PREPARATION IN THE EXHAUST SYSTEM

APPLICATION OF THE NUMERICAL SIMULATION

BASIC INVESTIGATIONS ON AMMONIA PREPARATION

APPLICATION TO A CLOSE-TO-PRODUCTION EXHAUST SYSTEM
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SUMMARY AND OUTLOOK

1 INTRODUCTION

Because of the future exhaust gas legislation a significant decrease
of nitric oxide (NO,) emissions will become a development focus
for diesel powertrains. Besides a further improvement of the com-
bustion process the efficient exhaust gas treatment with Selective
Catalytic Reduction (SCR) is a method on a near- and midterm
range that offers a high potential and has already been applied to
series production vehicles. In this process a urea-water solution
(UWS) is injected in the exhaust gas system that reacts in the fol-
lowing and over numerous sub-processes to gaseous ammonia that
finally reduces the nitrogen oxides to elementary nitrogen in a
downstream SCR catalyst.

In spite of the successful market launch of this technology there
still exists a high potential to optimize the system. To reach an ideal
conversion level of the SCR system under all operating conditions
and additionally a uniform distribution of ammonia at the SCR cata-
lyst a quick transformation of the urea-water solution to ammonia
is necessary. Therefore, a deep understanding of all sub-processes
that are included in the formation of gaseous ammonia from the
urea-water solution is necessary. This includes the interaction of the
liquid urea-water solution with the turbulent exhaust flow and the
hot surfaces of the exhaust gas system and the convective and dif-
fusive species transport that affects the uniform distribution of am-
monia [1, 21. There is still a need for research activities to investi-
gate these processes for different engine operating points.

This was done within a co-operation project between Daimler
AG and the Institute for Powertrains and Automotive Technology

Fluid dynamics,
temperature field:
CFD simulation

Liquid film formation,
droplet impingement:
Video analysis
IR-thermography

Spray injection:
Laser diffraction Ammonia homogenization,
prisparation time scales:

FTIR spectroscopy

Overall process
analysis:
Multiphase
CFD simulation

@ Process chain of UWS preparation upstream of the SCR catalyst and analysis
methodology
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(IPA) of the Vienna University of Technology. Besides basic inves-
tigations for model validation the developed methodology was val-
idated on a close-to-production exhaust gas system.

2 AMMONIA PREPARATION IN THE EXHAUST SYSTEM

Within the SCR process ammonia is used as a reducing agent for
the nitric oxides. The storage of ammonia in the vehicle is realised
by means of a carrier substance that consists of a eutectic aqueous
solution with a urea mass fraction of 32.5%. This urea-water so-
lution is injected into the exhaust gas system where it is convert-
ed by physical and chemical processes to gaseous ammonia. @
gives an overview of these processes.

During the injection aerodynamic forces and heat are transferred

from the turbulent exhaust flow to the droplets of the spray. First,
this induces an evaporation of the water in the droplets (drying).
The remaining urea melts, evaporates and dissociates to ammonia
and isocyanic acid (thermolysis) that, on its part, reacts by absorb-
ing water to ammonia and carbon dioxide (hydrolyses):
Thermolysis ~ (NH,),CO - HNCO + NH,
Hydrolyses HNCO + H,0 - NH, + CO,
The droplets impinge on the hot surfaces of the exhaust system in
different scenarios that depend on the wall temperature, the fluid
properties and the kinetic energy of the droplets and reach from
an elastic rebound over a thermal droplet breakup to a wall film
formation. In the latter case the urea is stored in a wall film and
released via the mentioned reactions in the following.

Each of the described processes has a high influence on the
time scales of the ammonia preparation and on the uniform
distribution upstream of the SCR catalyst. A purposeful and
methodic approach to describe these complex processes is the
integration of the numerical simulation method combined with
experimental investigations to validate the model.

3 APPLICATION OF THE NUMERICAL SIMULATION

For the following investigations the commercially available soft-
ware code Star-CD from CD-adapco was used.

The fluid flow was calculated with the Euler approach combined
with a ke turbulent model and the liquid phase following Lagrange.
The size distribution of the injected droplets and their initial speed
were determined empirically with laser optical methods and trig-
gered camera measurements. In the following, the experimental
data was implemented as an initial condition to the model [3].

The fluid properties, like viscosity, vapour pressure, heat
capacity etc. of the urea-water solution were specified in depend-
ency of the urea concentration [2], the fluid properties of the gas-
eous components water vapour, ammonia and isocyanic acid were
obtained from [4]. The simulation of the droplet evaporation was
validated with experimental data of evaporation curves from the
literature [5, 6].

Our own experimental investigations showed that the thermoly-
sis takes place instantly and without any time lag. The hydrolysis,
on the other hand, could not be observed in the investigated tem-
perature range and without catalytic support, see chapter 4. Thus,
a detailed modelling of reaction kinetics could be avoided. The en-
thalpies of urea melting and evaporation and the enthalpy of reac-
tion of the endothermal thermolysis were obtained from [71.
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OP 1 OP 2 OP 3
MASS FLOW [KG/H] 100 200 350
EXHAUST TEMPERATURE [°C] 250 350 450
UWS INJECTION [G/H] 20 90 90
INJECTION DURATION [MS] 7 10 10
INJECTION INTERVAL [MS] 1000 333 333

(2] Operation points for the basic analysis

Liquid film
High {thermo-)
dynamics

(3) Geometry for the basic investigations on the preparation process chain and
exemplary results of the CFD simulation

A commonly used time step size in the CFD simulation is 10
to 103 seconds, but very often an equilibrium is not reached until
numerous injection events have passed. For this reason the
stationary flow field without injection of the urea-water solution
was solved first and considered as constant in the following, i.e.
an influence from the injection does not occur. This assumption
is acceptable due to the small amount of injected fluid and the
low droplet velocities. For the following transient calculations of
the injection events a solving of the transport equations for the ve-
locity components, the turbulence and dissipation was not neces-
sary, what implicated a calculation time acceleration by a factor
of up to ten.

4 BASIC INVESTIGATIONS ON AMMONIA PREPARATION

For the model validation three characteristic operating points (OP)
were analysed on the engine test bench. They were chosen with
the aim to cover all typical effects of the process chain of the am-
monia preparation, @.

The mixing pipe of the exhaust gas system upstream of the SCR
catalyst was replaced by a simple straight exhaust pipe. This way,
the basic effects of the ammonia preparation could be studied with
simple boundary conditions. The urea-water solution was injected
in a 45° angle to the flow direction. The distance between the in-
jection position and the end of the mixing pipe was 550 mm,
which is approximately a typical distance to the SCR catalyst in a
passenger car.
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© shows the geometry and exemplary results from the CFD cal-
culation as well as the typical influencing variables on the uniform
distribution. The location of the injection is indicated as well as
the spray pattern, which is typical for the investigated injector
type, a liquid film formed on the pipe wall and the ammonia con-
centration in the measuring volume.

First experimental investigations showed that for the mentioned
operating points the different interactions of the droplets with the
hot surfaces of the exhaust gas system have a significant influ-
ence. There exist numerous physical models that describe the
behaviour of liquid droplets when impinging on rigid walls [8, 9].
Different regimes are defined that are distinguished by dimension-
less indicators of the droplet behaviour, like the Weber and Laplace
number or a number for the dimensionless wall temperature. All
these indicators have in common that they describe the stability
of droplets under the influence of external forces and heat fluxes.
However, the application of these models on a multi-component
fluid and on surface temperatures beyond the liquid’s boiling tem-
perature is a challenge. At the IPA the Bai model has been suc-
cessfully applied to injection problems of S| engines in the past
and was therefore chosen as a starting model for the following
investigations. @ shows different scenarios that are described in
the Bai model and the expected regimes for the three investigat-
ed operating points, which are marked in different colours. It can
already be derived on a theoretical basis that the droplets will
behave differently for the three operating points, which will have
an impact on the time scales and the uniform distribution.

Experiments were carried out on the mentioned basic geometry
to investigate on the behaviour of the droplets and an optionally
occurring wall film. Optical measurements with a CCD camera and
recordings with an infrared camera were employed to demonstrate
the wall cooling at the impact point of the spray jets, as well as
the FTIR spectroscopy at different cross sections of the mixing
pipe to determine the reducing agent’s uniform distribution [3].
For the FTIR spectroscopy, a conditioning device consisting of a
pre-filter and a heating/cooling tube was assembled upstream of
the actual measuring cell to maintain well-defined inlet condi-
tions. The extraction of the exhaust gas sample stream was car-
ried out with a probe at discrete points of the exhaust system,
each of them successively analyzed by repeating a defined injec-
tion strategy.

- h F ':1-_'-.1‘ 'l‘ (]
. {v) Break-up (v} Splash

.. ENCEEER
(4] Impingement regimes according to the Bai model for the investigated
operating points
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@ Calculated wall film formation (left) and corresponding results of the video analysis (right)

It could be shown for OP 1 that immediately after the start of
the injection a massive formation of wall film can be observed. For
OP 2 a thin wall film is formed after a certain time period and for
OP 3 no wall film formation can be observed. The simulations with
the CFD method were in a good qualitative agreement with the
observations, @©.

The observed and calculated behaviour can be explained with
the Nukiyama characteristics of the fluid. It describes the heat
fluxes on a superheated, wetted surface in a quiescent fluid as a
function of the difference between wall and boiling temperature.
In @ the characteristic regimes of nucleate, transition and film
boiling are shown.

In case of OP 3 the wall temperature is significantly above the
Leidenfrost temperature of the water-urea solution T = 500 K. Due
to the forming of a steam cushion no wall wetting occurs. At the
beginning, OP 2 shows the same behaviour. However, the thermal
contact causes a slow cooling of the wall and a regime change from
the film to the transition regime, i.e. a wall film is formed after
some time. Therefore, a correct prediction of the wall film can only
be achieved with a correct calculation of the wall temperature. For
this reason, solid elements were used in the mentioned numerical
model to take into account the heat capacity and heat conduct-
ance of the pipe walls. For the OP 1 the regime of quiescent boil-
ing and nucleate boiling prevails, i.e. a wall film can be formed
immediately. The following motion of the wall film is determined

MTZ 1012010 Volume 71

by the shear forces of the flow and gravitation, its evaporation by
the mentioned Nukiyama curve. For an experimental validation the
wall wetting process was recorded with a CCD camera at an opti-
cally accessible part of the pipe wall. @ shows a comparison of

Quiescent  Nucleate Transition Fitm
beiling  boiling  boiling boiling

1 -] a0 120 1000
AT, =T,-T, K

0 Nukiyama curve: approximation of the heat flux density of a wall film forming
fluid as a function of the excess temperature (difference between wall and boiling
temperature)
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Flow direction

IR thermography

Simulation

@ Simulated and measured stationary temperature field of the pipe wall in the
region of the spray impingement (OP1)

Extensive liguid film
Mow to pipe botlom

L.}
£ .
= 90
c
L
E Fl 1
= o dirsction
180°
High
|
5 3
 Ei
B .
= | =
% B
Lioww

180*

@ Spread of the stationary wall film after 120 s for OP 1

the calculated wall temperature and measurements that were car-
ried out with an infrared camera.

After that, the recordings were visually post-processed. From
every single image a “zero image” of the non wetted pipe wall was
subtracted. Afterwards, the resulting image was analysed with an
appropriate threshold filter to extract the wetted surface. @ shows
exemplarily the stationary spread of the wall film for OP 1 after
120 s of injection time in comparison with the corresponding re-
sults of the simulation. Thus, the formation and motion of the wall
film were in good agreement with the experiment.

Furthermore, both chemical reactions that are following the
physical evaporation had to be determined. For all three operating
points it could be shown experimentally with highly time-resolved
Fourier transform infrared spectroscopy (FTIR) [3] that the time
scales of the thermolysis are so small that the kinetics can be ne-
glected in good approximation. It can be rather assumed that the
gaseous urea dissociates immediately. Besides, it could be dem-
onstrated once again with FTIR spectroscopy that for all investi-
gated operating points equimolar concentrations of isocyanic acid
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and ammonia can be observed, i.e. no hydrolysis reaction occurs.
The time scales of this reaction are only sufficiently small at high-
er temperature or on the reactive surfaces of the SCR catalyst,
respectively.

A calculation of the uniform distribution was carried out at
various positions of the mixing pipe and compared with FTIR meas-
urements at eight measuring positions in every cross section. The
calculation of the uniformity indices was carried out in analogy to
the measurements at the eight measuring positions. Basically, the
results showed a good correlation with the measurements. Only
the uniform distribution for OP 1 was underestimated, what can
be explained with the particularly complex situation of a high
amount of urea stored in the wall film, @.

The results that were gained for these basic investigations were
applied in the following on the design of the mixing pipe of a close-
to-production exhaust system.

5 APPLICATION TO A CLOSE-TO-PRODUCTION
EXHAUST SYSTEM

@ contains an extract of results that were calculated with the
CFD model of a close-to-production exhaust system. In the figure,
the comparison of the simulation and measurements is shown for

Ammuonia concentration al
tha overall cross section

Ammonia concentration at

the sensing p-n\slilunl
y ihlgh

Steady stale dmmaonia
concentration

| coyin)

4

Unifesmity indsx

Liguid fibm

03
05+
07

,E 0.6

0.5

0.4

03

02

0.1

4 -

Uniformity |

@ Methodology to determine the ammonia uniform distribution (top) and the
uniformity index at the end of the mixing pipe (bottom)
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an exhaust system with a mixing device. The mixing device cre-
ates an airflow with a high vortex density that causes a better con-
vective mixing of the ammonia vapour (@, left side). A dramatical-
ly improved uniform distribution follows from that at the catalyst
entry (@, right side). Besides, the mixing device prevents to a high
amount wall wetting, what improves the wall film formation and
the problems coming along with it.

To validate the simulation results spatially resolved measurements
of the ammonia concentration were carried out. The detection of the
reducing agent was once again realized with the FTIR methodology
at pipe cross sections varying from the beginning to the end of the
mixing pipe. The ammonia distribution that was experimentally de-
termined for OP 1 is plotted against the simulation results in @,
right side. An excellent correlation can be observed.

6 SUMMARY AND OUTLOOK

The efficient reduction of nitric oxides formed during Diesel com-
bustion with SCR technology will contribute to the compliance of
future exhaust legislation. In a co-operation between Daimler AG
and the Institute for Powertrains and Automotive Technology (IPA)
of the Vienna University of Technology basic investigations on the
conversion process of the injected liquid urea-water solution to the
gaseous ammonia were carried out. On a simple exhaust pipe
geometry the behaviour of the injected droplets on the hot surfac-
es of the exhaust pipes and the formation of wall film were inves-
tigated in particular. Focus of the investigations was the model-
ling of all processes involved with the CFD simulation method. It
could be shown that there is a good correlation between the
simulation results and the experiments from the engine test bench
concerning uniform distribution of ammonia and wall film forma-
tion. In spite of the generally successful application of the CFD

MTZ 1012010 Volume 71

100 150 200 250 300 350 400 450

Length of mixing section [mm]

simulation the universal validity of the impingement models at low
and high temperatures must be improved. This will be the content
of future projects.

The results gained from these investigations were applied
successfully to the development of the mixing tube of a close-to-
production exhaust system. The uniform distribution of the reduc-
ing agent upstream of the SCR catalyst was predicted in good
correlation with the experiments.
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QUASIDIMENSIONAL SIMULATION
OF CI-COMBUSTION WITH
PILOT AND POST INJECTIONS

Diesel engines have become much more complex over the last two decades. By
means of simulations the number of test bench investigations can be reduced. The
difficulty in modelling the conventional Cl-combustion is to reproduce self-ignition,
gas mixture and the combustion in such a way that predictive calculations are
possible. At FKFS a phenomenological combustion model has been developed,
which can simulate operating points with an arbitrary number of pilot and post
injections in high quality within short computation times.

RECEIVED 2010-05-10
REVIEWED 2010-06-08
ACCEPTED 2010-07-14

personal buildup for Force Motors Ltd.



1 MODEL INTRODUCTION

2 CALCULATION OF IGNITION DELAY

3 MODELLING THE PRE-COMBUSTION

4 MODELLING THE MAIN- AND POST-COMBUSTION
5 VALIDATION

6 SUMMARY

1 MODEL INTRODUCTION

The present combustion model has been integrated into the ‘cyl-
inder module’ developed by Grill [1, 2]. Hence all the usual
approaches for calculating the calorics and the wall heat trans-
fer can be combined with the new combustion model. The com-
bustion chamber is modelled as one zone, which means all cal-
culations are done using the mass mean temperature. The large
influence of injection rate on Cl-combustion makes it a neces-
sary input for the model. Furthermore the cylinder geometrics,
trapped air mass, EGR rate and in-cylinder pressure at intake
valve closing are required like in any other working process cal-
culations. When using the combustion model inside a 1-D flow
simulation model, the masses and starting pressures calculated
by the flow model are used for the working process calculation.

2 CALCULATION OF IGNITION DELAY

In order to simulate the combustion of a Cl engine, it is necessary
to compute the ignition delay first, based on separate ignition inte-
grals for each pilot, main or post injection. Similarly to Chmela et
al. [3] a combined Arrhenius and Magnussen approach has been
implemented.

The Arrhenius term Eq. 1 is used to calculate the chemical
ignition delay while the Magnussen term Eq. 2 shall reproduce the
influence of the injection turbulence on the ignition delay.

-k - T

1 act

EQ. 1 T+Q, kp,

EQ. 2 r., =k -k

To better represent the wide spread of temperature over the whole
cycle, the Arrhenius equation has been modified in comparison to
previous publications. The enhancements make it possible to
calculate the ignition delay of pilot, main and post injections with
just one equation.

The additional term in the denominator of the exponent is in-
tended to depict the influence of previous combustions/injections
on the ignition delay of subsequent combustions. This was neces-
sary, as the ignition delay calculation is made with the mass mean
temperature. With the usually low injection rates, the pre-combus-
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tions however mostly result only in a comparatively faint rise in the
mass mean temperature. Instead there are clearly hotter areas
present during local precombustions giving rise to a correspond-
ingly shorter ignition delay in the subsequent combustions. These
local, hot areas are taken into account in the Arrhenius equation
by way of the already released combustion energy Q, of previous
injections.

ko, is a prefactor with which the reaction rates of the main and
post injections are reduced compared with the pilot injections.
According to [4] vaporization with increasing injection rates has a
greater influence on the local temperature. This effect is consid-
ered by the prefactor k ;.

Higher injection velocities lead to a higher density of turbulent
energy and therefore a higher reaction rate of the Magnussen term.

The characteristic reaction time of a process is proportional to
the reciprocal value of its reaction rate.

On the assumption that the characteristic time of the ignition
delay is obtained from the sum of the characteristic times for the
Arrhenius and Magnussen approaches, one obtains the following
equation for the reaction rate of the ignition delay.

EQ. 3 r. =

For each individual injection there is a separate integration of this
reaction rate against the crank angle, Eq. 4. Combustion begins
as soon as the integral value R of the respective injection exceeds
an established limit value.

EQ. 4 R=[r, dt

With the aid of the modifications presented the combustion model
is able to forecast the ignition delay of pilot, main and if neces-
sary post injections of the whole engine map with just one set of
parameters.

3 MODELLING THE PRE-COMBUSTION

Pilot injections serve first and foremost to shorten the ignition de-
lay of the main injection. The shorter this is, the smaller the
amount premixed in the main combustion will be. In this way the
pressure gradients in the combustion chamber get smaller and
thus the engine noise emissions and component loads decrease.
It is known that small pilot injection rates at operating points at
high rotational speed or long ignition delay do not start to burn and
are only converted with the main injection. For this reason each
pilot injection is modeled as a separate air-fuel mixture cloud
whose excess air ratio leans out with time by way of air admixture.
Inside this cloud a homogenous mixture is assumed for each
timestep. During the injection the mixture cloud is added propor-
tionally to the injected fuel mass combustion air gas. After the end
of injection a constant entrainment rate is assumed against the
crank angle. If a mixture cloud leans out too dramatically, it is no
longer possible for ignition to occur inside the cloud or a combus-
tion already occurring is extinguished.
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O Slice propagation through the combustion chamber

In order to translate the effects of the leaning out of pilot injec-
tions on combustion as exactly as possible, the approach of Barba
[4] was used to calculate premixed combustions. In this approach
the laminar flame velocity is also included in the calculation of the
burn rate. The laminar flame velocity can be calculated as a
function of the excess air ratio by way of Eq. 5. With the aid of Eq.
8 and using Eq. 6 and Eq. 7 the calculated velocity is adapted as
a function of temperature, pressure and residual gas content in
the combustion chamber.

s S, = 0276 - 047 % (- o]
EQ. 6 y=218-08 (xl - 1)
EQ. 7 §=-016+ 022 [xl - 1)

Calculation of the turbulent flame velocity follows

Cm 0,8
EQY S\urb = slam ’ [1 _kfs ’ [S ] )

lam

In the subsequent characteristic initially a spherical propagation of
the combustion from a single ignition point is assumed. The change
in the sphere radius corresponds here to the turbulent flame veloc-
ity. By disregarding the time-based change in density in the com-
bustion chamber the current flame sphere surface Eq. 10 is deter-
mined. Using this it is possible to calculate the current mass flow
which flows into the flame sphere caused by flame propagation,
Eq. 11. Finally the burning fuel mass of each pilot injection based
on the flame propagation can be calculated in each timestep by
Eq. 12.

EQ. 10 A, =4 113

EQ. 11 dmfsphere _ CA -
’ dt - pmc flm Sturb
EQ. 12 dmb,] _ dmfsphere m;
’ dt dt m+m +m, +m,

However, it must be assumed from this that ignition occurs not
just at one local point of the combustion chamber, especially when
combustion is already advanced. Following [4] a second approach
to calculating the burn rate was therefore implemented

d
b2 _ D S
EQ. 13 = Koo e T

The shape irregularity of the mixture cloud A__ is defined as follows

_ T\ (P
L Siam = Stampo (TO) ' (P_D) (=21 X

ENGINE A B c D B

STROKE [MM] 88.4 88.4 88.4 130 156
BORE [MM] 88 88 88 102 132
COMPRESSION RATIO 1801 1801 16.71 1801 17.51

DISPLACEMENT PER

CYLINDER [LITER] 0.54 0.54 0.54 1.06 213

MAX. INJECTION

PRESSURE [BAR] 1350 1600 1600 2000 2500

INJECTION SYSTEM CR CR CR PLN CR

INVESTIGATED

OPERATING POINTS 56 39 50 115 175
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m +m, +m,
EQ. 14 N =08

mc Aioech min],PI

@ Overview of engines used for validation
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It puts the current fresh air and residual gas mass of the mixture cloud
in proportion to the air mass which would be necessary for a stoichio-
metric combustion. The shape irregularity thus continues to increase
proportionally to the entrainment, and also as combustion advances. The
conversion rate of a precombustion is obtained from the smaller value
of the two equations Eq. 12 and Eq. 13. If a precombustion cannot burn
completely because of leaning out, the unburned fuel contained in it is
burned during Premixed-combustion of the main injection.

4 MODELLING THE MAIN AND POST-COMBUSTION

Main and post-combustion are calculated independently of each oth-
er using the approach described below. A mixture doesn’t occur, how-
ever a “feedback” by variation by the global values pressure and in-
cylinder temperature is given.

BO - = Burn rate model
1000 rpm | —— Burn rate measured ‘ZUI:II:I rpm F
3 60 1 — Injection rate §
5 g
g 40 -
20 2
E
a 204 1.ﬂ§
=
1] < 0.0
BO
3000 rpm 4000 rpm =1
= 60/ 2
5 g
2 40
g 20 £
E
£ 1.n§
A A &

0
120 150 FTDC 210 240
Crank angle

120 150 FTDC 210 240
Crank angle

(3] Engine A, 1000 — 4000 rpm, 6 bar IMEP

During main or post injections, fuel slices are generated iso-
chronously as a function of the injection rate and propagate
through the combustion chamber in the direction of injection.
During initialization a fixed amount of combustion air gas is
mixed with each slice. Before the ignition delay elapses the fuel
inside the slices is diffused to two fuel pools. The first is the so-
called “premixed pool”, while the second is known in the further
characteristic as the “diffusion pool”. Slices which are created
after the ignition delay has elapsed contain only one diffusion
pool.

It is assumed that the mixing of fuel and air inside the premixed
pool of each slice is almost concluded at the ignition point. The
upshot of this is that the fuel of the premixed pools is converted
relatively quickly after the start of combustion. The combustion is
therefore, along similar lines to [3], modeled by means of an Ar-
rhenius approach Eq. 15.

EQ. 15

The mass conversion rate of the premixed combustion is finally
obtained using the following equation

t _ v " Whozeq
Breakup Uy

EQ. 17

The current axial slice position during the second phase is deter-
mined using Eq. 18, the current slice velocity is obtained from Eq.
19.

X \/2~kv~u..~d St -

EQ. 18 ax = in noz,eq
2 K-& +k-d
v noz,eq v noz,eq

80 ! -
= Burn rate model —
- al — Burn rate measured (&) 3
60 — Injection rate =
E
ﬁ 40 %
E)
5 20 E
s3]
olh z
80
fe) id) 5
= 60 ;1.
E 3
& 40 | 2
& lzo 2
=
E 5o _
& Lo %
) =
0 0.0

140  FTOC 220
Crank angle

260140 FTDC 220 260
Crank angle

(4] Engine A, 3200 rpm, 5, 7, 9 and 11.5 bar IMEP
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80
1600 rpm 2400 rpm -1
g
g 0 2.0 3
E 20 L1o %
0 A Lo.o =
B0 - = Burn rate model
2800 rpm | — Burn rate measured 3600 rpm 5
= 5o — |njection rate a
=) —_ =
L E
= 40 P
B L2.0 E
E
a0 .l.ﬂ%
=
(1] +0.0 =
140 FTDC 220 260 140 FTDC 220 260

Crank angle Crank angle

(5] Engine B, 1600 — 3600 rpm, 5.5 bar IMEP
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EQ. 19 u =k -u_ - —o—

ax

As they propagate the mixture of combustion chamber gas to the
slices is described by means of an empirical distribution of the ex-
cess air ratio “lambda”. This lambda distribution has a decisive
influence on diffusion combustion. As can be seen in @, three
lambda zones can be delimited. The first zone (A) is extremely rich
and is therefore unable to burn. As can be easily identified, it is
limited to a certain penetration depth. This is followed by the zone
of diffusion combustion | (B), which also contains the stoichiomet-
ric excess air ratio (A = 1). The third zone is very lean (C). The slow
Diffusion combustion Il takes place in this zone. The actual slice
position is used finally to assign in each slice the unburnt fuel
mass of the diffusion pool to one of the three zones (rich, diffu-
sion |, diffusion I1).

The mass change rate of diffusion pool | on account of combus-
tion is calculated for each slice using the following equation

. . k0.5 - K
dm, _ Kpoqs * My - RS K

dt I

c

EQ. 20

The specific turbulence k, of the fuel in diffusion pool | required
in Eq. 20 is calculated with the aid of the velocity distribution in
the spray. Here, only those parts of the spray which are within the
lambda limits of diffusion combustion | are taken into con-
sideration. To calculate the characteristic length, the current
combustion chamber volume is used, provided that it is smaller
than 2.5 times the compression volume. In this representation the
characteristic length cannot be any size, but instead runs to a
maximum value. This prevents the combustion from becoming too
slow during the burn-out phase.

Slices or partial sections of the slices which are in areas with a
local excess air ratio above 1.1, whose fuel is thus assigned to dif-
fusion pool Il, are combusted by way of Eq. 21.

EQ. 21 dm, .y _ Kooan © Mgy * Ko Keew
: dt I

c

The combustion model can be calibrated very quickly and clearly
to different engines by means of the factors k , and k . The

burn rate of the main injection is finally obtained by adding up the
slice conversion rates

de I “max [ dm, dm, dm

b,Pre b,Diff 1 b, Diff I
=H -3 + +

EQ. 22 dt WL T dt dt

A more detailed description of the model has been published in [5].

5 VALIDATION

Development and validation of the model were conducted with
the aid of test bench data of several engines, @. The three pas-
senger car engines A, B and C differ primarily in their maximum
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injection pressure and the number of injections. Engine D is an
engine for smaller commercial vehicles. It has a unit pump in-
jection system with a maximum injection pressure of 2000 bar.
Simulation results of engine E, which is equipped with a pres-
sure boosted Common rail system has been published in [6, 7].

All the simulation results presented in the following were cal-
culated with a common set of parameters for each engine. The
test bench data was subjected to a pressure trace analysis, dur-
ing which the same caloric, wall heat and zone modeling ap-
proaches as in the ensuing work process calculation were used.

© shows an rpm variation for engine A at low load. It is already
possible to discern that at lower rotational speeds the pilot injec-
tions burn both during the measurement and in the simulation.
At higher rotational speeds no separate precombustions can be
discerned.
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Burn rate [JFCA]
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0
140 FTDC 220
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(8] Engine C, 2500 rpm, 10 bar IMEP

In @ on engine A, starting out from a standard load point (a),
the activation duration of the main injection is successively in-
creased (b, ¢c and d). While in (a) and (b) a large part of the com-
bustion occurs premixed, (c) and (d) have a pronounced diffusion
component.

® shows an rpm variation for engine B at part load. @ shows
the same variation close to full load. As can be easily discerned,
the simulation results can correspond very well to the measure-
ment data and this over a high speed and load range.

The measurements on engine C were taken specifically to de-
velop the combustion model. @ shows different injection strate-
gies at one operating point at constant load and speed. Starting

g

1400 rpm

140 4 828 rpm
120"

= Burn rate [J:
535888

[y2./Auw] ayes uogaafu)

.

= Burn rate model
—— Burn raté measured

140 4 1800 rpm
3 —— Injection rate

1 2200 rpm

r3.0

Burn rate [1FCA
HEZEES

[w2./Au] ajes voalu)

o = N
o oo

04
140 FTDC 220
Crank angle

260 140 FTDC 220 260
Crank angle

(0] Engine D, 625 - 2200 rpm, idle and 50 % load
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40 - 2
E 30 t20 =
o bio g
10 | g
0 0.0
140 FTOC 220 260 140 FTDC 220 260
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(9] Engine C, 2500 rpm, 11 bar IMEP

out from a main injection without pilot injections, initially an in-
jection rate was selected in which only the second pilot injection
burns (a). After the entire injection rate was retarded, both pilot
injections burn (b). By increasing the gap between the two pilot
injections, it was finally possible to achieve two separately burn-
ing pilot injections (c).

© shows a further series of measurements with two pilot injec-
tions. Starting out from an operating point with one pilot injection,
the quantity was initially split between two pilot injections (a) and
then the start of injection of the front injection increasingly ad-
vanced (b) and (c). In this operation points one sees the leaning
out of the first precombustion.

@ shows a post injection variation. In this series of measure-
ments the deviation in percent of the mass mean temperature at
exhaust opens between simulation and measurement is max.
2.3%, which is a very good result. This is important in connec-
tion with integration in a 1D flow simulation model, as the
exhaust gas enthalpy there is an important input variable in the
calculations.

Unlike the previous engines, engine D does not have a common
rail injection system, but instead a unit pump system. @ shows an
idle point, together with the 50 % load point at different rotation-
al speeds.

6 SUMMARY

As the simulation results show, the combustion model is able to
predict the burn rate of different engines in a wide operation range
with one set of calibration parameters. On a standard PC, it gen-
erally takes less than 1 s to calculate the high-pressure stage of a
working cycle. Due to the very short computing times this combus-
tion model is best suited to supporting the application of stand-
ard engines. Even fundamental variant analyses leading up to
standard projects can be realized with the aid of this combustion
model.
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A, Flame surface [m?] M. Flame mass [kg]
A een. Stoichiometric fuel rate [-] (I Total fuel mass of pilot injection [kg]
Y Volumetric fuel concentration [kg/m3] n Fuel slice [-]
cl Mean piston speed [m/s] N oo Fuel slice count [-]
Coy Volumetric oxygen concentration [kg/m3] p Cylinder pressure [Pa]
noneq Equivalent nozzle hole diameter [m] P, Reference pressure (0,98-10-5 Pa) [Pa]
H, Net caloric value [J/kg] Q, Cumulative burn rate [J]
k Density of turbulent energy [m2/s2] R Integrated reaction rate [kg/m3]
K, Model constant (4,5) [-] Maer Reaction rate [kg/(m?-s)]
K, Density of turbulent energy in fuel-pool | [m?/s2] - Flame radius [m]
K, Density of turbulent energy in fuel-pool I [m2/s2] i Reaction rate of ignition process [kg/(m3:s)]
Ky, Calibration parameter [m3/(kg-s)] e Reaction rate [kg/(m3s)]
Koo Calibration parameter precombustion [-] [ Mixture cloud radius [m]
K. Calibration parameter precombustion [-] e Reaction rate premixed combustion [kg/(m3:s)]
- Calibration parameter ignition delay [-] Sium Laminar flame speed [m/s]
Koo Calibration parameter ignition delay [-] Siam0 Laminar flame speed under reference conditions [m/s]
Kyag Calibration parameter [-] Sturb Tturbulent flame speed [m/s]
- Calibration parameter diffusion combustion | [-] T Charge temperature [K]
Koo Calibration parameter diffusion combustion Il [-] Ty Rreference charge temperature (298 K) [K]
Kore Calibration parameter premixed combustion [m3/(kg-s)] Taet Activation temperature (1000 K) [K]
Kiex Model constant [-] t Current time [s]
K, Calibration parameter [-] it Start of combustion [s]
K, Calibration parameter [-] Bertan Breakup time [s]
I Characteristic length [m] A Start of injection [s]
m, Unburnt air mass [kg] Uiy Slice speed during injection [m/s]
m,, Burnt air mass [kg] U, Slice speed in axial direction [m/s]
m,, Burnt fuel mass precombustion term 1 [kg] - Cylinder volume [m3]
My Burnt fuel mass precombustion term 2 [kg] - Mixture volume [m?3]
) i Burnt fuel mass diffusion combustion | [kg] X,y Axially distance from nozzle hole [m]
s Burnt fuel mass diffusion combustion Il [kg] - Mass fraction of residual gas [-]
My bre Burnt fuel mass premixed combustion [kg] Y Temperature influence exponent [-]
m;, Fuel mass in pool | [kgl 8 Pressure influence exponent [-]
m, Fuel mass in pool Il [kgl A Fissure quantity [-]
m, Unburnt fuel mass [kg] Ao Excess air ratio of the mixture cloud [-]
m, Burnt fuel mass [kgl Pre Density of the mixture cloud [kg/m?3]

@ Formula symbols
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