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4, 12 | Sports car and racing car powertrains are in some cases experiencing

an almost revolutionary change. As in series-production vehicles, reducing fuel
consumption is becoming increasingly important and new drive technologies are being
introduced. Our cover story examines the current and future development trends.
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PASSIONATELY

EFFICIENT

Dear Reader,

Vehicle development is focusing increas-
ingly strongly on efficient overall systems.
We are researching into new technologies
and expanding our perspective from local
emissions to so-called “well to wheel”
energy use. We are experiencing a huge
increase in complexity, alternative power-
trains are expanding the modular system
for the drive train and the combination
possibilities are becoming almost infinite.
And for the consumer in particular, it is
becoming more and more difficult to un-
derstand the complex technologies and to
see the benefits of one particular drive
system over another.

One might assume that emotionality has
taken a back seat, that sports cars are
seen as being out of date and can there-
fore no longer be used to boost a car mak-
er’s image. But in fact the opposite is true.
An emotional vehicle in particular can
help to explain complex technology and
to illustrate the effect of a certain power-
train configuration. It is hardly surprising,
therefore, that the major development
trends from large-volume production -
such as downsizing or electrification -
can be found more and more often in
sports cars and racing cars.

Spectators at a 24-hour race will see the
advantage of a hybrid system if the car
has to stop for fuel less often. At the same
time, they will realise that none of the fas-
cination of a racing car is lost even when
it is powered by a hybrid or diesel engine.
This was proven by Audi and Peugeot in
Le Mans, for example, or by Porsche with
the 911 GTR R Hybrid. And these were not
simple marketing ploys by the manufactur-
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ers. A racing team wants to win, and a
road-going sports car needs to be fast -
and new technologies help in that respect
too. Increasingly, what were initially purely
efficiency measures are also proving to be
a potential benefit for vehicle dynamics.

MTZ is starting the New Year with a cover
story dedicated entirely to sports car and
racing car engines, probably the most
emotional aspect of a car. While preparing
the articles, I met many people who are
very aware of their role as a multiplier
and who are working very passionately at
keeping fascination alive even in highly
efficient drive systems.

I wish you all the best for 2012 - as well as
a lot of pleasure and passion in your work.

7, A

RUBEN DANISCH, Vice Editor-in-Chief
Wiesbaden, 28 November 2011

EDITORIAL
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ELECTRIFICATION
IN MOTORSPORTS

The electrified powertrain keeps entering in motorsports as well. Hybrid drives are used in Formula 1 since
2009 and for 2013 the FIA plans a special race series for electric vehicles. At present, therefore there is a
strong wave of innovation, in which it is still unclear which technologies will prevail. AVL describes various sys-
tems and their advantages and disadvantages. Based on simulations the impact on performance parameters,

lap time, speed and duration of the race gets clear.
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HYBRID IN MOTORSPORTS

Hybrid-powered vehicles are used in For-
mula 1 only since 2009, in the LMP Series
since 2011. For 2013, the FIA plans the
introduction of a new and very innovative
electric race series, called Formula E. In
current and future reglements, electric
powertrains will be favored to promote
electric mobility in motorsports. This way,
the principal disadvantage of electric pow-
ertrains, the low specific energy density of
the storage media, should be compensated.

From 2009 until 2013, relatively low elec-
tric performances of 60 kW max are used in
Formula One; the retrievable energy per lap
is limited to 400 kJ. The permitted boost
duration of 6.66 s is mostly used in combi-
nation with an adjustable rear wing to ena-
ble or prevent overtaking maneuvers. Start-
ing in 2014, the FIA regulations for Formula
One will allow the electric power to double
to 120 kW and a maximum energy of 4 MJ.
Up to 2 MJ kinetic energy per lap can be
stored in the battery and additional energy
can be produced via an engine/generator,
connected to the turbocharger. With this
connection of combustion engine and
hybrid drive, a high number of strategy vari-
eties for performance and energy manage-
ment are possible.

Since 2011, hybrid drives are also
allowed in the LMP series. The electric
energy, released during two braking
maneuvers is limited to 500 kJ; the elec-
tric power of the hybrid drive is not lim-
ited. In contrary to the Formula One, an
electric four-wheel drive is allowed in the
LMP series. Other race series are also con-
sidering allowing hybrid systems.

CHARACTERISTIC OF
RACING VEHICLES

Naturally, racing vehicles are operated
close to the dynamic limit of the car;
Braking and acceleration phases alternate
constantly. While accelerating, the kinetic
energy of the vehicle increases and is usu-
ally converted into heat during the follow-
ing braking phase. This characteristic fits
the hybridization perfectly; recuperation
of energy while braking and release of the
saved energy while accelerating. The per-
formance characteristics for power and
energy depend on the race track profile,
the vehicle weight, the aero performance
and the tire grip.
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@ Influence of KERS power and energy on lap time (Circuit Spa)

The braking power of a Formula One
vehicle amounts to more than 2400 kW
[1] at top speed and the released energy
at a 300 to 100 km/h braking maneuver is
more than 2000 kJ. This braking energy is
lost without hybrid technology. But even
with hybrid technology only part of it can
be recuperated, because electric genera-
tor- and storage power are limited.

According to current Formula 1 regula-
tions [2], only a maximum of 60 kW of
electric power may be used during braking
and accelerating, which is only a fraction
of the possible 2400 kW. There are limits to
propulsion and braking ability at low
speeds due to tire slip. In this area, either
the braking power has to be reduced or
only part of the engine power can be used.
The full power from recuperation can only
be transferred as soon as the power of the
engine gets too low to maintain a propul-
sion-ideal longitudinal tire slip. In 2009,
hybrid technology appeared under the
name of KERS for the first time in the For-
mula One. KERS stands for Kinetic Energy
Recovery System; the permitted power dur-
ing charging and discharging was 60 kW
max, the energy rendered per lap was lim-
ited to 400 kJ. The Formula One KERS sys-
tem is limited to interaction with the rear
tires only. In the LMP, an energy recovery
system (called STSYS) is allowed since
2011 and the system may interact with
both, front or rear tires [3]. @ shows the
influence of KERS power and energy on
lap time by means of a simulation.

6

SYSTEMS FOR ENERGY RECOVERY

The development of KERS systems started
as early as 2000, right after finalization of
the 2009 regulations. A few different tech-
nologies where considered which are
described in the following.

ELECTRICAL SYSTEMS

Here, merely electric components are
used: an engine/generator, a battery and
an electric inverter incl. electronic control
unit. The 60 kW KERS engine weighs only
5 to 6 kg and is usually liquid cooled. Lig-
uid cooling or heating is also preferred for
the battery cells. The weight of the entire
KERS system is around 20 to 30 kg. The
entire electric system has significant
advantages when it comes to packaging
and weight distribution.

Only the electric engine has to be linked
directly with the vehicle drive train, all
other components can be connected by
partially thick wires and placed at advant-
ageous positions throughout the vehicle.
However, negative influences on aerody-
namics are inevitable due to necessary
cooling surfaces. For the power pack, mis-
takenly called batteries most of the time,
the specific power is important. With spe-
cial Li-Ion or Li-Po power packs, values of
more than 5 KW/kg are achievable, @.

For the use in the Formula 1, special
cell types where developed which are
usually replaced after every race. Starting

in 2014, batteries have to be used for five
races, just like every other drive train
component. A principal alternative to bat-
teries are capacitors, so called Super-Caps.
With them, specific power of over 10 kW/
kg can be achieved. However, due to a
higher internal resistance, Super-Caps gen-
erate a lot of heat and need significantly
more cooling. Also, the specific energy is
relatively low; therefore Super-Caps could
not be established in Formula 1.

Li-Ion batteries react sensitive to fast
charge- and discharge cycles. The even
charge balance of all cells has to be closely
monitored. If this is not the case, cells are
overloaded and destroyed. Fully electrical
KERS systems where developed by Mag-
neti Marelli — for example. Key components
such as electric engines where partly devel-
oped by the teams themselves [5].

MECHANICAL SYSTEMS

The oldest form of energy storage is the
flywheel. The modern flywheel runs with
very high revs exceeding 60,000 rpm; the
high centrifugal forces are controlled by
composite fibers. A purely mechanical
system was developed by a company
called “Flybrid” [6]. The demanded stor-
age capability of 400 kJ was achieved
with a mass of about 5 kg. The flywheel
is linked to the drive train by a continu-
ously variable transmission. The CVT
transmission is necessary to connect the
mass either braking or accelerative to the
drive train. It can be controlled electroni-
cally via transmission control.

ELECTROMECHANICAL SYSTEMS

The two earlier mentioned systems do have
their disadvantages. Especially the storage
of energy with high-powered Li-Ion power
packs, their life-span and reliability were
critical factors for a long time. The electro-
mechanical system tries to combine the
advantages of the two systems; it is electro-
mechanical storage. The CVT transmission
and the battery are no longer necessary. The
new system consists of an electric motor at
the drive train, a power unit with electrical
control unit and energy storage by means of
a flywheel. The advantage of such systems
lies in increased life-span compared to bat-
teries. A Disadvantage is the space require-
ment of the flywheel, which is very critical
for open wheel race cars.
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COMBINATION OF
FLYWHEEL STORAGE WITH A
SECOND ELECTRIC ENGINE

Similar to the mechanical system, a fly-
wheel is used which is now accelerated or
decelerated by a second electric motor.
The second one works in opposition to
the aggregate at the combustion engine.
The idea works like this: if the aggregate
is used as a generator on the combustion
engine, the second machine acts as a
motor and accelerates the inertia; if the
machine on the combustion engine acts
as an electric motor, the other one acts as
a generator to draw energy out of the
inertia. The system is quite conventional;
the only disadvantage comes from the
installation of the second electric machine
which increases the weight. A system like
that was developed by Magneti Marelli
and Flybrid in cooperation [7].

THE ROTOR OF THE SECOND
E-MACHINE ACTS AS INERTIA
STORAGE

A real innovative solution can be realized if
the rotor of the 2™ E-machine operates as
inertia storage. The basic idea is similar to
the passive inertia; high revving composite
wheels are running in a housing with a
vacuum atmosphere. The innovation is the
implantation of magnetic particles into the
composite material so it can be electrically
activated and operated like a rotor of an
electric machine. At the moment there are

MTZ 0112012 Volume 73

two suppliers that offer such systems:
WHP (Williams Hybrid Power) [8] and
Dynastore from Compact Dynamics [9].

RACING APPLICATIONS - FORMULA 1

Starting in 2009, KERS was used by the
top teams most of the time. All successful
systems were fully electrical. The gain of
lap time was strongly dependent on the
characteristics of the actual circuit and the
expected advantages of the system where
only partly obtained.

In the 2010 season KERS was not used in
the Formula One, based on an agreement
of the FOTA teams in order to keep the

Gearbox
8 gears

x

Clutch

L

I Li-ion

- LiM Polymer

. Na/NIC12

B niomH

B nicd

D Lead acid spirally wound

B Lead acid

. Super capacitors

(2] Comparison of different battery types
and Super-Caps [4]

costs low. In 2011, KERS was used again,

but with slightly adapted regulations:

. The size of the front tires has been re-
duced by 1 inch to adapt the tire di-
mension to the new weight distribution

: The minimum total car weight including
the driver has been increased to 640 kg

. The weight distribution has been fixed
at 46 % at the front and 54 % at the rear
with a variation of maximal 0.5 % in all
directions, to allow an easier vehicle
adaption to the new Pirelli tires.

Many teams use the Magneti Marelli KERS

system in 2011 [10]. However, the top

teams will continue using their own com-
ponents to best suit their car. In 2014, regu-

© Power flow for Formula 1 in 2014

Engine
Max. 1.6 |

unit
Max. 100 kg/h ﬁ

Max. 15,000 rpm

Motor-generator

Max. 120 kW

Max. 4 MJ/lap

Energy storage

Max. 2 MJ/lap

I

Reduction

Turbocharger
gear

E-Motor
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lation adaptions will result in big changes

in the Formula 1 [11]; in the following are

extracts of these new regulations:

: electric drive power 120 kW (now
called ERS)

: energy output from storage to ERS of
4 MJ max per lap

: energy recovery from drive train in
recuperation 2 MJ max per lap

: combustion engine displacement 1.6 1,
V6 turbo charged, the shaft of the turbo
charger may be connected to the second
E-machine, maximum rev 15,000 rpm,
fuel consumption 100 kg/h max over
10,500 rpm. Direct fuel injection must be
used; injection pressure limited to 500 bar.

A diagram for the power flow of the 2014

systems can be seen in @.

LMP

Since 2011, hybrid vehicles are also
allowed in the LMP1 series. The regula-
tions [3] allow the electric drive train
(called STSYS) on front or rear axle. The
released energy between two braking
maneuvers is limited to 500 kJ, but there is
no power limitation. Also, the fuel cell vol-
ume of the STSYS vehicles was adapted to
the standard drive train, which increased
the competitiveness of hybrid vehicles dra-
matically. However, in 2011 no competitive
vehicles were to be seen, but Peugeot com-
pleted a series of tests with a hybrid drive
train in October 2011. Its expected to see
that vehicle in Le Mans 2012; as well as a
hybrid-powered Audi and Toyota.

SPORTS AND TOURING CARS

At the 24 h race at the Niirburgring in
2010, a Porsche GT3 R Hybrid, equipped

8

with the WHP flywheel system, was lead-
ing for many hours. The concept of this
particular vehicle differed strongly from
the usual WHP system used in the For-
mula 1, @.

In contrary to Formula One cars where
the rear wheels are activated by KERS, Por-
sche has installed two electric machines at
the front end. To use KERS on the front
wheels has some advantages; the addi-
tional power can already be used at low
speeds while the rear wheels are still oper-
ating at the slip limit caused by the power
of the combustion engine. The earlier the
additional power is activated the more time
can be gained. Furthermore, the braking
power is stronger at the front wheels and
the braking stability is higher if the rear
wheels are unloaded by the additional
inertia to charge the storage system.

In @ the vehicle stability while braking
around the vertical axis with and without
KERS for rear-wheel drive only is demon-

With KERS

Braking performance [%]
Braking performance [%]

. Power glactionics

. Portal shaft with two alectric motors
. High-vollage cable

. Electrical llywheel battery

o oB W R e

. Power electronics

O Drive train at the front axle of the
Porsche GTR 3 Hybrid [12]

strated. With an open wheel car with aero-
dynamic downforce, the braking balance
should change over the vehicle speed. A
constant, additional electrical power will
further change the longitudinal force
balance, unfortunately towards an unfavora-
ble direction; this results in a significantly
lowered braking stability while braking on
the limit.

In other motorsports categories, hybrid
systems have hardly been used. In 2007, a
Toyota Supra Hybrid won the 24 h of
Tokachi [13], but this result was rarely
perceived in Europe. In the future, hybrid
powered vehicles will be introduced in
many different other racing series and the
regulations of the most important ones
are adapted currently. The new rules will
favor the use of hybrids in motorsports.
Topics like electrical four-wheel drive and
torque vectoring will be of interest and
the storage charging at part load of the
combustion engine will be used.

Without KERS

High
braking
stability

Low
braking
stability

Brake distribution [% front]

Brake distribution [% front]

O Vehicle stability around the vertical axis with and without KERS (AVL simulation)
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RACE STRATEGY

KERS can be used for different objectives:
To realize the best lap time in qualifying
and part of the race or to gain the best top
speed in order to overtake or to avoid
being overtaken.

O shows the process on how to gener-
ate the optimum race strategy by the uti-
lization of advanced simulation tools.
Thereby the entire vehicle including
tires, the driver behavior and the race
track are simulated. A DoE concept is
used in order to reduce the number of
runs. This way, it needs only about 50
simulated laps to define the best boost
strategy for the best lap time or the best
top speed. The whole procedure will take
about two hours. With further increased
ERS power as it will be possible from
2014 on, the braking balance based on
stability criteria should be included.

MTZ 0112012 Volume 73

ELECTRICAL VEHICLES
IN MOTORSPORTS

For 2013, the Federation of international
motorsports commission FIA plans the
introduction of a racing series for pure
electrical vehicles [14]. In order to give
that racing series an innovative character,
the regulations were drawn up quite
freely. This way, the most creative engi-
neers will have a high level of freedom.
The target will be to push the develop-
ment for the critical components of an
electric drive train, in particular the bat-
teries, the electric motors and the elec-
tronic controls. To promote the electric
drive train, a new variable aerodynamic
was permitted. On the basis of that,
downforce and drag can be adjusted to
the optimum; low drag for the straights,
high downforce for cornering. Main issues
for the new rules are:
number of electric motors free; four-
wheel drive possible
. weight of the rolling chassis minimum
540 kg, batteries max 300 kg, total vehi-
cle weight min 780 kg
aerodynamics and bodywork free in
design, downforce and drag adjustable
by the driver
. safety cell on the level of Formula 1.
The plan is, to first start with race dura-
tions of of 15 to 20 min. This duration shall
be extended later on continuously, based
on the expected rapid development of the
components and especially the storages.

PERFORMANCE AND DURATION
OF RACES

The rules for the E-Racers contain an
additional point compared to well-known
racing leagues; the stored energy is lim-
ited by the mass of the battery. @ shows a
comparison between energy density of
different sources [15].

Just looking at the energy content of
gasoline compared to batteries, highlights
the challenges of electric propulsion. Gaso-
line has 80 times the energy density of a
current state of the art Li-Ion battery.

To use the available energy in the best
way, the developers and designers of the
vehicle will face high demands. It is
essential to optimize variables like motor
power, aerodynamics, power distribution,
recuperation as well as the strategy
behind the usage of energy.

The simplest control of the energy con-
sumption can be done by restricting the
used engine power. This alone will not
lead to a winning concept. One of the
attributes of the electric propulsion is the
recuperation. At each brake application a
part of the kinetic energy of the vehicle
can be used to recharge the accumulator.
For a short time the electric engine is
capable of taking increased thermal stress
to generate even more energy.

Nevertheless, just 15 to 20 % of the
used energy can be recuperated. A further
aspect with high influence is aerodynam-
ics. In using variable components, the top

Q Specific energy of various energy sources

SPECIFIC ENERGY MJ/kg kWh/kg
DOUBLE LAYER CAPACITOR 0.02 0.0055
FLYWHEEL 0.18 0.05
LEAD BATTERY 0.11 0.03
NICD BATTERY 0.14 0.039
NIMH BATTERY 0.36 0.10
ZEBRA BATTERY 0.43 0.119
LI-ION BATTERY 0.5 0.139
ZINC-AIR BATTERY 1.2 0.333
LI-AIR BATTERY 3.6 1.000
NATURAL GAS 22.7 6.306
METHANE 24.3 6.750
GASOLINE 43 11.945
DIESEL 45.4 12.612
HYDROGEN 142 39.447
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speed and therefore the energy efficiency
will be increased by 40 %. With the
higher downforce, clearly decreased lap
times can be achieved and besides the
increased cornering speeds later braking
and earlier acceleration is possible. Later
braking and earlier acceleration lead to an
increased percentage of full throttle and
therefore also energy usage. But with
reduced engine power quicker lap times
can still be achieved. @ shows the rela-
tionship between lap time, engine power,
downforce (Cz) and energy usage. To find
the best compromise, a lot of detail work
will be necessary. In addition, the opti-
mum will vary from track to track.

PROJECT E-RACER

Some Teams already started the develop-
ment of electric powered race cars. Toyota,
Formulec and Fondtech follow very different
approaches [16]. It can be anticipated that
this new racing league will come up with
many new vehicle concepts, @.
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FUTURE PROSPECTS

Already in 2009, within the Formula 1
rules valid at that time, KERS increased the
performances in the top motorsport racing
league. Today not even midfield results are
achievable without KERS. From 2014 on
the portion of electric propulsion power
will be doubled and therefore a perfect sys-
tem will be even more important for good
results. In Le Mans the first competitive
hybrid vehicles will be expected in 2012.
The most important step for the electrifica-
tion follows in 2013, when purely electric
powered race cars fight for the victory.

In Formula 1 more or less the same tech-
nologies are currently used for the hybrid
components, for Formula-E the level of
innovation will be stronger in the first year
of introduction. Without the highest level
of engineering in the area of energy stor-
age, e-motors, controller and also aerody-
namics nobody will be successful.

Out of that, motorsports will be the plat-
form for innovations and marketing of the
future generations of electromobility.

0
190
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COVER STORY SPORTS ENGINES

THE V8 ENGINE FOR
MCLAREN'S NEW MP4-12C

The 441 kW, 3.8 | turbo-charged V8 engine that powers MclLaren’s new MP4-12C supercar

was designed by Mclaren in collaboration with Ricardo who will also manufacture it. The
engine reconciles ambitious performance targets with good fuel economy and CO, emissions
at only 279 g/km.
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DEVELOPMENT TARGETS swept volume to achieve the targeted
power and torque. In fact other current
supercar engines in the same league have
roughly that displacement. Bringing this
down to just 3.8 | means downsizing the
engine by 30 to 40 %. While this is not
unheard of in a passenger car engine, the
demanding requirements of immediate
response and a high rpm range extending
up to 8500 rpm poses considerable chal-
lenges in the case of a supercar engine.
To be able to achieve all of the targets
within the 18 month timeline involved a
core team of 80 engineers and a total of
400 experts worldwide contributing to
individual tasks at certain points. A half
dozen of Ricardo’s proprietary CAE simu-
lation tools were utilized to identify the
correct technology options with a target of
being right first time wherever possible.
This paper outlines the new M838T’s
main features and explains how they con-
tributed to the final engine properties.

When McLaren decided to use its own
engine in the new MP4-12C this was the
beginning of the new M838T engine. Its
underlying architecture of a 90 degree V8
turbo-charged gasoline engine with 4-valve
technology was derived from a race engine.
However, despite its larger displacement
the base engine concept could not meet
either McLaren’s performance or fuel econ-
omy targets, nor could it get anywhere
near a noise, vibration and harshness (NVH),
and sound quality acceptable for a road
engine. @ gives an overview of what the
new engine was expected to deliver and
how those requirements were met.

The parameters in @ outline an engine
that has the power to give a supercar
superior driving dynamics. At the same
time the challenging targets demanded a
very modern engine that shares some

= traits with the most recent passenger car
engine technology in order to achieve
A excellent fuel economy and low emissions.
4 Ricardo was entrusted with the responsi-
RICHARD FARQUHAR bility to develop and design the final
is Function Group Manager engine, to develop and install the produc-
Powertrain at MclLaren Automotive . . j
in Woking, Surrey (Great Britain). tion line and to establish the global sup-
ply chain for the 1100 individual engine
components - all of which had to be com-
pleted within 18 months. Therefore the
development work necessitated a compre-
hensive simultaneous engineering linking
engine and manufacturing design.

Probably the most fundamental
single decision was to follow a
technology path based upon down-
sizing and turbo-charging. Typi-
cally it would take a naturally as-
pirated engine with 5 to 5.5 1 of

STEVE M. SAPSFORD
is Global Market Sector Director
High Performance Vehicles and

Motorsport at Ricardo plc in
Shoreham by Sea (Great Britain).

TIM YATES

is Operations Director at

Ricardo UK Ltd in Shoreham by Sea
(Great Britain).

BASE ENGINE DESIGN
AND OIL FLOW

To support excellent vehicle performance
through minimum engine weight and a low
center of gravity (CoG) the longitudinal all-
aluminum V8 engine consists of a very low
bedplate, a short block (just 201 mm high)
with ladder design and the cylinder heads.
Dry sump lubrication ensures a reliable oil

ENGINE ATTRIBUTE

90° V8, bi-turbo, ladder
FORMAT frame, dry sump, flat
plane crankshaft

personal buildup for Force Motors Limited Library

MATERIAL All aluminum

BANK STAGGER 20 mm

DISPLACEMENT 3799 cm?®
ATTRIBUTE TARGET ACHIEVED

BORE X STROKE 93 x 69.9 mm
POWER 441 kW at 7000 rpm 441 kW at 7000 rpm

COMPRESSION RATIO 8.7:1
TORQUE 600 NM at 3000 rpm 600 NM at 3000 rpm

BORE SPACING 108 mm
MASS < 200 kg 199 kg

POWER 441 kW at 7000 rpm
CO, (VEHICLE) < 300 g/km 279 g/km

TORQUE 600 Nm at 3000 to
BSFC 352 g/kWh 346 g/kWh 7000 rpm
(AT 1500 rpm/2.62 bar BMEP) & & 32 vave, DOHIC, finger

follower, chain drive to

TRANSIENT RESPONSE 0.5st075 % 0.45sto75 % VALVE TRAIN cam via intermediate gear,
(AT 50 % LOAD AND 3000 rpm  Desired boost Desired boost cam to cam gear drive,
INPUT: 100 % THROTTLE) quad cam phasers
MAXIMUM SPEED 8500 rpm 8500 rpm REDLINE RPM 8500 rpm
IDLE SPEED 850 rpm 600 rpm LXWXH 623 x 705 x 465 mm
EMISSIONS EU 5/ULEV2 EU 5/ULEV2 WEIGHT 199 kg

(1] Engine development targets and results

MTZ 0112012

Volume 73

@ Core engine features

13



COVER STORY SPORTS ENGINES

supply despite high lateral and longitudinal
g levels. Moreover it facilitated a bedplate
design which brings the centerline of the
crank shaft down to just 131 mm above
vehicle underfloor. At the same time the bed
plate provides the rigidity needed for the
high combustion loads. @ lists core engine
parameters.

The flat bedplate of the crank case con-
tains the cast-in engine oil drain passages
and ducts which transport the oil to the
three scavenging pumps. There is no inter-
bay breathing as the sections are sealed off
from one another around the crank shaft,
and the cylinder head and chain case are
also isolated from the crank bays. One oil
drainage area combines the oil flow from
cylinders 1 and 5 plus 4 and 8. The second
oil drainage area connects cylinders 2 and 3
plus 6 and 7. Oil drainage section number
three feeds the oil from the cylinder heads,
the front end and timing drive back to the
dedicated scavenging pump. This design
avoids pumping compressed air in the crank
case from one section to another. Instead
the air is simply compressed within one sec-
tion and will subsequently expand after the
power stroke (“gas spring” effect). As the
engine speed goes up, this strategy to
reduce pumping work and internal losses
becomes particularly beneficial as it
increases real world fuel economy.

The three scavenging pumps transport
the oil to an external reservoir that holds
approximately 5.5 1 of engine oil, @. Com-
pared to a wet sump design the aluminum
tank saves 1.5 kg. Exploiting the greater
level of cross-section design freedom, the
tank is shaped to facilitate tight integration
into the chassis. A plastic oil filter and
cooler module is located in the “V” between

14

(3] Dry sump lubrication ensures a reliable oil supply
during high lateral and longitudinal g levels

the banks. By using plastic, the unit saves
0.8 kg of weight per engine. Importantly,
this weight saving is high up on the engine
thereby contributing to the low overall CoG.

Axially guiding the con rods from the
small ends reduces weight and dimensions
of the crank shaft. As there is no axial
thrust control on any of the connecting rod
big ends, the differing thermal expansion
of the aluminum block and the steel crank
shaft will not result in lateral distortion.
Instead the big end is free to adapt to the
instantaneous block and crank shaft move-
ments. By avoiding any iron inserts as part
of the main bearings, the thick all-alumi-
num bearings achieve excellent
conformability.

To ensure sufficient piston cooling, oil
jets are located in the short block. This
design feature provides an example for
the need to closely link engine and assem-
bly design: During the regular feedback
sessions it became clear that the ideal
location for the oil jets clashed with
assembly requirements. In order not to
compromise piston cooling, special tool-
ing was developed which allowed the oil
jets to be mounted after fitting the piston
and con rod without a risk of the jets
being damaged.

During early development, all oil and
coolant passages were integrated into the
engine block to minimize the number of
“T” joints and to achieve excellent sealing
integrity. This was also done by using a
picture frame sealing design. As an exam-
ple the two-layer steel cylinder head gas-
ket extends forward to also cover the
chain drive.

A 3 plate electrical thermostat controls
the engine operating temperature by

adjusting the coolant flow to the instan-
taneous conditions. During cold start the
thermostat provides a no-flow condition to
speed up the vehicle warm-up and to pro-
vide faster cabin heating. As the coolant
temperature rises, stepped phases of cool-
ant flow are activated to control the engine
operating temperature. For normal driving
in the part load regime the thermostat
ensures a sufficiently high engine tempera-
ture to reduce friction. During high load on
the other hand, maximum cooling is
activated.

POWER CELL UNIT

The short block contains high-grade alu-
minum, Nikasil-coated top-hung cylinder
liners. The wet liners sit on a register and
are additionally supported by a structure
at the bottom and sealed by two O-rings.
During assembly the liners are clamped
by the cylinder head. This design facili-
tates excellent cooling as there is only the
liner wall thickness that separates com-
bustion chamber and coolant. Also there
is comparatively little liner distortion as
the liners are fairly free to move inside the
short block during firing. Nevertheless the
block’s design ensures a good rigidity
with little blow-by.

The forged aluminum pistons with
93 mm diameter bore on a short stroke of
only 69.9 mm enable adequate exhaust
bridge cooling and unrestricted exhaust
valve sizing. As a consequence the bot-
tom end structure of the short block could
be reduced in height, which contributed
to the target of a low CoG. Following this
path also saved around 4 kg of mass per
engine in comparison to a long stroke
design with conventional pressed-in lin-
ers. The pistons are sealed against the spi-
ral-hone finished cylinder running surface
by a ring pack with a nitrided steel ring in
the anodized top groove and a standard
cast-iron ring in the second groove.

Managing the high combustion loads
of the supercar engine required a lot of
full-block analysis and detail optimiza-
tion. Fully integrated fired engine simula-
tion revealed areas of concern as some
liner cracking could be seen initially at
an extremely high speed of 9000 rpm. @
shows the critical areas before (top) and
after the design optimization of the con-
tact between the liner and the block
(bottom).
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CYLINDER HEADS

An engine of this size and performance
creates a huge amount of thermal load
plus there is a massive amount of gas
flow to handle. Designing the complex
aluminum cylinder heads, which include
secondary air passages for emissions con-
trol adding to the complexity, required
optimized cooling. Again this necessitated
a closed-loop feedback between simulation
tool-based cylinder head design and design
for manufacturing: Thermo-mechanical
FE analysis predicted that the coolant’s
flow velocity was not sufficient to remove
the heat from the exhaust valve bridge.
The initial sand casting core for the cool-

Predicled signed Van-Mises stress
at 644" crank angle

ing passage was therefore dropped. Three
steps of optimization succeeded in speed-
ing up the coolant flow close to the flame
plate by drilling the coolant passages just
8 mm down from the flame plate - a
method typically found in diesel engines -
with an associated improvement in the
robustness of the core. @ shows the pre-
dicted temperature levels at the exhaust
valve bridge prior to and after re-design-
ing the coolant passages.

AIR INTAKE, MIXTURE PREPARATION
AND VALVE TRAIN DESIGN

To reduce the mass at the top of the
engine, the intake manifold is an injec-

tion-molded plastic part made from stand-
ard PA 66 GF30. On top of saving around
3.8 kg per engine, compared to an alumi-
num design, the plastic intake manifold
also has a particularly good surface qual-
ity on the inside which improves flow
characteristics by reducing wall losses.

The M838T works with external mix-
ture preparation: Four solenoid valve fuel
injectors with eight spray holes are located
in the ports upstream of the inlet valves of
each bank. A fuel rail feeds the fuel to the
injectors. The shape of the ports results in
a tumble motion of the mixture which
adds to the preparation quality.

The valve train features double over-
head hollow-cast cam shafts (DOHC)

O The initial liner design showed cracking at 9000 rpm; changes to the contact areas

between liner and block solved the issue

MTZ 0112012 Volume 73

O cAE predicted overly high temperatures at the exhaust valve bridge
(top). Design and manufacturing method were changed in several

iterations to accelerate the coolant flow (bottom)
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0O The targeted use of plastic helps to bring down
the center of weight; the injection-molded intake
manifold for instance saves 3.8 kg of weight on an
aluminum design

which are chain driven from the front
end. End pivoted finger followers control
the valve lift to the designed cam profiles
while ensuring low moving mass and
high stiffness. Owing to the wide engine
speed range requirement and the targeted
EU 5 and ULEV2 legislations, quad cam
phasers (one phaser per camshaft) are
used to achieve enough valve timing vari-
ability in order to control emissions, fuel
economy and driveability throughout the
wide speed range.

Single piece plastic cam covers help to
reduce the weight of the cylinder head
assembly by around 2.3 kg, @. Using
magnesium as an alternative to plastic
was ruled out at an early analysis stage
for NVH concerns. Using plastic for the
cylinder head cover offers another
advantage: Owed to the material’s ther-
mal inertia very little heat is transferred
upwards from the cylinder head to the
air intake and the fresh charge.

From day one of the development pro-
cess it was clear that the valve train would
be central to achieve the targeted perform-
ance. Many features had to be put in place
before the valve train met the perfor-
mance and NVH targets. On the one
hand, a light, low-inertia valve train was
required to achieve good dynamics. On
the other hand four large valves with
6-mm stems were needed per cylinder
and there was to be absolutely no restric-
tion by the exhaust valve size. To allow
for the heat level, sodium-cooled valves
are used on the exhaust side.

16

Also the valve spring was optimized
for the high speed range. To bring down
valve train friction, the valve train was
designed with a single spring instead of a
duplex spring. During simulation this
caused some concern when the initial
set-up was taken above maximum speed:
At 9000 rpm there was not only a loss of
contact between cam and follower going
on, but there was also some spring surge,
and even valve seat bounce occurring
before the valve reached a steady state.
Subsequent CAE design work and analy-
sis solved the issue and led to a single
tapering beehive valve spring, which is
light weight and low in friction.

The shim design was also changed to
achieve the desired valve lash precision at
reduced assembly time: The shim, cam
journals, cam base circles, and follower
height are measured and the best fit of 34
grades of shim is subsequently chosen to
be fitted during assembly.

ENGINE CONTROL

While the class-leading engine controller
(ECU) together with the overall control
strategy is fairly much on a gasoline stand-
ard, the level of vehicle integration is not.
The MP4-12C has a highly networked
engine, transmission, body, and chassis
control, supervised by a top-level controller.
Therefore, when the driver changes
between the four modes “normal”, “sport”,
“track”, and “winter”, this impacts many
on-board system parameter settings from

the pedal map, to the gearbox response
right through to a stiffer chassis feel.

During the development and validation
two test beds were constantly dedicated
to getting the calibration right and bal-
ance of performance, function, emissions,
economy and noise. Again the challenge
was not so much to integrate parameters
such as valve and injection timing, and
waste gate control, but to fulfill the emis-
sions legislation across the range of dynamic
capabilities of this engine. Among the
achievements was a reduction of the idling
speed down to 600 rpm which was only
possible through a very stable combus-
tion. Controlling knock is achieved by a
combination of limiting the compression
ratio and the ECU that applies the required
advancing, retarding, and enrichment strat-
egies. Four knock sensors are located on
the block between cylinder pairs, where
they pick up the signals for the ECU.

BI-TURBO CHARGING

Two oil and water cooled turbo chargers
are located at the two exhaust manifolds
of each bank and extend sideways into a
free space offered by an upper, middle,
and lower chassis beam. The turbo charg-
ers, with pneumatically actuated waste
gates, run at up to 170,000 rpm and are
designed for gas temperatures of up to
950 °C. They deliver up to 2 bar of charge
air pressure. Big intercoolers downstream
of the compressor bring down the temper-
ature of the charge air.

During development the high-end
engine speed target necessitated detailed
trimming of the compressor and turbine
entry and housing geometry. A lot of com-
putational fluid dynamics (CFD) modeling
was done to refine the manifold and turbo
charger entry in particular. The develop-
ment target was to get full boost support
from 3000 rpm onwards without any
choking occurring at full engine speed.

FRONT END DRIVE AND ANCILLARIES

The ancillaries are driven from the crank-
shaft via chain drives. A sprocket on the
shaft transfers the power upwards to two
separate chain drives branching off to the
right and left, and another one further up
to the valve trains. To support the CoG
target the ancillary components are
mounted low, and in line with the engine.
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On the right side of the engine (bank A)
three scavenging pumps and the oil feed
pump are located on a common shaft.
The drive from the front end is passed on
from the oil pump shaft via a step-up
gearbox to the alternator. This configura-
tion places the considerable mass of the
generator at a very low position. On the
left side of the engine (bank B) another
chain drive powers the coolant pump
unit. Its two integrated pumps feed a
main high-temperature circuit and the
smaller low-temperature circuit. Via a
direct pass-through drive the power is
transferred from the coolant pump unit to
the HVAC compressor.

SOUND DESIGN

Controlling noise sources and noise qual-
ity was a major part of the development
program. The base engine in the mule
vehicle did not meet the sound quality
expected from a supercar driven on the
road. One of the first changes undertaken
was to replace the original gear drive of
the ancillary system by a chain drive to
get rid of a lot of high-pitched rattle and
thus minimize the base engine noise char-
acter, @. The intake system was also
modified and a sound generator added.
The sound generator takes pressure pulsa-
tion from the intake and passes them on
to the inside of the vehicle in a controlled
way. This serves to control the amount of
engine feedback to the cabin at cruising.
Depending on the driving mode, the

Initial
mule vehicle

Developed
mule vehicle

Production
intent vehicle

Frequency [Hzl

B50 rpm idle

Frequency [Hzl

@ sound design included substantial design changes such as the switch from

a gear drive at the front end to a chain drive

sound feedback is progressively increased
and the character changed. While this is
partly a comfort function it is also an
important element of feeding back to the
driver how the engine responds to his
torque demand at the pedal. A new exhaust
system controls the sound quality to the
vehicle’s environment by lifting the noise

O The plotted kW per | put the downsized engine significantly above the trend line
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and adding to its sonorous quality, which
is an important factor of the branding for
a supercar.

CONCLUSIONS

Due to the challenging targets there were
no out-of-the box solutions for the engine.
An extensive use of CAE and analysis tools
served to identify the optimal technology
options and to design the final engine
within the tight timeline. At the end of the
engine development program all the ambi-
tious targets were met or exceeded. The
MB838T has a very high speed capability for
a turbo-charged engine and responds
immediately to the driver’s request for
acceleration - even when compared to a
naturally aspirated engine. Intense optimi-
zation work achieved a good balance of
hardware interaction, control interaction
and calibration changes to achieve this
transient response. The M838T’s class-
leading performance, @, is combined with
a class-leading CO, emission level of just
279 g/km and an average consumption
(NEDC) of 11.7 1. As the compact and light-
weight engine sits very low in the car it
supports excellent driving dynamics.

17
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DEVELOPMENT CATALYSTS

EFFECTS OF ELECTRIFICATION

The debates on CO, emissions and fuel
consumption portray electric vehicles as a
political solution [1, 2]. However, the range
of these vehicles is severely limited by
available power capacities, especially in
real driving conditions [3]. Electrified drive-
trains up to electric vehicles with range
extenders, provide an alternative. When
used in conjunction with an electric motor,
combustion engines have very different
requirements for catalytic converter sys-
tems [4] particularly in view of the ‘zero
emissions’ image of electric vehicles. At
present, ‘electrification of the drivetrain’
generally refers to drive systems such as

18

mild hybrids, full hybrids and electric
vehicles with or without a range extender.
In view of the power density and the charg-
ing times of modern batteries it still seems
sensible to add a combustion engine to an
electric vehicle unless it was driven exclu-
sively in urban areas or for short distances.
Apart from passenger cars, this particu-
larly applies to vans and light-duty and
heavy-duty commercial vehicles, which
have a considerably higher power require-
ment per kilometre travelled. For instance,
a heavy-duty commercial vehicle uses
approximately 1 kWh/km when travelling
at constant speed on a motorway, which
is seven times as much as a passenger car
in the NEDC.

The advantage of electric vehicles that
is often emphasized is that they do not
produce any emissions. This is however
only true locally and does not consider
the emissions produced to generate the
electricity. The internal combustion
engine at operating temperature that is
equipped with a high-performance
exhaust gas aftertreatment system by
contrast can emit lower pollutant levels
than present in the surroundings. The
remaining challenge is to reduce or
eliminate the cold-start emissions, espe-
cially in hybrid vehicles that have fre-
quent engine starts. New catalyst con-
cepts and operating strategies are
needed for this.

-
i
%
i
B
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THE FUTURE OF
EXHAUST AFTER-
TREATMENT DESIGN
FOR ELECTRIFIED
DRIVETRAINS

Combustion engines used as range extenders in electric
vehicles in consequence of their increased number

of cold starts make high demands on the exhaust gas
aftertreatment systems. Emitec has developed and opti-
mised a range extender catalyst system which reduces
cold start emissions up to 90 %, especially by preheat-

ing and thermal insulation.

LIMITING CONDITIONS
FOR THE USE AND OPERATION
OF CATALYST SYSTEMS

The type of electrified drivetrain has an
enormous impact on the operating condi-
tions of the catalyst system. For example,
when used in urban areas or for short dis-
tances vehicles with a range extender are
likely to stop for extended periods, resulting
in a number of real cold starts. By contrast,
the combustion engine is likely to run most
of the time in extra-urban cycles or when
the vehicle is driven at higher loads.

The development of suitable technolo-
gies for the different drive systems requires
a detailed overview of real-life load condi-

MTZ 0112012 Volume 73

tions. The basic data for the strategies
used to optimise these technologies is
supplied by an analysis of engine on and
off times for each cycle with prevailing
engine speeds and loads and correspond-
ing exhaust gas mass flows, emissions and
exhaust gas and catalyst temperatures.

RANGE EXTENDER

The off times and heating times shown in
@ are based on the typical operating condi-
tions of a range extender that are partly
analogous to [5]. In electric-only mode the
battery is discharged up to a certain limit
capacity before the combustion engine is
started to provide both driving power and
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DEVELOPMENT CATALYSTS
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@ Combustion engine running times and off times in a vehicle with a range extender for

two scenarios

charge the battery. Several NEDC cycles
were run in sequence for both the urban
and the extra-urban scenario. The power
demand in the extra-urban cycle was more
than twice that of the urban cycle. The cal-
culation started with a full battery subject to
the limiting conditions shown in ®. The
battery charge was not allowed to drop
below 27 %, at which point the combustion
engine was started. The engine was
switched off again as soon as the battery
had been charged to 32 %. Depending on
the load profile (urban or extra-urban) there
will be little power left to recharge the bat-
tery so that engine off times become
increasingly shorter. In this example they
are approximately seven minutes in urban

e

Heating disc

20

cycles but already less than three minutes in
extra-urban cycles. Similarly, there are five
engine starts per hour in the urban cycle
whereas there are only two in the extra-
urban cycle. Depending on the duration the
engine off time was followed by either cold
starts or warm starts. The longest off time,
which was approximately 50 min in the
extra-urban cycle (approximately 105 min in
the urban cycle), was the period during
which the battery capacity fell from 100 %
to the lower limit of 27 % for the first time.

THE RANGE EXTENDER CONCEPT

The limiting conditions described above
combined with the demand for a zero

emissions concept result in the following

important requirements for a catalyst in

hybrid or range extender vehicles:

: Catalyst heating before the engine starts

: Heating function inside the catalyst

: Optimised insulation to delay cooling
during long engine off times.

HEATING BEHAVIOUR IN COLD
STARTS - E-CATALYST WITH
PRE-HEATING FUNCTION

Despite engine-based catalyst heating
approximately 80 % of total emissions are
still produced during cold starts when the
catalyst has not yet been brought to oper-
ating temperature entirely. This is the
challenge faced by zero emissions vehi-
cles with a combustion engine.

An effective method to increase cold
start efficiency is the use of an electrically
heated catalyst, @. This has already been
applied in serial production [6, 7]. For the
hybrid applications described, an addi-
tional advantage is the ability to heat up
the catalyst volume to lightoff tempera-
ture even before engine start.

Heat is created within the said short
heated disc and has to be transferred to the
main catalyst downstream in order to
make sure that a catalytically active vol-
ume is provided. One option is to transfer
the heat via the air flow produced by a sec-
ondary air pump or the electrically driven
engine. The achievable temperature of the
exhaust gas downstream of the heated disc

@ Assembly of electrically
heated catalyst

Support
catalyst
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depends on the air mass flow and the elec-
tric heating output (1 kW electrical energy
can heat a massflow of 36 kg/h by 100 K).
The heating rate of the catalyst down-
stream of the heated disc is determined by
the air mass flow, @. The lower the air
mass flow the higher the catalyst tempera-
ture that can be achieved with the same
heating output. However, a lower air mass
flow also means that it takes longer to heat
the entire length of the catalyst.

® shows the heating behaviour of the
main catalyst as a function of the exhaust
gas mass flow at a heating output of
2 kW. At a mass flow rate above 5-10 kg/h
a large partial volume (> 50 %) of the
main catalyst (140 mm axial length) can
be heated to and above the light-off tem-
perature by pre-heating the heated cata-
lyst before the engine starts. As a result, it
should be possible to convert most of the
emissions after the engine starts while an
optimum air mass is expected.

This was verified by subsequent emis-
sions calculations using the same catalyst
system. The results of these calculations
are shown in @, which contains the cal-
culated cumulative HC emissions for each
specified pre-heating time (between 10
and 60 seconds), plus another 90 s in the
EU cycles, with additional variation in the
air mass flow.

Unsurprisingly, longer pre-heating (in
the periods observed) reduces emissions
while there also seems to be an optimum
air mass flow in the region of 10 to 15 kg/h
that is associated with minimum emissions
at times exceeding 10 s. The HC emissions
achieved in the calculation for the overall
test are in the order of 1.6 mg of HC per
km based on the assumption that the cat-
alyst would not cool down below light off
in the subsequent stages of the test.

COOLING BEHAVIOUR
DURING ENGINE OFF TIMES -
MINIMISATION OF HEAT LOSS

Several factors relating to cooling behaviour
have to be taken into account and address-
ed by appropriate design measures [8].
Assuming that the engine is always oper-
ated at load and otherwise uncoupled, this
essentially concerns radial and axial heat
conduction in the substrate and convection
and radiation to the environment, @.

Heat conduction inside the substrate
and especially heat transfer to the bound-
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(3 Heating behaviour of the main catalyst as a function of the exhaust gas mass flow at a heating
output of 2 kW (at the axial centre of the support catalyst; @ 98.4 x (8 + 140) mm / 600 cpsi)

Emissions behind catalyst without pre-heating

0.2

0.15

0.1

Accumulated HC emissions [g]

0.05

Heating time with secondary air [s]
O Calculated cumulative HC emissions for different pre-heating times (between 10 and 60 s),
plus a further 90 s after engine start in the EU cycle, with additional variation in the air mass
flow between 2 and 20 kg/h

aries (mantle, front and end faces) should
be reduced to a minimum to limit heat
loss. Additional insulation in the outer
mantle area can reduce heat loss even fur-
ther. @ shows all of the measures that
were implemented in the development of
the range extender design.

Consequently, most of the chosen
measures constrict conductive heat dissi-
pation both in a radial and in an axial
direction. They include discontinuous
areas in the radial section of the catalyst
matrix close to the mantle and close to
the axial front and end faces that interrupt
heat conduction. Another approach involves
measures that thermally decouple the
mantle from the matrix in a radial direc-
tion through the use of a coating with
poor thermal conductivity and/or air gaps.
The mantle itself was thermally decou-
pled from the exhaust system in an axial

direction. In addition, a special insulation
material was used for the radial insulation
of the catalyst mantle and the cones.

@ shows the influence of the insulation
as measuring results in the form of vol-
ume fractions of the catalyst matrix, which,
starting from a core temperature of 400 °C,
are still above a notional light-off temper-
ature of 230 °C and hence still catalytically
active. Clearly, referencing to a substrate
without any insulation, the introduction
of radial insulation (thickness = 5 mm)
already delays the cooldown of the sub-
strate significantly. The combination of
radial and axial decoupling with the
described insulation measures made it
possible to almost double the time for
cooling down the substrate.

The example of the scenario highlighted
above, @, shows that the engine off times
during the urban cycle would allow the
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catalyst to cool down with a correspond-
ing effect on emissions. This could be pre-
vented or lessened by the measures
described above.

OPTIMISED OPERATING STRATEGY -
VEHICLE TESTS

The aim of the tests performed on the
vehicle was to demonstrate low-emission
engine starts for various limiting condi-
tions. At the same time, the tests were
also meant to validate the simulated
results discussed above. To this end, an

27) Heating disc

electrically heated catalyst with a heating
output of 1.8 kW was installed close to
the engine of the test vehicle. The catalyst
measured @ 98.4 x (8 + 140) mm /

600 cpsi. The tests described in this sec-
tion were carried out with the aid of a
secondary air pump in order to examine
the effect of different mass flows.

Initial tests were based on an NEDC
cold start. The temperatures in the electri-
cally heated catalyst were recorded by a
number of thermocouples fitted behind
the heated disc and inside the downstream
main catalyst. @ shows the temperature

— __"‘w=-r"=—/

curve of a measuring point located at a
depth of 15 mm in the main catalyst for
an NEDC cold start with different pre-
heating times and different mass flows
during the pre-heating phase. @ shows
the corresponding temperatures at an

axial depth of 70 mm in the main catalyst.

As shown in ®, a mass flow of 15 kg/h
and a pre-heating time of 30 seconds are
not quite enough to raise the temperature
at an axial depth of 15 mm to the catalyst
light-off range by the time the engine
starts but a few seconds later. However,
this is still at least 13 seconds earlier than

0 Heated range extender
catalyst with internal and
external insulation
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without heating. By doubling the mass
flow to 30 kg/h it becomes possible to
produce a temperature of approximately
300 °C at the measuring point when the
engine starts and so ensure light off. Any
further increase in the mass flow shows
no significant effect at this measuring point.

A much bigger impact is produced by
extending the heating time from 30 to 45 s
with an average mass flow (30 kg/h).
This raises the temperature at the measur-
ing point by another 150 °C, which is
substantially above the light-off range.

Looking at the temperatures at the cen-
tre of the support catalyst, @, it becomes
clear that without active heating measures
the heat is transferred to this point only
after the first acceleration peak. Depend-
ing on the scenario pre-heating can bring
half of the catalyst volume up to the light-
off temperature before or during the first
acceleration.

@ shows the effect of these measures
on emissions. Compared to normal cold
starts, a pre-heating time of 30 s and a
mass flow of 15 kg/h during the pre-heat-
ing phase can reduce HC emissions dur-
ing cold starts by approximately 80 %
from 0.8 g to 0.15 g. CO emissions can be
reduced to a similar extent.

SUMMARY

This paper describes the development and
optimisation of a new catalyst concept,
the range extender catalyst, its design cri-
teria and effect on tailpipe emissions,
especially when used in petrol engines.
Typical requirements for an aftertreatment
system based on the conceivable operat-
ing modes of a range extender combustion
engine primarily include catalyst heating
before the engine starts. This can be
achieved, for example, by installing an
electric heating device inside the catalyst.
Optimised insulation to delay catalyst
cooling for as long as possible during
longer engine off times is at least as
important.

The range extender catalyst concept
was presented as a step towards meeting
these challenges. The design includes an
electric pre-heating function and is partic-
ularly effective at minimising heat loss to
the environment. As a result, it is able to
maintain the catalyst system at operating
temperature for almost twice as long as a
system without any insulation.
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(8] Temperatures in the support catalyst at an axial depth of 15 mm for various
cold start strategies in the NEDC (@ 98.4 x (8 + 140) mm / 600 cpsi)
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(9] Temperatures in the support catalyst at an axial depth of 70 mm for various cold start
strategies in the NEDC (@ 98.4 x (8 + 140) mm / 600 cpsi)
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@ The effect of the pre-heating strategy on HC emissions in NEDC cold starts
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Mathematical simulations and correlat-
ing measurements were used to establish
optima for the limiting conditions during
catalyst pre-heating, that is, air mass
flow and heating time, which each
reduce emissions to a minimum. The
electrically heated catalyst system was
able to cut cold start emissions by
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between 80 and 90 % during the meas-
urement and the simulation.

This paper described a basic concept,
which after further refinement and
optimisation could have the great
potential to become the catalyst tech-
nology for future range extender drive
systems.
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THE NEW 3.0-L TDI

BITURBO ENGINE FROM AUDI
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With the arrival of the V6 TDI biturbo engine, Audi is
adding a high-performance version with two-stage turbo-
charging to its V6 TDI engine line-up. At the heart of the
engine lies a new turbocharger system from Honeywell
Turbo Technologies (HTT), capable of boosting power
output to 230 kW and delivering 650 Nm maximum
torque. By adopting all the efficiency measures from

the basic V6 TDI monoturbo engine, a combination of
excellent performance and extremely good fuel consump-
tion figures has been achieved. In the following design
and the mechanics of the new engine are described, the
topics of thermodynamics and application will be dealt
with in a second section in the MTZ 2.
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(1] Engine package V6 TDI monoturbo and biturbo

DESCRIPTION OF THE ENGINE AND
INSTALLATION IN THE VEHICLE

Alongside the V8 TDI which is used in the
Audi A8 and Q7, the new V6 TDI biturbo
engine represents the top-of-the-range die-
sel engine option for the new Audi A6 and
the A7. The objective of the development
of this engine was to set new standards in
the realm of sporty diesel vehicles, by
means of an outstanding, dynamic build-
up of torque and extraordinarily free-rev-
ving characteristics. The intention was to
combine excellent performance with good
fuel consumption figures, which has been
achieved by adopting the following effi-
ciency measures from the basic engine:
: thermal management
: frictional optimization measures
. weight reduction
. eight-speed automatic transmission
: start/stop system.
Other requirements for the engine’s devel-
opment were that it should be built on the
existing assembly line for the basic engine
at the engine plant in Gyor, and that it
should utilize the maximum number of
common parts offering the benefits of
synergy with the V6 TDI monoturbo [1-4].
The 46 kW increase in power output
compared with the A8 version of the basic
engine was achieved primarily by means
of a new turbocharging system combined
with optimized charge air cooling, as well
as modifications to the fuel injection sys-
tem. The heart of the new engine, the tur-
bocharger system, is located at the rear of
the inner V of the engine, and in the clear-

ance space above the gearbox, which can
be seen in the cover figure in the partial
section view from the rear [5].

@ shows the installation of the V6 TDI
engines in the C series. The installation of
the V6 TDI monoturbo engine can be seen
in @ (left), while @ (right) shows the
biturbo. In both pictures it is possible to see
the limiting contours of the plenum cham-
ber and the bonnet, as well as the position
of the gearbox and exhaust system. In ®
(left) can be seen the combined close-
oupled oxidation catalytic converter with
diesel particulate filter (DPF), which is
positioned behind the turbocharger. The
exhaust leaves the turbocharger to the left,
as seen in the direction of travel; it is turned
through 180° and then flows through the
DPF to the right-hand side of the gearbox.
The exhaust system is not visible; it runs
past the gearbox on the right, as seen in the
direction of travel, and into the underbody.
In the case of the biturbo, the installation
space for the DPF has been used for the
high-pressure turbocharger. The exhaust
system does not cross over the gearbox but
runs where it can be seen in @ (right), on
the left-hand side of the gearbox. The oxida-
tion catalytic converter can be seen; the
DPF has been relocated into the underbody.
Additionally the vacuum unit for the turbine
switching valve and the electric actuator for
the variable turbine geometry (VTG) of the
small turbocharger can be seen. M makes
very clear the major challenge of fitting a
V engine with two-stage sequential turbo-
charging into the vehicle’s restricted engine
compartment.
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@ lists the main dimensions and char-
acteristic data of the engine. The main
geometrical dimensions match those of
the basic engine. In order to deliver the
high performance reliably in operation,
the cylinder heads and the piston assem-
bly including piston cooling have been
enhanced. This article looks into these
assemblies in more detail.

The oil and water pumps have also
been revised. The oil pump has been
adapted to meet the engine’s increased
demand for oil resulting from the improved
splash oil cooling of the pistons and the
second turbocharger. As in the case of the
basic engine, the pump is a controllable
vane pump with its volumetric flow in-
creased by widening the rotor by approxi-
mately 25 %. As a further measure in
response to the increased engine cooling
required, a higher-capacity water pump
has been fitted. In the case of the V6 TDI
biturbo, a closed plastic rotor with a dia-
meter of 72 mm and three-dimensionally
curved vanes is used. As a result the volu-
metric flow has been increased by approxi-
mately 30 % at the design point in com-
parison with the basic engine, with a
simultaneous 7 % improvement in effi-
ciency at the same operating point.

CYLINDER HEAD

The cylinder head is subject to dynamic

loading while the engine is running due

to the cylinder pressure, as well as thermo-
250
240
230
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200

190

180

FEATURE UNIT

DESIGN - V6 engine with 90° V-angle

CAPACITY cm? 2967

STROKE mm 91.4

BORE mm 83.0

STROKE/BORE - 1.10

COMPRESSION RATIO — 16.0:1

DISTANCE BETWEEN CYLINDERS mm 90

CRANKSHAFT - Forged, four bearings

MAIN BEARING DIAMETER mm 65.0

CON-ROD BEARING DIAMETER mm 60.0

CON-ROD LENGTH mm 160.5

VALVE DIAMETER (INLET) mm 28.7 (2x)

VALVE DIAMETER (EXHAUST) mm 26.0 (2x)
Common rail, 2000 bar (Bosch CRS 3-20

FUEL INJECTION SYSTEM B with piezo injectors and(high—pressure pu)mp CP4.2
HTT Garrett GT 1749 with VTG (HP turbocharger)

TURBOCHARGER - HTT Garrett GT 3067 with waste gate (LP turbocharger)
Vacuum-controlled turbine switching valve

FIRING SEQUENCE — 1,4,3,6,2,5

NOMINAL POWER OUTPUT kW 230 kW from 3900 to 4500 rpm

TORQUE Nm 650 from 1450 to 2800 rpm

EMISSIONS STANDARD - EU5

WEIGHT TO DIN 70020 GZ kg 209

ENGINE LENGTH mm 437.0

@ Main dimensions and characteristic data of the V6 TDI biturbo engine

mechanical loading due to temperature
variation. The peak pressure has not been
increased in comparison with the basic
engine, though it is utilized across a wider
engine speed range under full load, so
increasing the overall loading. The ther-
mal loading of the cylinder head rises as

V& TDI 2nd gen., V& TDI 2nd gen..
one-part water chamber  one-part water chamber
(150 kW) (184 kW)

V& TDI biturba, V& TDI biturbao,
one-part water chambar  two-part water chamber
(230 kW) (230 kW)

(3] Cylinder head material temperatures at 4500 rpm and 95 °C coolant temperature
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the cylinder power output increases. ©
shows the maximum material tempera-
ture between the exhaust valves 1 mm
below the surface of the combustion
chamber plate. The two columns on the
left depict the temperatures of the 150 KW
and 184 kW versions of the basic engine
under full load with a one-part water
chamber in the cylinder head. When this
unmodified geometry is used for the V6
TDI biturbo the temperature rises to a
critical level - with the increased risk of
cracking of the combustion chamber plate
as a result of thermo-mechanical fatigue
after running for lengthy periods.

For this reason, a cylinder head with a
two-part water chamber has been devel-
oped for the high-performance engine, @.
The water chamber is divided into top and
bottom sections, each supplied by way of
separate feeds from the engine block. This
arrangement enables a higher volumetric
coolant flow (cooling jet) to be directed
through the lower water chamber, which
cools the areas between the valves and the
injector seat. The upper water chamber is
adjusted to allow lower volumetric flow by
means of restrictor bores in the cylinder
head gasket. The cooling of the lands
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(4) Cylinder head: water cooling jacket design

between the cylinders is carried out from
the cylinder head, as in the basic engine.
The pressure difference between the upper
and lower sections of the water chamber
is used to propel the coolant. The principle
of cross-flow cooling has been retained, as
has the separate head-block cooling of the
basic engine, controlled by the thermal
management system [1, 3]. This solution

V& TDI biturbo £=16.0
= #53

Gudgeon pin
DLC-coated

@ V6 TD! biturbo piston

MTZ 0112012 Volume 73

has enabled the maximum temperature to
be lowered by 25 K, ®.

The separation of the two coolant jack-
ets results in an intermediate deck in the
cylinder head, which stiffens the structure
and enhances its strength. In the area of
the injector seat, for example, high assem-
bly and dynamic tensions are overlaid
with high temperatures. Calculations show

Salt-core
cooling duct

Frictnpa:ptimmd
ring package

an improvement in the safety and security
which have been achieved at this point by
switching to the two-part water chamber
with intermediate deck, despite the higher
stress loads in the V6 TDI biturbo. The
new head concept thus combines high
mechanical strength with very low tem-
peratures for an engine of this perfor-
mance class, and as such also points the
way ahead for future high-performance
design concepts.

PISTONS

The major increase in power output from
the engine also meant that the pistons
needed to be optimized. The basic engine
in all its versions features a piston with
salt-core cooling ducts and a piston pin
running in aluminium. The compression
ratio is 16.8:1. The compression ratio of
the V6 TDI biturbo has been reduced to
16.0:1 by enlarging the piston bowl, @.
The position of the cooling duct has been
moved slightly upwards and towards the
first ring groove.

To improve strength, the V6 TDI biturbo
is fitted with a bushed piston with a DLC-
coated (diamond-like carbon) piston pin.
The DLC layer alleviates the tendency of
the pin to seize and reduces the friction in
this area. By using bushes with moulded
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bores, the pressure distribution between
the pin and the piston is evened out and
the risk of hub cracking is avoided. These
measures enabled the pin diameter of the
basic engine to be retained, meaning that
the con-rod could also be retained as a
shared component. The ring package is
frictionally optimized as in the case of the
basic engine. The higher positioning of
the cooling duct and the optimized splash
oil cooling enabled the bowl rim tempera-
ture to be significantly reduced relative to
the piston of the 184 kW engine, @. This
design offers potential for further power
increases.

TURBOCHARGING SYSTEM

@ presents a schematic view of the com-
ponent layout in the two-stage turbo-
charging system. On the air side, the fresh
air flowing in via the air filter and clean
air system is pre-compressed by the low-
pressure compressor across the entire
map range. In the high-pressure compres-
sor, the pressure of the air-mass flow is
increased further. The air is then cooled in
the intercooler and routed into the engine
via the throttle valve, central swirl flap
and intake manifold. A self-regulating
compressor bypass valve is installed in
parallel to the high-pressure compressor.
This valve opens depending on the com-
pressor output of the low-pressure turbo-
charger and the resultant pressure ratio
upstream and downstream of the high-
pressure compressor. The compression of
the low-pressure stage is then sufficient to
set the required charge pressure.

On the exhaust side, the high-pressure
and low-pressure turbines are configured in
series and both fitted with a bypass or
wastegate. The bypass of the high-pressure
turbine has a large cross-section, which can
be infinitely adjusted by way of a turbine
switching valve which is pneumatically
actuated with vacuum. When the turbine
switching valve is closed, the entire exhaust
gas flow is partially relieved by way of the
high-pressure turbine and then flows
through the low-pressure turbine. The high-
pressure turbocharger features VTG with an
electric actuator motor. When this reaches
its speed limit, the turbine switching valve
is opened. In this case only part of the
exhaust gas mass flow is then relieved by
way of the high-pressure turbine; most is
routed via the turbine bypass directly to the
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O Influence of optimized piston cooling on piston temperatures:

maximum bowl! rim temperature at 4000 rpm

480

Bowl temperature ['C]
&

V6 TDI biturbo
Piston coaling &5 V& TDI 2nd gen.

larger low-pressure turbine. The low-pres-
sure turbocharger is fitted with a wastegate
which regulates the charge pressure at high
exhaust gas mass flow rates.

© shows the turbocharging system
design as implemented for the V6 TDI
biturbo engine. The low-pressure turbo-
charger is housed in the rear area of the

@ Schematic view of the
V6 TDI biturbo turbo-
charging system

Central

Throttle valve

Charge
air cooler

Compressor
bypass valve
High-pressure
COMmpresscr

High-pressure
turbine with VTG

Clean air system| Low-pressure
compressor

swirl flap

V6 TDI biturbo
Optimized piston coaling

inner V while the high-pressure turbo-
charger, rotated 90°, is positioned behind
the engine above the gearbox. The key
component of the turbocharging system is
the turbine housing of the high-pressure
turbocharger, via which the exhaust gas
mass flows are distributed within the sys-
tem. It incorporates the flange for connec-

Intake manifold

Exhaust
manifold
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Turbine housing for
low=pressure turbocharger

Turbine switching
vailve actuating lever

Air-gap insulated

(8] Turbocharging system of the V6 TDI biturbo (HTT)

Integral insulation I h

manifold

Turbine switching
valve vacuwm unit

tion of the exhaust manifold by way of a
Y-piece as well as the flanges for the high-
pressure turbine bypass, the low-pressure
turbocharger and the exhaust gas recircu-
lation line. The turbine switching valve,
including seat and shaft, is housed in the
turbine housing of the low-pressure
turbocharger.

All the other components are grouped
around these key components. On the left
as seen in the direction of travel is the
large vacuum unit, with position feedback
for the turbine switching valve, and the
electric actuator for the high-pressure tur-
bocharger. On the right are the compressor
bypass valve, the vacuum unit to actuate
the wastegate and the charge air ducting.
The compressor bypass valve is designed
so as to widen its cross-section rapidly on
non-stationary acceleration and yet still
prevent unintentional opening due to
engine vibration. The pressure losses
occurring at the compressor bypass have
been reduced by optimizing the geometry
of the valve cone down to a minimum.
The center housings of both turbocharg-
ers are water-cooled. The water and oil
supply is provided via external lines.

The turbine housing of the high-pres-
sure turbocharger is the most complex

MTZ 0112012 Volume 73

Water cooling

Compressor housing for
‘ low-pressure turbochanger

——— Waste gate vacuum unit

Charge air pipe

Compressor housing for
high-pressure turbocharger

Turbane housing for
high-pressure turbocharger

cast component of the turbocharger
assembly. The areas of the component
that are subjected to hot exhaust gases
change depending on the position of the
exhaust flap. This results in inhomogene-
ous temperature distribution and therefore
in thermal stresses in the component. In
the course of design optimizations carried
out on the component, the number of
cores was reduced from 16 to eight and at
the same time the thermal stresses in criti-
cal areas were reduced to a non-critical
level. @ shows the number and layout of

16 cores

Core optimization

el

© High pressure turbine
housing: optimization of casting tools

the cores in the casting mould before and
after optimization.

With two-stage turbocharging, the
responsiveness of the engine is dictated
by the tight closure of the turbine switch-
ing valve. Even the tiniest leaks will lead
to significant loss of enthalpy for the high-
pressure turbine. Consequently, special
attention was paid during the develop-
ment process to the seal achieved by the
turbine switching valve. To evaluate the
seal achieved by the turbine switching
valve, a pressure difference of 2.5 bar is
applied by way of the flap valve on the
component test rig and the resultant volu-
metric flow leakage is determined. In an
early phase of the project, two different
turbine switching valve designs were
compared in with regard to leakage:

a centrally mounted changeover flap

valve (butterfly design)

a side-mounted changeover flap valve

(swing valve design).

The tests carried out revealed at an early
stage that, in its new condition, the swing
valve offered significant advantages over
the butterfly design in terms of the seal
achieved, @. The leakage of the swing
valve design as new is many times less
than that of the butterfly design. It also
proved much better over lengthy running
periods. As the swing valve also offers
major benefits in terms of flow pressure
losses because it is moved fully out of the
bypass duct, Audi chose to develop this
solution for series production. The large
bypass flap in combination with the high
turbine intake pressures do however
require high actuator forces in order to pre-
vent the flap from opening of its own
accord, even under transient operating

8 cores
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@© Turbine switching valve leakage behaviour

: Design I -

' butterfly O*.
l.- = A
' Design

New condition

conditions. In order to satisfy these re-
quirements a special long-stroke vacuum
unit with a large effective cross-section has
been developed. The unit has a position
feedback feature in the form of a position
sensor inside the unit, which has had to be
adapted to the long stroke of the unit.

To assess the influence of the seal
achieved by the exhaust flap, acceleration
was measured on a vehicle with new com-
ponents and with components at the end of
endurance testing. The defined maximum
permissible leakage quantities at the end of
endurance testing guarantee minimal time
lag under acceleration in comparison with

32

new components. This is key to the excel-
lent dynamic responsiveness of the engine
throughout the life of the vehicle.

SUMMARY

With the V6 TDI biturbo, Audi has
launched its most powerful six-cylinder
diesel engine to date. The engine gives the
C-segment cars extraordinarily sporty per-
formance along with low fuel consump-
tion, supplementing the range of Audi
V-engines below the V8 TDI and V12 TDI.
The two-stage turbocharging system has
been implemented in the restricted space

available with no need for compromise in
terms of thermodynamic design and long-
term mechanical durability. The higher
loading on the engine compared with the
basic engine has been taken into account
by means of optimization measures which
open up potential for further increases in
power output for both the biturbo and
monoturbo designs.
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DEVELOPMENT AIR MANAGEMENT
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VARIABLE-LENGTH AIR INTAKE MODULE
FOR TURBOCHARGED ENGINES

Customers have always wanted good performance and dynamics from their vehicles. One solution for cars with
naturally aspirated engines is an air intake module with variable runners. For turbocharged gasoline passenger
car engines, however, variable runner-length air intake modules have never been used. Yet, the constantly
increasing requirements placed on engines call for new methods. Mahle has investigated the combination of
turbochargers and variable-length runners and found some interesting advantages with respect to dynamics
and fuel consumption.
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(1) Torque curve of the test engine
with series runner length
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MOTIVATION

Driven by rising expectations for lower fuel consumption and
emissions, turbocharged downsizing concepts have taken center
stage for passenger car gasoline engines. In order to increase cus-
tomer acceptance, these engines need better low-end torque and
optimised responsiveness. Single-stage turbocharged engines rep-
resent a compromise between turbochargers designed for dynam-
ics and low-end torque on one hand, and those designed for effi-
ciency at rated power on the other. Potential optimisation steps
include turbochargers with variable turbine geometry, or a com-
bination with a second turbocharging unit or charging concept.
Driven by increasing demands on costs, performance, and fuel
consumption, Mahle is breaking new ground and has investi-
gated the solution described below.

The combination of an exhaust gas turbocharger and the
proven technology of an air intake module with variable runner
lengths is intended to join the advantages of both individual
technologies and to achieve additional positive effects:

: exhaust gas turbocharger designed for higher engine speeds,
for reducing pump losses and therefore fuel consumption
cooling charge air at medium and high engine speeds, for addi-
tional fuel savings
resonance charging with the runner, for greater torque at low
engine speeds and better responsiveness.

TEST SETUP

Starting with a mass-production, four-cylinder downsizing
engine, the following adjustments were made:
. replacement of the exhaust camshafts to optimise exhaust
valve opening time
use of a mass production exhaust gas turbocharger designed
for medium and high speeds.
Torque is limited to 225 Nm in the range from 1500 to 4500 rpm,
in order to maintain charge air reserves, @. The rated power of
the test engine is 112 kW. Conditions for testing:
ignition point offset 1° CA from knock limit
charge air temperature before cooler: maximum 180 °C
maximum turbocharger speed: 210,000 rpm.
The variable runner length was produced as a laser sintered air
intake module, made of the following components:

1 0G0 2000 3000 4000 5000 &000
Engine speed [rpm]
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Adaptor flange

Cylinder head with flange

"
el

Runner segments
(variable extendable)

Variable runner length

a4
L

Total runner length (273-1723 mm)

¥

: plenum

: runner segments (of different lengths,
interchangeable)

: adapter flange.

The inner surfaces were painted in order to

produce a flow-optimised surface. The run-

ner lengths given here refer to the distance

© Intake pressure curve and valve lift
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from the interface between the plenum
and runner, to the intake valve. These were
between 273 mm (current mass production
application) and 1723 mm, @.

The charge air pipe length between the
charge air cooler and the throttle valve
was constant across all tests.

-
Intake valve lift [mm]
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— |ntake pressure
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— Cylinder pressure

— Intake valve lift

Plenum

> @ Test setup for variable-length runner

INCREASED TORQUE AT
LOW ENGINE SPEEDS

Tests for increased torque were performed
at the low speed range between 1000 and
1500 rpm. In the basic configuration, the
turbocharger provides very little charge air
pressure, even with the wastegate closed,
which means that the torque achieved in
this speed range is not satisfactory.

Tests of variations in the intake timing
and different runner lengths demonstrate
the potential of this variability in turbo-
charged gasoline engines. The ratio of fuel
to air was set to stoichiometric for all
cases. The ignition point was set so as to
optimise the efficiency whenever possible,
or at one degree of crank angle from the
knock limit. Similarly to resonance runner
charging in naturally aspirated engines,
the air charge can also be increased in a
turbocharged engine if the runner length
and intake closing point are optimally
tuned to the engine speed.

As @ indicates, in the tuned state, the
closing point of the intake valve coincides
with a pressure peak of the air pressure wave
in the runner. This increases the air mass
entering the combustion chamber. When
the injection quantity is adapted accord-
ingly, this leads to increased torque values,
just as in a naturally aspirated engine.

The following additional effect occurs in a
turbocharged engine: the greater volumetric
efficiency increases the engine pressure ratio
(plenum pressure/exhaust pressure), lead-
ing to an increase in the turbine speed. The
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(4] Investigating optimal runner lengths
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turbocharger can thus raise the air mass
flow until an equilibrium or the nominal
torque is reached, in which case the waste-
gate opens. This additional air mass flow is
cooled by the charge air cooler. The depend-
encies of volumetric efficiency to plenum
pressure, torque, engine pressure ratio, and
turbine speed are shown in @, using the
example of 1200 rpm. The individual points
represent different runner lengths.

(5] Torque curve and torque increase
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The optimum of all the runner lengths
measured is shown in @. It describes
which combination of runner length and
engine speed had the greatest increase in
torque. It was possible to demonstrate an
increase in torque of over 35 % at 1350 rpm.
Four different runner lengths allow signifi-
cant improvement in the torque curve.
The torque was increased by 60 Nm over
the base version at 1350 rpm, and the

240
220

nominal torque is already available at
1400 rpm.

POTENTIAL OF VARIABLE RUNNER
LENGTHS AT HIGH ENGINE SPEEDS

Tests at medium and high engine speeds
were intended to demonstrate the addi-
tional potential of varying the runner
length. Because the wastegate is open in
this case, the goal is not to further increase
the torque. Instead, the intent is to reduce
fuel consumption at a constant torque.

In the speed range of the nominal
torque, intake air is available in sufficient
quantity. Reduced fuel consumption can
be achieved essentially by lowering the
intake air temperature. The runner length
effect therefore does not lead to an
increase in pressure and the associated
temperature increase, as it does at lower
engine speeds. Instead, the investigation
is to determine how the runner length
effect can be used at medium and high
engine speeds to lower the pressure, and
thus to lower the temperature as well.

DYNAMIC TEMPERATURE REDUCTION

At medium and high speeds, the runner
length effect can be used to reduce both
pressure and temperature. In order to
obtain the same pressure at the intake
valve as would be present without the
resonance runner length effect, the waste-
gate closes further and the turbine speed
of the turbocharger increases. The charge
air pressure rises, and so does the average
pressure around which the resonance run-
ner pulsation oscillates. Part of the com-

- //+56

200 “I ;

180 / J{p

160
140- /[

120 I[V‘

100 1
1000 1500
Engine speed [rpm]

e Optimum total runner lengths
== Total runner length = 273 mm
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pression work is thereby transferred from
the runner to the turbocharger.

The air compressed in the turbocharger
first passes through the charge air cooler
and then cools off further due to the effect
of the dynamic temperature drop in the
resonance runner. @ shows this effect, for
example, at 4500 rpm. In the initial state,
the intake pressure is 1.9 bar at the point
when the intake valve closes. The variant
with an optimised runner length achieves
the same intake pressure when the aver-
age charge air pressure is increased and
the intake pressure drops to the minimum
pressure of the runner effect.

Medium pressure increases by about
0.4 bar. The amplitude of this pressure
oscillation is also 0.4 bar. This effect
reduces the intake air temperature. It is
possible to shift the ignition to an earlier
point due to the reduced tendency to
knocking, resulting in a center of combus-

tion mass that is closer to the efficiency
optimum of 8° CA after the top dead
center. Fuel consumption can thus be
reduced by about 5% (e.g., at 4500 rpm).
The application of this effect at other
engine speeds, with optimised runner
lengths for each case, is shown in the
measurement results in @.

1-D charge cycle simulations made a
more precise analysis of the temperature
drop possible. An existing GT-Power model
of the engine was used to determine the
temperature changes at 4500 rpm and
225 Nm. Compared to the original intake
manifold, an increase in temperature of
up to 9 Kelvin may occur at the closing
point of the intake in case of an unfavora-
ble design of the runner length. If the run-
ner lengths are designed optimally as
described above, then the simulation
results show a drop in temperature of
15 K at the same point in time. The physi-
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cal explanation of the test results was
therefore confirmed by the simulation.

TRANSIENT RESPONSIVENESS

At low engine speeds, it was possible to
raise the torque by increasing the volu-
metric efficiency, using the resonance
effect. This effect was intended to be
applied to transient behavior as well. For
the test, a load step from 22.5 Nm to a full
load of 225 Nm was performed at a con-

stant 2000 rpm for various runner lengths.

A fixed setting of the maximum valve
overlap ensured that the intake valve
opened early. @ shows the torque
increase over time during the load step.
Compared to the base runner length of
273 mm, a faster torque increase was
achieved by means of an optimised run-
ner length of 1373 mm. Ninety percent of
the maximum torque is already available

(6] Dynamic temperature reduction

Avg. charge air pressure,,,, .= 2.3 bar

= 1.9 bar

273 mm

= Pressure at intake valve closing,;; .
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0.4 s earlier. The optimally tuned runner
length increases the volumetric efficiency,
and thus the mass flow through the
engine. The pre-turbine enthalpy increases,
which leads to a faster rise in the charge
air pressure, and thus in the torque.

In a vehicle, a load step is typically also
associated with an increase in engine
speed, such as when accelerating. This
must be taken into consideration when
designing the runner lengths. @ shows the
volumetric efficiency as a function of the
engine speed and different runner lengths.
The optimal design of the runner length is
intended to ensure that as great a range as
possible of the engine speed seen during
the load step is located in the region of
high volumetric efficiency. Using the
torque curve from ® as an example yields
the band shown in grey in @.

PREVENTING FUEL CONSUMPTION
DISADVANTAGES UNDER PARTIAL
LOAD

The runner length also has an effect on
fuel consumption under partial load.
Measurements indicated that fuel con-
sumption increases at runner lengths
greater than 800 mm. This can be attrib-
uted to an increase in gas exchange work.
Using shorter runner lengths, the partial
load can therefore be made neutral to fuel
consumption.

SUMMARY

A test of engine performance was carried
out for a mass-production, four-cylinder
downsizing gasoline engine with single
turbocharging, using an air intake module
with variable runner lengths. The engine
measurements showed the following:

: The torque can be increased by up to
60 Nm for the low engine speed range
between 1000 and 1500 rpm by a com-
bination of runner charging and a
turbocharger.

: Runner charging also improves respon-
siveness. For example, for a load step at
a constant 2000 rpm, the nominal
torque is reached 0.4 s sooner.

: For engine speeds from 3500 to
6000 rpm, the goal is not to increase
torque. Rather, the temperature can be
reduced dynamically by means of the
resonance effect in the runner. The
intake temperature can be reduced by
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Engine speed (rpm]

up to 15 K, thus allowing fuel con-

sumption to be reduced by up to 5 %.
. Under partial load, fuel consumption

can be maintained at a neutral level.

OUTLOOK

With respect to a realistic application in a
vehicle, the package must be considered.
This means a limitation on the number of
switching stages and a limit to the maxi-
mum potential runner length. A two-stage
resonance runner length (373 and 750 mm)
has been shown to be sensible here. This
results in torque increases of up to 45 Nm
at low engine speeds and improved
responsiveness. The partial load can be
implemented without affecting fuel con-
sumption. The reduction in fuel consump-
tion at high speeds is about one percent
under these conditions. Based on the engine
bench tests performed, the two-stage air
intake module should be implemented in a
vehicle package as a next step, and then
evaluated in simulation. The results will
then be validated using rapid prototype
parts in a live engine in the vehicle.

300 500 700

(8] Torque increase
over time during the
load step at 2000 rpm

Total runner length = 1373 mm
Total runner length = 273 mm
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1700 © Volumetric efficiency as a
function of engine speed and

runner length
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ENHANCING EFFIGIENCY IN CALIBRATING
DIESEL ENGINES FOR LOW TEMPERATURES

Diesel engine cold-starting is of high consumer relevance in relation to starting time, acoustics, emissions as
well as running smoothness. This, of course, is also the focus of diesel engine developers. The need for efficient
processes in validating cold-starting performance and optimizing cold idling is increasing, not least also in the
wake of a trend toward reducing compression for emission reasons. In addition to conditioning, automation and
data analysis, IAV investigated on determining and optimizing glow temperature.
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AUTHORS OPTIMIZATION APPROACHES

In low-temperature diesel-engine calibra-
$ tion today, one to two cold-start tests are
performed each working day in the tem-

%1’ perature range from -10 to -30 °C. Whether
AT on the engine test bench or in the form of
DIPL.-ING. CARSTEN ENGE vehicle measurement, time-consuming
is Development Engineer in Diesel temperature conditioning makes gathering

Calibration at IAV GmbH’s Develop-

ment Center in Chemnitz (Germany). result-oriented data relatively slow in com-

parison with other development fields.
The higher time and, also with this, cost
factor is accompanied by quality-related
demands on low-temperature calibration
which, together with glowing strategy, pilot-
injection characteristic and main-injection
DIPL.-ING. (FH) RALF STERNBERG variation as key parameters, comes with a
is Team Manager in Diesel Calibra- multi-dimensional variation space. Proceed-
t'%';:ttelﬁ\; %?ebr:;tgiéi'?nﬁ:ney';f ing from primary investigations in the lab-
oratory [1], many influences on the diesel
combustion process in production engines,
@, can only be defined with accuracy on
the basis of test series and varying param-
eters. These must be regarded as engine-
specific on the grounds of different injection
DIPL.-ING. WOLFGANG TSCHIGGFREI systems and combustion-chamber geom-
is Head of Diesel Engine Calibration etries alone. This makes it necessary to
in der IAV GmbH's Powertrain intensify measurement-data recording. The
Mechatronics Business Area . L. .
in Berlin (Germany). potential here lies in increasing the number
of tests and the efficiency of data analysis.

i COLD-START TEST -

| ACTIVE CONDITIONING

! Conditioning usually takes eight to twelve
hours. Attempts to reduce this have already

@ Factors influencing the diesel
combustion process Engine
+ Combustion chamber geometry
i Starter engine speed

e

Fuel quality
: Boiling point

gtane numbser

Ambient conditions
: Ambient/engine temperalure
: Amblent pressure
+ Alr humidity

Calibration
¢ Inpection rate and SOI
: Pilot-injection characteristic
: Glow time
: Rall pressure
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@ Active engine conditioning by means of thermal-shock system (var. A, left)

or vehicle radiator and blower (var. B, right)

been made under nominal conditions

(25 °C) [2]. Two further methods have
been applied using a 2.2-1 four-cylinder in-
line engine in the low-temperature chamber
and compared with each other. The test set-
ups are shown in schematic form, @.

In variant A, a thermal-shock system
was integrated into the engine cooling cir-
cuit with two coolant reservoirs at differ-
ent temperature levels. While the engine
is at rest, coolant is passed through it by
means of an external pump. To avoid
damaging the engine, it was precondi-
tioned to 0 °C and then cooled to -20 °C.
Conditioning the engine oil, the viscosity
of which has a significant influence on
friction loss torque, is extremely impor-

tant for providing near-reality test condi-
tions. This is done by cooling it separately
in a secondary circuit with a heat exchanger
incorporated in the engine cooling circuit.

Variant B merely involves cooling with
ambient air in the test chamber and man-
ages without the use of any thermal-shock
system. This was replaced with a regular
radiator which, in combination with a
blower, cools the coolant in the circuit
down to the cold ambient temperature.
External pumps are used and the engine
is left at rest in this case as well. The com-
pact setup can be mounted on an engine
pallet or integrated into a vehicle.

For the purpose of monitoring tempera-
tures, thermocouples were installed in the

End of

Ignition
ON preheating

Run time
=60s

Caliav

events
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cylinder head, on the intake manifold, at
the thermostat as well as in the oil sump.
The temperature curves for both variants
show that an oil temperature of -20 °C is
reached after approx. 45 min if the setpoint
values for variant A are reduced by 2 K
and ambient air in the low-temperature
chamber for variant B by 4 K. After stabi-
lizing for a further 30 min, it was possible
to ensure a temperature state correspond-
ing to that achieved with conventional
conditioning. In the temperature range down
to -20 °C examined to date, it has not
been possible to establish any side-effects of
rapid conditioning.

Whereas it would be possible to speed up
the process in variant A by shortening pre-
conditioning and cooling the engine regard-
less of its ambient temperature, the far sim-
pler setup with vehicle radiator is shown to
be more cost-effective and offer greater flexi-
bility. Both methods provided the capability
of performing four cold starts (including
heating-up phase) within eight hours, with
about six hours being spent on conditioning.

AUTOMATION

Particularly with tests that take a long time
to prepare, failed attempts result in addi-
tional cost, and divergent boundary condi-
tions are reflected as uncertainties in the
result. This makes improving reproducibil-
ity a further aspect of enhancing efficiency
in low-temperature testing.

The idea of automating cold starting
with the above-mentioned objectives there-
fore seems reasonable. INCA calibration in
combination with the envisaged CaliAV
automation software provides the technical

© Automated cold-start test, events are recorded and actions controlled by CaliAv
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capability to do so. The test sequence can
be put together on the basis of the modular
system. Events, such as preheating or start-
ing cutout as well as running times, are
recorded, with individual phases of the
cold-start test running through automati-
cally. This is where the engine manage-
ment system can be influenced actively
using INCA and additional technology can
be activated (e.g. sound recorder). The per-
son in charge has an assistance system and
can devote greater attention to subjective
impression. By way of example, @ shows a
program sequence for an automated cold
start in which turning on the ignition is the
only manual action.

A block for immediately analyzing the
data recorded is integrated at the end of
the automatic program. Conclusive param-
eters are computed for comparing the test
results more quickly and for revealing
anomalies. Examples of this include start-
ing time, engine speed fluctuation or the
frequency distribution of engine misfires
as a result of thermodynamic analysis
described in the next section.
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REAL-TIME COMPUTATION IN
CYLINDER-PRESSURE INDICATION

Combustion-chamber indication is
standard procedure in low-temperature
testing. Here, piezo pressure sensors are
used for measuring cylinder pressures in
high time resolution to form cycles of 0
to 720 °CA. These are analyzed statisti-
cally and thermodynamically for each
specific cylinder with the aim, for exam-
ple, of ascertaining the rise in pressure
and the energy-conversion points. The
Indicar indication system developed by
IAV performs this computation in real
time and supports the CAN protocol for
data transfer. These two options provide
the capability of merging results with
values measured from the engine man-
agement system in INCA and in a file
using the same time base. In this way,
the combustion parameters can be inte-
grated into the automatic test evaluation
process and compared directly in the
detailed analysis of engine management
variables.

1.25

(4) Bringing together control unit
and indication data (IAV Indicar)
for detailed analysis

This is illustrated, @, using the exam-
ple of cold idle. Control unit parameters
(engine speed, injected fuel quantity)
and indication parameters (pressure
rise, 50 % energy conversion) are pre-
sented in context without post-process
after the measurement. In the cold-idle
cycles, with its high time resolution, it
is possible to infer the cause of pressure
peaks that result in harsh combustion
noise. As a consequence of misfires in
cylinder 3 and 4 that are detected with
the help of the 50 % energy conversion
point, engine speed falls below the
desired idle speed. The idle controller
responds to this by increasing the injec-
tion rate which produces a sharp rise in
pressure in cylinder 1 during combus-
tion. Looking at the two subsequent
local inject-rate peaks and the associ-
ated rises in pressure, their correlation
becomes clear. Superimposing the rele-
vant acoustic recording over the indica-
tion data has shown that pressure rises
in excess of 12 bar/°CA are clearly audi-
ble as “backfires”.
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GLOW TEMPERATURE AS
CALIBRATION PARAMETER

The positive influence of high glow tem-
peratures on combustion stability and the
desire for short heating-up times are the
reasons for advancing glow systems. The
third generation uses ceramic plugs, the
activation of which provides a new degree
of freedom in diesel calibration. They can
be used for purposes that range from assist-
ing cold starting to reducing emissions.
This is where the various temperature
requirement profiles must be seen in rela-
tion to glow-plug life and energy require-
ment [3]. Hence, it is worthwhile know-
ing the influence of glow temperature from
the aspect of optimizing glow strategy.

To this end, TAV GmbH has developed a
test bench in which a pyrometer measures
the temperature at the tip of the glow plug
with pinpoint accuracy (cover picture). A
computer-aided unit takes care of record-
ing the data measured as well as supply-
ing power to the glow plug. The latter is
given in the form of an analog or PWM
signal, and can, for example, be imported
from a previously measured real-life cold
start. The extent to which the temperature
measured reflects reality depends on how
accurately the glow-plug tip’s degree of
emission is known and on how precisely
the ambient conditions are reproduced.
Simulating gas exchange is a challenge
that must still be overcome.

In a measurement series, the diagram,
0O, shows the influence of glow tempera-
ture on combustion stability during cold
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idle. For a four-cylinder engine from the
2 | category meeting Euro 5 with a com-
pression ratio of 16, glow-plug activation
was varied and sampled at 2 kHz for gen-
erating the PWM parameters in the post-
process. Using these as input variables,
temperature curves can be allocated to
the different power output levels on the
described glow-plug test bench.

The (T, ) temperature curves presented
are divided up into the four phases: heat-
ing up (pushing), preheating, heating dur-
ing engine start and postheating, with the
level of power supplied being reduced in
the preheating and postheating phase.
Lower glow temperatures during the start-
ing cycle resulted in a continuous deterio-
ration in starting times. In the postheating
phase, a mean temperature level of 1350 °C
set in after activating the generator. This
was lowered to 1045 °C in further starts.
The resultant delay in combustion by up
to 5° CA is shown by the 50 % energy-
conversion point (alpha gq50). Its increas-
ing scatter to the point of misfiring (indi-
cated mean cylinder pressure Pmi = 0) is
manifest as higher engine speed fluctua-
tion at idle.

Using the example of cylinders 1 and 3,
the graph also shows the temperature
scatter among glow plugs of the same type
(approximately 35 K), this being reflected
in a slight shift in the main centers of heat
release. As an alternative to measurement
glow plugs with thermocouples, this glow-
plug test bench can therefore also be used
for determining tolerance patterns and
their influence on combustion.

SUMMARY

Reducing conditioning time was able to
increase measuring frequency in cold-start
testing. The use of automation software
enhances the reproducibility of testing
and improves analysis of the volume of
data that grows as the number of tests
increases. As a result, development time
can be reduced or used more efficiently.
These methods will be extended further
in vehicle measurements. Determining
glow temperature as an additional calibra-
tion tool provides potential for optimizing
low-temperature calibration, with the par-
ticular focus being on the actuation pro-
file of ceramic glow plugs.
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DEVELOPMENT ACOUSTICS

NOISE ABSORPTION CLOSE
TO THE ENGINE WITH
POSITIVE THERMAL EFFECTS

Effective high-temperature insulation systems reduce noise emissions,
increase the hot gas temperature in the diesel exhaust system by up to
10 % and reduce the surface temperatures of the insulated components
from 850 to 400 °C in the case of diesel engines. Since September 2011,
BMW has been using special insulation systems developed by Isolite for

the acoustic encapsulation of diesel particulate filters.
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REQUIREMENTS

The demands of automotive customers for
comfort and the demands of legislators
with regard to noise emissions are on the
increase. Against this backdrop, compo-
nents besides the weight which further
reduce the noise emissions of petrol and
diesel engines are becoming more and
more important. The acoustic and thermal
high-temperature insulation systems from
Isolite described in this article do not only
reduce the noise emissions - they also
reduce the temperature in the engine
compartment and additionally provide for
the increase in the temperature of the hot
gases aimed for in diesel vehicles.

BENEFITS OF HIGH-TEMPERATURE
INSULATION SYSTEMS

Whereas the engines belonging to modern
automobile generations are already encap-
sulated to a high degree and thus sound-
proofed, a search for suitable insulation
materials for exhaust gas systems is still
going on in many cases. One of the rea-
sons for this are the high temperatures
arising at the components containing hot
gases — especially in the case of diesel
engines. Only a few noise-absorbing mate-
rials are suitable for this high-temperature
range. Nevertheless, the benefits of the rel-
evant insulation measures are undisputed.
For example, BMW uses insulation systems
for the acoustic encapsulation of the parti-
cle filter (DPF) in its diesel engines [1].
According to the Munich automotive man-
ufacturer, this ensures a high perceivable
reduction of the noise level inside and out-
side of the vehicle. Also, the new encapsu-
lation of the DPF has not only an acoustic
insulation effect but a thermal insulation
effect too. An encapsulated particle filter
reaches its optimum operating temperature
more rapidly after a cold start. Studies con-
ducted at Isolite Automotive GmbH have
shown that the temperature in the hot gas
system is increased by up to 10 % as a
result of the high-temperature insulation
systems developed by the Ludwigshafen
manufacturer. At the same time, the sur-
face temperature of the component is
reduced from 850 to 400 °C in the case of
diesel engines. Thus, in the current Audi
Q7 with its 3.0-1 TDI engine, a suitable Iso-
lite thermal insulation of the exhaust sys-
tem led to a considerable reduction in fuel

consumption while simultaneously reduc-
ing the NO,_ emissions by 15 %.

DIRECT INSULATION

To optimize the acoustic properties the
concept of direct insulation of components
containing exhaust gases is recommended
[2]. According to this concept, the insula-
tion material is directly applied to the com-
ponent in a permanent way, allowing a
high thermal and acoustic efficiency to be
achieved. However, the changes in the
thermal flow and the loss of the option of
ventilating encapsulated components lead
to new geometrical and thermomechanical
challenges. It is for example necessary to
precisely observe the specific effect on the
temperatures of the individual compo-
nents. If these requirements are taken into
account, however, it is possible to design
an encapsulation which is tailor-made for
a certain vehicle. In this way, we can gen-
erate a thermal insulation effect which
achieves the desired temperature reduction
in the engine compartment as well as the
intended temperature increase in the hot
gas system. In addition, the emission of
airborne sound is reduced considerably as
a result of the mechanical properties of
these direct insulation concepts. It is also
possible to design the surface of the insula-
tion systems in such a way that it provides
an additional absorption surface in the
engine compartment. As a result, the insu-
lation element used in the four-cylinder
diesel engine from BMW allows synergies
in the fields of thermics and acoustics. At
the same time, it reduces the weight of the
vehicle as it integrates several functions in
one insulation component.

STRUCTURAL PROPERTIES

The high-temperature insulation systems
consist of a combination of a temperature-
resistant, sound-absorbing corpus with a
highly heat-resistant, sound-absorbing and
porous/perforated liner. In this composi-
tion, the acoustic absorption behaviour of
the insulation systems known as Isolite-
Akustop and Isolite-Akuflex have improved
considerably in comparison with the cor-
pus on its own. At the same time, the ther-
mal radiation is reduced further, a higher
self-insulation of the material is achieved,
thermal stresses are reduced and the oper-
ational stability of the system under load is

49
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Imitial state {withoul insulation) 76

One-layer insulation (5 mm)

© Acoustical measurements on the motor outlet side of a series engine

increased. The sound-absorbing properties
of the insulation system are illustrated in
@, which shows the acoustic measurement
at the outlet side of a series engine in
which the outlet manifold has been
equipped with various different insula-
tions. It is soon obvious that a significant
noise reduction is achieved at an insulation
thickness of as low as 5 mm. This reduces
peak values of 90 dBA to 84 dBA. A further

reduction in sound emissions is achieved
at an insulation thickness of 10 mm. The
results of measurement shown in @ dem-
onstrate that the sound pressure can be
reduced considerably over virtually the
entire frequency range above the 1000 Hz
limit by using high-temperature insulation
systems. Worthy of note here is the fact
that the two-layer insulation (10 mm) only
has very few advantages in comparison

0 2000 4000 6000 BOOD 99854
Frequency [Hz]
. Initial state — One-layer insulation ___ Two-layer insulation
{without insulation) (5 mm) {10 mm)

@ Results of measurement for an insulated outlet manifold

© REF-ISO fibre skins with a special pigment coating for improved thermal insulation characteristics
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with one-layer insulation (5 mm). In a few
frequency ranges, one-layer insulation even
achieved better test results.

CORPUS

The corpus consists of fibrous, high-tem-
perature materials such as bio-soluble sili-
cate fibres. These materials have already
been used for pure thermal insulation in
the past and they allow a temperature
resistance of up to 1200 °C and more to
be achieved. The insulation body is spe-
cially and reproducibly designed in fibre
skin technology for the relevant applica-
tion and directly dimensioned for the nec-
essary parameters. It is a permanently
defined component reproducible with a
precision of + /- 0,25 mm in which mate-
rial thicknesses of between 2 mm and 10
mm can be realized. Here are some of the
properties of fibre skins from Isolite:
: non-flammable
: sound-absorbing (ISO 10534-1)
: good physical properties
. skin-friendly
: very low thermal conductivity A

(DIN 52612)
. resistant to chemicals
. high mechanical resilience
: good handling.

REF-1SO FIBRE SKINS

The fibre skin with a so-called REF-ISO
coating (REF-ISO = reflection - insula-
tion) is a technological improvement on
the conventional skin, @. Here the ther-
mal insulation properties are deliber-
ately changed by mixing in pigments.
The thermal absorption and thermal
reflection of the material is increased
again considerably by this. For example,
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black colour pigments are used where
the task is temperature compensation or
the maintenance of a certain temperature.
Yellow colour pigments are used where the
heat is to be reflected back to the heat car-
rier. However, both types of colour pig-
ments cause for example exhaust gases to
be heated up to the necessary operating
temperature for subsequent components
(such as a turbocharger or catalyser) after
engine start. The colour pigments used
have good impermeability to UV and visi-

@ A look at the production procedure

ble light and are chemically inert as well as
being resistant to heat and ultraviolet radi-
ation. They also have a high endurance
strength, opacity, light fastness and an
adequate resistance to acids and alkalis.

LINER

In order to increase the thermomechanical
strength of the fibre body and reinforce its
sound-absorbing properties, it is covered

on one side with a liner made of a porous

O Simulated and actual degree of sound ab-
sorption in the case of a microperforated liner

highly heat resisting (metal or mineral) fil-
ament tissue. If the liner is additionally
quilted with the corpus, this allows the
encapsulation of the corpus, which con-
sists of fibres, and increases its strength
still more. An additional improvement of
the properties mentioned is the result if the
corpus is equipped with a liner on the sec-
ond side too. The liner consists of a heat-
resistant metal - such as alloyed steel - or
a mineral material. These materials can be
equipped with the required porosity in a
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relatively problem-free way and offer the son measurements performed in the labora- ~ REFERENCES
necessary heat resistance as well as the tory. The Kundt’s tube (for measuring the [11 BMW Group Innovationstag 2011: Efficient
desired (and ) dab ti fabric), th lculati del Dynamics. BMW Medieninformation 4/2011

esire ! an necessa.ry sound absorption. non vyoven abric), the calculation mode [2] Weber, F. Acoustic relevance of exhaust gas
A special advantage is the fact that the for microperforated absorbers and the cal- components in terms of airborne noise. Lecture at
porous liner consists of sheet metal manu- culation model for porous absorbers are the Automotive Acoustics Conference 2011, Zurich

factured from a sintered metal tissue.

SOUND ABSORPTION
THROUGH PERFORATION

The perforation of the liners is primarily
there to ensure that the sound energy is
able to penetrate into the fibre insulating
body. However, measurements performed
in an acoustical laboratory have shown that
the proportion of perforations in the liner
can be designed to have a sound-absorbing
effect within a defined frequency field, @.
The degree of absorption depends on size,
shape, diameter and number of holes.
These parameters determine the degree of
sound absorption within a certain fre-
quency range. If the frequency changes, the
parameters mentioned must be adapted. In
this way, the perforation in the outer liner
can be designed to fit the frequency range
required for the application in question.
Production technology at Isolite makes it
possible to deliberately integrate certain
degrees of perforation into areas in which it
is necessary. For example, the margin and
the vicinity of the weld remain unperfo-
rated. Instead, the proportion of perfora-
tions is increased accordingly in areas in
which it makes sense. The compound of
non-woven fabric and perforated sheet steel
has proven its worth in numerous compari-

52

used as a basis for calculation.

OUTLOOK

The high-temperature insulation systems
have the advantage that automotive manu-
facturers can do without part of the sound
insulation used in the underfloor panelling,
the front wall and the front axle up to now,
thus reducing the overall weight of the
vehicle thanks to the effective encapsula-
tion of the particulate filter. The acoustical
and thermal high-temperature insulation
systems from Isolite are still mainly being
used as a permanently installed applica-
tion. For this purpose, the supplier delivers
the hot gas component to Isolite produc-
tion, @. There it is equipped with a perma-
nent insulation and then supplied to the
automotive manufacturer. This causes high
costs for logistics. In addition, the insula-
tion element cannot be removed in the
case of a defective hot gas component. For
this reason, the method is to be increas-
ingly replaced by the blanket design in
future, @. These detachable and replacea-
ble blankets have a liner on both sides, are
produced at Isolite and are delivered to the
assembly lines of the OEMs as ready-to-
mount components. The completing equip-
ment necessary for assembly is then also
available to Isolite.
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ONLINE OIL DILUTION MEASUREMENT
AT GASOLINE ENGINES

Due to the increasing usage of fuels containing ethanol in combustion engines one
important issue at the development of new combustion engines is the consideration
of the influence of the new fuels on the engine operation and durability. Especially
the impact of the new fuels on the engine oil is one essential topic. For the FVV
project “Lube Oil Dilution with Ethanol Fuels during Cold Start Boundary Conditions”
a new measurement technigue for the online determination of the lube oil dilution at
gasoline engines has been developed in the Laboratory for Combustion Engines and
Emission Control at the University of Applied Sciences Regensburg.
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1 INTRODUCTION

In April 2009 the European Parliament and Council enacted the
“Renewable Energy Directive” (2009/28/EG) that regulates an in-
crease of the rate of renewable energy up to 20 % of the total fi-
nal energy consumption in all EU member states. This enactment
also affects the development of modern combustion engines be-
cause the principle schedules especially for the transport sector a
minimum rate of renewable energy of 10% [1].

In Germany the implementation of this directive is carried out by
the German Federal Government through the “Biofuel-Sustainabil-
ity Regulation” from 20.09.2009 and results in an increasing ad-
dition of renewable fuels to the conventional fuels [2]. Thus Super
E10 has been introduced in Germany in February 2011 as a new
fuel that contains up to 10 % biogenic ethanol fuel. The new fuel
has been seen very critically by the public and the fear of engine
damage prevented lots of people from using the new, cheaper fuel.

Previous findings show that an increasing percentage of ethanol
in fuel can affect the engine in several ways. For example it can
damage fuel carrying parts or lead to an increased ware due to a
faster lubricant aging [3, 4]. Also higher fuel input in the engine
oil can appear which reduces the lubrication characteristric of the
oil and thus leads to an insufficient lubrication and a damage of
the engine. Compared to regular gasoline ethanol has a higher
evaporation enthalpy and a lower vapor pressure and therefore fu-
els containing a higher percentage of ethanol have worse precon-
ditions for the mixture formation which gains significance partic-
ularly during cold start and warm up operation. Thereby especial-
ly during these operation points the potential of increased fuel in-
put in the engine oil exists [3, 51.

At the development of new gasoline engines it is therefore nec-
essary to consider the ethanol compatibility of the engines. In this
process the knowledge of the amount of fuel in the engine oil is
very important in order to determine the fuel in oil sorption and
desorption. One conventional method for the measurement of the
oil dilution is the offline analysis of the oil samples. Here, oil sam-
ples are taken from the engine and analyzed by means of gas chro-
matography in chemical laboratories. This has on the one hand the
disadvantage that the required sample volume allows only a limit-
ed number of taken samples without influencing the oil balance
of the engine and on the other hand the analysis of the samples
takes a rather long time.

The new developed method permits online a quantitative deter-
mination of the sorption and desorption of low boiling fuel com-
ponents in and out of the engine oil without influencing the oil
balance of the engine significantly. The oil samples are analyzed
by a mass spectrometer in order to offer a fast and specific meas-
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urement of the single hydrocarbon molecules. So particularly tran-
sient engine operation points like engine start and warm up pro-
cedures can be evaluated.

2 BASIC ANALYSIS

For the realization of the online measurement technique basic
analysis are necessary to investigate the applicable analyzing op-
portunities for the fuel components in the oil sample by means of
a mass spectrometer and the required physical preparation of the
oil sample for the analysis are examined.

2.1 SELECTION OF THE TARGET COMPONENTS

The analysis of the fuel in oil sorption process is done by measur-
ing single hydrocarbon molecules representing the fuel. For this
hydrocarbon molecules are selected that are contained in signifi-
cant quantities in the fuel and in the oil only in trace amounts. In
addition molecules with different physical properties are to be con-
sidered because these are determining the desorption behavior of
the fuel components from the engine oil.

For the selection of the target components the pure fluids gaso-
line and oil are examined by headspace technique with the mass
spectrometer. The headspace technique allows the separation of the
to be analyzed volatile molecules from the liquid sample and the
transfer to gaseous phase, so that they can be analyzed with the
mass spectrometer. The used mass spectrometer “Airsense” works
with chemical ionization and thus enables a mostly fragment free
measurement of the molecules [6]. The results of these measure-
ments are shown in @. The measurement signal of the detector of
the mass spectrometer is shown in “counts per second” (cps).

The mass spectrum of the analyzed fuel “Super Plus” (RON 98)
shows significant differences to the engine oil 5W-30 in the mass
range until 130 amu, in which the engine oil only generates minimal
signal increases because the longer-chain hydrocarbons of the oil oc-
cur primarily at higher mass ranges. Most of the oil also remains lig-
uid in the headspace vial. Based on the measured mass spectra the
molecules benzene, toluene and xylene are selected for the analysis
of the fuel content in the oil. For the investigation of fuels containing
ethanol additionally the ethanol content is examined, @.

The selected molecules are suitable for the investigation of the
fuel content in oil because they are contained in significant amounts
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© Mass spectra of fuel and oil
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Mass
spectrometer

0il sample

(2] Experimental setup with headspace technique

in the fuel and can be definitely assigned to the fuel. Due to their
different physical properties the bandwidth of the evaporation be-
havior of the gasoline fuel can be investigated.

2.2 ANALYSIS AND CONFIGURATION OF THE SEPARATION
PROCESS

For the analysis with the mass spectrometer the selected mole-
cules have to be separated from the liquid sample and transfered
in the gaseous phase. Important for the measurement is the com-
plete dissolution of the volatile fuel components from the oil sam-
ple. In order to investigate an applicable technique, fuel/oil-mix-
tures produced under laboratory conditions are examined with
headspace technique at first. The used test setup is schematical-
ly shown in @.

In the studies the oil sample volume, the amount of fuel in the
oil sample, the evaporation temperature and the purge gas flow
rate are varied. @ shows exemplary the desorption of toluene from
oil samples with constant fuel content for different purge gas flow
rates. The measurements show that the duration and the yield of
the desorption process of the fuel components mainly depend on
the purge gas flow rate.

As for the quasi-continuous measurement of the lubrication oil
dilution the measurement intervall is supposed to be as short as
possible not only the complete but also the fast extraction of the
volatile molecules is important. Fundamental studies of the evapo-
ration process show that besides a high purge gas flow rate also
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© Measurement of toluene with headspace for variable purge gas flow rates

high temperatures have a positive influence. A high flow rate
promotes the complete desorption of the volatile molecules par-
ticullarly through the mixing and surface renewal of the liquid oil
sample in the headspace vial.

With the headspace technique however the automated continu-
ous exchange of the samples is unfavorable. Therefore an adapt-
ed thermo-desorption unit is designed for the measurement de-
vice, in which both the sample applicaton, the complete and fast
desorption of the measured molecules as well as the deposition of
the remaining liquid sample are optimized.

In the developed thermo-desorption unit, @, a two-phase flow
is generated in a micro channel that achieves an intensive mixing
of injected oil sample and purge gas and thus an optimal desorp-
tion of the volatile molecules. The sample to be analyzed is inject-
ed into the micro channel and after the desorption process the
residual liquid oil is deposited before the gaseous sample is led
into the mass spectrometer (MS).

To optimize the desorption process of the volatile fuel compo-
nents with the thermo-desorption unit the purge gas flow rate,
the oil sample volume and the temperature of the thermo-des-
orption unit are analyzed and adapted. The temperature is cho-
sen so that it is higher than the boiling temperatures of the an-
alyzed molecules.

This thermo-desorption unit is integrated into the experimental
setup described below in order to measure the fuel content in the
engine oil.

Sample gas to M3

O Schematic setup of the thermo desorption unit
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3 EXPERIMENTAL SETUP

The measurement of the oil dilution is performed with the experimen-

tal setup shown in @. This setup is divided into three main tasks:

: extraction of a representative oil sample from the engine

: separation of the volatile target components from the liquid
sample

: determination of the concentration of the evaporated fuel
components.

For the extraction of representative oil samples from the engine a

circulating pump is connected to the oil pan that mixes the engine

oil and feeds the following metering pump with a current oil sam-

ple. The metering pump takes the required oil volume for the

analysis and pumps it through a metering valve.

In the second part of the experimental setup the oil sample is
injected into the thermo-desorption unit described in section 2.2
with the metering valve and the gaseous components are fed with
the purge gas into the analyzer. Simultaneously the residual lig-
uid oil is derived separately in order to allow the performance of
multiple analysis at short time intervals.

The requirement for the quantitative determination of the fuel
concentration in the sample is the exact dosage of the oil sample

and a constant purge gas flow rate. These are ensured by the me-
tering pump and the metering valve for the oil sample and a mass
flow controller (MFC) for the purge gas.

4 EVALUATION OF THE MEASUREMENT SIGNALS

For the online measurement of the oil dilution oil samples are tak-
en and analyzed every 60 s. The resulting measuring signal of the
mass spectrometer is shown in @. The desorption characteristics
result from the physical properties of the molecules and the se-
lected operating parameters of the thermo-desorption unit.

In order to calculate the fuel concentration from the measured
desorption curves of the molecules the area of the measuring sig-
nal (scps = sum counts per second) is integrated. The calibration
is done with calibration curves for the used fuels and engine oils.
These are generated with calibration solutions of known composi-
tion. Exemplary the calibration curves for the four target compo-
nents for E20 fuel are summarized in @. The nonlinearity of the
calibration curve for ethanol results from the saturation of the de-
tector at higher measurement signals, (6. The measurement sig-
nal generated by ethanol compared to the other measured mole-
cules is higher, as ethanol is dissolved from the oil sample very
fast.

The calibration curves are generated for fuel contents in the
oil from 0% up to 15%. Thus a very large measuring range can
be covered.

5 EXPERIMENTAL PROCEDURE

With the developed oil dilution measurement technique measure-
ments on the engine test bench and with a Flex Fuel vehicle are
performed in order to validate the new technique. At the engine
test bench the ideal settings for the mass spectrometer and the
delay time of the measurement process are examined. Subse-
quently the entire measurement technique is examined during cold
starts with a FlexFuel vehicle.

5.1 MEASUREMENTS AT A GASOLINE ENGINE
To determine the delay time of the measurement process the meas-
urement technique is installed at a six-cylinder gasoline engine
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@ cCalibration curves for E20 fuel
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run on “Super Plus” fuel. At idle speed fuel is added manually to
the oil via the oil filler neck. @ shows the measurement result for
this experiment.

The test results allow the determination of the delay time that
occurs from the entry of the fuel into the engine and the response
of the signal from the mass spectrometer and also confirm the ap-
plicability of the measurement technique at the engine.

5.2 MEASUREMENTS AT THE FLEX FUEL VEHICLE

The cold start tests are performed on a 1.6 | Flex Fuel MPI vehicle.
The objective of the measurements is the determination of the fuel
sorption and desorption behavior during cold start and warm-up
phase and the influence of different ethanol contents of the fuel.

@ shows the ethanol measurements for cold starts with E40 and
E60 fuel. Both measurements show cold starts of the engine fol-
lowed by engine warm up at idle speed. The deviation of the oil
temperatures arise out of varying environmental conditions. The
higher ethanol input into the engine oil during the cold start with
E60 can clearly be seen.

In addition to cold starts with fuels containing varying contents
of ethanol several cold starts without intermediate heating up of
the engine oil are carried out. At the cold start shown in @ two
prior cold starts with E85 were carried out without heating the
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engine oil over 50 °C resulting in the increased ethanol content at
the beginning of the measurement. An additional ethanol input
occurs during the cold start phase; during the warm up of the en-
gine the ethanol evaporates from the oil and the ethanol content
is reduced to the original value.
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6 SUMMARY AND OUTLOOK

The FVV project “Lube QOil Dilution with Ethanol Fuels during Cold
Start Boundary Conditions” is executed in collaboration of the
Institute for Combustion Engines at the RWTH Aachen and the
Laboratory for Combustion Engines and Emission Control at the
University of Applied Sciences Regensburg. In the first part of the
project the technique for the online measurement of the lube oil
dilution via low boiling fuel components has been developed and
built up in Regensburg.

Now, in the second part of the project the online measurement
technique is used at the RWTH Aachen to study the oil dilution
with different fuels and corresponding cold start calibrations.

A measurement technique is now available that allows online a
fast analysis of the fuel content in engine oil both for convention-
al gasoline fuel as well as for ethanol containing fuels.

The existing measurement technique will now be further devel-
oped in order to realize a continuous determination of the oil di-
lution. Besides the analysis of fuel in the engine oil a target for
the future is the integration of the determination of the water con-
tent of the oil with the measurement technique.
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PRECHAMBER IGNITION
CONCEPTS FOR STATIONARY
LARGE BORE GAS ENGINES

A testing facility for the optical investigation of ignition and combustion in large
bore gas engines is described. The test rig was developed at the Institute of
Thermodynamics at Technical University of Munich. Core element of the setup is
an optically accessible high pressure combustion cell which can be charged, ignited,
and discharged repeatedly according to the cycle times of a real engine. Until now
the apparatus was used for the investigation of two different prechamber concepts.
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1 INTRODUCTION

In the recent past the significance of the gas engine has increased
significantly in the area of decentralized power supply. A well-es-
tablished combustion process to obtain high power densities and
efficiencies as well as low nitrogen oxide emissions is the homo-
geneously premixed lean combustion combined with high charg-
ing pressures. To ignite lean mixtures in the small operation range
between engine-knock and misfire securely, e.g. scavenged pre-
chambers may be used to increase ignition energy. For a better un-
derstanding of the underlying physical mechanisms of such con-
cepts optical measurement techniques can make substantial con-
tributions. Up to now mainly fiber-optical techniques [1] were used
in the field of large engines since optically accessible engines of
such dimensions are difficult to build and expensive. Improved op-
tical access is provided by constant volume bombs (CVB). Their
main disadvantages, however, are the unrealistic operating condi-
tions compared to real engine behavior. A balance between opti-
cal accessibility and engine-like operating conditions is provided
by rapid compression machines (RCM) [2, 3]. However, a draw-
back of RCMs is that the investigation of several consecutive cy-
cles is not possible, which might be useful e.g. for the analysis of
cycle to cycle variations. Against this background a testing facili-
ty was developed which allows for the optical investigation of a pe-
riodic sequence of up to 60 combustion cycles under engine-like
conditions. In the following the test rig will be described and ex-
perimental results from a recently completed research project will
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@ sectional view of the pressure cell with prechamber setup according
to the PGI concept
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be presented. The prechamber concept under investigation is
based on the PGI concept from MAN Diesel & Turbo [4], which ap-
plies high pressure pilot gas injection and glow plug ignition. Cur-
rently the apparatus is used to investigate a scavenged precham-
ber concept with conventional spark ignition. Corresponding re-
sults can be found in Kammerstatter et al. [5].

2 TESTING FACILITY

The central part of the test rig is a heatable high pressure cell
(T, =300 °C, p . =200 bar) whose combustion chamber can
be divided into a pre- and a main chamber. The geometric setup
of the main chamber (diameter D = 252 mm, height h = 25 or
35 mm) is based on an engine’s combustion chamber with the pis-
ton in TDC position. The modular setup allows for an operation
with different prechamber inserts as well as without prechamber.
Optical access to the main chamber is possible through three side
windows as well as the bottom plate. The prechamber is optically
accessible via an optionally insertable quartz glass ring. The alignment
of the side windows allows for the application of light-sheet-based
measurement techniques as well (e. g. the Planar Laser Induced
Fluorescence — PLIF). @ shows a sectional view of the cell with
optical access through the bottom plate.

Charging and discharging of the cell are accomplished by three
intake and outlet valves respectively, which are actuated by two
camshafts via a chain drive (not shown in @). The cycle times for
the periodical operation were derived from a real engine’s working
cycle at a speed of 750 rpm, which results in a duration of 40 ms
per single stroke. This leads to a period of 40 ms each for the
charging and the combustion cycle. Due to the longer duration of
the discharging cycle (80 ms) a pressure level close to atmospher-
ic pressure is reached before the beginning of the subsequent
charging cycle. A higher exhaust residual percentage as it arises
from the increased exhaust gas back pressures in turbocharged en-
gines cannot be realized for safety reasons. Valve overlap as an-
other means to control the gas exchange cycle and the residual
gas percentage can be accomplished by freely adjustable cam-
shafts. However, the influence of varying exhaust residual gas lev-
els on the process was not scope of the present work and there-
fore will not be discussed further.

Despite the lacking compression stroke realistic values of pres-
sure and temperature have to be reached by the end of the charg-
ing cycle. To provide these conditions the mixture flowing into the
cell has to be preconditioned externally. This is accomplished with
the peripheral setup shown in @. Air is provided by six identical
units of a pressure reservoir and an air heater. The heaters consist
of electrically heatable steel liners filled with packed beds of stain-
less steel balls. The design of the heaters allows for a constant out-
let temperature of max. T = 500 °C for a period of upto 15 sat a
mean air mass flow rate of approximately 1 kg/s. To minimize heat
losses all tubing downstream the gas mixer can be heated up to a
temperature of T __ =500 °C as well, which ensures that the mix-
ture enters the cell at the desired preheating temperature. Thus,
in the rig’s design point a compression temperature of T = 750 K
can be reached at the end of the charging process (estimate of the
charging process, see [6]). In the gas mixer the six mass flows
merge and mix with the fuel gas. The hydraulically controlled gas
valve [7] is opened at the same time as the inlet valves. Due to its
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© Air fuel ratio A, air mass flow rate and needle lift NL,, of the gas valve during
the charging process

variable needle lift it provides a gas flow rate proportional to the
air flow rate. In this way a nearly constant air fuel ratio can be pro-
vided throughout the charging process, ®. Homogenization of the
mixture is enhanced by means of so called “Delta Vortex Mixers”
[8] inside the gas mixing chamber. The mixers as well as the mix-
ing tube downstream the gas mixer were designed with the help of
3D CFD simulations to provide optimum mixture homogenization.
Before entering the cell, a small portion of the mixture mass flow
leaves the system via an extraction line and is analyzed using an
air fuel ratio metering device.

3 MEASUREMENT TECHNIQUES

Conventional measurement techniques are the pressure indication
in pre- and main chamber (sampling rate f = 50 kHz) as well as
the metering of fresh gas pressure and temperature in the mixing
tube (f = 20 kHz). The glow plug temperature can be determined
from the temperature-dependent ohmic resistance of the heating
coil. A corresponding resistance-temperature characteristic was
derived from previously conducted pyrometric measurements.
However, a control or limitation of the glow plug temperature is
not possible due to the continuously repeated heat input into the
plug during each prechamber combustion cycle (a valuation of the
glow plug temperature’s influence on the combustion process is
given in [6]). The air fuel ratio A of the fresh mixture can be ob-
tained from optical measurements using an infrared absorption
method [6]. The technique allows for the time resolved (f = 1 kHz)
determination of hydrocarbon concentration in the fresh gas which
can subsequently be converted into corresponding values of air
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fuel ratio. For the visualization of the prechamber jets as well as
the main chamber combustion a high speed camera system is
available. The images of the OH*-chemiluminescence emissions
shown in this article were taken at a frame rate of 8 kHz. To sep-
arate the OH*-specific spectral range around 306 nm from the
background, a bandpass filter was used. For further details regard-
ing the test rig and the employed measurement techniques the
reader is referred to Mittermayer et al. [9] and Heinz [6] as well
as the references therein.

4 TEST PROCEDURE

In order to illustrate the test procedure, @ shows a chronologi-
cal sequence of the most important trigger signals. During a test
the periodically repeated input trigger signals from the intake and
outlet valves, i.e. “intake open” (10), “intake closed” (IC), “out-
let open” (O0) and “outlet closed” (OC) are used to actuate oth-
er time relevant events. Examples shown in @ are the pulse-
width-modulated (PWM) signals to trigger the gas injectors as
well as the trigger for the camera system. The latter records a
previously defined number of pictures each time an IC trigger
event occurs.

@ shows the pressure and needle lift profiles for a single cycle
within an experiment. Between 10 and IC fuel gas is added to the
air entering the combustion cell (see ®). At IC the pilot injector is
activated and initiates the prechamber combustion. During the
subsequent combustion process in the main chamber the pressure
profiles in pre- and main chamber are nearly identical. After 00
the cycle ends with the discharge phase of the cell.

5 PRECHAMBER CONCEPT

The PGI concept from MAN Diesel & Turbo [4] works as follows:
During the compression stroke lean fresh mixture from the main
chamber enters the prechamber. To invoke ignition, the precham-
ber mixture is enriched by the injection of high pressurized fuel
gas and ignited at the hot surface of a glow plug. Ignition of the
main charge is accomplished by flame jets entering the main

Experiment 40 ms , 40 ms 80 ms
start [

| —
10 —
IC
00 oc

Needl:e lift pilot injector
Trigger pilot injector (PWM)
| : Timing rela i
I‘__ | Needle lift gas valve ' !
1
1

Trigger gas valve (PWM)

1

|

|

)

1

|

|

Film sequence camera |

/ Trigger camera H

Time

Experiment
end

O Flow diagram of an experiment; black: input trigger signals from the intake
and outlet valves and output signals to trigger gas injectors and camera system;
red: needle lift of gas injectors and recording sequence of the camera system
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chamber via boreholes in the prechamber tip. The original PGI pre-
chamber geometry was modified to fit the demands of the cell ex-
periments and is shown in @. Geometric variations of the precham-
ber setup (e.g. prechamber volume, diameter, number and align-
ment of the boreholes etc.) were not investigated in the present
work but are currently being examined in further studies at the
Institute of Thermodynamics.

6 RESULTS

The scope of the experiments on the PGI concept was the inves-
tigation of the prechamber ignition process, the injection charac-
teristics of the flame jets as well as the ignition and combustion
behavior in the main chamber. The main focus was on the influ-
ence of the fresh mixture’s air fuel ratio on the phenomena men-
tioned above.

The air fuel ratio of the fresh mixture was varied in the range of
2.0 <A < 2.6 while the air fuel ratio of the prechamber mixture was
constantly kept at A = 1. The ignition behavior observed can be cat-
egorized into four operating or ignition regimes respectively.

Misfire regime | (A > 2.5)

The retarded prechamber combustion is followed by incomplete

combustion in the main chamber or even by no combustion at all.

Glow plug  Pilot injector

with jacket 7L
ZE7,

N\ . /
N \<
~
= = Prechamber
boreholes

O Sectional view of the prechamber setup and geometry

Regular ignition regime Il (A = 2.3...2.4)

Prechamber combustion starts after the end of pilot injection

and is followed by combustion in the main chamber. In this re-

gime the highest fuel conversion rates can be observed.
: Transition regime Il (A = 2.2...2.3)

Prechamber ignition already starts during the pilot injection and

is accompanied only by weak prechamber pressure peaks. Heat

release in the main chamber is slightly lower than in the regu-

lar regime (11).

Preignition regime IV (A < 2.2)

Advanced prechamber ignition occurs before the beginning of

the pilot injection. Control of the ignition timing is no longer

possible.
@ shows an overlay of the prechamber pressure profiles from re-
gimes | to IV as well as the corresponding fuel conversion rates
from main chamber combustion. In the misfire regime (1) the fresh
mixture in the main chamber is too lean to be ignited by the pre-
chamber flame jets. Due to the long delay time between pilot in-
jection and prechamber ignition the turbulent energy introduced
by the pilot gas is already largely dissipated before the start of the
prechamber combustion [10]. This becomes noticeable in a re-
duced turbulent flame speed and accordingly low pressure rise
rates. In the main chamber heavily retarded combustion establish-
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@ Prechamber pressure profiles
(left) and fuel conversion rates of
main chamber combustion (right)
for regimes | to IV

Time t after ignition [ms]
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t=0.000 ms t=0.375ms t=0.750 ms t=1.125ms

(5] OH*-recordings of the prechamber jets for regimes Il to 1V; the first occurrence
of OH*-emissions is denoted by t = 0 ms individually for each ignition regime

Regime IV Regime Il Regime Il

t=0.5ms t=0.7 ms
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-
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t=2.2ms t=3.0ms

t=3.8ms

@ OH*-chemiluminescence of the regular ignition regime with optimized optical
access

es for air fuel ratios A < 2.5. For a real engine it can be assumed
that main chamber combustion fails completely due to the dete-
riorating ignition conditions during the expansion stroke after TDC.

Regular ignition (Il1) can be observed in the range of
A=~ 2.3...2.4. Prechamber ignition starts earlier than in regime 1.
The remaining turbulent energy from the pilot injection results in
a more intensive prechamber combustion. Improved ignition be-
havior and faster fuel conversion in the main chamber is caused
by the higher momentum of the prechamber flame jets.

Further reduction of air fuel ratio (A = 2.2...2.3) leads into the
transition regime (I11). Prechamber combustion already starts be-
fore the end of the pilot injection and the prechamber pressure
peaks show a significantly degraded shape. Since the pilot fuel is
not completely injected yet, the global fuel composition in the pre-
chamber is leaner than in the regular case. Additionally, strong fu-
el stratification with lean and rich zones is present due to the short
mixing time between injection and ignition [10]. This again leads
to a low burning rate and consequently to weak prechamber com-
bustion. Despite the richer fresh gas composition compared to the
regular regime, heat release in the main chamber is slower. This
can be explained by the weak prechamber flame jets as well: Due
to the lower jet momentum the introduction of turbulence into the
main chamber decreases, which consequently results in a lower
turbulent flame speed as well. Under real engine conditions this
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effect may not observable to the same extent since the turbulent
charge motion in the pressure cell is not fully comparable to en-
gine-like conditions. However, the flow character in the cell is ad-
vantageous for fundamental investigations, since the impact of sin-
gle phenomena (e.g. the mentioned influence of flame jet turbu-
lence) can be analyzed more precisely.

Air fuel ratios of A < 2.25 in the fresh mixture lead into the pre-
ignition regime (IV). Since combustion in the prechamber begins
even before the start of pilot injection (see marker in @) the igni-
tion timing can no longer be controlled. With further decreasing
values of A ignition occurs more and more advanced. This finally
results in the uncontrolled self-ignition of the whole mixture al-
ready during the charging cycle of the cell (not shown in @).

7 OPTICAL MEASUREMENTS

© shows the OH*-chemiluminescence of the prechamber jets for
regimes Il, Il and IV. In the regular ignition regime (I1) compact
prechamber jets enter the main chamber with a high momentum.
The jets break up outside the visible area of the cell. From there
a flame front propagates further through the combustion chamber
(not shown). In the transition regime (I11) the momentum of the
flame jets is lower than in the regular case due to the weaker pre-
chamber combustion. The lower momentum results in an earlier
jet break-up inside the visible area. This behavior can be seen best
by looking at the jets oriented to the left and to the right respec-
tively (t =0.375 ms and t = 0.750 ms). In the preignition regime
(1V) the turbulent-free-jet-like character of the flame jets gets lost
due to the very low momentum. Ignition of the main charge does
no longer begin at the tip of the jets but emerges radially from the
nested flame areas around the prechamber at a rather low speed.
All pictures show a non-uniform distribution of flame jet intensity
over the prechamber boreholes. This is a result of the eccentric
assembly of pilot injector and glow plug in the prechamber, ®,
which causes the flames to pass earlier through the boreholes clos-
er to the glow plug (bottom holes in ®) [5, 6, 101. This effect is
further enhanced by a strong charge stratification caused by the
excentric injector position noted above as well as the short mixing
time between gas injection and ignition [6, 101.

After initial tests the limited optical access to the main cham-
ber, ® (window size 48 mm x 102 mm), was improved significant-
ly by changes in the combustion cell’s design (combustion cham-
ber completely visible). As an example @ contains a film sequence
showing the prechamber flame jets as well as the main chamber
combustion for the regular ignition regime. A first break-up at the
jets’ tips can be observed about halfway between the combustion
chamber’s center and walls (t = 0.5 und 0.7 ms). After the begin-
ning of the main chamber combustion (t = 1.3 ms) the flames
propagate primarily in radial direction. Further flame propagation
through the combustion chamber only happens after the flames’
impingement on the chamber walls (3.8 ms).

8 SUMMARY

A new test rig was developed at the Institute of Thermodynamics at
Technical University of Munich which allows for the optical investi-
gation of ignition concepts of large bore gas engines. Due to its oper-
ation characteristics the test rig can be categorized between con-
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ventional constant volume bombs and experimental engines. While
real engine-like processes cannot exactly be simulated (e.g. com-
pression and expansion), the periodically repeatable chargeability
of the combustion cell turns out to be a valuable improvement over
simple bomb experiments. The compromise with respect to devia-
tions from real engine performance seems to be acceptable or even
advantageous for fundamental research since interfering effects may
be isolated and investigated separately. After improvements of the
initial cell and periphery design high operational reliability of the rig
was obtained. For a prechamber concept similar to MAN Diesel &
Turbo’s PGl concept a strong dependency of ignition behavior on the
air fuel ratio of the fresh mixture could be found and four ignition
regimes were identified. Regular ignition was only observed in a rel-
atively narrow range of air fuel ratios. It was shown by means of high
speed recordings of the OH*-chemiluminescence that the momen-
tum and burning characteristics of the jets are extremely sensitive
to the air fuel ratio and the ignition regime. Hence, the newly de-
veloped test rig of the Institute of Thermodynamics of Technical Uni-
versity of Munich has been shown to be suitable for fundamental
research in the field of large bore gas engine combustion.
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