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Dear Reader,

“Heat is life” was the slogan used by a
certain energy provider a few years ago.
This applies not only to human beings
but also to technical systems, a fact that
was demonstrated here at the 9th Inter-
national Stuttgart Symposium. Taking
energy from a lithium-ion battery at a
much higher temperature than its opti-
mum temperature window of 25 to 35
degrees Celsius has the effect of short-
ening the battery’s lifetime. At very low
temperatures, on the other hand, the
charging capacity is severely limited or
charging is even impossible. As a result,
the subject of battery cooling will be-
come extremely important over the next
few years. As is often the case in engi-
neering, the optimum concept does not
exist. The company Behr has developed
a fast, pragmatic solution for the hybrid
version of the S-Class — by converting the
existing coolant circuit for the air condi-
tioning system.

In future, we will need to address the issue
of how electric vehicles are to be heated.
In his paper, Dr. Steffen Korfmann from
Audi questioned the idea of an electric
heating system. During average operation,
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a CO, emission of 50 grams per minute
would be produced on the basis of the ef
ficiency chain, whereas a conventional,
petrol-powered auxiliary heating system
produces only 27 grams per minute.

The fact that the internal combustion
engine itself still has considerable fuel-
consumption potentials is shown by
Porsche with its concept for the Panam-
era. Differentiated control of the engine
cooling system - even deactivating it
completely after a cold start — achieves a
2 percent reduction in fuel consumption
in the NEDC.

While still in Stuttgart, 'm already look-
ing forward to seeing you at the Vienna
Motor Symposium, where we can discuss
this and other topics.
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COVER STORY Three-cylinder Engines

Three-cylinder Engines
from Volkswagen
Present and Future
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The trend towards vehicle power-
trains that are ever more frugal is
increasingly leading to the use

of three-cylinder engines. This is
because the concept makes it
possible to save fuel with a turbo-
charged three-cylinder engine
compared to a four-cylinder engine
of the same power. Volkswagen is a
pioneer in this powertrain concept and,
at the request of MTZ, presents this
overview of current developments.
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1 Three-cylinder Engines
at Volkswagen

There is a long tradition of developing
modern and low-consumption three-cyl-
inder engines at Volkswagen. In 1998,
Volkswagen started series production of
the first three-cylinder diesel engine
with 1.4 1 cubic capacity and 55 kW rated
power. This unit was still based on a grey
cast-iron cylinder block. One year later,
in 1999, this was followed by a second
and completely new developed TDI en-
gine with an aluminium construction.
The 1.2 1 engine with 45 kW rated power
was used as the engine for the Lupo 3L
(means a consumption of about 3 1/100
km) and the Audi A2. Today too, ten years
later, this engine concept is still regarded
as innovative and also sets a new stand-
ard that has never been achieved before
in a series production vehicle.

One year later, the first three-cylinder
gasoline engine (1.2 1 cubic capacity, four-
valve technology, 47 kW rated power)
also celebrated its premiere in the Polo.
The three-cylinder concepts, both gaso-
line and diesel, currently achieve an in-
stallation quota of about 50 % in the
Polo, while the quota in the Fox is sig-
nificantly higher still.

During the last decade, engine devel-
opment was preliminary concerned with
achieving goals such as increased power
and cost reductions. Now, in view of the
major reductions in fleet consumption
values, topics such as downsizing and
lightweight construction are becoming
ever more important whilst downwards
pressure on costs is just as high. As a re-

Emissions,
Comsumption,

Emissions,
Performance

sult, attention is increasingly focussing
on three-cylinder engines as a means for
developing especially frugal vehicles.

Nowadays, the three-cylinder engine
can be found in the vehicle segment of
the Polo class and smaller. However, the
fuel savings that can be achieved mean
that it could theoretically be expanded
into larger vehicle segments.

2 Development Targets

Whether it is a matter of performance,
emissions, comfort, service life, purchase
price, running or servicing costs: the in-
ternal combustion engine always repre-
sents a compromise between a whole
host of requirements. It is the local mar-
ket that decides which of these require-
ments is particularly relevant, Figure 1.

For European customers, it is emis-
sions and consumption that are of prima-
ry importance in the purchase decision.
The North American market, however, re-
gards emissions and, in particular, per-
formance as especially important. In de-
veloping countries, the choice of engine is
principally based on purchase price, in
order to make individual mobility afford-
able. However, local expectations for com-
fort must not be disregarded.

Itis not just the requirements of inter-
national markets that differ, they also
change within a market over the course
of time. Whilst the various EU emissions
requirements were being introduced
during the 1990s, meeting these direc-
tives was a primary factor in introducing
new developments. Today, the automo-

Figure 1:
Different require-
ments on mobility

Affordable Mobllity
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Three-cylinder Engines

Figure 2: Compari-
son between vibra-
tion pathways in the
engine mountings
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tive industry is having to meet new regu-
lations for fleet consumption not only
with regard to further tightening of ex-
haust limit values in Europe, America
and Japan but also because of the increas-
ing scarcity of fossil fuels and global
warming. Engine downsizing can help to
achieve these targets.

The first step towards downsizing is to
reduce the number of cylinders whilst
keeping the same cubic capacity per cyl-
inder. This offers the advantage of being
able to adopt large parts of the combus-
tion process from the fourcylinder en-
gine. As a second step, reducing the
number of cylinders is combined with
reducing the cubic capacity of each cyl-
inder so as to achieve additional con-
sumption savings.

3 Three or Four Cylinders?

The following section presents a compari-
son between inline engines with three and
four cylinders. The criteria used are fuel
consumption and comfort, both of which
have a decisive influence on the automo-
bile customer‘s purchasing behaviour.
The threecylinder engine offers the follow-
ing advantages in terms of consumption:
- low friction within the engine
- greater suitability for turbocharging
because of the larger ignition interval
- with a larger individual cylinder vol-
ume: Greater thermal efficiency be-
cause of lower wall heat losses com-
pared to a fourcylinder engine with
the same cubic capacity
- lower weight.
This is offset by a slightly increased idling
speed because of the larger ignition inter-
val, although this disadvantage can be
ruled out as soon as a start/stop device is
installed. Overall, even without a start/stop
system, the NEDC consumption benefit for

6 MTZ 0512009 Volume 70
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threecylinder engines is in a single-digit
percentage range, whereas it is a little bit
higher for the turbocharched compared to
the naturally aspirated engine.

As far as comfort is concerned, the
three-cylinder engine does suffer from
disadvantages at lower engine speeds
and high loads due to the gas force exci-
tation (attributable to the ignition inter-
val). At relatively higher engine speeds, it
is the influences of free mass forces and
moments that predominate. However, at
this point it is necessary to draw the fol-
lowing distinction: Compensating the
free first order mass moments by means
of a balancer shaft results in a reduction
in the vibration excitations in the assem-
bly mounting of the three-cylinder en-
gine compared to the fourcylinder one.
This is because the four-cylinder's free
second order mass forces are higher than
the still free second mass moments of
the three-cylinder. As a result, the com-
fort of a three-cylinder engine with a bal-
ancer shaft as perceived by the customer
is approximately that of a four-cylinder
engine without balancer shafts. The typi-

cal three-cylinder acoustics can be con-
figured so that a new and interesting
sound is created, Figure 2.

Another advantage of the three-cylin-
der engine is that it needs less space, and
the shorter length of the engine in par-
ticular offers advantages for hybrid ap-
plications. On the cost side too, the three-
cylinder engine offers advantages over
the fourcylinder engine. However, some
of this benefit is eroded by the possible
need to use a balancer shaft.

One disadvantage of the three-cylin-
der engine is its low level of market ac-
ceptance in some regions, particular in
North America. However, changing con-
ditions can be expected to prevail in the
future. This is because low fuel consump-
tion can be expected to become an ever
more important purchase criterion in
the USA and Canada as well.

4 Currently in Series Production

The most important technical properties
of the current inline three-cylinder diesel
and gasoline engines are presented below.

4.1 The 1.41TDI Engine

in the Polo BlueMotion

The 1.4 1 TDI engine with 59 kW rated
power achieves an average consumption
0f 3.8 1/100 km (99 g CO,/km) in the Polo
and currently represents the most ad-
vanced stage of diesel three-cylinder de-
velopment, Figure 3 and Table 1. The per-
formance figures of the Polo BlueMotion

Figure 3: Cutaway model of the three-cylinder TDI engine
with 1.4 | cubic capacity and 59 kW rated power

personal buildup for Force Motors Ltd.



Table 1: Technical data of the three-cylinder TDI engine for the Polo BlueMotion

Design, working method -

3-cylinder, 4-stroke turbo diesel inline

Number valves / cylinder - 2/3
Displacement cm® 1422

Bore mm 79.5

Stroke mm 955
Cylinder distance mm 88

Power kW 59

atrpm 1/min 4000
Torque Nm 195

at rpm 1/min 1800 to 2200

Compression ratio -

18.5:1

Exhaust aftertreatment -

Particulate filter, catalytic layer

Emission standard -

provide impressive proof that it has been
possible to combine fuel efficiency with
enjoyable driving.

As well as optimising the aerodynam-
ics of the vehicle and setting up the gear-
box with an emphasis on comfort, it is
above all the measures taken on the en-
gine that have contributed to bringing
this ambitious consumption objective
within reach. Friction losses have been re-
duced by minimising the cylinder distor-
tions as well as by taking a range of other
measures. At the same time, the charge
change has been optimised by using a tur-
bocharger with variable turbine geometry
and by reducing throttle losses.

The maximum torque of 195 Nm is
available from only 1800 rpm onwards to
provide powerful in-gear acceleration.

EU4 with EOBD

The grey cast-iron crankcase has a stroke-
to-bore ratio of 1.2. A compensating drive
completely eliminates the first order
mass moments.

The injection pressure has been in-
creased to more than 2200 bar, thereby
improving mixture formation and reduc-
ing soot production. This means the die-
sel particulate filter does not have to be
regenerated so often, which in turn de-
livers a consumption benefit.

These diverse engine measures have
allowed reductions of between 5 and
10 % to be achieved across broad areas of
the performance diagram compared to
the basic engine. Above all, it is in impor-
tant medium part-load operation up to
3500 rpm that a significant fuel saving
has been achieved.

Figure 4: Revised three-cylinder
gasoline engine with 1.2 | cubic
capacity — intake side

4.2 The New 1.2 | Gasoline Engine

in the Polo

The entry-level engines for the new VW
Polo are the three-cylinder units with
1.2 1 cubic capacity and power levels of
44 and 51 kW resulting from customer
and market demands as well as the com-
petitive situation. These engines are
characterised by the familiar advantages
of modern three-cylinder engines. Conse-
quently, a relatively high level of torque
is available even at low rpm values, there-
by permitting a frugal driving style.

For use in the new Polo, the engines
have been extensively revised with re-
gard to consumption and CO, emissions,
weight, engine acoustics and compliance
with the EU5 exhaust standard, Cover
Figure and Figure 4. For example, a toothed
chain with optimised acoustic and fric-
tion properties is used for the timing gear
and oil pump drive. A new, weight-opti-
mised crankshaft in the basic engine of
the three-cylinder units provides further
acoustic and consumption advantages.

Additional measures taken on the in-
jection system such as constricting the
tolerances of the injection valves as well
as fine-tuning and adapting the injection
volumes deliver more consumption and
emissions benefits for the VW entry-level
models in the A0 class.

This extensive package of optimisa-
tions, combined with a new gearbox set-
up and further measures taken in the
vehicle, has resulted in a reduction in
fuel consumption of 0.4 1/100 km (10 g
CO,/km) for both performance versions
compared to the previous model, Table 2.

5 Outlook

In the future, fuel consumption will be
one of the main sales arguments for a ve-
hicle, in all regions, for reasons relating
to taxation and fuel costs. Furthermore,
there is a trend towards smaller and
cheaper cars in the competitive environ-
ment. This means there is a need to de-
velop engines that are smaller, lighter,
more efficient and less expensive, as far
as possible. The three-cylinder engine,
whether as a diesel or gasoline unit, of-
fers significant potential for unifying
these conflicting objectives.

This is why Volkswagen is pushing fur-
ther ahead with three-cylinder technology.

MTZ 0512009 Volume 70~ 7
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Three-cylinder Engines

Table 2: Technical data of the three-cylinder gasoline engine with 1.2 | cubic capacity

1.21 MPI

121 MPI

Engine layout

Inline 3 Otto

Inline 3 Otto

Mixture formation

Port fuel injection

Port fuel injection

Engine management Simos 9 Simos 9
Displacement 1198 cm® 1198 cm®

Bore / stroke 76.5mm 76.5mm
Compression ratio 10.3:1 10.5:1

Max. power 44 kW at 5200 /min 51 kW at 5400/min
Max. torque 108 Nm at 3000/min 112 Nm at 3000/min
Fuel R0Z95/91 ROZ95/91
Emission standard EUS EUS
Consumption, in the city 721 721
Consumption, over land 45| 45|
Consumption, combined 551 551
CO,-Emission 128 g/km 128 g/km
Transmission Manual, 5-gear Manual, 5-gear

Figure 5: The new 1.2 14V
common rail diesel engine

The main objectives in this development
effort are to reduce fuel consumption
whilst maintaining good performance lev-
els and offering high levels of acoustic and
vibration comfort. It goes without saying
that all these efforts need to be accompa-
nied by measures to meet emissions limits.
This will then lead us to completely new
applications and vehicle concepts which
would not be imaginable without these
new threecylinder engines.

For diesel engines, this means not only
using the latest common rail technology
and reducing friction but also achieving

8  MTZ 0512009 Volume 70

significantly smoother running and an im-
proved acoustic impression from these en-
gines in order to increase customer accept-
ance, Figure 5. Only then will the three<yl-
inder engine become attractive in vehicle
segments that are still dominated by four-
cylinder engines at present. Combined
with a totally new combustion process as
well as more advanced mixture prepara-
tion, turbocharging and exhaust treat-
ment technology, it will be possible to
achieve significant optimisations in fuel
consumption, emissions, acoustic presence
and driving comfort. Similar goals apply to
the three-cylinder gasoline engines. Here
too, the specifications issued to the devel-
opment teams have focussed on reducing
friction, optimising the combustion proc-
ess and exhaust treatment, lightweight
construction, compactness and low speci-
fic consumption, as well as giving particu-
lar consideration to the cost aspect.

Depending on whether they are con-
figured as MPI or TSI, the future three-cyl-
inder engines will be able to cover a per-
formance range from 40 to well in excess
of 60 kW. As a result, VW is continuing its
successful strategy of downsizing towards
cubic capacities even below 1.2 1 whilst
upholding driving pleasure.

Reference

[1] Winterkorn, M.; Bohne, P: Das Drei-Liter-Auto
von Volkswagen — der Lupo 3L TDI: Teil 1. In: ATZ
101(1999), Nr. 6, S. 390ff
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Pressure-amplified
Common Rail System for
Commercial Vehicles

The key to a successful layout of a combustion system for commercial vehicles is in the management
of peak torque operation points. For this purpose, Bosch has enhanced its Common Rail System with
increasing degrees of freedom — i.e. with flexible rate shaping. A second solenoid valve activates a
pressure-amplifier inside the injector, an optimized offset of nozzle needle timing reduces the injec-
tion rate by half right at the start of injection, and the formation of nitrogen oxide is reduced consider-
ably. This enables the engine manufacturer to adhere to the emission limits while further reducing
fuel consumption and the engine-related effort for the air sytem.
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1 Introduction

With the introduction of the future emis-
sion levels US10/Euro6 for heavy duty en-
gines, the Unit Pump/Unit Injector Sys-
tems today still used in many applica-
tions will increasingly be replaced by
Common Rail Systems.

The main driver for this is the use of
exhaust gas recirculation with all rele-
vant combustion systems. Engines using
this system have to be able to handle in-
jection pressure peaks at part load, and
this can only be implemented in a hy-
draulically efficient way by using a rail
as pressure accumulator.

The product portfolio of Bosch offers
two variants of Common Rail Systems to
facilitate combustion at operating
points with high load. The system
»,CRSN3.3“ offers the freedom of fully
flexible multiple injections.

It is used for combustion systems
with high boost in combination with
high exhaust gas recirculation rates. At

present, for adaptation to the specific
engine requirements, the injection pres-
sure can be configured at a range of
2200 to 2500 bar, Figure 1.

The pressure-amplified system ,,CRSN4.2“
offers the possibility to select the injec-
tion rate in a flexible way at start of in-
jection, thereby reducing the formation
of nitrogen oxide in the area of the NO -
sensitive engine map. Figure 2 below
shows an example for this application.
At the same peak pressure of a conven-
tional CRS, the pressure-amplified sys-
tem utilizes the advantage of a lower NO_
emission for a reduction of the fuel con-
sumption during pressure peaks. Addi-
tionally, the effort for the air system and
for the cooling system can be limited.

While optimizing an engine with the
pressure-amplified system, fuel consump-
tion is reduced up to 3.5 % under real load
conditions. Projected onto an operating
life of four years in European long haul
traffic, up to 200 t of CO, or 10.000 € of
fuel costs, respectively, can be saved [1].

9500 bar {
CRSN3.3

2200 bar A A A

2500 bar v
CRS5N4.2 i

2100 bar AN (YO icobe

System Frassure Injection Rate

2008/ 2009 2010 2011 2012 2013 2014

Figure 1: Roadmap Common Rail Systems for commercial vehicles

torque

1gine

® ESC test points

Figure 2: Optimum rate shaping in engine map

engine speed
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Injection

Figure 3: Injection system ,CRSN4.2” with pressure-amplified injector

2 System Design

The basic design of a pressure-amplified
system, Figure 3, consists of the known
components/functions of a CRS, like:

- fuel delivery by high pressure pump

- pressure accumulation and disper-
sion onto cylinders in rail

- fuel injection in injectors.

When compared with conventional

CRS, a major distinguishing feature is

the way the function “pressure genera-

tion*“ is divided into two stages in the
system. During the first stage of pres-
sure generation, the high-pressure
pump compresses fuel to 250 to 900 bar.

In the second stage, fuel is compressed

up to 2100 bar by a pressure-amplyfier

integrated in the injector. The pressure
amplification is controlled by a sepa-
rate solenoid valve.

When a system configuration with
pressure amplifier ist chosen, it offers
the following advantages for the develop-
ment of modern engine concepts:

- flexible and hydraulically efficient
rate shaping for optimized fuel con-
sumption during pressure peaks

- pre-injection/postinjection with a rail
pressure of < 900 bar reduces the spray
momentum, the wetting of the cylin-
der liner walls with fuel and the subse-
quent dilution of engine oil with fuel

- reduction of number of injector parts
affected by peak pressure; Pump and
rail as well as high-pressure lines only
have to be designed for a pressure of
up to 900 bar.
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An important driver for the maximiza-
tion of lifetime of an exhaust gas recir-
culation system is that any contact be-
tween engine oil and fuel is avoided. For
the pressure-amplified system, the driv-
etrain of the pump, usually lubricated
with engine oil for commercial vehicle
appications, is lubricated with fuel in-
stead.

Arail in the length of a heavy-duty en-
gine is designed with the following ad-
vantages:

- reduction of variants of high-pressure
lines to one third

- compact packaging of lines

- reduction of pressure oscilliations in
the rail injector lines

- reduction of vibrations in rail and
lines through a ridgid connection.

3 The Injector of the
Pressure-amplified System

As a result of the tasks and requirements
they have to cope with, 4™ generation in-
jectors for commercial vehicles are sub-
stantially different from their predeces-
sors regarding functionality and design.
The concept of a pressure-amplified injec-
tor was implemented by a reduction of
the original injector to a fraction of the
size know for heavy duty CRS. More pre-
cisely, that part of the injector was mini-
mized, which is responsible for the injec-
tion function and for the control thereof
by means of an electronic actuator. This
was necessary in order to make room for
an extended range of functions.

The miniaturization was accom-
plished with a newly developed pressure-
balanced 2/2-way solenoid valve, which is
directly connected hydraulically to the
nozzle needle. In combination with the
nozzle module (already used in Bosch 3™
generation passenger car injectors), one
gets a compact and highly dynamic “in-
jection module” with the complete func-
tionality of a classical injector, Figure 4.

The concept of a modular structure
with numerous advantages resulting from
it has altogether shaped the design of the
4" generation, Figure 5. The now increased
functionality of the separately selectable
pressure amplification has also been de-
picted in modules: one “pressure amplifi-
er” and one related ,,control module®.

The pressure-amplifier module is used
for the actual generation of high pres-
sure inside the injector. The principle of

CRING

MNozzle control

Pressure amplification
_ and rate shaping

Figure 4: Transformation of the conventional nozzle management in the injection module

of CRIN4.2
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function is that of a hydraulic piston: Via
a surface ratio a lower fluid pressure, in
this case the system pressure in of rail, is
amplified to a higher pressure beneath a
smaller surface. This means the ratio of
these two surfaces to each other deter-
mines the factor of pressure amplifica-
tion. This static (i.e. geometrically de-
fined) pressure-amplification rate in con-
nection with a system pressure that can
theoretically be scaled freely within a
CRS, makes it possible that all ranges
from minimum to maximum pressure
within the engine map can be realized.

This means, depending on the rele-
vant goal, the ratio of the pressure-ampli-
fier can be adjusted to achieve the opti-
mum result between injection pressure
and hydraulic efficiency. The functional-
ity “pressure amplification® is designed
as a separately selectable option so that
the injector can be used both in the pres-
sure-amplified and in the unamplified
mode. This distinctly sets itself apart
from alternative solutions, which direct-
ly connect the activation of the injector
with the pressure-amplification. This
freedom (of using the injector in both
modes) was achieved with the develop-
ment and integration of another module
for the 4™ generation injector: the so-
called “control module®.

The movement of the pressure-ampli-
fying piston is prevented or activated, re-
spectively, depending on whether the
relevant point in the engine map re-
quires “only” rail pressure or pressure-
amplified fuel injection instead.

The control function is implemented
by means of a specifically for this appli-
cation newly developed directly control-
led 3/2-way solenoid valve. If the valve is
triggered, the control chamber of the
pressure-amplifier is decoupled from the
rail pressure and is short-circuited to the
fuel return line. Once the hydraulic pres-
sure on the control chamber has been
released, this leads to excess force on the
surface affected by the rail pressure.

The pressure-amplifier piston now
starts moving, and the “high-pressure
chamber”, now exclusively feeding the
injection, is closed via a check valve inte-
grated into the piston. This way, the
“locked up” fluid is compressed to a high-
er pressure level. If the fuel is injected
without pressure-amplification, due to a
balance of forces and supported by spring

irb'u""i‘.?e,
3 oy,
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Figure 5: Modular structure of the pressure-amplified injector

Sguare

Figure 6: Variants of multiple injection and rate shaping

force, the pressure-amplifying piston re-
mains in its position at the upper end.
This means, the spring is not only respon-
sible for supporting the reset but also for
ensuring that the piston is always in the
same initial position when the system is
started. The fuel then flows with unam-
plified injection pressure through the
pressure-amplifier piston and through
the open check valve to the nozzle. The
real strength of the 4™ generation injec-
tors can be explained when combining
the aforementioned function options,
supported by the modular design: the de-
coupling of the function blocks “injec-
tion control” and “pressure-amplification
control”. This facilitates flexible rate
shaping. Not only can the customer select
between unamplified and pressure-am-
plified injection - also the point in time
when the pressure-amplification is to
start can be selected independently of the
beginning of the injection. The rate
shapes named ”Boot®, “Ramp“ and
“Square®, Figure 6, in connection with the

feature “multiple injections” offer engine
developers further possibilities from the
optimization of combustion to a reduced
fuel consumption, improved emission
rates and an increased specific efficiency.
At the same time, the adaptation of dif-
ferent applications e.g. to regional legisla-
tion based on different emission laws can
be accomplished more easily due to this
system freedom.

There are further advantages that
have not been described before: By inte-
grating the pressure-amplification into
the injector, only those components in
the "bottom” half of the injector are af-
fected by the amplified pressuer. The
pump, the lines, the rail as well as the
major part of the injector are only af-
fected by the standard rail pressure.
Since the requirements on the system
components are determined by the pres-
sure they have to handle, those parts not
affected by higher pressure have to fit for
rail pressure only. The implementation
of subsequent pressure increases are sim-
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plified considerably. Production and se-
ries maintenance profit from the modu-
lar structure of the injectors, since func-
tion tests and debugging can be carried
out on each module individually.

4 The High-pressure Pump Family

In the first stage of the two-stage high-pres-
sure generation process, the ,,CPN5-9/2¢
(5. generation — 900 bar and two pistons)
- a pump of the ,CPN5“ pump family - is
used. By the evolutionary development of
the basic design, this pump concept is ca-
pable to cover the increasing system re-
quirements of future Common Rail Sys-
tems. With identical or even reduced
pump weight, the hydraulic power can be
increased distinctly, Figure 7.

The ,,CPN5“ pump family is based on
an inline pump concept. Compared to
other pumps in this power segment, this
type is lubricated with fuel instead of en-
gine oil. The drivers behind this funda-
mental switch were the increasing de-
mands of emission legislation, in partic-
ular regarding soot.

While oil-lubricated types require a
considerable effort to minimize leakages
along the pump piston, the fuellubrica-
tion facilitates a perfect separation be-
tween oil circuit and fuel circuit. With
the implementation of constructive man-
ufacturing measures, an impact on ro-
bustness caused by lower fuel lubricity is
avoided. The buildup of the lubricating
film between those parts moving relative-
ly against each other is specifically sup-
ported by design features of those compo-
nents and their environment. For the cam
drive e.g. a roller shoe concept is used
which has been derived from the ,CP4“ -
the pump that has already proven itself
successful in newer common rail pumps
of passenger cars, light duty and heavy
duty systems. Furthermore, friction-mini-
mizing coatings as well as special bearing
material are also used to meet the requr-
irements of variing fuel qualities.

The ,,CPN5“ pump family is character-
ized through its modular design. Using
adequate combinations of cam numbers,
piston diameter and piston lift as well as
a transmission ratio suitable for the en-
gine speed, volume and pressure ranges
from 250 1/h at 2500 bar up to 520 l/h at
900 bar can be covered.
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Figure 7: The ,CPN5" pump family

In particular the selection of a suitable
combination of speed ratio to the number
of cams can support the adherence to
narrow injection tolerance limits. By us-
ing adequate combinations, the delivery
stroke of the pump elements is either
synchronized to the fuel injections or
each individual injector is always as-
signed to the same pump element. This
so-called injection-synchronous or ele-
ment-synchronous delivery ensures that
the influence of a strewing rate shape on
the injection quantity tolerance is mini-
mized from injection to injection. The
described modular structure of the
,CPN5-9/2“ pump generation can best be
depicted by the example of Figure 8.

The fuel is pre-delivered by a gear
pump, which is integrated into the pump
housing. The fuel delivery is controlled by
the solenoid valve of the measuring unit.
Depending on the combination chosen
and the drivetrain ratio, two or three
loads per pump element are located on
the camshaft. The barrels with its pistons
consist of steel and are mounted as one
unit into the aluminum pump housing.

Also in the commercial vehicle sector
the demands on noise emissions are gain-
ing importance. Corresponding demands
on the injection system are derived of
this. Apart from measures to optimize the
combustion noise, there are growing de-
mands regarding measures to reduce

Fuel Pre-Pump

with Bearing Plate
Fual Metering
Unit )

Camshaft

Figure 8: Assembly of a ,,CPN5-9/2"

Delivery Unit
with Roller Tappet

Pump Housing
with Mounting Finage
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noise emission of the components of the
fuel injection. One of the dominant noise
sources is the pressure generation inside
the pump. The growing demands for
higher pressure levels and the increasing
energy consumption resulting thereof en-
sure that these newer pump generations
are more sophisticated.

The dynamic of the piston movement
is a major influence factor on the noise
emitted by the pump. One oft he domi-
nant noise sources of the high-pressure
pump itself is the moment when during
delivery the piston comes into contact
with the “locked up” and compressed fuel
in the element room. Regarding the noise
emission of the entire system, the effec-
tive torque in the drivetrain of the pump
is a major factor. This torque puts the driv-
etrain under a pre-tension, and causes the
characteristic “ratteling noise” when the
tension is released and the metallic drive-
train components hit on each other. The
same effect is caused by backing torques.

The transmission of these exitations
to the gearbox of the engine and the re-
sulting amplification of this noise due to
the “loudspeaker effect” of the engine
components elevate this parameter to
the central factor of the hydraulic system
that has to beoptimized to achieve opti-
mum noise emissions.

The best results can be obtained by a
suitable design of the camp loop geome-
try to reduce torque fluctuations. Com-
bined with damping measures on the
coupling elements between the drive-
train and the gearbox, the noise level can
be reduced significantly.

5 Validation Strategy

Due to the high lifetime requirements of
1.2 million miles in combination with a
very tight project schedule, the demands
on the validation efficiency of compo-
nents and of the entire system have be-
come more and more important. In view
of this background, a new and optimized
validation strategy has been worked out
and implemented.

The previous validation concept, with
its runtime-intensive endurance tests,
usually only detects the weakest part of
each product. This results in a high
number of necessary iterations. The new
validation is focused on the lifetime-sen-

load [%]

Find all potential Understand the Know your
wiak-points fallure mechanism mission profile

Critical operation
condition

Mission profile

load [9%]

speed [%] speed [%]

Design and Validate your machine element for your mission profile

Figure 9: Quantitatively Accelerated Life Testing (QALT)

sitive assemblies and machine elements
of the products and their specific testing.
The assemblies to be tested are deter-
mined making use of experience with
similar assemblies or of theoretical con-
siderations i.e. calculations. The so-called
HALTs (Highly Accelerated Life Tests) play
a major role in it. During these tests,
critical factors, for example temperature
and pressure, are gradually increased to
detect machine elements “reacting” on
these parameters.

In the next step, the load collectives
are identified under real life conditions
in close cooperation with the engine
manufacturer. Based on these load col-
lectives, so-called QALTSs (Quantitative Ac-
celerated Life Tests) are defined. This way,
targeted, component-specific accelerated
tests can be performed under critical
conditions correlating with lifetimes in
the field, Figure 9.

The modular structure of the prod-
ucts used supports this concept. It facili-
tates the accelerated optimization and
validation of various assemblies and ma-
chine elements in parallel. Long lasting
endurance tests are only performed with
“mature” products to verify the trouble-
free interaction at the different compo-
nent interfaces. Particular importance is
placed on the testing of the products un-
der real life conditions. Therefore, the
test benches have been modified in such
a way that the use of cylinder heads and
of the entire lower pressure circuit be-
came possible.

The high quality standard of the re-
cently started series production confirms
impressively the effectiveness of this vali-
dation strategy.

6 Prospect

Preliminary investigations demonstrates,
that further development of conventional
combustion methods for commercial ve-
hicles with the target to improve fuel con-
sumption is possible. A major element of
this measures package is a futher increase
of the injection pressure.

Based on the features described before,
the ,CRSN4.2“ with its pressure-ampli-
fied injector is ideally suited for another
pressure increases. The evolutionary de-
velopment of this platform for pressure
levels up to 2500 bar as well as of for the
platform for conventional fuel injection
systems, with one-stage pressure genera-
tion, has already been started. This means
all application-specific customer require-
ments can be fulfilled. In order to be able
to respond to future requirements for
even higher pressure levels, Bosch already
conducts research for target pressure lev-
els of up to 3000 bar.
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A New Data Acquisition and
Processing System for In-vehicle
Combustion Analysis

With “KiBox", Kistler Instrumente AG has developed a new data acquisition and processing system specially
designed fo