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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, 

Neither Hot nor Cold

a CO2 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, I’m already look-
ing forward to seeing you at the Vienna 
Motor Symposium, where we can discuss 
this and other topics. 

Johannes Winterhagen
Stuttgart, 25 March 2009

Johannes Winterhagen
Editor-in-Chief

EDITORIAL
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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.

Three-cylinder Engines 
from Volkswagen  
Present and Future

Cover Story
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Figure 1:  
Different require-
ments on mobility

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 l 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 l engine with 45 kW rated power 
was used as the engine for the Lupo 3L 
(means a consumption of about 3 l/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 l 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-

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. 

It is 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-
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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 four-cylinder 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 three-cylinder 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 four-cylinder 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 

three-cylinder 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 four-cylinder 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 four-cylinder 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 1.4 l TDI Engine  
in the Polo BlueMotion
The 1.4 l TDI engine with 59 kW rated 
power achieves an average consumption 
of 3.8 l/100 km (99 g CO2/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 2: Compari-
son between vibra-
tion pathways in the 
engine mountings

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

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.

4.2  The New 1.2 l Gasoline Engine  
in the Polo
The entry-level engines for the new VW 
Polo are the three-cylinder units with 
1.2 l 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 CO2 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 l/100 km (10 g 
CO2/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. 

Design,  working method – 3-cylinder, 4-stroke turbo diesel inline

Number valves / cylinder – 2/3

Displacement cm3 1422

Bore mm 79.5

Stroke mm 95.5

Cylinder distance mm 88

Power kW 59

at rpm 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 – EU4 with EOBD

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

Figure 4: Revised three-cylinder  
gasoline engine with 1.2 l cubic  
capacity – intake side
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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 three-cylinder engines. 

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

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-cyl-
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 l 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

1.2 l MPI 1.2 l 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 cm3 1198 cm3

Bore / stroke 76.5 mm 76.5 mm

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 ROZ 95 / 91 ROZ 95 / 91

Emission standard EU5 EU5

Consumption, in the city 7.2 l 7.2 l

Consumption, over land 4.5 l 4.5 l

Consumption, combined 5.5 l 5.5 l

CO2-Emission 128 g / km 128 g / km

Transmission Manual, 5-gear Manual, 5-gear

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

Figure 5: The new 1.2 l 4V  
common rail diesel engine

Cover Story

MTZ 05I2009 Volume 70� 

Three-cylinder Engines

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



Sean H., Manufacturing Manager
AUSTRALIA

Five continents − 
one source of knowledge

Ming Li H., Senior Electronics Engineer
ASIA

Antony F., Director of Business Development 
AFRICA

Vanessa P., Executive Director Product Engineering
AMERICA

Daniel G., Application Engineer
EUROPE

Drawing on the credibility and longevity of ATZ, the longest established 
auto trade magazine in the world, AutoTechnology has been rebranded 
ATZautotechnology. 

ATZautotechnology delivers great value. With increased content, more 
issues per year and greater geographical coverage, including China 
and India, it is still the best source of technical information for global 
automotive engineering, production and management teams.

For more information, visit our website www.ATZonline.com

Magazine of FISITA − the world 
body for automotive engineers

ImageATZat_210x279.indd   1 13.02.2008   17:43:27 Uhr

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



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.

development
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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 NOx-
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 NOx 
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 CO2 or 10.000 € of 
fuel costs, respectively, can be saved [1].

Figure 1: Roadmap Common Rail Systems for commercial vehicles
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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/post-injection 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.

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.

A rail 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, 4th 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 3rd 
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 
4th 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 

Figure 3: Injection system „CRSN4.2“ with pressure-amplified injector

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 4th 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 

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 4th 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-

Figure 5: Modular structure of the pressure-amplified injector

Figure 6: Variants of multiple injection and rate shaping
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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 fuel-lubrica-
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 l/h at 2500 bar up to 520 l/h at 
900 bar can be covered.

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 

Figure 7: The „CPN5“ pump family

 Figure 8: Assembly of a „CPN5-9/2“
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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-

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 QALTs (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. 

References
[1]	 Schmid, W.; Heil, B.; Harr, T.; Maderthaner, K.: 

Combustion Process for the New Generation  
of DaimlerChrysler Heavy Duty Diesel Engines  
and Requirements to Fuel Injection Systems.  
28. Internationales Wiener Motorensymposium

[2]	 Albrecht, W.; Dohle, U.; Gombert, R.; Krauss, J.;  
Leonhard, R.; Wannenwetsch, P.: Das innovative 
Bosch Common Rail System CRSN4.2 für die  
neue Generation von schweren DaimlerChrysler 
Nutzfahrzeug – Dieselmotoren. 28. Internationales 
Wiener Motorensymposium

[3]	D ohle, U.; Dürnholz, M.; Kampmann, S.;  
Hammer, J.; Hinrichsen, C.: 4th Generation Diesel 
Common Rail System for Future Emissions Legis­
lations. FISITA World Automotive Congress, 
Barcelona, 2004

Figure 9: Quantitatively Accelerated Life Testing (QALT)

MTZ 05I2009 Volume 70 15 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



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 for in-vehicle combustion analysis. Apart from its innovative data acquisition concept and easy 
integration into the INCA calibration system, KiBox comes with a number of features representing the leading 
edge of technology and beyond. This enables combustion analysis values to be displayed in real-time and to be 
analyzed simultaneously with other control variables of the engine management system.
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1  Introduction

The measurement and thermodynamic 
analysis of in-cylinder pressure (referred 
to in this article as „combustion analy-
sis“) continues to be the essential tool for 
determining the quality of energy con-
version in internal combustion engines. 
The evaluation of combustion pressure 
and the related change in combustion 
chamber volume provides data which 
permit a characterization of the combus-
tion and a quantification of the thermo-
dynamic process. Combustion pressure 
can be measured directly with piezoelec-
tric pressure sensors. The volume change 
in the combustion chamber can be meas-
ured only indirectly from the acquisition 
of the crank angle position, the crank 
drive kinematics and the geometrical 
data of the cylinder.

Today, combustion analysis is typi-
cally carried out on engine test stands 
for both steady state and transient en-
gine speed and load. In addition, com-
bustion analysis is extremely useful in 
on-road testing for validating the cali-
bration of the engine management sys-
tem and for trouble-shooting purposes. 
Only combustion analysis makes it pos-
sible to observe and quantify precisely 
the effects that the highly complex con-
trol processes of the complete engine 
system have on the actual combustion 
under all real operating conditions. 
Thus, combustion analysis helps to im-
prove our mastery of complex modern 
engine control units (ECU), to carry on 
system optimization under everyday 
driving conditions and to shorten the 
overall development process. In-vehicle 
combustion analysis is becoming even 
more important in view of the greatly 
increased engine performance levels of 
down-sizing concepts.

2  Basic Layout of Combustion 
Analysis Systems

A conventional combustion analysis sys-
tem consists of a pressure sensor, con-
necting cable, amplifier and crank angle 
encoder, together with data acquisition 
and evaluation.

In view of the wide pressure range, 
the high operating temperatures in the 
combustion chamber and the ultra-fast 

combustion processes, piezoelectric pres-
sure sensors are needed to achieve pre-
cise pressure measurements. These sen-
sors yield a charge proportional to the 
pressure. Apart from the physical charac-
teristics of the sensor itself, one of the 
main factors affecting the achievable 
precision of measurement is the way in 
which it is installed in the engine.

The connecting cable serves to trans-
mit the electrical charge from the sensor 
to the amplifier. As the sensor charge 
yields are extremely small in absolute 
terms, the cable and the connector must 
provide a very high degree of electrical 
insulation. In addition, the cable needs 
to be triboelectrically optimized in order 
to minimize parasitic charge shifts 
caused by friction on the inner insula-
tion arising from cable movements.

The electrical charge of the pressure 
sensor is converted, with great precision, 
into a proportional voltage signal through 
integration in the amplifier. 

The crank shaft angle serves as the ba-
sis for the acquisition of the related data 
and the calculation of the combustion 
analysis values. For each revolution, the 
optical incremental encoders that are 
typically used provide a fixed number 
(e.g. 360) of crank degree marks (CDM) 
and a synchronization mark (TRG).

In the systems now in common use, 
the pressure signals are sampled on the 
basis of the crank angle and the combus-
tion analysis values are calculated ac-
cordingly. The layout shown in Figure 1 
has the disadvantage that the sampling 
frequency varies with engine speed. This 
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Figure 1: Structure of a combustion analysis system 
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means that it is more difficult to obtain 
typically time-related evaluations (e.g. fil-
tering and spectral analysis).

3  In-vehicle Combustion Analysis 

The environmental and operating condi-
tions of an in-vehicle combustion analy-
sis system differ significantly from those 
of an engine test stand. The main require-
ments of an in-vehicle combustion analy-
sis system may be summarized as fol-
lows:
–	� compact design
–	� resistant to harsh operating environ-

ment conditions
–	� use of engine-mounted crank angle 

position device
–	� operation with vehicle supplied elec-

trical power
–	� fast and simple installation
–	� easy parameterization and operation
–	� reliable acquisition of measured values, 

even with transient engine operation

–	� simple integration into the calibra-
tion system.

Unlike typical engine test stand operat-
ing conditions, transient engine operat-
ing states are predominating on the 
road. With the use of an in-vehicle com-
bustion analysis system, it is important 
for the calibration engineer to be able to 
assign the combustion analysis values to 
the engine control variables with high 
certainty. Only then it is possible, for ex-
ample, to identify a direct relationship 
between interventions of the engine con-
troller (cause) and misfires (effect). This 
means that the integration of the in-ve-
hicle combustion analysis system with 
the engine calibration system is an es-
sential precondition for engine calibra-
tion and trouble-shooting to take full 
advantage of in-vehicle combustion 
analysis.

3.1  Mounting of Cylinder  
Pressure Sensors 
The deployment of in-vehicle combus-
tion analysis technology is generally 
characterized by poor accessibility and 
restricted space for the components to be 
mounted. Mounting must be both time-
saving and adapted to the harsh operat-
ing conditions in the engine compart-
ment. In addition, it is important that 
the operation of all components should 
be simple and should not require any 
great efforts for parameterization. The 
use of measuring spark plugs [1] and 
glow plug adapters, Figure 2, permits 
high precision combustion pressure sen-
sors to be mounted in the existing com-
bustion chamber access points without 
need for additional preparation work.

3.2  Engine-mounted Crank  
Angle Position Device
The installation of an optical crank an-
gle encoder for an in-vehicle engine has 
generally been very time-consuming. 
However, now that all vehicle engines 
are supplied with a trigger wheel and a 
Hall or inductive sensor to acquire the 
crank angle position for electronic con-
trol purposes, it is possible to use this 
crank angle position device also for the 
purpose of in-vehicle combustion analy-
sis. Figure 3 shows a typical 60-2 trigger 
wheel with a Hall sensor. With a 60-2 
trigger wheel, there is a resolution of 
6°CA or 18°CA at the mark gap. The gap 

is for synchronization. As a rule, engine 
combustion analysis requires a crank an-
gle resolution of 0.1°CA. To increase this 
resolution by a factor of 60 or 180 while 
ensuring a high degree of reliability, 
even under transient engine operation, 
is a demanding task.

3.3  Interfacing with the  
Engine Calibration System 
The objective of calibration is the optimi-
zation of control functions of the ECU. 
The algorithms of the control functions 
are programmed in the ECU. Only the 
parameter values (maps, characteristic 
curves, and characteristic values) can be 
changed. To interpret and optimize these 
parameters, countless electric and physi-
cal signals are measured at the test stand 
and in test drives, and then evaluated. 
Many of the calibration target values de-
pend heavily on combustion. The charac-
teristic combustion analysis values per-
mit a rapid identification of the corre-
sponding setting parameter and the di-

Figure 2: Measuring spark plug and 
glow plug adapter with sensor for the 
measurement of combustion pressure 

Figure 3: 60-2 trigger wheel with Hall 
sensor
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rection and size of the necessary adjust-
ment. Figure 4 shows the coupling of the 
analysis system and the INCA calibration 
system via the INCA open hardware in-
terface (OHI). This arrangement ensures 
that first class results are obtained much 
easier and quicker. 

4  Data Acquisition and Evaluation

For in-vehicle combustion analysis data 
acquisition has to fulfill special needs. For 
example: the engine-mounted crank an-
gle position device has to be continuously 
monitored. At the same time, the highly 
transient engine operation must be meas-
ured and the naturally present signal in-
terference must be accounted for.

In 1991, Kistler began developing the 
first control monitor device for integrated 
process monitoring in manufacturing. 
The “CoMo II” digital measuring system 
records two time-discrete measurands. In 
press-fit processes, for example, this in-
cludes press force and displacement. The 
transformation for the force versus dis-
placement evaluation as well as the dis-
play of the measurement data and cycle-
related values takes place in real-time. 
Since the first version, several generations 
of Kistler‘s devices, some of them with 
more than two channels, have been 
brought into the market worldwide. These 
devices permit universal parameterization 
and are deployed for the monitoring of 
processes of all kinds. For this purpose, 
sampling rates of up to 10 kHz are suffi-

cient. The principle of time-discrete sam-
pling is ideally suited to fulfill the require-
ments of a modern combustion analysis 
system. It permits the correction of phase 
shift of measuring signals, signal filtering 
in the time domain and the transforma-
tion of measuring signals into the angle 
domain. Due to the high engine speeds 
and the high precision required, extreme-
ly high sampling rates are needed. Com-
mercial availability of very powerful data 
acquisition and data processing devices 
now made it possible to build a compact 
combustion analysis system for in-vehicle 
operation using this principle.

4.1  Data Acquisition 
The central requirement of multi-channel 
data acquisition systems is that the analog 
signals – in the present case, the cylinder 
pressures, the injection signals, the igni-
tion signals and the crank angles – have to 
be acquired simultaneously and in-phase 
with the least possible delay. Otherwise, it 
is impossible to obtain correct compari-
sons and calculations. Even signal run 
time differences of two to three microsec-
onds can have a considerable impact on 
the quality of the results. To avoid aliasing 
effects, bandwidth limitations are placed 
on the analog measuring signals prior to 
the analog to digital conversion. The Shan-
non theorem is taken into consideration 
in the digitization of the analog measur-
ing signals. Figure 5 provides a schematic 
representation of the data acquisition 
structure.

Figure 4: Interfacing of the combustion 
analysis and engine calibration system

Figure 5: KiBox 
data acquisition 
and processing
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4.2  Signal and Data Processing 
After digitization, the individual delay 
times of all the measuring signals are cor-
rected. The absolutely synchronous meas-
uring data are then interpolated on a 
crank angle resolution of 0.1°CA, Figure 6. 
As the interpolation is always executed af-
ter the acquisition of a full angle incre-
ment (with a 60-2 trigger wheel there is a 
regular 6°CA or 18°CA at the gap), a cor-
rect interpolation is simple. This takes into 

consideration the irregularity of angular 
speed of the engines crankshaft. A stream 
of time and crank angle resolved data is 
thus available for the calculation of the 
combustion analysis values. Where neces-
sary, the analog measuring signals can al-
so be filtered on a channel-specific basis 
using a digital low pass filter before the 
angle data are generated and, as the time 
delay of the low-pass filter is known, it can 
be eliminated easily. As a result, it is pos-

sible to have in-phase suppression of inter-
ference signals (e.g. from pipe oscillation, 
or valve impact as shown in Figure 7).

4.3  Data Evaluation
The evaluation of the measurement data 
supplies engine developers with the vital 
combustion analysis values in real-time. 
The standard characteristic values can be 
obtained from the cylinder pressure 
curve p(t) and p(α): 
–	� mean effective pressure IMEP, PMEP 

and NMEP
–	� peak pressure pmax and its crank an-

gle position a(pmax)
–	� energy conversion (heat release), start 

of combustion, 50 % mass fraction 
burned (MFB) and duration of com-
bustion

–	� increase in pressure dp/dα, dp/dt plus 
maximum increase in pressure and 
its crank angle position

–	 combustion noise
–	� assessment of combustion stability: 

cycle-to-cycle variation and individual 
differences between cylinders

–	 knock analysis.
Through the additional acquisition of in-
jection and ignition timing signals, it is 
possible to optimize the injection angle 
InjA(α) and injection duration InjD(∆α) 
or InjD(∆t) and ignition angle IgnA(α). If 
intake and exhaust manifold pressures 
are measured as well, the gas exchange 
process can also be analyzed.  

5  System Parameterization 

In view of the need for fast and simple 
mounting and ease of operation, it is 
clear that parameterization plays a cru-
cial role. The use of sensors with inte-
grated transducer electronic data sheet 
(TEDS) permits automatic parameteriza-
tion of the whole measuring chain. The 
sensor characteristics stored on an inte-
grated memory are transmitted to the 
amplifier modules and all of the rele-
vant parameters are set automatically. 
For example, in the case of cold start 
testing under very cold conditions, TEDS 
ensures the avoidance of erroneous re-
sults due to incorrect parameterization 
although the acquisition system has to 
be installed and removed frequently and 
correct parameterization of the whole 
measuring chain is essential from the Figure 7: In-phase elimination of valve impact interference with low pass filter (yellow curve)

Figure 6: Measurement data transformation of time domain to the angle domain

development
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first attempt. Further functions of the 
TEDS can also be used, such as the acqui-
sition of the sensor operating hours for 
purposes of quality assurance and re-
source management.

The entry of specific engine para
meters (bore, stroke, piston rod length, 
etc.) can be accomplished by reading pre-
defined files or direct entry via the 
graphical user interface (GUI), Figure 8.

As shown in the Table, accuracy of 
most combustion analysis values show a 
strong dependency on the synchroniza-
tion between the individual combustion 
pressure values and the associated crank 
angle values. The slightest error in the 
assignment of the correct top dead cent-
er (TDC) reference point can cause unac-
ceptable errors. For example, an incor-
rect angle assignment of 1°CA at an in-
dicated mean effective pressure of 10 bar 
can generate a NMEP error of 0.3 bar. 
The approximate percentage error over 
the NMEP stands at around 3 %.

6  Use of In-vehicle Combustion  
Analysis in the Engine Calibration

This section presents a number of exam-
ples of the use of in-vehicle combustion 
analysis for engine development and en-
gine control calibration.

6.1  Cold Start
The optimization of the few individual 
working cycles when starting the engine 
is important to ensure a high degree of 

operating reliability and low degree of 
pollutant emissions. This means that 
combustion analysis is a vital necessity 
for the determination of cycle resolved 
measurement of the starting process [2]. 
An evaluation based on external sensors 
is, in principle, inadequate due to the 
distance from the process, low time reso-
lution and lack of time versus working 
cycle reference. The evaluation is con-
fined exclusively to visual assessment in 
the crank angle domain by considering 
pressure curves in combination with the 
actual engine speed and the injection or 
ignition timing.

For the assessment of combustion, it 
is essential to know the combustion ef-
ficiency [3], which relates the quantity of 

fuel supplied to the quantity of fuel ac-
tually burned per working cycle. In addi-
tion, the current engine speed and the 
NMEP trend over the working cycles are 
used to assess the idle quality of the en-
gine. 

6.2  Drivability
The optimization of drivability requires 
tuning between the driver‘s torque re-
quirement (accelerator pedal position) 
and the reaction of the engine (NMEP). 
What is sought is the smallest possible 
delay in implementing the driver‘s 
torque requirement. The criterion for 
the build-up of torque is the increase in 
NMEP per working cycle taken from the 
combustion analysis, as exemplified in 

Table: TDC reference point accuracy for relevant combustion analysis values 

Combustion analysis values Accuracy TDC reference point

Peak pressure pmax (peak-peak) No need, except cycle identification

Peak pressure α(pmax) Average accuracy (≤ 0.5° CA)

Ignition angles Average accuracy (≤ 0.5° CA)

NMEP, and statistics for NMEP 
(misfire, cycle-to-cycle variation)

High accuracy (≤ 0.1° CA)

Beginning of injection (for DI) High accuracy (≤ 0.1° CA)

Beginning of combustion, 50 % MFB High accuracy (≤ 0.1° CA)

Average frictional pressure FMEP High accuracy (≤ 0.1° CA)

Knocking intensity
Low accuracy because the TDC reference point is necessary 
only for determination of the evaluation window

Combustion noise level No need, except cycle identification

Figure 8: GUI for engine parameters
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Figure 9. The accelerator pedal position is 
shown in black, the throttle position in 
blue, the engine speed in green and the 
NMEP curve during an acceleration proc-
ess in red. 

Through overshoots, transient on-
road operating conditions harbour the 
potential to generate critical safety con-
ditions that do not arise under normal 
test-bed operation. Typical examples of 
this are peak pressure being exceeded 
or heavy knocking in individual work-
ing cycles. These conditions can be 
quantified and analyzed only with the 
help of combustion analysis and re-
duced or avoided altogether through 
the proper adjustment of the control 
parameters.

6.3  Trouble-shooting
Mobile combustion analysis is an ex-
tremely valuable tool for rapid combus-
tion analysis and safeguarding of the 
calibration in trouble-shooting during 
on-road trials. The transfer of the com-
bustion analysis values into the INCA 
calibration system and the synchronous 
display of the working cycle with engine 
control parameters permit fast and effi-

cient identification of malfunctions and 
perturbations.

The synchronous display of the pres-
sure and heat curve facilitates trouble-
shooting with engine problems (e.g. com-
pression or injector problems). This dis-
play is particularly useful for the optimi-
zation of combustion parameters during 
on-road trials. Modifications in the cali-
bration data of the engine and associated 
effects on combustion stability, are im-
mediately displayed and quantified. In 
the case of diesel engines, for example, 
the strategy for the regeneration of a par-
ticle filter is quickly optimized (defini-
tion of injection timing). It is also possi-
ble to quickly detect any inaccuracies in 
the calibration data set (e.g. considera-
tion of cylinder pressure and exhaust gas 
temperature before turbo charger) or to 
check the calibration data set of the en-
gine under dynamic operation and test 
drives in hot/cold regions, or high/low al-
titudes, or in operation with a trailer. The 
ECU values and the combustion analysis 
results are inherently synchronized with-
in each engine cycle, providing immedi-
ate results to the display without the 
need for manual synchronization.

7  Summary

KiBox, the new combustion analysis sys-
tem from Kistler Instrumente AG, was 
developed particularly for in-vehicle op-
eration. Under real driving conditions, 
the system provides the ability to exe-
cute combustion analysis in real-time 
and provides combustion analysis data 
with a high degree of accuracy. Due to 
the use of the engine-mounted crank 
angle position device and interpolation 
of the intermediate crank angle values, 
the crank angle information is present-
ed with high precision and low mount-
ing costs. The integration of KiBox into 
the INCA calibration system ensures 
that the combustion analysis values can 
be displayed and analyzed simultane-
ously with the engine control actuating 
values. In short, KiBox represents a mo-
bile combustion analysis tool that en-
sures an efficient method of working 
both for engine calibration and for trou-
ble-shooting.
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Early Damage Detection 
through Structural Sound 
Emission Analysis
Durability assessment and prototype testing are absolute prerequisites for automobile 
products development. In the past, developers were satisfied if a statistical portion out 
of a large enough group of products would survive field usage. Today engines and 
gearboxes operate much closer to their physical limits. With the assistance of the Early 
Damage Detection Technology from Reilhofer KG it is possible to protect engines from 
otherwise unexpected and severe damage to facilitate the process of analyzing.
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1  Introduction

Today’s development focuses on the opti-
mum combination of parameters like 
material, design and process. Already the 
first prototype is generally quite well cal-
culated through the use of Simulation 
programs, but still there is a need for real 
load testing to reach the final optimisa-
tion. This of course costs time – and more 
costly development time. With the assist-
ance of proper measurement techniques 
defects can be detected very early, in fact 
before they develop into permanent 
damage of the product under test.

Mostly, defects originally appearing as 
minimal will in time develop into some-
thing much more severe, and in extreme 
cases can small primary defects escalate 
into secondary defects which will finally 
destroy a complete engine. Not only is 
the object under test very expensive but 
the entire test-rig can also experience 
considerable consequential damage. 
When a severe damage has occurred it is 
almost impossible to identify its origin 
out of the material pieces. For a com-
pletely valid engine test the vibration 
analysis offers an outstanding technolo-
gy for a final characterisation of param-
eter variations, which other methodolo-
gies fail to detect. This is the structural 
sound emission. When the amplitude of 
the indicated parameter variation be-
comes large enough, there is a possibility 
to switch off the test through an alarm 
relay functionality. It is also possible to 
relatively simple, and immediately, ex-
tract and visualise both the true origin of 
the damage and the time of its origin, 
from the collected data. This technology is 
available through the „delta-ANALYSER“ 
from Reilhofer KG. It has been in usage 
since 2005 as a supportive technology in 
the surveillance of engine durability test-
ing at Volkswagen.

2  Methodology

The engine starts to change its vibration 
pattern at the beginning of a damage sce-
nario. A sensitive diagnostic process rec-
ognises the change and causes the test 
cell to end the ongoing test. A combus-
tion engine can suddenly loose its maxi-
mum exhaust pressure from just one cy-

cle to another, and in a totally unpredict-
able pattern. The mechanical underlying 
reasons inside the machine are to a large 
extent embedded in noise. As already ex-
plained the engine changes its vibration 
pattern at the beginning of a defect sce-
nario, but by how much in relationship 
to the original parameter variation? It 
would be an all together meaningless 
task to try and work related to the entire 
noise picture. The total noise emission 
always exceeds any parameter variation 
contribution at the damage starting 
point by a multiple. It would be equally 
meaningless to try and use the vibration 
pattern of an undamaged structure as a 
reference for comparison. Even two seem-
ingly equal test objects, taken from the 
same production batch, will show much 
larger parameter variations between 
themselves than what would be found as 
a result of the much smaller variations 
during the start of a damage process. 

To capture the origin of the damage 
the only possibility is to monitor the 
change in the individual itself, from its 
normal vibration pattern and through 
the parameter variation and on to the be-
ginning damage. The largest conformity 
is found when the comparison is made to 
itself. The diagnose system learns the 
“normal” behaviour of the test object at 
start up of a test. The test starts with 
documenting the state of normality and 
then, later as the test commences, the 
trend from the initial state is captured. 

In doing so it is important to take into 
account the state of every single spectral 
line (Order analysis). If a change in the 
typical amplitude variation of one line is 
detected, then that is a clear indication 
for a selective and more in-dept surveil-
lance. Several analysis methods are used 
in order to correctly understand the true 
origin of the developing damage process.

2.1  The Order Analysis
The Order analysis produces spectral 
lines synchronised with the turning 
speed of a machine. The absolute ampli-
tude of an individual spectral line is of 
little interest. Of much more interest is 
the calculation of the build-up of the am-
plitude distribution of that particular 
line. A large change in this distribution 
is a clear indicator of a structural change 
and a possible start of a defect process.
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2.2  The Frequency Analysis
The frequency analysis shows for exam-
ple how affected an engine block is re-
garding its natural frequency. (the build-
up of the amplitude distribution).

2.3  The Relative Spectrum
An additional, simultaneous, methodol-
ogy for frequency and order analysis, 
which is rather looking at the probabili-
ty of amplitude distribution changes.

2.4  The Classification
The time series classification provides 
for every service load point (revolution, 
torque) a typical pattern for the further 
statistical analysis.

2.5  “Hunting Wavelets”
The “Hunting Wavelet” recognises irreg-
ular phenomena in for example the 
spring/mass system, which feeds the non 
linear mechanical excitation. Strokes, 
grinding and scratching noise, nearly all 
unwanted effects become visible.

A combustion engine running low 
revs/loads is quieter than one running 
high revs. Since a test cycle contains not 
only one revs step and one load step, but 
is rather built up of many different com-
binations betweens revs speed and loads, 
there is a need for several reference 
points with quite different tolerances.

In order to correctly characterise all 
these dynamic revs/load steps and to be 
able to set fairly small overall tolerances 
a matrix set of datacards is created, and 
the varying conditions are all saved in 
each corresponding datacard.

For each and one of these combina-
tions the natural behaviour is captured 
(reference value and tolerances) and after 
this learning phase the surveillance 
phase is automatically entered. All subse-
quently captured analysis during the 
surveillance phase is automatically com-
pared with the learned tolerances and 
from this comparison a change spectrum 

is formed, reflecting the rate of change 
from the learned, normal, behaviour, 
Figure 1. The change spectrum is summed 
up and presented as the so called trend-
index. It expresses the sum of all changes 
over time and shows the damage process 
of the engine. This process is further ex-
plained in the following examples.

3  Structure

For the measurement at least the revolu-
tion of the test object and the vibration 
from a vibration sensor is needed. Addi-
tional analogue/digital or CAN based sig-
nals are useful and above all the throttle-
valve position and/or torque as well as oil 
temperature has proven very useful. A 
suitable location for the vibration sensor 
can well be in a free threaded hole for 
some accessory in the lower part of the 
cylinder head housing. 

4  Results from Test Stand

In all following examples the engines 
have not been prepared with any kind of 
components prone to failure, or any pre-

Figure 2: Trendindex and waterfall diagram from a turbo charger damage

Figure 1: The methodology in four steps
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damaged material. These tests were select-
ed in order to better understand the con-
nection between the change in vibration 
pattern and the different types of dam-
age. This connection is in all cases fully 
represented through the trendindex 
(change over time) and the corresponding 
waterfall plot of the change spectrum.

4.1  Turbine Wheel Separation  
from the Shaft of a Turbo Charger
The turbo charger was the object for this 
load test. At the start of the main test, the 
new test object shows just a small run-in 
phenomenon (Analysis 0 to 300), thus the 
raising trendindex, Figure 2, as a result of 
this effect. After this time there are no 
larger changes to see until after analysis 
1800 when a further change is seen, indi-
cating the initial start of the damaging 
process of the turbo charger. This initial 
damage is also clearly seen in the change 
spectrum, Figure 2, through an increase 
in order 30. If you compare the revs speed 
of the crank shaft with the turbo charger 
speed, order 30 will be extracted. This is 
derived from the simple calculation; 6000 
RPM = Order 1 and 180.000 RPM makes 
then order 30. (Revs speed from the turbo 
charger). Over the remaining test time, the 
energy in order 30 keeps increasing and at 
the same time the combustion order (or-
der 2) is increasing, as well as several har-
monic orders originating from the crank 
shaft order. This particular damage has de-
veloped slowly over a long period of time 
as also can be seen in the trendindex devel-
opment and in the deviation spectrum.

4.2  Valve Spring Damage in a V-engine
In this example a valve spring breaks dur-
ing the test. For a correct identification of 
the corresponding component order the 
calculation shown in Eq. (1) can be made.

valve 
order  =  ​ 

spring eigenfrequency [Hz]*60
  ____________________  rotation speed[rpm]  ​	 Eq. (1)

Through the trendindex development, 
Figure 3, the start as well as the develop-
ment of the damaging process of the 
valve spring can be clearly followed. 

The damaging process clearly starts at 
analysis 700 as seen in the trendindex 
plot. The already at this point outstand-
ing order in the change spectrum corre-
sponds well with the final result. 

At a revs speed of 6250 RPM the cor-
responding order equals 3,56 and the 

harmonics are seen at orders like 7,12; 
10,68; 14,25; 17,81. The test cell was shut 
down at the time of a complete break 
down of the valve spring. 

4.3  Piston Ring Damage
The trendindex development in Figure 4 
reveals two areas of interest. The first ar-
ea is characterised by a slow increase 

Figure 3: Trendindex and waterfall diagram from a valve spring damage

Figure 4: Trendindex and waterfall diagram from a piston ring damage
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(small changes). The second area starts 
with a trendindex jump and continues 
with a slow increase until the end. The 
last steep increase indicates the breaking 
of the piston ring. In the change spec-
trum, two concentrated areas are recog-
nised. The first one contains the lower 
frequencies (left side) and its mechanical 
origins. The second one contains the 
higher frequency contributions (right 
side), from cracks leading to the piston 
ring damage. In the lower frequency ar-
ea, orders up to 15 corresponding to fre-
quencies of up to about 1 kHz, the orders 
are declining, indicating weaker combus-
tions and lower combustion pressure. 
Acoustically the combustions are getting 
quieter. In the higher frequency part, or-
ders 250 to over 420 corresponding to 
frequencies 17 kHz to 30 kHz, the chang-
es are getting increasingly larger. From 
this process we can conclude that the 
damage was built up step by step, finally 
leading to a component failure. No me-
chanical engine parts can emit frequen-
cies in this range as natural frequencies. 
These frequencies in the ultra high re-
gion can only originate from metallic 
contacts between different parts. This is 
also a very clear evidence of friction noise 
from the fact that the piston ring comes 

loose in the groove and starts oscillating 
around its own natural frequency

4.4  Pitting in Two Connecting  
Rod Bearings
In this test two different pitting processes 
on two different connecting rod bearings 
are visualised. The trendindex, Figure 5, 
shows a small increase over the test time. 
In the change spectrum especially order 
0,5 stands out. The changes present them-
selves not just on the exact order but rath-
er as a broader hill. This phenomenon is a 
very clear indicator of rotational irregu-
larity, in this case originating from the 
variations in the lubrication process in 
the bearing. Always, when the lubrication 
grease in the bearing reaches the pitting 
area during each revolution, it looses its 
“stable” form and travels in the pitting 
grooves a slightly longer way before it af-
ter a short while returns to its “normal” 
distribution over the bearing surface. Lat-
er on the pitting is so severe that the 
grease can no longer distance the rotating 
part from the stationary. The lubrication 
surface breaks down and so the bearing 
looses its function and the two parts, ro-
tating and stationary, comes into metallic 
contact. This is the beginning of a friction 
variation based damage process and the 

crank shaft order starts to become visible. 
Since the lubrication grease in the bear-
ing travels basically with half the rotation 
speed of the crank-shaft the visual order 
will become 0,5.

5  Benefits and Financial Justification

The „delta-ANALYSER“ has been in usage 
since 2005 as a supportive technology in 
the surveillance of engine durability test-
ing at Volkswagen. Since then a large 
number of units have been protected 
from secondary damage and more con-
clusive knowledge as to the correct ori-
gin of the damages has been reached. A 
deeper knowhow in the analysis of struc-
ture born vibrations and the correspond-
ing limits for test shut down has been 
gained. The fact that this has not only 
lead to valuable time savings but also to 
significant cost reductions is an out-
standing advantage. Also conclusions re-
garding component durability are made 
clearer and can be taken as guideline 
contributions for shortening the associ-
ated development time. 

6  Looking Forward

Reilhofer KG is presently developing 
processes for finding the true origin of a 
structural damage. With a correct pin-
pointing of the damage place the failure 
classification becomes much easier. The 
conclusive knowledge from these tests, 
with the underlying damage processes 
and their corresponding orders are taken 
further into the production system. 
When the ready developed engines later 
on are cold- and warm tests in the pro-
duction system, and defects must be rec-
ognised and classified, this knowledge 
can be gathered and implemented in the 
production defect pattern recognition 
system.	 ■

Figure 5: Trendindex and waterfall diagram from a pitting on two connecting rod bearing
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Belt Versus Chain 
Study on the CO2 Saving Potential  
of the Timing Drive 
Regarding the ongoing efforts to reduce CO2 emissions of internal combustion engines, the potential friction 
benefits of toothed-belt drives become more important. In the course of the present study – which has been 
carried out by FEV on behalf of the belt drive system suppliers Contitech, Dayco and Gates – differences between 
chain and toothed-belt drives, with respect to friction, as well as noise-relevant excitations were quantified based 
on test bench investigations, also, the impact on fuel consumption and NVH was evaluated.
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1  Introduction

Today, the camshafts of internal combus-
tion engines, produced for passenger car 
engines, are almost exclusively driven by 
toothed belt or chain. Even though Euro-
pean engines are most commonly fitted 
with belt drive systems, within the last 
decade, however, chain driven systems 
have risen in popularity in engine devel-
opment processes, as chain meets the 
demand for a maintenance-free service 
life. In the meantime, manufacturers of 
toothed belts were able to develop tim-
ing drives for both gasoline and diesel 
engines which are maintenance-free dur-
ing their entire service life [1]. 

Due to its favourable damping charac-
teristics, the utilization of a toothed belt 
has a positive effect on the engine‘s 
acoustic behaviour, and, in comparison 
with the chain, it is able to absorb dy-
namic load peaks without being subject 
to irreversible, wear-induced elongation. 
Furthermore, resulting from the poten-
tially lower friction of toothed-belt drives, 
there is the chance to reduce CO2 emis-
sions. The aim of the investigations de-
scribed in the following was to quantify 
this CO2 saving potential.

2  Test Engine Set-up

As a test engine for the measurements of 
friction behaviour and noise-relevant exci-
tations, a current, on the market, Europe-
an 1.6 l in-line four-cylinder gasoline en-
gine was selected as the reference engine.

The timing drive of the reference en-
gine is a one-stage chain drive with an 
8 mm pitch single strand roller chain. 
The tensioning rail is positioned on the 
slack side of the system and there are two 
guide rails, one positioned between the 
two camshaft sprockets, the other be-
tween the exhaust camshaft and the 
crankshaft, these are made of plastic. The 
hydraulically actuated chain tensioner is 
located in the cylinder head within the 
cast-on chain case, Cover Figure.

Upon completion of base line refer-
ence measurements, the engine was con-
verted to a belt timing drive. Converting 
the engine, the cast-on chain case was 

removed and in its place, a carrier plate 
was mounted, this served as a sealing ele-
ment for the front of the engine and onto 
which the idler and tensioner pulleys 
were fixed, Cover Figure.

The employed toothed belt material is 
made up of heat resistant and non-aging 
„HNBR“ high-performance elastomer 
(Hydrogenated Nitrile Butadiene Rubber) 
with fibre reinforcement and a high-
strength glass cord tension member as 
well as a polyamide fabric surface for in-
creasing the belt‘s wear resistance.

3  Chain / Belt Drive Dynamics  
and Friction Measurements 

In order to measure the torsional vibra-
tion of the camshafts and the crankshaft, 
all of the timing chain sprockets (respec-
tively belt pulleys) were fitted with high-
resolution speed and angle of rotation 
sensors. Subsequently, the dynamic be-
haviour of the timing drive was docu-
mented in an engine speed run-up.

The friction investigations were con-
ducted according to the „strip method“, 
where the engine is driven by an electric 
motor. Successively, the engine compo-
nents or modules under investigation are 
demounted or shut off one after the oth-
er. The friction losses induced by the vari-
ous components or modules can then be 
deduced from the differences in friction 
observed between the measurements. 

4  Vibration Measurements to Predict 
the Engine’s Acoustic Behaviour

The various excitations induced by the 
belt and chain drives have an influence 
on the engine‘s acoustic behavior. As the 
prototype of the belt drive engine realized 
for the present project is not representa-
tive for an NVH optimized series produc-
tion solution, a direct comparison of the 
noise radiation of the two engine variants 
would not lead to any conclusive results.

Therefore, in order to obtain insights 
on the acoustic effects of the employed 
timing drive variants, vibration meas-
urements of the engine structure were 
performed, which allow an assessment 
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of the structure-borne noise excitation 
and its transfer within the structure. 
For the measurements, the two engine 
variants were equipped with accelera-
tion sensors, which were positioned in 
relevant areas of the timing drive as 
well as on representative noise-radiat-
ing surfaces, allowing the measurement 
of excitations and their attenuation 
through the structure during engine 
speed run-ups under motored operating 
conditions.

5  Results of the Comparative  
Measurements

5.1  Chain and Belt Drive Dynamics
As part of the dynamics and friction 
measurements, different belt drive ver-
sions were investigated. These belt drives 
varied pulley diameter, belt geometry 
and system pre-load as well as idler and 
tensioner pulley positions. 

Figure 1 shows the angular vibrations 
(differential angle between crank shaft 
and intake respectively exhaust camshaft) 
of the selected belt drive layout in com-
parison with those of the chain drive. The 
eigenfrequency of the belt drive is moved 
toward lower engine speeds, and the reso-
nances induced by the chain drive at ap-
proximately 1750 rpm and 2750 rpm are 
barely visible for the belt drive. In large 
sections of the engine speed range, the 
vibration amplitudes of the belt drive are 
smaller, especially for the exhaust cam-
shaft. For a series production solution, 
the speed range between 3500 rpm and 
5000 rpm offers potential for optimiza-
tion. 

5.2  Chain and Belt Drive Friction
Analyzing the results of the friction 
measurements, all of the investigated 
belt layouts turned out to be either 
equal to or more favourable than the 
chain drive. Thus, for the belt system op-
timization, it was possible to focus on 
parameters essential to component du-
rability. 

Figure 2 shows the results of the fric-
tion analysis of the valve train. By utiliz-
ing a belt-driven valve train, it was pos-
sible to improve on the engine‘s friction 
behaviour in the entire speed range, at 
times quite distinctly. The friction ben-
efits of the belt in the lower to medium 
engine speed range amount to approxi-
mately 0.04 bar. 

The benefits of the belt drive are due 
to the friction characteristics of the guid-
ance and tensioning elements of the tim-
ing drive which are basically more fa-
vourable: With a belt drive, it is possible 

to utilize low-friction rollers, whereas 
chain drive systems typically employ slid-
ing contacts. Moreover, the friction con-
ditions of the contact surfaces between 
the belt and the pulleys are more favour-
able than those between the chain and 
the sprockets. The scatter bands for chain 
and belt drives displayed in Figure 2 illus
trate these basic benefits of the belt 
drive.

Furthermore, for the reference engine 
under investigation, the resonance at 
5500 rpm already observed in the dy-
namics measurements adversely affects 
the chain drive‘s friction behaviour.

5.3  Vibration Measurement  
to Predict Acoustic Behaviour
An overview of the impact on the vibra-
tion behavior due to the replacement of 
the timing drive is provided by the over-
all level at the respective measuring loca-
tions. As an example, Figure 3 shows the 

Figure 2: Valve train friction at 90 °C

Figure 1: Angular 
vibration (differential 
angle) of intake and 
exhaust camshafts 
versus crankshaft
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results of the measurements of the tim-
ing drive-induced excitation at the first 
camshaft bearing, one point on the outer 
cylinder head surface close to the source 
location, and one point on the outer en-
gine block structure in the area of cylin-
der 2. By means of these measuring 
points, the source of the noise-relevant 
excitation and its transfer paths can be 
examined and evaluated. 

For the measuring point in the area of 
the location of the excitation source (in 
this case, the vibration of the first ex-
haust-side camshaft bearing), the differ-
ence in overall noise level for the two 
variants is pronounced. 

Almost throughout the entire engine 
speed range the benefits (up to 5 dB) of 
the belt drive engine can be observed. 
Due to its higher (material) damping ca-
pability and its more elastic coupling, 

the vibration excitation is on a lower 
level combined with a more broadband 
character. Furthermore, it can be ob-
served that the vibration behavior of the 
belt drive engine is affected by resonance 
effects to a lesser extent.

At the measuring locations more dis-
tant to the excitation source location, in 
many areas the detected acceleration 
levels were also distinctly lower for the 
belt drive concept. On the other side it 
must be noted that in the speed range 
above approximately 3500 rpm the level 
of the variants converge.

In order to arrive at a root cause anal-
ysis, the measuring data were analyzed 
with regard to the frequency content. To 
do so, the gear meshing order level of 
the variants were investigated. The anal-
yses reveal that the relevant order level 
of the chain drive were closer to the 

overall level than those of the belt drive. 
For the chain drive it is even possible to 
identify certain engine speeds at which 
the overall level is largely determined by 
the gear meshing orders.

In summary, it can be concluded for 
the investigated engine that the belt 
drive variant tends to show a more favor
able acoustic behavior with regard to 
mechanical noise. The actual acoustic 
benefit, however, cannot be reliably 
quantified by means of the present inves-
tigations. It becomes clear that the NVH 
development process for a chain drive 
engine requires more attention and care. 
In that context, the timing drive compo-
nents have to be carefully designed with 
regard to noise excitation, and the de-
sign of the housing structures has to take 
into account the structures‘ noise and 
vibration transfer behavior.

Figure 3: Structure vibration  
measurements – overall level
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6  Prediction of Differences  
in Fuel Consumption

Figure 4 shows at first, the map of the 
consumption benefits resulting from the 
friction reduction at steady state operat-
ing points, based on the fuel consump-
tion map of a naturally aspirated 1.6 l 
gasoline engine producing 85 kW.

Due to the fact that friction behav-
iour – by contrast with combustion and 
gas exchange behaviour – is largely in-
dependent from engine load, the rela-
tive friction contribution increases with 
reduced engine loads. Thus, the positive 

effect of reduced friction losses at con-
stant engine speeds is especially marked 
under part load conditions.

The fuel consumption map also takes 
into account the load point shift with 
the reduction of friction losses. At low 
loads, the positive effect of the friction 
reduction is counteracted by an increase 
in fuel consumption through the dis-
placement of the operating point to-
wards lower efficiencies. In the area of 
very high loads, this effect is reversed, 
as the load point is displaced in the di-
rection of more favourable efficiencies. 
Due to lower enrichment requirements, 

this effect is especially pronounced for 
the full load curve.

At 5500 rpm, as a result of the reso-
nance effect induced by the chain drive, 
a comparatively high fuel consumption 
benefit can be attested for the belt drive 
system.

Drawing on the attested consump-
tion improvement in the engine map, 
Figure 5 shows the consumption reduc-
tion potential under constant-speed 
driving conditions at various driving 
speeds.

Along with increasing engine speeds 
and loads at higher vehicle speeds, the 
fuel consumption improvement poten-
tial diminishes according to the mecha-
nisms discussed in the context of the 
engine map. At maximum speed, how-
ever, the consumption benefit is again 
more pronounced, which is due to the 
resonance effect as well as the favoura-
ble load point shift.

The above diagrams illustrate that 
the fuel consumption benefit depends 
on the dwell times in the various areas 
of the engine map. Thus, the CO2 reduc-
tion potential is separate from the driv-
ing profile, also, a function of the spe-
cific engine-vehicle combination.

With regard to the aforesaid, there-
fore, exemplary NEDC calculations were 
carried out for different vehicles, Figure 6. 
In general, the consumption benefits in-
crease with decreasing engine weight, as 
the proportion of low-load operation in-
creases. For vehicles equipped with the 

Figure 5: Fuel consumption benefits of the belt drive at constant vehicle speed (1.6 l NA  
gasoline engine, vehicle weight 1150 kg, six-gear manual transmission)

Figure 4: Relative fuel consumption 
benefit in percent of the belt  
drive compared to the chain drive  
in stationary operating points
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Figure 6: CO2- and fuel consumption benefit of belt drive in NEDC for different vehicle weight

1.6 l 85 kW naturally aspirated gasoline 
engine, consumption benefits of between 
0.79 and 0.91 % respectively a reduction 
in CO2 emission from 1.29 to 1.45 g/km 
were achieved.

7  Summary and Conclusion

The overall engine friction of the inves-
tigated 1.6 l gasoline engine can be re-
duced in the medium engine speed 
range by approximately 0.04 bar by re-
placing the chain drive with a belt drive. 
The reduction in friction losses observed 
in the present investigation confirms 
other studies [2, 3] as well as the predic-
tions from benchmark investigations; 
thus, it can be generalized for similar 
engines. The dynamic behaviour of the 
prototype belt drive is comparable to 
the reference chain drive; for a series 
production solution, further optimiza-
tion potential can be opened up.

The fuel consumption projections in-
dicate consumption benefits of over 1 % 
for typical steady-state part load operat-
ing points. In the NEDC, the CO2 reduc-
tion potential amounts to between 1.29 
and 1.45 g/km according to the vehicle/
engine combination.

The structural vibration measure-
ment results indicate an improvement 
potential of the engine‘s acoustic behav-
iour.

The here presented investigations are 
showing trends – the belt drive has po-
tential for friction reduction. But as is 
known, only the detail design is decisive 
for the real impact on friction and acous-

tics. Furthermore, for a concept decision 
belt versus chain drive: for every single 
engine development process, such a deci-
sion must be made under consideration 
of various factors such as engine/vehicle 
package, (existing) production lines, 
costs, synergies with existing engine 
families or brand philosophy.
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Diesel Vaporizer for 
Particulate Filter Regeneration
Regenerating a diesel particulate filter requires heat. Therefore, direct diesel dosing upstream the 
diesel oxidation catalyst is currently being researched. In comparison with engine modifications 
through post injection, this process avoids oil dilution and it reduces heat loss. This paper describes the 
joint development project initiated by Beru and Tenneco about direct diesel dosing via vaporizer. 
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1  Introduction

Both existing and future emission regu-
lations make the use of diesel particulate 
filters (DPF) in motor vehicles mandato-
ry. The current wall-flow filters must be 
regenerated at regular intervals because 
of the constantly increasing soot load. 
For this purpose the temperature of the 
exhaust gas is raised to the soot combus-
tion temperature of 600 °C, which burns 
off the soot accumulated in the filter. In 
order to avoid partial regeneration, risk-
ing damage to the filter, the temperature 
must be increased independently from 
the driving condition and over the entire 
duration of regeneration.

The current state-of-the-art technol
ogy is filter regeneration by means of 
modifications made inside the engine, 
e.g. to increase the exhaust gas tempera-
ture by changing the main injection 
process. Since this way of increasing the 
temperature is limited by the admissible 
turbine entry temperature, the exhaust 
gas is additionally enriched with un-
burned diesel by post injection. Down-
stream the diesel is then converted in 
the diesel oxidation catalyst (DOC), which 
leads to a further temperature increase.

As an alternative to post injection it is 
possible to pass the diesel into the ex-
haust pipe system directly before the 
DOC. This results in a number of advan-
tages – it is possible, for example, to en-
tirely avoid the problem of oil dilution. 
Furthermore, it is not necessary to heat 
up the entire exhaust gas installation in 
front of the particulate filter, meaning 
that heat loss during regeneration is re-
duced and the thermal inertia of the sys-
tem minimised. Feeding the diesel di-
rectly in addition allows full use of ex-
haust gas recirculation and moreover of-
fers potential with respect to the regen-
eration of retrofit filters.

In technical terms, this can be achiev
ed by either an injector or a vaporizer. A 
direct comparison reveals advantages 
when using a vaporizer. For example, it 
can operate without additional cooling, 
which makes integrating it into the ex-
haust gas system much easier. At the 
same time, the evaporating diesel drop-
lets dissipate heat from the exhaust gas, 

which is why up to 4 % more diesel fuel 
has to be fed in if an injector is used. 
Heat losses and the cooling-down of ex-
haust gases play an important role in 
particular for engine operating points 
with low exhaust gas temperatures or a 
packaging position that is far away from 
the engine.

In order to allow carmakers to benefit 
from these advantages, Tenneco and 
Beru are jointly developing direct diesel 
feed based on the vaporizer. The two 
companies can draw here on vast experi-
ence in the field of exhaust gas aftertreat-
ment and their comprehensive knowl-
edge of diesel cold start technology. The 
current state of development is present-
ed and discussed in the following.

2  Diesel Vaporizer

In the vaporizer, liquid diesel f lows 
around an electrically heated glow plug 
that heats up the diesel and then evapo-
rates it. Because of the increase in vol-
ume caused by the phase change, the 
diesel vapour flows via an outlet into the 
exhaust gas stream. A standard metering 
pump controls the fuel amount. Depend-
ing on customer requirements, power 
connection can be made with either sin-
gle or twin-core cables. 

To optimise the surface area for heat 
transfer as well as to adapt the power 
performance to the diesel mass flow, use 
is made of components known as ther-
mal plugs that are fitted with several 
thermal elements. Beru is able to precise-
ly position the thermal elements inside 
the vaporizer, as the X-ray photograph in 
Figure 1 shows. Furthermore, thermal 
plugs provide the option to investigate 
the coke formation in detail. The graph 
shows three local temperatures for the 
heating-up phase, the diesel evaporation 
and the post-conditioning that were 
measured over time.

3  Test Procedure

A 2.0 l four-cylinder test engine with tur-
bo charger served as the basis for the test 
series. The standard exhaust gas system 
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of the engine conducts the gas through 
the manifold, the turbo charger and the 
close-coupled DOC and then cleans it in 
the DPF that is installed in the under-
body. The exhaust gas mass flow and the 
exhaust gas temperature were measured 
at several points of the system depending 
on number of revolutions and torque.

The gas temperatures measured after 
the DPF in Figure 2 (a) clearly show that it 
is necessary to increase the temperature 
for filter regeneration. The temperature 
is only sufficiently high in the area 
around the full load point. As expected, 
the gas temperatures after the DOC de-
picted in Figure 2 (b) show a picture simi-
lar to the DPF temperature. In addition, 
we can clearly see that the light-off tem-
perature of the DOC of 200 °C is not 
reached when the number of revolutions 
and the torque is low. Since catalytic con-
version is not complete below this tem-
perature, hydrocarbons may escape 
through the exhaust gas system into the 

environment. For this reason diesel may 
not be fed in through a vaporizer in this 
area of the engine map. Nor are engine 
modifications alone able to ensure a sta-
ble regeneration process [1]. However, 
combining the diesel vaporizer and en-
gine modifications opens up new ways to 
solve this problem. It is possible to calcu-
late for each operating point the amount 
of diesel that is necessary to achieve the 
required temperature increase via the ex-
haust gas temperature and mass flow. 
This is shown in Figure 2 (c) and also de-
pends on torque and the number of revo-
lutions.

Another important factor for safe and 
complete regeneration in addition to in-
creasing the exhaust gas temperature is 
ensuring that temperature distribution 
over the cross-section of the filter sub-
strate is as homogeneous as possible. 
However, only looking at the tempera-
ture distribution of the DPF is not always 
sufficient for development purposes. For 

example, the DPF in Figure 3 shows a ho-
mogeneous temperature distribution at 
the same operating point, while the 
DOC, which is separated from the DPF by 
a decoupling element, shows a clear tem-
perature peak upstream. Inadmissible 
temperature gradients increase the age-
ing of the DOC and may sometimes cause 
substrate damage that becomes apparent 
when melting begins to take place in iso-
lated areas.

In comparison with post injection, the 
diesel and the exhaust gas must mix suf-
ficiently on a shorter stretch when using 
a vaporizer. For this reason the design of 
the vaporizer outlet and the optimisation 

Figure 2: Measurements in serial 
standard exhaust gas system of the 
2.0 l test engine

Figure 1: Thermal 
plug with enlarged 
X-ray image and 
temperature 
curves over the 
duration of the test
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of the application are of utmost impor-
tance. This has a decisive impact on the 
homogeneity of temperature distribution 
in the DOC and DPF, in addition to influ-
encing the exhaust gas mass flow and the 
exhaust gas temperature, conditions that 
depend on the engine. A summary of all 
parameters that were assessed up to this 
point can be found in the Table.

In order to make sure that measure-
ments were taken under clearly defined 
conditions, all test were made in a flow 
laboratory. Compressors and electric 
heating elements there allow fast and re-
peatable measurements under realistic 
conditions. Figure 4 shows the exhaust 
gas system that was used, which is based 
on the serial standard system of the test 
engine. However, the serial standard 
DOC was replaced by a smaller close-cou-
pled DOC and a DOC installed in the un-
derbody. Furthermore, no use is made of 
a DPF. The modular structure chosen of-
fers the advantage of enabling investiga-
tion of all parameters with varying con-
figurations.

Possible measurement methods are 
thermography or temperature readings us-
ing thermal elements. A disadvantage of 
measuring with thermal elements is that 
preparation before measurement and ana-
lysing the data are more complicated. Fur-
thermore, it is not possible to determine 
the precise position of a temperature peak. 
The advantages are dynamic measure-
ments and higher precision. For example, 
the analysis of local temperature measure-
ments on the substrate surface shows an 
uncertainty of ± 5 K for the thermal ele-
ments as well as ± 15 K for the inserted 
camera. Since the errors at the individual 
temperature points cancel each other out, 

measurement errors for the average tem-
perature Taverage as well as for the tempera-
ture difference ∆T between minimum and 
maximum temperature on the DOC sur-
face are reduced in both cases. This differ-
ence serves as a gauge for the homogeneity 
of temperature distribution and thus for 
the mix of exhaust gas and diesel vapour.

4  Results

In the following, three of the large number 
of parameters tested are presented in de-
tail. Based on thermographic images, the 
article discuss the use of a mixer, varia-
tions in the mixing stretch and the impact 
of the vaporizer’s outlet geometry.

Figure 3: Example of an inadmissible temperature distribution on the DOC

Table: Influential parameters investigated

Boundary conditions Exhaust mass flow 200-460 kg / h

Exhaust temperature 200-550 °C

Vaporizer 
 
 
 

Outlet 7 geometries

Installation angle 45-315°

Penetration depth 0-32 mm

Orientation 90-270°

Application Mixing length 0-600 mm

 
 
 
 

Inlet cone DOC 2 cones 

Mixer type 2 mixers

Mixer position 4 positions

Mixer orientation 2 positions

Figure 4: Modular exhaust gas system 
for the parameter study
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Figure 5 shows the images of the DOC 
substrate surface with an air mass flow 
of 185 kg/h and a gas temperature be-
fore the DOC of 450 °C. Without adding 
diesel, the measurements with and 
without mixer vary only slightly. The 
deviations found for Taverage and ∆T are 
within the range of the measurement 
uncertainty already determined. When 
diesel is fed in, this behaviour changes 
substantially. For example, the image 
without mixer shows high temperature 
gradients on the DOC surface even with 
a diesel amount of only 0.11 g/s. This in-
homogeneous distribution is caused by 
an insufficient mix between exhaust 
gas and diesel vapour. Using a mixer 
leads to a significant improvement. A 

diesel amount of for example 0.23 g/s 
achieves a higher average temperature 
while the temperature difference is 
equivalent to the level measured with-
out adding diesel.

Another mixer that is not depicted 
here show a further improvement in di-
rect comparison, in particular at operat-
ing points with larger amounts of diesel. 
However, this mixer also shows a two 
times higher pressure loss with a mass 
flow of 500 kg/h and an exhaust gas tem-
perature of 500 °C. Thus, when selecting 
a mixer it is important to find the best 
possible compromise between thorough 
mixing and pressure loss. Here, use can be 
made of Tenneco’s vast experience in de-
veloping mixers for the SCR technology.

Figure 6 illustrates the need to have a 
sufficiently long mixing stretch. It shows 
thermographic images of mixing stretch-
es of varying lengths using the example 
of the operating point with mixer that 
was already discussed above. Since feed-
ing directly before the DOC does not al-
low the substances to mix through suffi-
ciently, it is not possible to add the re-
quired amount of diesel here. When the 
mixing stretch is increased to 150 mm or 
210 mm, the ∆T clearly decreases under 
the given conditions while the average 
temperature remains almost unchanged. 
However, increasing the length further 
does not result in any additional improve-
ment. This behaviour was confirmed by 
the straight mixing stretches of 300 and 
600 mm that are not shown here. If a flex-
element is used instead of a straight mix-
ing stretch, its wavy interior structure ad-
ditionally improves the mixing process.

In order to highlight the impact of 
the vaporizer outlet geometry, Figure 7 
compares four different geometries us-
ing the example of a mixing stretch of 
150 mm at 185 kg/h and 450 °C. The ge-
ometries C and D result in a visible hot 
strip in the middle of the surface where 
the escaping diesel is concentrated. The 
geometries A and B, on the other hand, 
avoid this effect and thus reveal lower 
temperature differences on the surface.

The measuring results presented here 
clearly show that a diesel vaporizer en
ables an even distribution of temperature 
on the DOC surface, thus allowing for the 
regeneration of the DPF. The results of 
the parameter study should now be veri-
fied using an exhaust gas system similar 
to the standard series system that was de-
veloped for the test engine. This system 
consists of a close-coupled DOC followed 
by a flex-element, a straight mixing 
stretch as well as a DOC and a DPF located 
in the underbody. The vaporizer is inte-
grated according to the parameter study. 
For example, the inlet cone of the under-
body DOC has a more elongated design, 
and a mixer with optimised orientation 
is welded in. In direct comparison with a 
serial system, these changes result in an 
improved flow distribution so that a low-
er temperature difference on the DOC 
and the DPF can be expected.

In order to illustrate the potential for 
optimisation, Figure 8 compares three dif-
ferent exhaust gas systems for the operat-

Figure 5: Impact of a mixer with/without diesel insertion

Figure 6: Impact of various mixing lengths with diesel insertion

Figure 7: Impact of various vaporizer outlet geometries
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ing point 185 kg/h and 350 °C. 0 mm and 350 mm 
represent the limits for positioning a converter for the 
DOC and the DPF in the underbody because of packag-
ing space. The temperatures shown for the DOC and 
the DPF are based on interpolation between twelve 
fixed thermal elements.

Regardless of the length chosen, the results show 
that a part of the added diesel only converts on the 
coating of the particulate filter. Thus, the DPF always 
shows the higher temperature. The reason for this is 
the use of a smaller DOC. Furthermore, the expected 
temperature difference of 30 K is achieved through 
the DPF in all mixing stretches. This result can be con-
firmed for all operating points.

5  Computational Fluid Dynamics

Numeric simulation of the fluid flow plays an impor-
tant role in the development of exhaust systems. Since 
any catalyst is subjected to the process of ageing, due 
to the uneven use of the converter’s volume, CFD cal-
culation provides valuable information about catalyst 
performance [2].

Based on the three-dimensional CAD model of the 
exhaust gas system, a structured mesh consisting of 
hexahedra is generated with the software „ICEM CFD“ 
from the Ansys Company. However in the area of the 
mixer a volume mesh of tetrahedra with prism layers 
close to the wall is generated. This hybrid mesh re
presents a good balance between the efforts to link the 
mesh sizes and the required accuracy of computation.

The mathematical basis for numerical flow simula-
tion is formed by Reynolds averaged Navier-Stokes 
equations (RANS), which describe the base fluid flow. 

Figure 8: Variations of the mixing length in  
optimised exhaust gas system
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The turbulent part of the flow is speci-
fied by k-e turbulence model. The result-
ing differential equation system is quan-
tified using the Finite Volume Method 
on the stationary grid and then resolved 
iteratively. The CFD calculations are 
made using the software StarCD from 
the CD-adapco company.

Modelling the catalytic diesel combus-
tion in the DOC represents a major chal-
lenge. On the one hand, diesel is a mix-
ture of a large number of hydrocarbons, 
and on the other hand heterogeneous re-
actions are very complex to model. In ad-
dition to the reactions on the surface, it 
comprises many rather complex effects 
like transport through the boundary lay-
er, diffusion through the pore structure 
of the wash coat to the wall of the cata-
lytic converter, as well as the absorption 
and desorption of the partners in the re-
action on the wall of the catalytic convert-
er. Because of this complexity and the 
wide variety of influential parameters, it 
is currently not possible to model diesel 
combustion in detail. Instead, the diesel 
mixture is substituted by hexadecane 
C16H34. This substitute fuel provides a satis-
factory picture of how heat is released in 
the catalytic converter, and it is able to in-
dicate temperature peaks in the DOC and 
DPF. Figure 9 shows a comparison of the 
flow distribution and the temperature 
distribution in the modular exhaust sys-

tem without adding diesel. In terms of 
both quality and quantity, it shows a good 
match between calculation and measure-
ment. These CFD calculations enable us to 
estimate the achievable temperature dif-
ference under the given conditions.

By using this robust model it is possi-
ble to calculate the temperature distribu-
tion with added diesel and to compare it 
with the actual measurements. Here, 
too, a good correlation is achieved, as 
demonstrated in Figure 10. The problem 
of concentration is easily recognisable in 
the upper example, both in the measure-
ment and in the simulation. By contrast, 
the lower example shows a homogene-
ous temperature distribution.

6  Summary and Outlook

The joint development project initiated 
by Beru and Tenneco aims at allowing car-
makers to benefit from the conceptual 
advantages of direct diesel feed by means 
of an vaporizer. Collaborating on this 
project enables the two developers to take 
advantage of their comprehensive experi-
ence with respect to diesel cold start tech-
nology and exhaust gas aftertreatment so 
that a cost-efficient and effective product 
can quickly be put into serial production.

The parameter study and subsequent 
measurements made using a model simi-

lar to the serial system show that the best 
results for diesel particulate filter regen-
eration, with a sufficient increase in tem-
perature while maintaining homogene-
ous temperature distribution, are offered 
by a vaporizer. To develop such a system a 
large number of factors must be opti-
mised and various conditions must be ex-
amined more closely. Measurements with 
thermal plugs led to more efficient heat 
transfer surfaces and a power supply 
adapted to the diesel mass flow. The pa-
rameter study that was carried out in the 
flow laboratory compared the different 
factors that influence the integration of 
the vaporizer, and reduced their number 
for future applications. The achievable 
temperature distribution was estimated 
with CFD calculations and new configura-
tions were computed.

Future work will focus on investigat-
ing service life and coking rate, particu-
late filter regeneration including the de-
termination of secondary emissions that 
might develop, as well as optimising the 
pressure loss and mixing performance of 
the mixer.
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Figure 9: Comparison 
of measurement and 
CFD simulation with-
out diesel insertion

Figure 10: Comparison 
of measurement and 

CFD simulation 
 with diesel insertion
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Towards a Detailed Soot Model 
for Internal Combustion Engines
At the University of Cambridge, the formation of soot was studied in an n-heptane fuelled Homogeneous Charge 
Compression Ignition (HCCI) engine, operated at a rich equivalence ratio of 1.93, by means of in-cylinder snatch 
sampling as well as by applying a new engine model which features a highly detailed description of soot. This 
new computationally efficient model is capable of providing not only averaged quantities as functions of crank 
angle like soot mass, number density, volume fraction, aggregate diameter, and the number of primary particles 
per aggregate for example, but also aggregate and primary particle size distribution functions and additionally 
can give detailed information on aggregate morphology and chemical composition.
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1  Introduction

The formation of soot and other particu-
late matter in internal combustion en-
gines is a common problem [1, 2]. While 
soot formation is usually associated with 
conventional diesel, i.e. Compression Ig-
nition Direct Injection (CIDI) engines, 
other engine types are increasingly com-
ing under scrutiny as well [2 to 4].

Given the importance of direct injec-
tion technology for mixture preparation 
and combustion control in modern en-
gines, and the fact that stratified opera-
tion bears the possibility of locally fuel-
rich mixtures, the formation of soot is an 
important factor in the design of cleaner 
engines, irrespective of whether after-
treatment systems are employed or not. 
Such development is assisted by detailed 
understanding of the processes involved, 
to which modelling and simulation can 
contribute significantly.

The literature on soot modelling in 
engines has been largely restricted to 
diesel engines and to strongly simplified 
soot models [5, 6] using descriptions 
based on only a small number of quanti-
ties. Although this is beneficial for com-
putational expense, one drawback is for 
example that the important influence of 
aggregate morphology, which is usually 
complex, on surface area and collision 
diameter can only be captured through 
the use of empirical constants and as-
sumptions. Furthermore, while the sur-
face chemistry in the soot models has 
increased significantly in detail, a major 
remaining shortcoming is the fact that 

the chemical composition of the soot 
particles, which strongly affects their 
reactivity, is not accounted for. In light 
of this, it has been emphasized that 
there is a need for more detailed but still 
computationally affordable engine soot 
models.

In this work, a computationally cheap 
engine simulation code is presented, 
containing a highly detailed soot model 
which describes not only soot mass, 
number density, volume fraction, and 
surface area but also the morphology 
and chemical composition of soot aggre-
gates. The model is applied to simulate 
an n-heptane fuelled Homogeneous 
Charge Compression Ignition (HCCI) en-
gine operated at an equivalence ratio of 
1.93. A key advantage of such a setup, 
aimed at a fundamental study, is that 
the complications relating to mixture 
preparation, in particular the notorious-
ly difficult sprays, do not need to be con-
sidered. We chose this simple case main-
ly for validation purposes – the model 
can indeed be applied in more complex 
situations.

2  Model Description

2.1  Engine Model
The engine model is a so-called Stochastic 
Reactor Model (SRM) [7], which uses de-
tailed chemistry and possesses sub-mod-
els for turbulent mixing and convective 
heat transfer, thereby accounting for in-
cylinder inhomogeneities, i.e. stratifica-
tion in composition as well as tempera-
ture. The SRM has been successfully em-
ployed in a number of earlier studies not 
involving soot formation such as port fuel 
injected HCCI combustion with a variety 
of fuels [8], direct (dual) injection HCCI [9], 
multi-cycle transient simulation and con-
trol [10], and cycle-to-cycle variations in a 
spark ignition (SI) engine [11].

The main strength of the SRM is its 
ability of qualitatively predicting emis-
sion trends of CO, CO2, NOx, and unburnt 
hydrocarbons at reasonable computa-
tional cost of one to two hours per engine 
cycle on a conventional desktop PC. This 
enables convenient multi-cycle, sensitiv-
ity, and parameter studies.
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Bore 86 mm

Stroke 86 mm

Displaced volume 499 cm3

Compression ratio (CR) 12

EGR mass fraction 22 %

Speed 600 RPM

Inlet temperature 412 K

Fuel / air equivalence 
ratio Φ

1.93

Table: Engine specification and  
operating condition
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2.2  Soot Model
The soot model is able to accommodate 
highly detailed particle descriptions 
covering aggregate structure and chemi-
cal composition. As far as the morpholo-
gy of soot aggregates is concerned, it 
tracks for each aggregate the surface ar-
ea, the number of primary particles, and 
for each primary particle its diameter 
(assuming sphericity). The chemical com-
position of soot is modelled by storing 
for each aggregate the number of carbon 
atoms, the number of hydrogen atoms, 
the number of PAH molecules, and the 
number of occurrences of five different 
types of functional sites on PAH.

The modelled processes which soot 
aggregates undergo include the follow-
ing: Inception, i.e. dimerization of gas-
phase molecules to form a particle, con-
densation, i.e. addition of a molecule 
taken from the gas-phase to an existing 
particle, and surface growth are the 
three possible pathways in our model 
from the gas-phase to the particulate 
phase, i.e. when molecules are held to-
gether in a particle through physical 
forces rather than chemical bonds. In 
the particulate phase, coagulation and 
surface chemistry, including growth and 
oxidation reactions on the surface of par-
ticles are taken into account [12 to 14].

In order to describe the gas-phase com-
bustion chemistry, we employ a detailed 
kinetic mechanism for Primary Reference 
Fuels (PRFs, n-heptane/iso-octane mix-
tures) used previously [7 to 10], which is 
targeted at the prediction of quantities 

such as pressure, CO, NOx, and unburnt 
hydrocarbon emissions. However, the 
main aim of this study is soot formation, 
so we included small Polycyclic Aromatic 
Hydrocarbons (PAH) and other highly un-
saturated hydrocarbons. The extended 
chemical kinetic mechanism contains 208 
species and 1002 reactions. The mecha
nism has been validated against a variety 
of experimental data sets for fuel-rich lam-
inar flames obtained from literature.

3  Experimental Setup  
and Measurements

Experiments were carried out on an SI 
engine converted for single-cylinder HCCI 
operation. The engine was run port-in-
jected, fuelled with pure n-heptane, at an 
equivalence ratio of Φ =1.93. The main 
reason for running the engine fully 
premixed is that complications involved 
in mixture preparation, such as the diffi-
culties arising from the direct injection 
process which are notoriously hard to 
model like droplet evaporation and mix-
ing, can largely be avoided. Using n-hep-
tane as a fuel has the advantage that it is 
relatively simple and well-defined com-
pared to conventional gasoline or diesel, 
thereby circumventing substantial mod-
elling challenges posed by the large 
number of aromatic and oxygenated 
compounds contained in those fuels.

The engine was run throttled and 
with a fraction of trapped residual gases 
(internal EGR rate) of 22 %, Table.

Particle-laden in-cylinder gases were 
extracted through snatch sampling over 
a number of cycles in steady-state opera-
tion. The obtained aggregates were ana-
lyzed through a Scanning Mobility Parti-
cle Sizer (SMPS) and a High-Resolution 
Transmission Electron Microscope (HR-
TEM), as depicted in Figure 1.

4  Simulations,  
Results and Discussion

It turns out that aggregates recirculated 
in exhaust gases play an important role, 
which is why all simulations are con-
ducted over ten consecutive cycles, start-
ing with trapped residuals with typical 
gas-phase composition, but not contain-
ing any soot. When carrying out such 
studies, it becomes clear that low compu-
tational cost is highly desirable. Even un-
der heavily sooting conditions with large 
numbers of primary particles per aggre-
gate, one engine cycle consumes usually 
less than four hours of CPU-time.

Figure 2, Figure 3 and Figure 4 show an 
experimental as well as a simulated aggre-
gate both sampled at about 16 CAD ATDC. 
In Figure 2, an experimental HR-TEM im-
age of a primary particle is shown togeth-
er with some indicated internal length 
scales. A simulated aggregate is shown in 
a TEM-style projection in Figure 3. The 
largest simulated primary particles are 
about the same size as the ones in Figure 
2, which are also among the largest ex-
perimentally. The size distribution of pri-

Figure 1: Experimental setup of in-cylinder snatch sampling measurements

Figure 2: Experimental HR-TEM image of an  
aggregate sampled at about 16 CAD ATDC;  
indicated are length scales of structures within 
a primary particle
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mary particles of the simulated aggre-
gate is plotted in Figure 4. Figure 5 shows 
experimental as well as simulated in-cyl-
inder aggregate size distributions at vari-
ous crank angles, ranging from just after 
the start of ignition to about the time 

when peak pressure is reached. Both the 
shape of the distributions and the trends 
of their time evolution agree well quali-
tatively. In particular, the aggregates re-
circulated in trapped residual gases is 
recognized as a prominent feature.

In Figure 6, aggregate size distribu-
tions at 10 CAD ATDC are plotted for ten 
consecutive cycles, where the first starts 
without any soot present in the residual 
gases. We observe that the distribution 
has stabilized by the tenth cycle, and we 
readily identify the aggregates larger 
than about 20 nm as being recirculated 
for possibly several times before being 
emitted from the engine.

5  Conclusions

At the University of Cambridge, an en-
gine simulation code has been devel-
oped which includes a detailed model 
for soot formation, describing soot ag-
gregate morphology and chemical com-
position. The new model, being compu-
tationally relatively cheap, enables the 
study of size distribution, morphology, 
and composition of soot aggregates 
formed over the course of several engine 
cycles.

The integrated code to simulate an n-
heptane fuelled HCCI engine operated at 
an equivalence ratio of 1.93 is used. The 
simulated aggregate size distributions as 
well as their time evolution qualitatively 
agree with those obtained experimen-
tally. It is also seen both in the experi-
ment and in the simulation that, in the 
considered case of about 20 % EGR, soot 
emissions in terms of mass stem mostly 
from recirculated aggregates, whereas in 
terms of number mostly from newly 
formed ones.

Figure 3: TEM-style image of simulated aggregate (sampled at 15.6 CAD ATDC, 
65 primaries, collision diameter 16.5 nm, C/H ratio 1.61)

Figure 4: Primary particle size distribution of simulated aggregate  
in Figure 3

Figure 5: Experimental 
(top) and simulated 
(bottom) in-cylinder 
aggregate size distribution 
functions at various  
crank angles
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The present study focused on fully 
premixed compression ignition opera-
tion. However, the integrated model is 
currently applied to SI engines and first 
steps have been taken towards operating 
modes which utilize direct injection 
such as partially stratified HCCI as well 
as conventional Compression Ignition 
Direct Injection (CIDI) engines.
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Figure 6: Size distribution 
at 10 CAD ATDC for ten 
consecutive cycles; The 
recirculated aggregates 
can be clearly identified 
as the ones larger than 
about 20 nm
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Testing of Engine Air 
Intake Filter Elements under 
Realistic Conditions
With the soot test bench and new fixing technique, Mann+Hummel has created development 
tools to examine the deposition characteristics of dust particles. Through these tools, it is now 
possible to test far more quickly and accurately the suitability of new filter systems and forward-
looking filter elements, e.g. with innovative pleat structures, under realistic conditions. 
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1  Introduction

The principle task of engine air intake 
filter elements in automotive applica-
tions is to retain solid airborne contami-
nation (soot) which are carried to the 
engine with the combustion air and 
which lead to increased wear [1, 2]. The 
engine management system can also be 
affected by inadequate separation of the 
particles from the ambient air if parti-
cles are deposited on the air flow meter. 
This contamination may lead to deterio-
ration of signal accuracy resulting in 
loss of power and increased fuel con-
sumption.

To separate the particles from the in-
take air Mann+Hummel generally uses 
filter elements comprising a pleated fil-
ter medium and a sealing geometry. The 
filtration performance of the filter ele-
ments essentially depends on the filter 
media used, which define the required 
functional parameters such as efficiency, 
service life and dust holding capacity. 
Classic filter media used for engine air 
filtration consist of cellulose fibres pro-
tected through special impregnation over 
their lifetime against environmental im-
pact such as humidity, oil or fuel vapour. 
Fully synthetic filter media with gradient 
structure, multilayered design or refined 
with nanofibres are also applied [3].

The advances in modern engines have 
also provided great impetus in recent 
years to further develop filtration in 
modern vehicles. Through reduced in-

stallation space for the air filter system 
in the engine compartment, continu-
ously improved filter media have been 
developed. Basic prerequisites for this de-
velopment are standardised testing pro-
cedures in the laboratory to enable dif-
ferent media to be compared and evalu-
ated, as well as thorough knowledge 
about particles existing in the ambient 
air and their impact on filtration.

2  Testing of Engine Air Intake Filters

In order to evaluate the performance of 
air filter elements, efficiency and dust 
capacity are tested according to ISO 5011 
in an air conditioned laboratory with 
standardized test dusts consisting of 
quartz particles (ISO 12 103) with parti-
cle sizes between 0.3 and 300 µm.

Dust comparable in size and composi-
tion to the test dust also occurs in ambi-
ent air, originating mainly from agricul-
tural areas, construction sites, industry 
or desert regions. Regarding to the parti-
cle size these test dusts also cover pollens 
and fly ash particles from industrial or 
domestic combustion sites, Figure 1.

As well as these comparatively coarse 
dust particles, intake air filters are ex-
posed to a large number of very fine par-
ticles less than 1 µm in size. These fine 
particles are created primarily from com-
bustion processes in diesel engines, do-
mestic heaters or industry and mainly 
consist of soot [4]. Existing filter media 
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Figure 1: Pressure loss through fine and coarse dust particles
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made from cellulose only separate these 
ultrafine particles to a limited extent.

In addition, fine particles retained in 
the filter media contribute dispropor-
tionately to the increase in pressure loss 
[3]. Due to their size, the primary trans-
port mechanism for ultrafine particles 
to the fibres of the media is diffusion 
and not inertia as it is the case for sig-
nificantly larger particles, leading to ba-
sically different structures of the sepa-
rated particles in the filter media. The 
complex structure of the soot particles 
also plays an important role. Each soot 
particle consists of a large quantity of sig-
nificantly smaller primary particles 
ranging from 10 to 20 nm in size, and 
through its dendritic structure, displays 
different separation behaviour [5]. As dif-
fusion is the main transport mechanism, 
the soot particles block the pores over 

time, which reduces the free cross sec-
tion and thus leads to an increase in the 
pressure loss of the filter element.

Mann+Hummel has developed a soot 
test bench for automotive filters, Figure 2, 
to study the filtration behaviour of filter 
elements loaded with fine soot particles 
under repeatable laboratory conditions. 
A basic requirement during this devel-
opment was the generation of particles 
similar in size (approximately 100 nm 
[6]) and structure to the soot particles 
present in ambient air, that are emitted 
mainly from diesel vehicles. A computer-
controlled soot generator produces soot 
particles with an average diameter of 80 
to 110 nm through combustion of pro-
pane. The concentration and the parti-
cle size distribution of the soot aerosol is 
continuously monitored by a high reso-
lution particle size spectrometer (Scan-

ning Mobility Particle Sizer – SMPS). A 
comparison of the particle size distribu-
tion of the soot test bench and a typical 
diesel exhaust aerosol is shown in Figure 3 
[7]. Both distributions show an excellent 
correlation in terms of the particle size 
and differ only in the particle concentra-
tion. 

In the test, the generated soot aerosol 
is sucked through the filter element. The 
amount of the generated soot and the fil-
tration efficiency are determined gravi-
metrically in accordance with ISO stand-
ard 5011. The filter element is loaded 
with soot particles until a defined pres-
sure increase is attained. Due to the high 
particle concentration that the soot gen-
erator is able to produce, a whole filter 
element can be tested in the original fil-
ter housing within a few hours. The 
SMPS measuring system can also be used 
to determine the fractional efficiency 
which indicates how effectively particles 
of a certain size are retained by the filter 
element. All the results gained with the 
new test bench are also used to support 
development of a new ISO standard for 
testing filter elements.

In the laboratory tests, virtually the 
entire range of particles occurring in am-
bient air can be generated under repro-
ducible conditions. The soot particle test 
bench and dust feeding test with stand-
ardised test dusts according to ISO 5011 
create the widest range of particles suck
ed in by an air filter during its service 
life, Figure 4.

Figure 2: Soot test bench by Mann+Hummel (left); REM photograph of particulates from the 
test bench adhering on nanofibre (right)

Figure 4: Comparison of the mass weighted particle size distributions  
of generated soot (measured by a Berner impactor) and the test dusts  
according to ISO 5011 (measured by a Malvern Mastersizer 2000)

Figure 3: Comparison of the particle size distributions of a typical  
diesel exhaust gas aerosol and the test soot aerosol generated by the 
Mann+ Hummel soot test bench
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As well as tests in the laboratory, road 
tests on various vehicle fleets are carried 
out for the development of new filter me-
dia, taking into account additional pa-
rameters such as humidity, temperature 
fluctuations and other environmental ef-
fects. These on-road tests are however very 
time consuming and a direct comparison 
of elements containing different media is 
hardly possible, as the vehicles are not 
driving under exactly the same condi-
tions. To compare air filter elements load-
ed with environmental dust (and includ-
ing the influence of humidity and tem-
perature fluctuations),Mann+Hummel 
has been successfully using a stationary 
outdoor test bench close to a busy main 
road for several years. Several filter ele-
ments in the original filter housing are 
tested simultaneously by sucking ambi-
ent air through the filters, while measur-
ing the pressure increase of the filter ele-
ment, the relative humidity and the tem-
perature of the ambient air. Even while 
operating night and day the test-dura-
tion vary between three and 30 weeks 
depending on the filter media and the 
field of application, with the longest test-
durations are assigned to the field of 
heavy duty applications. Experience gained 
to date from measurements in the out-
door test bench confirm the strong influ-
ence of finest dust particles (e.g. soot) 
and the relative humidity on the filtra-
tion performance of a filter element. A 
first comparison of measurements be-
tween the soot test bench and the out-
door test bench based on non-woven fil-
ter media shows a good correlation [7] 

and demonstrate the potential of the 
new soot test bench for the development 
of filter media.

3  Examination of Air Filter Media

In addition to testing complete filter ele-
ments, the performance of filter media 
can be determined by testing round flat 
samples. Under air-conditioned laborato-
ry conditions and with defined flow 
rates, standardised test dust (ISO 12103-1) 
is loaded onto the samples on the test 
bench. To evaluate the performance of 
filter media, the dust holding capacity, 
the gravimetric filtration efficiency and 
the fractional efficiency are determined. 

The latter can be measured online with 
an optical particle counter integrated 
into the test bench [8]. Based on all these 
information the performance of a filter 
media can be evaluated.

The initial fractional efficiency of a 
typical cellulose filter medium after a 
dust feeding of approximately 0.3 mg/cm2 
range between 70 % for particles with a 
diameter of 0.30 µm and 100 % for parti-
cles with diameters around 10 µm. With 
increased dust feeding the fractional ef-
ficiency of the filter media improves. In 
the initial filtration phase the dust parti-
cles are deposited in the inner structure 
of the filter media, increasing the sur-
face available for particle capture and 
therefore improving the filtration effi-
ciency. As additional dust is loaded, 
there is clogging of the filter media close 
to the surface. In this way, a filter cake of 
dust particles is formed which is relevant 
for subsequent filtration [9]. The transi-
tion from the depth filtration phase sig-
nified by the deposition of dust in the 
filter media to the mechanism of surface 
filtration is marked by the so called clog-
ging point, which can be derived by the 
functional change of the pressure in-
crease during the dust loading. With 
surface modified filter media coated 
with a thin layer of nanofibres between 
80 and 1000 nm in diameter, the forma-
tion of a filter cake on the surface starts 
at a very early stage, with virtually no 
dust deposition phase observed in the 
filter media, Figure 5.

Figure 5: 
Pressure 
increase of  
a cellulose 
media (depth 
filter) and a  
nanofibre 
coated media 
(surface filter) 
when loaded 
with test dust 
ISO fine

Figure 6: Microscopic picture of cellulose filter media with fixed filter cake
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The characteristic values of the fil-
ter cake such as the thickness and pack-
ing density were not until now easily 
accessible due to the fragile structure 
of the cake itself. Hence a special tech-
nique was adopted to study the proper-
ties of the filter cake. The dust particles 
in the filter cake and the media are 
first fixed then embedded together 
with the filter media using an epoxy 
resin [10]. After grinding and surface 
polishing of the hardened sample, the 
filter media including the filter cake 
can be optically analysed and measured, 
Figure 6.

The new technique also enables the 
quantitative measurement of the spatial 
distribution of dust particles in the fil-
ter cake and filter media through EDX 
analysis (energy dispersive X-ray spec-
troscopy). 

Figure 7 shows a direct comparison be-
tween cellulose and nanofibre filter me-
dia with identical pressure increase in 
each case. With the cellulose media, it is 
clear that the test dust is deposited with-
in the fibre structure whereas for the 

media coated with nanofibres, almost all 
the dust particles are located within the 
filter cake. However, as the clogging 
point has already been exceeded, the sur-
face filtration phase is reached even for 
cellulose media, so that a large propor-
tion of the filtered dust is in the filter 
cake.

As mentioned at the beginning, the 
way particles are deposited within the 
structure of filter media is strongly de-
pendent on the nature and above all the 
particle size distribution of the filtered 
dust. Particularly when dealing with 
the previously described soot particles, 
surface filtration with nanofibre media 
has proved beneficial for heavy duty ap-
plications, as both a high soot capacity 
and increased filtration efficiency can 
be achieved through modification of 
the surface [4, 7]. 

Due to the chemical composition of 
the soot particles, EDX analysis cannot 
be carried out. Mann+Hummel is thus 
currently investigating other methods 
such as e.g. X-ray tomography, to study 
the characteristics of soot deposition.

4  Summary

The performance of new, innovative fil-
ter media when handling extremely fine 
and coarse dust can be replicated realisti-
cally thanks to the very good testing fa-
cilities in the air filter lab. With the soot 
test bench and new fixing technique, de-
velopment tools have been created to ex-
amine the deposition characteristics of 
dust particles. Through these tools, it is 
now possible to test far more quickly and 
accurately the suitability of new filter 
systems and forward-looking filter ele-
ments, e.g. with innovative pleat struc-
tures, under realistic conditions. 
Mann+Hummel can thus provide even 
more efficient and advanced solutions 
for engine intake air filtration.
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Limits on Downsizing 
in Spark Ignition Engines 
due to Pre-ignition
The combination of gasoline direct injection and supercharging technologies allows the substitution of naturally 
aspirated engines through downsized supercharged engines with comparable performance. However, increasing 
the mean effective pressure is limited by the occurrence of unwanted pre-ignition phenomena. The following article 
provides an insight into the pre-ignition phenomenon and its relevant triggering mechanisms. The presented results 
stem from a research project by Volkswagen AG Group Research, in cooperation with the Institute for Internal 
Combustion Engines and Automotive Engineering at Vienna University of Technology.
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1  Introduction

The pursuit to meet the increasing ener-
gy demand, the objective to maintain 
individual mobility as well as future 
statutory provisions regarding CO2 emis-
sions have seen the automotive industry 
called on to take suitable measures. Fuel 
consumption has been continuously re-
duced through the introduction of new 
engine technologies. When it comes to 
reduce fuel consumption in gasoline en-
gines, Volkswagen AG relies on a combi-
nation of downsizing, supercharging 
and direct injection. Its latest engine gen-
eration shows high mean effective pres-
sure values and is characterised by high 
efficiency and driving enjoyment. In or-
der to raise even further potential on the 
basis of the downsizing strategy, future 
engines will achieve even higher mean 
effective pressure values. However, this 
increase is associated with unwanted 
combustion phenomena, which repre-
sent the focus of this paper. 

2  The Pre-ignition Phenomenon

The pre-ignition phenomenon is more 
likely to occur at low engine speeds and 
high charging pressures close to full load. 
Pre-ignition is initiated when auto-igni-
tion conditions are reached in the fuel/
air mixture before the spark ignition 

time. Therefore, unlike the case of knock-
ing phenomena, delaying the spark igni-
tion time cannot prevent pre-ignitions.

The flame propagation during pre-ig-
nition takes place suddenly and leads to 
rapid pressure increases and consider
able pressure fluctuations in the com-
bustion chamber. Figure 1 shows cylinder 
pressure traces for a regular combustion, 
a knocking combustion and a combus-
tion exhibiting pre-ignition. High cylin-
der pressures (> 200 bar) during a pre-ig-
nition generally result in engine damage 
and must be avoided at all costs during 
regular engine operation.

Investigations on the engine test rig 
have made it possible to ascertain the fol-
lowing influencing parameters and 
mechanisms for triggering pre-ignition:
–	 oil droplets and deposits
–	� „hot spots“ (hot components in the 

combustion chamber)
–	� reaction kinetics.

2.1  Oil Droplets and Deposits
One factor that influences the tendency 
towards pre-ignition concerns oil drop-
lets present in the combustion chamber, 
as those transported into it inadvertently 
by the crankcase ventilation. These can 
be ignited during the compression stroke 
and therefore function as the origin of a 
pre-ignition. Furthermore, oil droplets 
can also be present in deposits in the 
combustion chamber. The latter can 
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function as ignition sources in two ways. 
Firstly, particles can break away from the 
cylinder head or piston and remain sus-
pended in the combustion chamber. 
These follow the gas temperature during 
combustion and, due to the lack of heat 
conduction and their high heat capacity, 
maintain a relatively high temperature 
level during the subsequent gas exchange 
stroke. In this way, these deposits can 
function as sources of pre-ignitions in 
the combustion chamber at an early 
stage. In the second case, the deposits 
lose contact with the combustion cham-
ber wall only partially and can therefore 
function spontaneously as a „hot spot“. 
These separation mechanisms can be 
identified since always occurring at a 
fixed location and for not showing a 
thermal heating-up phase that lasts 
through many cycles [1].

2.2  Hot Spots
Operating the engine at full load leads to 
high heat transfer flows to the combus-
tion chamber components. These can 
reach critical temperature values and 
cause the gas temperature to rise beyond 
the auto-ignition value. Among such 
components figure the spark plug, the 
exhaust valves, the piston and the squish 
edges in the cylinder head. By using opti-
cal measurement techniques, it is possi-
ble to identify „hot spots“. Their negative 
effects can only be limited by modifying 
components design.

2.3  Reaction Kinetics 
Recirculated or retained exhaust gases in 
the combustion chamber have negative 
consequences on subsequent combus-
tion. On one side, they influence the 
charge pressure and temperature; fur-
thermore they contain reactive elements 

that can have a significant influence on 
the reaction kinetics [2]. These influences 
result from the complex reaction behav-
iour of long-chain hydrocarbons which 
are highly dependent on temperature, 
pressure, air/fuel ratio [3], EGR composi-
tion and EGR quantity [4]. Reaction ki-
netic calculations allow representing 
critical conditions depending on the 
above described parameters.

3  Engine Test Rig Results

In order to induce pre-ignitions deliber-
ately in a production engine, it is neces-
sary to increase significantly the level of 
charge if compared to the standard ap-
plication. At the same time, the test en-
gine must be equipped with various 
safety systems to make the operation at 
pre-ignition limit possible. In order to de-
tect possible influencing factors, many 
engine parameters can be varied. In this 

context, changing the gas exchange was 
proved to be the most effective method.

3.1  Test Specimen 
The test specimen used is a Volkswagen 
1.4 l TSI spark ignition engine with di-
rect gasoline injection and a homoge-
nous combustion process, with the tech-
nical data specified in the Table. The en-
gine is equipped with a mechanically 
driven compressor and a turbocharger. It 
has four cylinders, two overhead cam-
shafts (with phase adjuster on the intake 
side) and four valves per cylinder. 

To reach the critical operating range 
of pre-ignition, it is necessary to raise the 
charge level of the test engine to values 
significantly above the production level. 
As a result, an externally driven charger 
is connected to the intake of the test 
specimen. The intake manifold pressure 
or charge level can therefore be set inde-
pendently of the engine speed. The in-
take air temperature is set to 30 °C for all 
investigated operating points using an 
additional intercooler. Each cylinder is 
equipped with pressure transducers, 
while cylinder 4 is also provided with op-
tical access.

In order to investigate the pre-ignition 
phenomenon, the test specimen is oper-
ated at a speed of 1750 rpm at full load 
with equivalence ratio 1.0, and the 
charge pressure is increased by means of 
the externally driven compressor until 
pre-ignition occurs. The ignition time is 
manually set to the knock limit. In order 
to avoid sporadic pre-ignitions due to oil 

Figure 2: Inlet manifold pressure and indicated mean effective pressure at the pre-ignition 
limit plotted against inlet valve timing

Table: Technical data of the test engine

Type Four-cylinder in-line engine

Displacement 1390 cm3

Stroke / Bore 75.6 / 76.5 mm

Valves per cylinder 4

Compression 10:1

Max. power 125 kW at 6000 rpm

Max. torque 240 Nm at 1750 to 4500 rpm
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droplets, the test specimen is equipped 
with modified crankcase ventilation. 

Optical measurement results clearly 
indicate the effect of „hot spots“ on the 
tendency to pre-ignition. Improving com-
ponents design further shifts the pre-ig-
nition limit by therefore allowing an in-
creasing in the target mean effective pres-
sure. However, the influence of engine 
operating parameters such as the valve 
timing remains apparent. This shows 
how hot spots in the combustion cham-
ber do influence the pre-ignition tenden-
cy, but still their elimination does not as-
sure the disappearance of pre-ignitions. 
In fact, triggering factor of pre-ignition 
phenomena is mainly represented by the 
reaction-kinetic limits being exceeded. 
Therefore further investigations on pre-
ignition occurrence can be carried out on 
the initial unmodified geometry layout.

3.2  Influence of the Charge Motion
The test engine is equipped with an in-
take camshaft phase adjuster in order to 
investigate the influence of the valve over-
lap and consequently the influence of in-
ternally recirculated exhaust gas rate on 
the pre-ignition limit. It is observed that 
changing the valve overlap leads to a sig-
nificant change in the pre-ignition ten-
dency of the test specimen. Figure 2 shows 
the maximum intake manifold pressure 
as well as the maximum indicated mean 
effective pressure which can be reached 
at the pre-ignition limit as function of dif-
ferent inlet valve timing. In other words, 
the intake manifold pressure values cor-
responds to those operating points in 
which the test engine can still be operated 
without pre-ignition phenomena.

The indicated mean effective pressure 
curve shows a minimum value for an in-
let valve timing of IVT=10° CA before gas 
exchange TDC. Earlier or later IVT shift 
the pre-ignition limit further on, which 
is reflected by a higher obtainable indi-
cated mean effective pressure. In fact, 
both earlier and later IVT lead to equally 
high indicated mean effective pressure 
values. However, the required intake 
manifold pressures for the two configu-
rations are very different, the value for 
later inlet valve timing being significant-
ly higher due to a loss of effective com-
pression ratio. 

The increase in the indicated mean ef-
fective pressure when the valve timing is 

moved away from the position IVT=10° CA 
before TDC of gas exchange can be ex-
plained by two effects. Firstly, the higher 
intake manifold pressure leads to a high-
er in-cylinder mass. Secondly, the 50 % 
energy conversion time can be shifted in 
the earlier direction in spite of an in-
creased in-cylinder mass, Figure 3. This 
means adjusting the valve timing results 
in a reduction of the pre-ignition tenden-
cy. The increase in indicated mean effec-
tive pressure involves interplay of higher 
in-cylinder mass and more efficient com-
bustion timing.

These results clearly indicate the ex-
istence of limits beyond which sporadic 

pre-ignitions occur. The explanation for 
the significant change in the tendency 
towards pre-ignition when changing the 
valve timing is the modified gas ex-
change. When the exhaust valve opens, a 
pressure wave is generated in the exhaust 
system. When a shared exhaust manifold 
is used for a four cylinder engine, this 
pressure wave affects 180° CA later the 
intake stroke of the cylinder which fol-
lows up in the firing order. Figure 4 shows 
the pressure profiles of cylinder 4 at the 
pre-ignition limit for the worst case 
IVT=10° CA before TDC of gas exchange. 
The scavenging pressure drop (difference 
between the induction manifold pres-

Figure 3: Combustion parameters at the pre-ignition limit as function of inlet valve timing

Figure 4: Pressure conditions for inlet valve timing IVT=10° CA before TDC of gas exchange 
at the pre-ignition limit
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sure and the exhaust pressure) which 
normally drives fresh air into the cylin-
der results into a negative scavenging ef-
fect. In this way the exhaust gas flows 
back into the combustion chamber de-
spite a high intake manifold pressure. 
Once the exhaust valve closes the ex-
haust gas remains trapped in the com-
bustion chamber. In this context, the in-
let valve timing plays a decisive role. If 
the intake valves open before the pres-
sure wave arrives, the fresh charge flows 
into the exhaust system during the valve 
overlap. In this way, the intrusion of ex-
haust gas from the exhaust manifold can 
be avoided. If the inlet valves open much 
later, they occlude the passage to the 
pressure wave. Flow-back from the ex-
haust manifold into the intake system 
through the cylinder is also in this case 
effectively avoided.

1D simulation calculations were car-
ried out in order to evaluate the effect of 
the modified gas exchange depending 
on the inlet valve timing. Figure 5 shows 
the calculated exhaust gas rate over the 
inlet valve timing at the pre-ignition lim-
it. The residual gas rate curve reaches its 
maximum at a valve timing of IVT=10° CA 
before TDC of gas exchange with a value 
of 8.2 %. Then it decreases when the valve 
timing is shifted towards earlier or later 
positions. Furthermore, Figure 5 also 
shows the indicated mean effective pres-
sure. Comparing the residual gas rate 
and the indicated mean effective pres-
sure they show an inversed profile. A 

higher residual gas rate due to internal 
exhaust gas recirculation shifts the pre-
ignition limit towards lower values and 
therefore has a negative effect on the tar-
get indicated mean effective pressure.

4  Reaction Kinetics Simulations 

In this paragraph, reaction kinetics simu-
lations of a Multi-Reactor System [4] are 

described, which are carried out with the 
software „DARS“ [5]. For assigned pres-
sure, EGR rates and compositions a system 
of many homogeneous reactors is simu-
lated in order to determine their ignition 
delay time. Additionally, an indirect cou-
pling to 3D-CFD simulation with detailed 
chemistry allows taking into account tem-
perature and air/fuel ratio fluctuations. 

Figure 5 has shown how depending 
on different intake valve timing, i.e. dif-
ferent internal EGR rates, it is possible to 
achieve different indicated mean effec-
tive pressure targets. 

Results of reaction kinetics simula-
tion are shown in Figure 6 for valve tim-
ing of IVT=29° CA before TDC of gas 
exchange, with an internal EGR rate of 
5 % and indicated mean effective pres-
sure of 27 bar and in Figure 7 for valve 
timing of IVT=10° CA before TDC of gas 
exchange, with an internal EGR rate val-
ue of 8.2 % and indicated mean effective 
pressure of 22 bar.

Figure 6 and Figure 7 clarify the rela-
tionship between pre-ignition phenome-
na and reaction kinetics. The 3D CFD cal-
culation cells (clouds of black dots) inside 
the combustion chamber do approach 
the area characterised by short ignition 
delays, but do not overcome the critical 
ignition delay value indicated by „t1“. 

Figure 5: Calculated residual gas rate and indicated mean effective pressure over the inlet 
valve timing

Figure 6: Ignition delay of all 3D-CFD combustion chamber cells at TDC accounting for cell 
temperature and air/fuel ratio values, inlet valve timing of IVT=29° CA before TDC of gas  
exchange, full load at the pre-ignition limit, imep=27 bar
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This represents a configuration at pre-ig-
nition limit as observed on the test bed.

Figure 8 shows the results for the case 
in which the load is not set at the pre-
ignition limit at imep=22 bar but at 
imep=27 bar for the valve timing IVT= 
10° CA before TDC of gas exchange. This 
case describes an evident crossing of the 
critical ignition delay value „t1“. 

The simulation results confirm that a 
reduction of the engine load cannot be 
avoided for the valve timing IVT=10° CA 
before TDC of gas exchange. The cause is 
represented by the higher internal EGR 
percentage for this particular configura-
tion. Lowering the internal EGR percent-
age in the combustion chamber is conse-
quently an essential requisite to avoid 
pre-ignition phenomena.

5  Summary

Supercharged gasoline engines see, be-
side the well known effect of knocking, 
also pre-ignition phenomena as limiting 
condition. 

Pre-ignition phenomena result from 
the auto-ignition limit set by reaction ki-
netics for a given fuel/air mixture in the 
combustion chamber. A necessary re-
quirement to avoid pre-ignitions is repre-
sented by a homogeneous air/fuel mix-
ture, as well as an efficient design of cylin-
der head coolant and air cooling system. 

However, engine measurements and 
reaction kinetic simulation results have 
shown further influencing parameters 
able to decrease pre-ignition tendencies 
and revealed triggering mechanisms of 
this phenomenon. It is possible to classi-
fy those into three categories. 

Oil droplets and deposits cause sto-
chastically occurring pre-ignitions which 
cannot therefore be predicted. 

To a second category of the triggering 
mechanisms belong „hot spots“, which 
cause intolerable component tempera-
ture levels. Design measures for prevent-
ing „hot spots“ allow reducing the pre-
ignition tendency.

The third category features reaction 
kinetic and particularly the thermody-
namic status of the air/fuel charge and 
its composition as decisive influencing 
factors. As confirmed by reaction kinet-
ics simulations, temperature, pressure 
and residual gas rate are in this case cru-
cial parameters. A pre-ignition limit is 
set depending on these parameters, be-
yond which pre-ignition is unavoidable. 
It is possible to influence significantly 
the pre-ignition tendency of a mixture 
by optimising intake valve timings. Suit-
able valve timings affect the gas dynam-
ics and the in-cylinder flow so that inter-
nal exhaust gases and their negative ef-
fects can be minimised and consequent-
ly a higher mean effective pressure can 
be achieved.
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Figure 7: Ignition delay of all 3D-CFD combustion chamber cells at TDC  
accounting for cell temperature and air/fuel ratio values, inlet valve timing 
of IVT=10° CA before TDC of gas exchange, full load at the pre-ignition limit, 
imep=22 bar

Figure 8: Ignition delay of all 3D-CFD combustion chamber cells at TDC  
accounting for cell temperature and air/fuel ratio values, inlet valve timing 
of IVT=10° CA before TDC of gas exchange, crossing the full load pre-ignition 
limit, imep=27 bar
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