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Dear Reader, 

On 18 May, ATZ along with its entire 
product family – including MTZ – was 
presented with the “Business Medium  
of the Year 2010” award by the business 
association Deutsche Fachpresse (Ger-
man Business Media). On presenting the 
award, the jury of high-ranking publishing 
experts recognised “the successful re-
launch with high target group relevance, 
the modern, clear design and the very 
good cross-media networking.“ 

The editorial team sees this award as a 
confirmation of its strategy, which is ulti-
mately to produce quality, quality, quality. 
The perceived quality – the design of the 
cover page, the haptics of the paper, the 
clear presentation of the graphics – is a 
key aspect. After all, the packaging must 
be right; it must arouse curiosity and an 
interest in reading the articles. We have 
taken a major step forward with our re-
launch, but further ideas for improve-
ments have already emerged from dis
cussions with our readers. 

What is even more important for us is 
that we fulfil the highest standards in our 
magazines’ contents. In recent years, we 
were able to achieve progress above all by 
addressing relevant issues at an early 
stage and by actively acquiring the best 
authors. Furthermore, since the introduc-
tion of the „peer review“ process two 
years ago, we have been able to offer 
many more topics from science and tech-
nology that may already determine your 
working environment tomorrow. This is 
supported by a growing number of articles 
on current issues written by members of 
our editorial team.

The quality of our media is fundamentally 
determined by the fact that we choose our 
topics independently of our advertising 
customers. We offer our advertisers a high-
ly interesting target group, namely engi-
neers who will decide on the car of tomor-
row. The acclaimed position that ATZ have 
worked hard to establish over 112 years 
comes with a responsibility to adhere to 
strict standards on the separation of edito-
rial journalism and advertising. This also 
means that in future we will entirely ab-
stain from authors’ subsidies, which we 
have gradually reduced in recent years. 

We will do all these things in order to  
live up to our own claim even more suc-
cessfully: to be the world’s best business 
medium for you. 

Johannes Winterhagen, Editor-in-Chief 
Wiesbaden, 1 June 2010

ACCLAIMED
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In the past years, Eberspächer has developed active exhaust silencers for several passenger vehicles with different 

engines on a prototype level. In general, a substantial reduction of the exhaust noise was regularly achieved in a 

frequency range of 40 to 400 Hz covering the most relevant engine orders. Recent progress was made in the 

development of the durability and industrialization of the actuator. This component could be reduced in size and 

weight thus allowing the integration in different design spaces of many vehicles.

Active Exhaust Silencers
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ACTUATOR REPLACES  
REAR Silencer COMPLETELY 

There has been tremendous progress in 
the layout process of conventional ex­­
haust systems by means of virtual opti­
mization over the past years. Neverthe­
less, in every automotive development 
project the given package space as well 
as the targets for backpressure and acous­
tic levels define systematic limits which 
can not be overcome with the current 
silencer technology. These limits are 
also set by development time and cost 
and lead to an ultimate silencer volume 
necessary to fulfill the technical require­
ments of the OEM. 

Under these circumstances, the main 
advantages of the “Active Noise Cancella-
tion” (ANC) technology can be utilized  
to compensate for the extra costs which 
are associated with the additional compo­
nents (e. g. loudspeaker and electronics). 
The main advantages of active silencers 
are as follows:

high efficiency in reducing dominating 
engine orders, leading to smaller 
silencers
low backpressure resulting in higher 
engine performance and/or to some 
extent lower fuel consumption
software control of engine orders 
allowing an adaptive sound design and 
easy sound customization
versatile silencer construction leading 
to more carry-over-parts
simplified development procedures and 
reduced development costs and time.

Due to the above mentioned advantages 
intensive investigations were carried out 
to implement ANC in exhaust systems of 

:

:

:

:

:

internal combustion engines [1-5]. Also, 
Eberspächer concentrated in their first ex­­
periments on an integration of the active 
element (loudspeaker) in a specially de­
signed rear silencer [6]. Although several 
benefits in functional performance could 
be shown, with this approach an intro­
duction into automotive series products 
could not be reached since advantages in 
weight and cost could hardly be demon­
strated. In a new concept the actuator was 
therefore rigorously redesigned and now 
replaces the rear silencer completely [7], 
❶. The overall layout of the “ActiveSilence” 
system remains as in former ideas, e. g. 
the actuator receives its input from a micro-
controller with integrated amplifier. In this 
electronic hardware, a complex software 
algorithm calculates the anti-noise signal 
from the input signals supplied by the 
ECU (Engine Control Unit) and a signal 
from an error microphone. 

The actuator itself contains the electro-
magnetic loudspeaker as an active ele­
ment and is driven via a digital ampli­
fier from a micro-controller which exe­
cutes the ANC algorithms implemented 
in dedicated software reacting on the 
input signals (speed, load) from the en­
gine control unit (ECU) as well as an 
error sensor placed at the tailpipe. The 
actuator casing is of nearly spherical 
design and attached to the tailpipe as 
shown in ❷.

By this design the thermal load to the 
delicate loudspeaker is reduced to reason­
able limits. With a volume of only about 
3 l and a weight of about 3 kg this design 
also allows enough flexibility to adopt to 
different underbody package requirements 
to utilize the actuator in several vehicle 
platforms of even different OEM. The pos­
sible impact of this technology will now 
be explained in more detail with two case 
studies carried out at Eberspaecher in 
comparison with current serial exhaust 
on different vehicles. For a fair compari­
son with conventional rear silencers, the 
total volume of the active systems was 
estimated to about 5 l and 5 kg because it 
included also the y-junction (here shown 
in green). In each case study the hot end 
with its exhaust purification remained 
unchanged as well as the hanger positions 
and ground clearance of the exhaust. Thus, 
the vehicles could be driven normally 
on the road and were demonstrated to 
several OEM.

Dr.-Ing. Jan Krüger 
is Director Acoustics  

Basic Development at  
J. Eberspächer GmbH & Co KG  

in Esslingen (Germany).

Dipl.-Ing. Michael Pommerer 
is Teamleader Acoustics  

Basic Development at  
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in Esslingen (Germany).
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❶	General set-up of the “ActiveSilence” system
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CASE STUDY WITH A  
FOUR-CYLINDER GASOLINE ENGINE

In a first case study, an active exhaust 
system was developed for a premium lim­
ousine with a 2.0 l four-cylinder gasoline 
turbo charged engine with direct injection 
(147 kW; 280 Nm) with dual exhaust sys­
tem. The relevant exhaust data of the cold-
end are given in ❸. 

In this demonstration project the main 
target was to increase the acoustic com­
fort by decreasing the firing frequency 
(2nd EO) without sacrificing the low back­
pressure of the production system and of 
course keeping all 3D-space limits in the 
underbody. This was achieved by intro­
ducing a small front silencer and replac­
ing the two rear silencer by actuators, ❹.

Overall, a silencer volume reduction of 
about 14 l, equivalent to 36 %, was real­
ized with the active exhaust silencers while 
backpressure and weight of the active 
system are similar to the production sys­
tem. The acoustic results are shown in ❺ 
and ❻ respectively measured on a roller 
test bench at WOT (Wide Open Throttle = 

full load) and at a distance of 0.5 m and 
under an angle of 45° relative to the tail 
pipe orifice exit.

When the ANC system is switched-off, 
the overall level is maximum about 5 dB(A) 
higher than the production system. How­
ever, with the ANC turned on, a signifi­
cant reduction is measured ranging from 
2 to 8 dB(A), thereby achieving a small 
improvement over the production system 
in almost the entire speed range. ⑥ shows 
the 2nd engine order of the same measure­

ment where the effect of the ANC-system 
can be seen more clearly. It starts at about 
1200 rpm (40 Hz) and reaches 10 to 20 dB 
of active noise reduction. 

CASE STUDY WITH  
A SIX-CYLINDER DIESEL ENGINE

In a second case study, an active exhaust 
system was developed for another limou­
sine with a 3.0 l six-cylinder diesel engine 
with a turbo charger (170 kW; 450 Nm). 

Production system Active system

Volume of inter silencer 12.4 l 12.4 l + 3 l = 15.4 l

Volume of rear silencer 2 x 13.5 l = 27 l 2 x 5 l = 10 l

Back pressure 50 mbar 40 mbar

Overall weight 22 kg 23 kg

❸	Exhaust data of the cold-end of a 2.0 l four-cylinder gasoline turbo charged engine

❷	Integration of an 
actuator in an exhaust 
system near the tailpipe

❺	Overall sound pressure level at the tailpipe of the four-cylinder gasoline engine

-
-
-
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❻	2nd engine order sound pressure level at the tailpipe of the four-cylinder 
gasoline engine
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❹	Exhaust system with active silencers
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The relevant data of the cold-end exhaust 
system are given in ❼. 

The production exhaust system included 
a particulate filter but no inter silencer. In 
the active system, the dual flow exhaust 
system with two rear silencers (produc­
tion) was replaced by a single flow exhaust 
system with just one actuator with a vol­
ume of 5 l, ❽.

Note, that the overall silencer volume 
reduction is now drastically about 22 l 
which is equivalent to about 80 %. Fur­
thermore, the backpressure of the produc­
tion exhaust could be lowered by about 

135 mbar measured at the outlet cone of 
the particulate filter. Finally, the active sys­
tem including ANC controller, cables, and 
amplifier weighs about 9 kg less than the 
production system disregarding the addi­
tional hanger and heat protection material 
which could be saved, too. This substan­
tial weight reduction was only possible by 
sacrificing one visible tailpipe which has 
of course a negative impact on the visual 
appearance from the back of the vehicle. 
On the other hand, the purpose of this 
case study was rather to demonstrate the 
light weight design potential without com­

promising any technical function rather 
than the optical design.

The acoustic results are shown in ❾ 
and ❿ respectively and are measured the 
same way as in the first case study. The 
A-weighted overall level is dominated by 
flow noise rather than by engine orders 
which is quite typical for diesel engines. 
Consequently, the overall level changes 
by just a few dB(A) only when the ANC-
system is switched on or off which is 
close to the production system. Neverthe­
less, ⑩ shows in more detail the 3rd 
engine order of the same measurement. 
The effect of the ANC-system is clearly 
visible in the diagram. In fact, the active 
noise reduction reaches about 5 to 15 dB 
in the entire speed range. Despite the 
actively controlled 3rd engine order being 
obviously higher than in the production 
system, it remains on an acceptable level 
which does not influence the overall tail­

❽	Design of exhaust lines for a six-
cylinder diesel engine (left: production 
system; right: active system with two 
and one actuator respectively)

Production system Active system

Volume of rear silencer 2 x 13.5 l = 27 l 5 l

Back pressure 205 mbar 70 mbar

Overall weight 19 kg 10 kg

❼	Exhaust data of the cold-end of a 3.0 l six-cylinder diesel turbo charged engine

❾	Overall sound pressure level at the tailpipe of the six-cylinder diesel engine
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❿	3rd engine order sound pressure level at the tailpipe of the six-cylinder diesel engine
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pipe level or the interior noise level of 
this engine order. 

Besides a pure noise cancellation active 
silencers offer the opportunity of sound 
enhancement of several engine orders de­
pending on relevant engine and vehicle 
parameters e. g. engine speed and load as 
well as vehicle speed or even transmission 
gear. Moreover, it is possible to switch be­
tween sound designs by different data sets 
in the software algorithm depending on 
the drivers intention or even a more auto­
matic selection between a comfort and a 
sport mode. To demonstrate the effect of 
alternative sound designs implemented 
purely by different data sets and applied to 
the same engine and a dual exhaust con­
figuration, ⓫ shows the tailpipe noise of 
the above mentioned vehicle with six-cyl­
inder diesel engine measured under full 
load acceleration. Clearly, one can see that 
the series production exhaust exhibits 
almost no engine order content while with 
the active exhaust in passive mode the 
engine orders are visible somewhat but 
not on a truly sporty level. The activated 
system can amplify certain engine orders 

thereby supporting totally different sporty 
sound impressions. Those impressions are 
not only noticed outside the vehicle but 
could also be recognized markedly inside 
the vehicle on all seats. Finally, note that 
through careful design of the exhaust sys­
tem and in particular a substantial reduc­
tion of flow noise the A-weighted overall 
level remains within the limits given by 
European pass-by noise legislation. 

DURABILITY CONSIDERATION

Naturally, the functionality of an active 
exhaust system has to be assured as usual 
for automotive components and in par­
ticular for conventional exhaust systems. 
Therefore, Eberspächer has carried out 
extensive durability investigations both on 
the active components itself as well as on 
demonstrator vehicles. Compared to the 
common fields of application of electro-
magnetic loudspeakers in the automotive 
industry the location at an exhaust system 
was a particular challenge in the develop­
ment process. The durability of the loud­
speaker is hereby especially affected by:

vibration due to road load and engine 
excitation
exposure to aggressive chemical sub­
stances in gaseous and liquid form 
(condensate)
thermal load due to the hot exhaust gas.

The mechanical durability was developed 
by a careful CAD design supported by FE-
simulation, special thermo-mechanical 
analysis, and modal analysis of loud­
speaker, actuator and the whole exhaust 
system as it is standard in the develop­
ment of exhaust systems. The chemical 
resistance against the exhaust gas and its 
condensate could only be achieved by 
innovative materials on all the loud­
speaker components which are faced with 
the exhaust (e. g. membrane, surround, 
adhesive). The most important challenge, 
however, was to assure that the high ex­­
haust gas temperature does not destroy 
the loudspeaker and the induced heat in 
the voice-coil by electrical load during 
driving is effectively dissipated. A closer 
analysis of this situation revealed that the 
highest thermal load exists only during 
longer periods of high engine loads and 

:

:

:

⓫	Campbell diagrams of the overall sound pressure level at the tailpipe of the six-cylinder diesel engine
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speeds typical only for high speed driv­
ing (e. g. > 200 km/h). In this case, the 
enormous cooling effect of underbody 
flow can be utilized to cool the exhaust 
system, the actuator and in particular the 
connection tube from actuator to the main 
exhaust pipe. Furthermore, the temperature 
resistance of the loudspeaker could be 
improved to about 150 °C which eventu­
ally allowed a robust system design which 
copes with even extreme situations as e. g. 
high speed driving for several hours. Apart 
from this extreme application it seems of 
more importance for the long time du­
rability to cover the average driving pro­
file of a particular vehicle equipped with 
a certain engine. ⓬ shows such a tem­
perature distribution on the loudspeaker 
measured during a long run vehicle du­
rability test (> 50.000 km). The measure­
ment data are taken from a limousine with 
six-cylinder diesel engine and included 
relevant driving conditions such as idling, 
stop-and-go, cruising, WOT acceleration, 
coast down and high speed driving in mid­
dle European climate. It can be seen clearly, 
that most of the time the loudspeaker tem­
perature is in a range below 100 °C. Ex­­
treme temperatures occur rarely e. g. 140 °C 
in less than 1 % and a critical temperature 
of 150 °C is hardly ever reached. In addi­
tion to special vehicle testing, several 
vehicles of Eberspaecher company fleet 
were equipped with an active exhaust 
system and are now continously tested in 
everyday use. 

CONCLUSIONS

The feasibility of active silencers under the 
harsh conditions of automotive exhaust 
systems has been demonstrated. Several 
functional advantages were proven such as 
the acoustic performance, silencer volume 
and backpressure reduction. Besides that, 

the durability of the actuator in respect to 
vibration, chemical substances and temper­
ature has been investigated thoroughly and 
improved to be able to start a series devel­
opment including the industrialization of 
the actuator. Further emphasis in future 
development work will be directed towards 
the reduction of overall system cost. Cer­
tainly, this technology can only be intro­
duced in automotive mass production if the 
additional cost for loudspeaker, controller 
hardware, and software can be compen­
sated by higher functional performance or 
added customer value. In particular the 
freedom in sound design and the weight 
reduction potential seem to be highly attrac­
tive to the OEM especially if the market is 
open to a more radical functional design of 
the cold-end exhaust system. Current 
requests therefore support e. g. potential 
applications such as (main motivation):

diesel engines in sporty vehicles (sound)
downsized engines with less cylinders 
(sound and silence)
cylinder deactivation of V6 and V8 
engines (sound and silence)
small internal combustion engines for 
range extender vehicles (volume and 
silence)
rigorous integration of exhaust system 
in engine bay (volume and silence).
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⓬	Cumulative distribution of temperature  
at the left (grey) and right (green) loudspeaker  
during a long vehicle test run
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Orifice Flap  
For intake systems at 
limited installation space

In contemporary engines, turbocharging increases air mass flow, which, in turn, requires a larger intake pipe 

cross-section to reduce pressure drop. However, a larger cross-section results in higher intake noise, which 

must be reduced using a comparatively large volume bypass resonator. Since the necessary installation space 

can hardly be found in downsized engines with start-stop systems, innovative technical solutions should be 

thought. And exactly this is where the orifice flap design developed by Mann+Hummel can be used. This paper 

describes this innovative flap as a solution of the conflict between pressure drop and intake noise in vehicles.
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Further engine development 
remains important

While the development of alternative drives 
is continually progressing, the development 
of the internal combustion engine (ICE) is 
required in parallel, too. Yet, the ICE will 
remain the basic drive option for cars in 
the coming years, playing a crucial role in 
hybrid drive concepts as well (e.g. as a 
range extender). Considering these facts, 
it seems reasonable to look for new meth­
ods in the development of air intake sys­
tems to sort out conflicts between pressure 
drop, limited installation space and engine 
acoustics. The approach implemented in 
this particular case was the “Way of Con­
tradiction Oriented Innovation Strategy” 
(WOIS). According to this strategy, the de­
velopment process can be depicted as a 
continually rising spiral and as such it is a 
never-ending process. At higher stages of 
the development process, solutions from 
the past can help to break the limits of per­
formance achieved so far. Development 
discrepancies provide a central thinking 
model in WOIS [1]. Whereas conflicts in 
the past were resolved by compromises, 
WOIS strives to obtain a more compre­
hensive view to break existing performance 
limits. At the start of the WOIS-based de­
velopment, existing development directions 
should be considered exactly to determine 
key barriers which, later, should not only 

be optimized, but rather completely re­
solved. These issues will be dealt with in 
the section describing the initial situation 
for WOIS, however, let us now go back to 
the air intake system.

Air intake system

A conventional air intake system con­
sists, generally, of raw-air duct, air filter 
box, clean-air duct including a mass air 
flow meter and an intake manifold with 
a throttle valve. In turbocharged engines, 
the air intake system includes, addition­
ally, a charge air duct between the turbo­
charger and cooler (hot-air side) and 
between the cooler and the throttle valve 
(cold-air side). Due to the hot side is 
connected with the exhaust pipe and the 
cold side with the intake manifold, the 
intake air is led once around the engine. 
This reduces the installation space drama­
tically and, consequently, new, space-
saving designs must be thought. 

The air intake system in cars has the fol­
lowing tasks: supplying air to the ICE, re­
moving dirt, dust particles and moisture in 
the air to reduce engine wear and failure 
in engine electronics − and also noise gen­
erated by the impulse operation of the en­
gine’s pistons. Noise must be reduced pri­
marily because of its health damage poten­
tial. Pressure drop caused by routing the 
air intake pipe, filter resistance, and pipe 
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❶	Air intake system with noise reduction components in a 2.0 l four-cylinder internal combustion engine 
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cross-section changes reduce engine effi­
ciency. Therefore, thermodynamics experts 
try to minimize air flow resistance and, 
thus, to increase engine power output. This 
will be achieved by increasing the pipe 
cross-section, thus avoiding the installa­
tion of additional, large-volume noise 
reduction systems.

These additional systems (Helmholtz re­
sonators) require different installation 
space, depending on frequency range. For 
low-frequency sound, large resonator vol­
umes (2 to 5 l) are required to reduce the 
noise level to acceptable values. The air 
intake system of a natural aspirated four-
cylinder ICE is shown in ❶. Noise reduc­
tion measures can be seen as bulges along 
the pipe. The biggest side branch reso­
nator is tuned to approximately 80 Hz, 
requiring a volume of approximately 2.5 l. 
However, space for installation of this  
unit will hardly be provided, since it is 
required for other engine systems. And,  

at the same time, the requirements with 
regard to avoiding pressure losses will 
rise, since additional air must be supplied 
to the engine to increase its power output. 
As a result, the cross-section of the duct 
system must be increased. This measure 
reduces the dampening effect of cross- 
section changes in the air filter.

Smaller pipe diameters, particularly at 
the air intake, reduce noise; however, the 
pressure drop will rise dramatically due to 
the higher air flow rate. This conflict has 
been experienced in the course of devel­
oping air intake systems in the past and 
has been solved using more or less suc­
cessful compromises. 

Therefore, the air intake system of the 
2.0 l four-cylinder engine, as specified 
above, was selected for optimization 
using the WOIS concept, since this 
series-production engine has a lot of 
additional noise reduction systems (side 
branch resonators). In order to obtain an 

optimized engine design, these resona­
tors can easily be removed, thus provid­
ing additional installation space and cre­
ating a basic variant maintaining the 
same pressure loss values for a further 
optimization, ❷.

Removal of these additional measures 
will result – at first – in higher noise lev­
els (up to 10 dB(A)) at overall engine 
speed, which is four times higher as with 
noise reduction components, ❸ (left). 
The impact of pressure drop would be 
negligible – as shown in ③ (right) – 
since the removed noise reduction com­
ponents were placed exclusively in the 
bypass; however, the overall result was 
not satisfactory. Thus, both contradictory 
objectives of development in line with 
WOIS would be air intake noise and 
pressure drop.

Initial situation for WOIS 

Noise at the air intake grows continually 
in natural aspirated engines, proportion­
ally to engine speed, ③ (left). Lower 
engine orders are dominating the overall 
sound pressure level in most cases, 
ranges from 50 to 250 Hz, at low-fre­
quency, hence, large-volume noise re­
duction components are required to elim­
inate booming noise in the passenger 
compartment. This low noise can be per­
ceived by the passengers on the rear 
seats at low engine speed, whereas the 
driver will not recognize it, since he is 
sitting in the node of vibration. Pressure 
loss, as a rule, will be optimized only for 
maximum mass flow, and the pipe diam­
eter will be defined for maximum mass 
flow, since − in natural aspirated 
engines − this airflow occurs only at 
maximum engine speed.

Owing to the proportional correlation 
between volumetric flow rate and engine 
speed, a significantly smaller pipe diame­
ter is sufficient for low engine speed, 
with the same allowed pressure drop. 
This fact inevitably suggests a variable 
pipe diameter design. At low speed, a 
smaller pipe diameter would provide for 
compliance with air intake noise specifi­
cations, whereas at higher speed, the 
pipe diameter, which increases along 
with the increasing volumetric air flow, 
would avoid excessive pressure drop.

The solution of this conflict in line 
with the WOIS, resulted in the require­

❷	Comparison of both systems, with additional components (left) and without additional components (right)
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ment of a variable air intake pipe cross-
section, continually adjustable using  
a flap. For this purpose, a step motor 
design seemed to be the first choice. 
However, this option would be expen­
sive and, additionally, the risk of failure 
and wear should be considered, since 
the flap must always close the orifice 
completely. Therefore, the design engi­
neers at Mann+Hummel were looking 
for a design without a step motor. 
Finally, they opted for a two-channel 
duct design, where one duct is perma­
nently open and the other has a variable 
cross-section, controlled using a self-
adjusting flap (the pressure difference on 
both sides of the flap is used for easier 
closing and opening of the flap).

Self-adjusting orifice flap

At first, air flow was divided into two 
channels using a partition wall. One 
channel is permanently open, and the 
other will be closed using a flap. The end 
section will not be modified, since it pro­
vides a connection with the front end. 
The components of the air intake system 
are shown in ❹.

The other channel is completely closed 
at low engine speed, thus increasing the 
pressure difference on both sides of the 
flap as the engine speed rises. This pres­
sure difference causes the flap to open, 
thus increasing the cross-section of the 
air duct. At maximum air flow, the flap 
will be fully opened, allowing the air to 

flow into the combustion chamber of the 
engine without excessive pressure drop. 
The acoustic air flow benefit consists of 
closing the other duct as long as possible 
(or rather not opening it too soon), thus 
allowing the initial flow rate.

This optimized design was tested and 
noise levels were measured on a Mann+ 
Hummel vehicle roller bench. The noise 
curve is shown in ❺, measurement per­
formed at a distance of 100 mm, in third 
gear, at full load. This innovative design 
allowed a reduction in the overall noise 
level, ⑤ (left), to the value specified for 
series production. Resonance peaks could 
even been reduced to some extent. A 
reduction of low-frequency noise by 6 dB 
was achieved in the air intake system 
with variable duct cross-section at an 
engine speed up to 2000 rpm, although 
the 2.5 l resonator was removed. Pressure 
loss did not change at maximum volumet­
ric flow and only minor pressure reduc­
tion occurred in the medium speed range, 
which can be attributed to the design con­
cept, ⑤ (right).

Summary

The continuing development trend of en­
gine downsizing and increasing specific 
engine power output through turbocharg­
ing means an increasingly smaller and 
complex installation space. Development 
until now has been aimed at finding 
technical compromises between the con­
tradictory target requirements of noise 
reduction and avoiding pressure drops. 
For achieving these goals, large compo­
nents were necessary. An adjustable flap 
in the intake air duct provides a solution 
with reduced installation space. An opti­
mized air intake system, with removed 
bypass resonators, shows how to save 
more than 2.5 l in the engine compart­
ment using an orifice flap in air intake, 
without negative consequences such as 
increasing noise and pressure drop at 
maximum air flow.

Reference
[1] Linde, H.; Hill, B.: Erfolgreich erfinden, Wider-
spruchsorientierte Innovationsstrategie für Ent-
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❺	Comperative measurement for an optimized air intake system with variable orifice flap
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PRECISE AND WELDFREE 
HIGH-PRESSURE SENSOR FOR 
LARGE ENGINES
High pressure sensors used with large diesel motors must offer a very high  

level of robustness and precision. At the same time the cost of the sensor must  

be such that its series use in large engines is practicable. The new Trafag  

high-pressure sensor fulfils all three of these critical requirements, as described  

in the following report.
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MOTIVATION

The elevated media temperatures – up to 150 °C – of the heavy 
fuel oil (HFO) and the relative variations in injection pressure in 
excess of 1500 bar call for sophisticated and innovative sensor de­
sign. The operational lifetime requirement of 1010 full load cycles 
and ever increasing system pressures of up to 3000 bar encoun­
tered in common rail systems must be taken into account, as 
must the high levels of vibration encountered.

The development and optimization of combustion control pro­
cesses for large engines, such as fuel injection modulating in com­
mon rail systems, demand ever more precise and robust sensory 
components which are also economically priced. Trafag AG has 
been manufacturing common rail pressure sensors for measuring 
peak pressures of up to 3000 bar for ten years. These sensors are 
also used for monitoring peak pressures in a range of unit pump 
systems. On large diesel engines an operational lifetime of up to 
1010 load cycles from 0 to 2000 bar is required, calling for an extreme­
ly robust design with outstanding long-term stability.

In essence, there are three main requirements which a high pres­
sure sensor must meet. Firstly, it should be economically priced. 
Secondly, it must be extremely robust and stable in order to with­
stand the harsh conditions met in large engine environments. Final­
ly, the sensor must be equipped with high performance electronics 
capable of processing the measured data quickly and demonstrat­
ing a high level of accuracy over a wide range of temperatures. 

SENSOR DESIGN

Of the numerous sensor technologies available on the market to­
day, that most frequently used in the high pressure sector is resis­
tive measurement, which boasts the advantage that the pressure 
signal is referenced to ambient. In addition to the MSG (metal strain 
gauge) technology reported in MTZ some years ago [1], thin film 
methods are also available. This process essentially makes use of 
two coating techniques. Firstly, in order to electrically insulate the 
active sensor components from the body of the device, a SiO2 glass 
layer is laid down using a CVD process (Chemical Vapour Depo­
sition). This provides insulation from the device housing which is 
capable of withstanding in excess of 500 VAC. The resistors which 
form the Wheatstone bridge measurement circuit are made of 
nickel and nickel-chrome alloy, and are sputtered directly onto 
the SiO2 surface. In subsequent process steps conventional litho­
graphic techniques are used to create the meander-shaped con­
ductor paths typical of the strain gauge.

In contrast to the widely used silicon-based pressure sensor 
systems [2], sensors using thin film technologies show much 
lower temperature errors and an increased long-term stability due 
to the fact that all the materials used in their construction have 
similar coefficients of thermal expansion.

The relative zero offset of a Wheatstone bridge circuit can be 
used as a parameter to measure sensor stability. In order to evalu­
ate long term stability over the sensor lifetime under conditions 
met in the large engine environment, a number of different sen­
sors were subjected to a temperature of 120 °C over a period of 
seven years during which time the zero offsets were recorded. ❶ 
shows the drift values measured, all of which lie well below 0.5 % 
FS (FS = Full scale measurement range). The zero offset drift of 
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other pressure sensors based on another 
resistive technology, thick-film on ceramic 
(previously known as hybrid-technology), 
which were also investigated, is almost an 
order of magnitude higher. The NiCr alloy 
used to fabricate thin-film devices has the 
additional advantages of having a very 
high manufacturing reproducibility as 
well as temperature stability to 200 °C.

NON-WELDED CONSTRUCTION 
OFFERS HIGH SECURITY

The latest generation of the high-pressure 
sensor utilizes a non-welded design based 
on a monolithic body of precipitation-har­
dened 17-4PH CrNi stainless steel. The 
sensor diaphragm, which must be of an 
exactly defined thickness, forms the bot­
tom of a highly accurate deep bore machin­
ed into the centre of the device body. The 
membrane is designed to operate at very 
high pressures, in excess of 3000 bar. The 
thin-film structure is not directly located 
on the diaphragm but is deposited onto a 
tiny cantilever beam attached to it at the 
thinnest point. This avoids the need to 
create the sensor structures on diaphragms 
individually, which would be laborious and 
inefficient. In such highly loaded sensors 
it is essential to maintain low stress levels 
in relation to the elastic limit in order to 
maximize the operational lifetime. While 
17-4PH steel (material number 1.4542) has 
a maximal tensile strength of 1300 MPa, 
more recent studies show that its load cycle 
endurance in the giga-cycle range can be 
reduced under some circumstances [3]. In 
contrast to welded constructions, a mono­
lithic sensor body offers enhanced secu­
rity under fatigue stress conditions due to 
the seamless design and a lower internal 
residual stress level.

FEM CALCULATION INCORPORATING 
INSTALLATION CONDITIONS

During the finite element analysis of the 
sensor body two different load situations 
were investigated. The first case indicates 
the deformation and stress when the sen­
sor is fitted and tightened with a specified 
torque. A difference in cone angle of 0.5 
to 1° between the sensor body and the 
mounting seat results initially in a line 
contact between the two which usually 
forms a seal on the high-pressure side. 
The seating force generated by the tight­

ening torque is in the >10 kN range and 
this causes the contact areas of the two 
parts to deform until the stress in the cone 
surface shell falls below the elastic limit, 
❷. At this point the sensor and the seat 
have mutually adjusted their shapes, al­
lowing continuous sealing to occur. Im­
portant in this context is the well-defined 
lubrication of the sensor screw-thread.

The second loading case modelled is 
based on the installation conditions as de­
scribed above, with the addition of oper­
ating pressure to evaluate the deformation 
and stresses in the sensor body and dia­
phragm when the device is in use. The de­
formation of the cantilever beam when the 
nominal pressure of 2500 bar is applied is 
just a few microns, ❸.

The electrical connection of the strain 
gauge on the cantilever beam to a printed 
circuit board (pcb) is made with the help 

of wire bonds in order to mechanically de­
couple the sensor element and electronics. 
In the latest generation of sensors only one 
pcb is required which, because of the strin­
gent electromagnetic compatibility (EMC) 
and vibration requirements, is mounted 
directly onto the metallic sensor housing. 
The customer specific interface normally 
includes a connector integrated into the 
housing or an appropriate cable module. 

SIGNAL PROCESSING  
WITH PRODUCT SPECIFIC ASIC

The output signal from the Wheatstone 
bridge which is generated by the very slight 
stretching of the diaphragm under pres­
sure is, as already demonstrated, ①, 
extremely stable. On the other hand, the 
signal level is rather low – with a k-factor 
of two for NiCr strain gauges, outputs of 

❶	Comparison of the long-term stability of two different resistive sensor technologies top: strain gauges 
sputtered onto steel; bottom: strain gauges printed on Al2O3 ceramic, then fired
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2 mV/V are measured. This disadvantage 
can be made good with the help of the lat­
est Application Specific Integrated Circuit 
(ASIC) technology. The IC used in the 
sensor features an offset-free amplifier 
which operates in a closed control loop, 
thereby compensating for any offset drift. 
This allows even small output signals 
below 2 mV to be amplified with a high 
signal-to-noise ratio and compensated, at 
5 V supply voltage. In order to meet spe­
cific customer requirements zoomed (i.e. 
partial) measurement ranges may be 
selected, offering increased security 
against excess pressure (typically a factor 
of four to six times measuring range). Noise 
levels of ~ 40 nV/√Hz, equivalent to 
0.6 µVeff at 300 Hz bandwidth are 
achieved. ❹ shows a block diagram of the 
ASIC circuitry. Analogue to digital conver­
sion is performed by a sigma-delta con­
verter. Error compensation is effected by 
means of a three-dimensional lookup 
table – the error is evaluated and fed back 
via a fast pulse-width modulated (PWM) 
signal. Temperature is measured either by 
the ASIC’s on-chip sensor or directly by a 
nickel resistor on the strain gauge itself, 
the latter giving a very good indication of 
the temperature of the pressure medium. 

The signal is measured with a bandwidth 
of 10 kHz, so that very fast transient effects 
in the fuel injection process can be record­
ed. The sensor electronics meet all EMC 

requirements as per IEC 61000 (level 4) as 
well as current marine and railway stand­
ards. According to DIN 16086 the total 
error shown by a pressure sensor is the 

❷	Stress in sensor seat during tightening (left) and stress after sensor is tightened 
and under pressure (right)

❸	Finite element simulation shows strain 
zones in the x direction in the area where the 
cantilever is welded to the diaphragm (blue 
compression, red strain); the displacement is 
enlarged by a factor of 100 for clarity
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combination of the non-linearity and hys­
teresis (NLH), the temperature error and 
the sensor drift. The total error of the Tra­
fag high pressure sensor in the tempera­
ture range between -20 and 135 °C has 
been kept very low, so that generally sen­
sors show a total error of just 0.3 to 0.5 % 
FS. This is equivalent to about 10 bar 
error in the 2500 bar measuring range.

SENSOR QUALIFICATION  
THROUGH EXTENDED TESTS

Both elaborate simulated lifetime tests and 
intentionally destructive tests were under­
taken in order to test the robustness of the 
design, identify weak points and enable 

these to be corrected. The initial tests in­
volved exposing sensors to high operating 
temperatures for extended periods, as al­
ready mentioned, ①. In addition, the com­
bination of constant, high nominal pres­
sure and exposure to maximum operating 
temperature quickly provides data on the 
stability of a particular sensor technology. 
In this regard, a typical test run involved 
exposing the sensors for 2000 hrs to 120 
to 140 °C, during which time, the offset 
drift values should be less than 0.5 % of 
the nominal pressure range.

Increasing the frequency of temperature 
cycles provides temperature shock data 
(duration of temperature change less than 
10 s, hold time typically 30 to 60 mins) 

which often gives precise information on 
sensor drift, possible short circuits, solder­
ing failures or bond wire breakage. Extend­
ed vibration testing (400 hrs) with simul­
taneous temperature variation from to 40 
to 135 °C represents another important 
part of sensor qualification. This test tends 
to uncover weaknesses in assembly and 
connection techniques such as poor elec­
trical interconnects, loose parts etc. An 
excellent insight into this subject is given 
by Wulpi et al. [4].

Finally, highly accelerated lifetime test­
ing (HALT) was also employed to defini­
tively evaluate the design. ❺ shows an 
example of one such test which quite in­
tentionally exceeded the sensor specifica­

❺	Combined environmental HALT tests deliberately 
exceeding sensor specifications (-80 °C / 160 °C at 
constant vibration level of 50 g RMS, lower traces);  
output signals (upper traces) of the pressure sensors show 
uncompensated response to temperature shocks but also 
signal stability i.e. return to specified output at the end of 
the tests

❹	Schematic diagram of ASIC functionality; 
compensation is performed by a feedback loop  
at up to 10 kHz
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tions. Here, sensors with a specified vibra­
tion tolerance of 25 Grms within a tem­
perature range of -40 to 125 °C are subject 
to a 50 Grms vibration test. At the same 
time the temperature in the test chamber 
is raised within a few seconds from -80 °C 
to 160 °C. The output signals of the sen­
sors are recorded in real time to identify 
the beginning of a potential wear pattern. 
In the example shown the cable connec­
tors represented the limiting factors. A 
particular response curve of the sensors 
can be recognized in reaction to the exter­
nal thermal effects, since the short term 
transient errors which appear during the 
test are not compensated away. Elsewhere 
an increase in the signal-to-noise ratios, 
originating from wear in an external con­
nector, can be seen. Essential for the evalu­
ation of the test result is that at the con­
clusion of the selected test series, or for as 
long as possible during the tests, the sen­
sors continue to function within specifica­
tion. In the case of the Trafag high-pressure 
sensors, valid output signals were still 
measured at the end of the tests (0.5 V at 
ambient pressure).

SENSOR VALIDATION BY  
OPERATION ON LARGE ENGINES

Thin film technology with its inherent 
media-compatible design (no O-rings) 
allows sensors to operate on large 
engines using heavy fuel oil (HFO) 
where the viscous oil is preheated to up 
to 150 °C before injection (IFO 700  

containing 2 % sulphur). After 3000 hrs 
operation on a large, nine-cylinder 
engine with common rail fuel injection 
only a very slight offset drift (< 0.5 % 
FS) was observed.

❻ shows the output of a high pressure 
sensor located near to the injectors of a 
large motor. Several such tests on various 
customer engines show that the injection 
pressure curve is measured exactly at dif­
ferent engine loads. The rapid, high ampli­
tude changes in pressure as well as the 
easily recognised oscillations in the injec­
tor pressure tubing are reproduced with­
out error or delay. In contrast to piezoe­
lectric measurement techniques, the static 
pressure is measured relative to the ambi­
ent value. The peak pressures of up to 
1600 bar generated by a unit pump sys­
tem were faithfully measured and 
monitored.

CONCLUSION AND FUTURE PROSPECTS

The non-welded high-pressure sensor 
design described above allows reliable 
operation for the direct measurement of 
pulsating injection pressures in large 
internal combustion engines. The fast 
signal processing electronics with 10 kHz 
bandwidth permits optimization of the 
fuel injection modulation process by the 
motor control system. By using in addi­
tion new, economically priced sensors to 
monitor injector needle lift and cylinder 
pressure, the combustion process in each 
cylinder can be individually optimized, 

thereby allowing operators to reduce 
emissions, increase fuel efficiency and 
monitor engine health more closely.
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20

Robustness Investigation of a  
SVM-based Knock Detection Method
Knock detection on the basis of structure-borne noise signals that are processed through a sequence of filtering, 

rectifying, and integrating has been performed in series for many years. It is implemented in Bosch engine manage-

ment systems that are used by automotive manufactures all over the world. The trend towards higher power density, 

lower fuel consumption and legal limitation of emissions calls for increasingly complex engines, thereby diversifying  

the requirements for reliable knock detection.

20
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Motivation

Background noises exhibiting high signal energy in the frequency 
ranges of knocking combustions that cannot be separated time-
wise from the knock occurrence necessitate research of new 
knock detection (KD) approaches that are based on non-linear, 
supervised methods such as the Support Vector Machine (SVM). 
One of the focal points of the research study was the statistically 
meaningful investigation of robustness and generalization features 
of the methods. The SVM method was proven to provide convinc-
ing background noise suppression.

Various proceedings are known in the field of pattern recognition 
that are based on linear and non-linear as well as supervised and 
unsupervised approaches. The non-linear, supervised methods 
are characterized by a problem-adapted, potentially high differen-
tiation ability. For this reason, these methods are referred to in 
automotive technical literature in conjunction with KD, or misfire 
detection. So far, practical application has been prevented by sev-
eral factors, such as high computing time in the electronic control 
unit, minor predictive capability, and possibly surprising generali
zation features. In particular, the effective method of SVM [1] is 
of interest to KD but to date has only been investigated principally 
with statistically limited data [2]. The Institute of Integrated Sen-
sor Systems (ISE) at the University of Kaiserslautern in coopera-
tion with the Robert Bosch GmbH have accepted the challenge to 
research new KD methods and have conducted statistically exten-
sive studies of Support Vector Machines (SVM) and variations of 
it. The employed data set included extensive data from real engine 
measurements of two different engine concepts at considerably 
different points in their life cycles (engine aging) over a wide speed/
load range. Furthermore, measurements were included in the 
study that were taken at a high background noise level (e. g. due 
to piston slap). The KD has problems in mastering these condi-
tions with a single-filter concept.

Non-linear Supervised Learning  
for Knock detection

Linear classification methods can efficiently be applied to linear, 
separable problems, to which the KD normally does not belong. 
Therefore, non-linear classifiers such as k-Nearest-Neighbour 

M. Sc. Kuncup Iswandy  
is a Research Assistant at the 
Institute of Integrated Sensor 

Systems in the EIT Department  
of TU Kaiserslautern (Germany).

Dipl.-Ing. Stefan Kempf  
is Calibration Expert for Knock 

Control in the Calibration 
Developement Department for 

Knock- and Boostpressure –  
Control in the Diesel Gasoline 

Systems Business Unit at the Robert 
Bosch GmbH in Schwieberdingen 

(Germany). 

Prof. Dr.-Ing. Andreas König  
is Head of the Institute of  

Integrated Sensor Systems  
in the EIT Department  

of TU Kaiserslautern (Germany).

Dipl.-Ing. Robert Sloboda  
is Technical Lead in the Calibration 

Developement Department for 
Knock- and Boostpressure –  

Control in the Diesel Gasoline 
Systems Business Unit at the Robert 

Bosch GmbH in Schwieberdingen 
(Germany).

autHorS

❶	Distance-preserving 
2D visualization of 
combustion data
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(k-NN), Probabilistic-Neural-Networks 
(PNN), Restricted-Coulomb-Energy (RCE), 
SVM, and so on are often considered. 
The SVM is characterized by a special 
generalization capability and in the lat-
est research with a moderate and con-
tinually decreasing computation and 
memory demand – thus making it 
attractive for a resource-efficient ECU 
implementation.

To begin with, the high-dimensional KD 
data cannot be analysed and interpreted. 
For the task of visualizing the data, ISE is 

developing methods and tools that, among 
others, make use of distance-preserving 
projections [3] for data visualization. ❶, 
shows this kind of representation of knock 
sensor raw data and the power-density 
spectrum of the respective Fourier trans-
form (FT).

As can be seen in, ①, the raw signal 
cannot easily be separated into knocking 
and not knocking combustions. For the 
FT data, however, a much better separa-
bility is evident – a fact that is confirmed 
in a later experiment.

The basic idea of the SVM [1] is to 
optimally fit a separating hyperplane 
into the possibly high-dimensional fea-
ture space, such that the smallest dis-
tance (the so called margin) between 
the separating hyperplane and the points 
on the class boundaries is maximized. 
The vectors that are selected by the train
ing are also referred to as support vec-
tors (SV) and determine the position of 
the separating hyperplane. Additionally, 
misclassification of some data vectors 
between the classes can be allowed in 
the training in favour of an extended 
margin. Basically, the SVM is a two-
class classifier that calls for a multiple-
class expansion. For the KD only two 
classes exist, though. 

For non-linear separable problems, the 
SVM can be expanded non-linearly by 
kernel functions [1], e. g. polynomial or 
radial basis functions (RBF). Here, the 
response of the SVM depends on two pa
rameters that are selected by the user: σ 
(width of RBF kernel) and C (margin 
width). If required, suitable parameters 
can also be determined by means of grid 
search or by evolutionary computing.

For a compact and invariant represen-
tation, it is advisable to condition the raw 
sensor data by means of an adequate sig
nal processing for recognition tasks and 
to extract suitable features. Here, the FT 
and spectral filtering were used and con
firmed to be sufficient. The short time 
FT and the wavelet transformation, the 
moving-scaled-harmonics, or the Wigner-
Ville distribution constitute alternatives. 
For the KD, a cylinder pressure thresh-
old value can be defined from the filtered 
cylinder peak pressure that is proportion
al to the engine speed, by means of which 
knocking and not knocking occurrences 
can be distinguished.

Correlation diagrams and correlation co
efficients were used for the comparative 
assessment between the SVM and the tried 
and tested Relative Knock Integral (RKI) 
method, ❷. To analyze the KD, the cylin-
der peak pressure is divided linearly into 
5 regions depending on the engine speed 
for each combustion event.

definitely not knocking
weak knocking
normal knocking
strong knocking
strong knocking and reliably 
detectable.

:
:
:
:
:

❷	Examination process of the SVM in the KD

❸	KD for the RKI and SVM methods for the trained 
dataset, engine two after aging and engine three with 
a comparable mileage at the same OPt
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The output of the SVM has been nor-
malized for the correlation diagrams to 
be able to graphically compare the re
sults of the established RKI method with 
the SVM method [4]. Two different nor-
malization approaches with very similar 
results were examined. Below, only the 
method called SVM RB will be consider
ed, which corresponds to the known 
RKI normalization on the basis of the ref-
erence level computation from the cur-
rent KD algorithm implemented by the 
Robert Bosch GmbH.

Application of SVM to Real Data 
in Knock detection

To examine the applicability of the SVM 
to the KD, steady-state operating points 
(OPt) of different engines of the same 
type – with distinct differences in aging – 
were recorded and analysed, which formed 
the bases for the learning and test data-
sets for the SVM. Extensive studies of 
the SVM generalization features were 
conducted. The detection results were 
evaluated with the recognition rate, the 
confusion matrix, the correlation dia-
gram, and the contrast, ②, and directly 
compared with the RKI method.

Measurements were taken on three- 
and eight-cylinder-engines with the 
Knock-Intensity-Detector KID2 and ex
amined offline with the SVM method. 
An aged counterpart of the three-cylin-
der-engine was available and also in
cluded in the study. The measurement 
files were divided into 50 % training 
data and 50 % test data. At the same 
OPt., for example, the new engine was 
used for training, while the old engine 
was used for testing. The result of the 
SVM (SVM RB) was compared with the 
corresponding correlation diagram of 
the conventional KD (RKI). The SVM 
method yielded a comparably good KD 
quality for all engines, ❸. The aged en
gine provided consistent KD with the 
SVM trained on the new engine.

Moreover, the generalization capabil-
ity and the robustness of the SVM for dif
ferent cylinders, engine speed and load 
ranges were studied with regard to train-
ing and testing. This was done to be able 
to cover all ranges with the least pos
sible effort, possibly even with only one 
SVM. This was realized by training the 
SVM at only one single OPt (3000 rpm, 

77 % load) and then applying it to the 
entire engine operating range. The re
sults were surprisingly good but did 
show that the KD quality decreased for 
the not specifically learned Opts. So as 
to achieve a consistently good KD qual-
ity across the entire engine operating 
range, a speed-dependent heuristic en
gine speed normalization model was 
developed for pre-processing that allows 
for a compact SVM that is applicable to 
all ranges, ❹.

The SVM proved to be of particular ad
vantage for an engine that featured dis-
tinct background noise due to piston slap 
in a small engine speed range around 
2600 rpm. The RKI method was not capable 

of avoiding misdetections due to these 
background noises that occurred across 
a wide frequency range. Several datasets, 
one with knocking combustions and an
other with retarded ignition angles to 
assure an absence of knock occurrences, 
were examined with the SVM. Misdetec-
tion-free KD could be achieved with the 
SVM for the datasets with background 
noise, making it distinctly superior to the 
RKI method, ❺.

Summary and Outlook

In the research cooperation between ISE 
and Bosch, an SVM in conjunction with a 
parametrizable normalization model in 

❹	RKI and SVM KD using model normalization for 1400 to 5400 rpm and 50 % load  
(SVM trained at 3000 rpm and 77 % load)
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the entire speed/load range was investi-
gated as one of several approaches for KD 
using a statistically meaningful extent of 
real measurement data, including several 
engines with varying numbers of cyl
inders under the influence of aging and 
background noise. Summarizing, the SVM 
and the RKI method performed equiva-
lently well in most instances, but in the 
case of background noise, the SVM was 
clearly superior, ❻. The approach must be 
developed further with regard to data 
reduction, frequency range limitation, and 
physical lucidness. Particular attention 
must be given to the problem of transfer-
ring this approach to real-time-computing 
hardware, so as to enable practical opera-
tion in a closed-loop control circuit for dif-

ferent engines, as well as computation 
during dynamic engine operation.

The results of the study constitute a 
first step into the direction of future en
gine management systems.
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Ring Packs for 
friction optimised engines
Global environmental concerns are driving internal combustion engine designs. The worldwide legislations are 

setting up milestones to achieve the agreed vehicle emission goals. Development of innovative exhaust gas after-

treatment systems is one approach to meet emission targets, new combustion strategies and improvement of 

engine mechanical efficiency is another. When it comes to reducing engine friction power losses (Friction Mean 

Effective Pressure), the power cell unit – and especially the piston ring pack – present great potential. Mahle 

calculates that the improvements could lead to a reduction of engine fuel consumption of up to 5 %. 
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autHorS Challenges out of Engine 
technology evolutions

The challenge to develop future power cell 
units (PCU) consists of reducing friction 
power losses and weight while maintain­
ing „traditional“ functionality such as gas 
sealing, oil control and durability. This 
might require compromises in component 
design and only a system approach and a 
full understanding of the interactions in 
the engine allows for the best decisions.

Major technological evolutions on current 
and future engines have significant effects 
on the power cell unit and have to be con­
sidered as additional constraints in the con­
tinuous efforts to reduce the friction power 
losses generated by the ring pack. Although 
not exhaustive, the new engine character­
istics that have a direct impact on the power 
cell unit environment could be classified 
in two main categories: those related to 
engine downsizing and increased power 
density and those related to lubrication.

Engine downsizing and increased po­
wer density – through greater thermal and 
mechanical loads – demand higher ring 
material and coating durability to support 
increasing cylinder pressure. Induced cyl­
inder bore deformations, especially on light­
weight engine block designs with limited 
cooling capacities (in regards to the target­
ed power density), require increased ring 
conformability. Higher thermal and mechani­
cal loading applied on lightweight piston 
designs generates higher temperatures and 
deformations on piston grooves and lands. 
Thus specific ring features are needed to 

guarantee optimum management of gas 
and oil in the piston ring belt area to 
maintain acceptable blow-by and carbon 
deposit levels.

The piston ring pack lubrication necessa­
ry to maintain its efficiency over the engine 
lifetime is also greatly affected by several 
new engine evolutions. The lubricant pro­
tective properties, already stressed by higher 
operating temperatures, are also reduced 
due to fuel interaction. This frequently re­
sults in higher fuel dilution levels (Gaso­
line Direct Injection-GDI, Flex-fuel, post-
injection strategy for Diesel particulate fil­
ter regeneration). The latest combustion 
strategies and the extensive use of exhaust 
gas recirculation to reduce NOx emissions 
also pollutes the oil by increasing the level 
of soot and mixed combustion products.

Successful low friction ring pack imple­
mentation demands an interdisciplinary ap­
proach involving tribology, material science, 
numerical simulation, design, testing and 
manufacturing.

Emissions legislation milestones, reduced 
engine development lead time, and conti­
nuously evolving PCU operating conditions 
require efficient investigation techniques 
to simulate and validate the numerous ring 
pack design options and product technol­
ogies necessary to reduce ring pack friction 
power losses while maintaining or improv­
ing engine blow-by, oil consumption and 
durability.

Low friction ring pack 
investigation techniques

Power cell FMEP reduction is one of the 
focal points of the Mahle R&D plan. For 
this purpose, several experimental and 
analytical investigation techniques have 
been implemented. On the experimental 
side, traditional tribological test rigs are 
used by material sciences – in the course 
of coating development – to assess the 
dry friction coefficient of rubbing parts. 
The next step is the floating liner single-
cylinder technique to measure the trace of 
instantaneous friction force from the PCU 
[1]. The final step is the friction test cell 
to define the engine FMEP by subtraction 
of the measured Brake Mean Effective 
Pressure (BMEP) from the Indicated Mean 

❶	Friction reduction sensitivity given isolated ring 
pack parameters (not to be added)
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Effective Pressure (IMEP) [2]. These tools 
are complementary and used at different 
steps of a low friction ring pack develop­
ment process.

On the analytical side, Mahle has been 
involved for several years with major engine 
manufacturers in a consortium at the 
Massachusetts Institute of Technology to 
perform fundamental research on the 
PCU-System. Among others, models were 
developed to study ring dynamics, ring/ 
piston groove interaction, gas flows and 
ring/liner lubrication and their influences 
on blow-by, friction and oil transport. 

Parametric Study:  
Ring pack design features 
potential to reduce FMEP

In order to identify general piston ring de­
sign trends and rank their potential in 
reducing FMEP, a parametric study on dif­
ferent engine platforms (Turbocharged
Spark Ignited Direct Injection (SIDI) 
engines, High Speed Diesel (HSD) and 
Heavy Duty Diesel (HDD) engines) was 
carried out. Although the main ring char­
acteristics known to reduce ring pack fric­
tion are reduced tension, reduced axial 
width, and the use of coatings/treatments 
with low friction coefficients, it is of inter­
est to quantify their potential in different 
operating conditions. ❶ presents the cal­
culated ring pack FMEP reduction given 
the changes on the analysed parameter. 
The results in this figure were all simu­
lated at rated power condition to facilitate 
engine platform comparison. One can 
observe that for Heavy Duty Diesel (HDD) 
applications a significant ring pack FMEP 
reduction can be achieved by optimising 
top ring design. This is due to the high 
peak cylinder pressure and the fairly sig­
nificant top ring axial width present in 
these applications. A more pronounced 
barrel shape profile to counterbalance gas 
back pressure around Top Dead Center 
(TDC) compression/expansion to reduce 
boundary friction along with a low fric­
tion coefficient coating to limit its influ­
ence on FMEP is definitively a good direc­
tion to go as long as ring/piston groove flank 
wear can be kept to a reasonable level. 

Top ring design features offer less poten­
tial on High Speed Diesel (HSD) and turbo­
charged Spark Ignited Direct Injection (SIDI) 
engines than on trucks because of lower 
axial width and peak cylinder pressure, ①. 

For these two passenger car applications, 
oil ring tension shows the biggest poten­
tial to reduce ring pack FMEP. High con­
formability oil rings with narrow and highly 
wear resistant outer diameter contact sur­
faces are then needed to conform to dis­
torted bores and apply reasonable unit pres­
sure with a low tension. On the HSD engine, 
the investigated oil ring along with a spe­
cific cylinder bore surface finish and a 
higher wall temperature enhances bounda­
ry friction and hence the potential of oil 
ring coating low coefficient of friction. For 
the three studied platforms, the 2nd ring 
is showing the lowest potential.

For turbocharged Spark Ignited Direct 
Injection (SIDI) engines, one can notice 
that a 20 % improvement in top ring coat­
ing dry coefficient shows a simulated 
above 5 % reduction ring pack FMEP. 
Applying a measured dry coefficient differ­

ence between gas nitrided steel and CrN 
coating (applied by physical vapor deposi­
tion – PVD) of around 20 %, a 5 % ring 
pack FMEP reduction was measured on a 
floating liner single-cylinder device [1]. 

Obviously, this parametric study is ge­
neric and as explained earlier these fea­
tures potential to reduce FMEP could be 
ranked differently depending on specific 
engine designs and operating conditions. 
However, the continuously improved simu­
lation tools used at Mahle offer the possi­
bility to identify in detail the specific pis­
ton ring features, where a special atten­
tion should be given to efficiently reduce 
FMEP. This approach combined with an 
extensive product portfolio allows Mahle 
to apply the needed ring technologies for 
each specific engine. It also allows for 
identifying the improvements needed on 
other PCU components. 

❸	Examples for friction optimised piston ring packs for the examined engine types 

❷	Durability of CrN coatings
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Low friction ring pack 
application approach

Successfully implementing a low friction 
ring pack requires not only component 
optimisation, but also a system approach 
with a good understanding of the engine 
governing factors.

Increased engine blow-by and oil con­
sumption or decreased durability are not 
allowed to satisfy the required FMEP re­
duction. To solve these issues and offer 

a robust system (ideally after the engine 
combustion strategy is fixed), an optimi­
sation of the engine block architecture 
and cooling is needed to offer a good 
PCU environment. An optimised light­
weight piston design is the next struc­
tural task to execute correctly before 
starting the tribological work. Traditional 
structural and wear limits have to be 
continuously increased to expect signifi­
cant improvement of the already fairly 
optimised PCU. For that purpose a large 

choice of component materials and coat­
ings are available in the system portfolio 
along with a good understanding of their 
interactions so that the best compro­
mises and synergies can be achieved. As 
an example for the High Speed Diesel 
engine piston ring portfolio, ❷ illustrates 
the improved durability performance of­
fered by CrN PVD top ring coatings com­
pared to industry standard chrome 
ceramic coatings. This improved wear 
resistance, by upgrading the piston ring 
durability limits, allows more aggressive 
design toward low friction ring packs.

Ring pack FMEP reduction efforts can 
be observed in recent years for all engine 
types. Low friction ring pack examples for 
the three different engine types are pre­
sented in ❸. 

Friction reduction is more intensive for 
passenger car applications due to the high 
focus on CO2 emissions. ❹ illustrates the 
situation for High Speed Diesel engines in 
regard to market share for ring axial width. 
One can observe in this benchmarking over­
view that low axial width rings are being 
already applied for many Euro 5 applica­
tions even as peak cylinder pressure in­
creases. This progress can be achieved 
through the use of state of the art materi­
als and coatings only.

Outlook

The ratio of the total ring tension of all 
rings in the pack relative to the nominal 
bore diameter is a good measure to see 
how far a ring pack is optimised in terms 
of tangential forces. 

❺ shows that this ratio will be roughly 
divided by 2 for the ring packs used for Euro 
4 to those in new Euro 6 engines. These 
improvements allow significantly reduced 
ring pack FMEP. For passenger cars, ring 
pack FMEP investigations are usually per­
formed at part load engine running condi­
tions (e.g. 2000 rpm – BMEP = 2 bars). 
The potential of ring packs for engine fuel 
consumption was measured to be up to 
5 % reduction.
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Detailed 3D Ring Pack Analysis
Demanding emission targets for combustion engines must be fulfilled in increasingly shorter 

development cycles. Federal-Mogul utilizes the 3D Ring Pack Analysis to quickly and precisely 

simulate piston rings during a position change. An application example with a reduction of 

15 % blow-by gas shows the potential of possible optimization measures.
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Initial Situation

Increasing demands must be fulfilled regarding the sealing system 
comprising pistons, piston rings and cylinder liners. In addition 
to long running times and service intervals, strict emission limits 
must be complied with and given first priority. The sealing system 
can contribute to this by reducing oil loss, optimizing friction and 
reducing blow-by (a loss of gas in the crankcase). Two aspects make 
this challenging. On the one hand, the optimization of these param
eters has, as a rule, already achieved a rather high standard. On 
the other hand, owing to diverse interactions, the dynamic sealing 
system reacts sensitively to small changes. The movement of the 
piston rings during a position change is particularly critical.

2D software tools model the behavior of ring dynamics during a 
power stroke. However, 2D tools are not able to clearly describe the 
progression of ring dynamics. Without an explicit gas dynamic so
lution, the ring movement can only be simulated as a rapid change 
from one position on the bottom groove flank to the position on 
the top groove flank. This change of position is triggered purely by 
inertial forces. The reality, however, is much more complicated. At 
the Aachener Kolloquium 2009, Federal-Mogul presented a new tool 
to the trade called Moris, which shows the importance of changes 
in piston ring position, not only in piston rings with non-rectangu
lar cross sections but also in simple rectangular rings.

Optimization Measure in the Engine 

One of the now numerous engine projects exemplifies the validity 
of the tool. The aim of the optimization was a reduction of the 
blow-by volume. The unit is a four cylinder Otto engine with a cubic 
capacity of 2 liters. This engine has an engine power of 75 kW at 
5600 rpm, 130 Nm torque at 4600 rpm as well as a peak pressure 
of 86 bar at 4000 rpm. At the selected operating point of 4600 rpm, 
the engine shows a blow-by ranging from 42 to 45 l/min on the 

Dipl.-Ing. Richard Mittler 
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❶	Starting point of pressure relationships and the ring movement percentage  
in the investigated 2 liter, four cylinder Otto engine
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engine test bed. A ring pack comprising a 
rectangular ring in the first groove, a taper-
face ring in the second groove as well as a 
two piece oil scrape ring are used to dynami
cally seal the combustion chamber. 

With the help of the new 3D simulation 
tool, the actual relationship between inter-
mediate ring pressure values and ring move
ments were demonstrated in the engine, ❶. 
From a mathematical point of view, the re
sult was an intermediate ring pressure value 
of 14.4 bar and a blow-by of 44.8 l/min. 
Simulated values and real values corre
sponded well, as the measured blow-by was 
between 42 and 45 l/min. The sudden de
crease of the intermediate ring pressure is 
clearly discernible and results from the 
movement of the second ring during the 
combustion phase. 

In current designs, the ring gap of the 
second ring is used to stabilize the entire 

behavior of the system. The development 
of the intermediate pressure and its influ-
ence on the desired behavior of the first 
ring therefore depends on the sealing prop
erties of the second ring. In this case, the 
ring gap is typically opened gradually due 
to missing detailed information. However, 
this can result in an increase in blow-by. 

If the closed gap of the second ring is re
duced in the course of the optimization in 
order to reduce blow-by, the 3D simulation 
immediately shows an increase of the inter
mediate ring pressure to almost 20 bar. By 
this measure, the behavior of the second 
ring is stabilized, and blow-by falls to 33 to 
35 l/min. This analytically calculated im
provement was verified on the test bed. 
However, oil consumption also rose. Sen-
sitivity analyses and design modifications 
made the cause of this clear, ❷. The first 
ring is in an unstable position and flutters 

in the exhaust phase during which it can-
not find a stable position on the piston 
groove flanks and therefore no longer 
seals effectively. This results from the 
higher intermediate ring pressure, which 
destabilizes the first piston ring. Without 
being able to recognize these procedures 
in detail, the smaller closed gap would 
likely be ruled out as an optimization 
measure.

However, thanks to the 3D simulation, 
the actual ring behavior during a position 
change is known and a targeted optimiza-
tion was possible. The intermediate ring 
volume was thus optimized and simulta-
neously adapted to the smaller closed gap 
of the second ring. ❸ shows the effect of 
this optimization on a system level. The 
intermediate ring pressure now reaches 
16 bar and, as a result of this moderate 
increase in comparison to the initial situa-

❷	Effects of reduced closed gap on the second ring

❹	Simulation of the movement of the compression ring and the second ring during the combustion cycle

❸	Comprehensively optimized piston-piston ring system with approximately 15 % 
less blow-by
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tion (as shown in ①), the second ring is 
in a more stable position during the com-
bustion phase. As a consequence there is no 
more fluttering of the first ring. By means 
of these targeted and harmonizing single 
measures, the blow-by was reduced to 36 to 
38 l/min, without having an effect on the 
oil consumption. The result is equivalent 
to an improvement of approximately 15 %. 

Causes of Piston Ring Dynamics 

During every power stroke of the piston, 
the piston rings pass through highly dy
namic movements. Under the influences 
of forces and moments, they change posi-
tion in different cyclical areas, from a po
sition on the top edge of the groove to a 
position on the bottom edge of the groove 
where the rings are supported against the 
various influences of forces and directions 
of movement. 

As shown in the simulation, gas and 
friction forces not only create axial forces 
but also moments regarding the piston 
ring’s center of gravity. Therefore, the po
sition change already occurs when the 
total force can no longer overcome these 
moments. Situations can occur where 
the position change can extend over sev-
eral degrees of crank angle (up to 60°), 
during which the piston ring no longer 
seals uniformly but is surrounded by com
bustion gases.

❹ shows the simulation’s visualiza-
tion of the actual movement behavior of 
the compression ring and the second 
ring at approximately 70° before TDC. 
While the top ring achieves a stable po
sition on the bottom groove flank as a 
result of the already existing high com-
pression pressure, the taper-face ring is 
forced into motion by the acting forces 
and moments and shows a twist as well 
as an axial direction component. During 
the motion from the bottom to the top 
groove flank, the ring supports itself on 
the bottom groove flank (ring back) as 

well as on the top groove flank (gap end). 
This is initiated as the piston ring with-
draws from the twisting motion at the 
gap ends, resulting from the higher de
gree of freedom at the gap ends.

Deformation of the Piston Ring 
by Forces and Moments

All piston rings experience radial bend-
ing when mounted into the groove. The 
main axes of the moments of inertia of 
rings with non-rectangular cross sections 
are not perpendicular to the cylinder axis 
due to the asymmetrical cross section. 

Such rings attempt to resist radial bend-
ing by twisting and arching in an axial 
direction. But even a ring with a symetri-
cal cross section twists and arches if it is 
loaded with moments or axial forces and 
even when the forces or moments are con
stant on the circumference. The calcula-
tion and derivation of the differential equa
tion for the twist and bending (induced 
by forces and moments of the gas dynam
ics in convergent and divergent grooves), 
while taking the reacting supporting forces 
as well as the mass and friction forces into 
consideration, are explained in detail in 
[1]. The supporting forces and the result-
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fε = Resulting force
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SI = Gap
hI = Lever arm

❺	Schematic figure of the supporting forces and acting moments on a piston ring

❻	Kinematic acting mechanism to describe the stability of the piston ring position on the groove flanks
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ing movement behavior result from a re
action to the twisting and bending in the 
piston groove, ❺.

❻ describes the kinematic acting mecha
nism for a criterion that describes the 
stability of the piston ring position on the 
groove flanks by means of a very simpli-
fied model. Here, the course of pressure 
in the groove flanks is seen as linear 
and the low friction force is neglected. 
The total force comprises the forces of 
mass and gas. The total moment equals 
the gas moment, as the force of mass 
acting at the center of gravity does not 
exert a moment.

eq. 1
F = Fmas - ​ 

1
 __ 2 ​ a Δp

M = Mgas = -​ 1 __ 12 ​ a2 Δp

To achieve equilibrium, the moment is 
supported by the lever arm h. 

EQ. 2
(Fmas + Fgas) h =

MSupporting force = M

EQ. 3 h = ​ 
-​ 1 __ 12 ​ Δp a2

 __________ 
Fmas - ​ 

1
 __ 2 ​ Δp a

 ​

If the lever arm is mathematically out-
side the piston ring, a support on only 
one groove flank is not possible. The equi
librium of forces and moments of a ring 
then requires the supporting forces on 
the top and bottom groove flank. There-
fore, the following criterion is found for 
the stability of the position on only one 
groove flank: 

EQ. 4 -​ a __ 2 ​ ≤ h ≤ ​ a __ 2 ​

The insertion of the new criterion in the 
equation results in:

EQ. 5

Fmas ≤ ​ 1 __ 3 ​ Δp a
or

Fmas ≥ ​ 2 __ 3 ​ Δp a

Gas Dynamics

The calculation of gas flows and the re
sulting pressure is a fundamental compo-
nent for the calculation of ring movement. 
It is not sufficient only to calculate the 

flow volume as the condition p(x), (posi-
tion-related pressure in the axial clear
ance) decisively determines the position 
and twist of the piston ring. The flow rate 
is constant in the axial clearance but the 
gas pressure is dependent on the gap 
geometry. The position and deformation 
influence the gap geometry.

The gas flow solution is carried out under 
the following physical properties: The flow 
is a subsonic flow. The sound velocity can
not be exceeded in the axial clearance. Due 
to the proportion of axial height to length, 
a solution is only possible if the friction in 
the clearance and the resulting heat ex
change are taken into consideration. The 
mathematical solution of the flow can 
therefore neither be carried out isothermal
ly nor adiabatically.

Hydrodynamic Forces  
and Friction

In addition to gas and mass forces, and the 
resulting moments, radial forces from hydro
dynamics and friction are exerted on the 
piston ring. The radial forces, the residual 
stress of the ring and the pressure of the 
dead volume behind the ring are in balance 
with the oil pressure between the cylinder 
wall and the running surface. Boundary con
ditions for the oil pressure are the gas pres
sures above and below the piston ring.

A solution of these processes via the 
FEA would lead to impracticable calcu-
lation times due to the required short 
time intervals and the amount of load 
and rotational speed points, which 
would be counterproductive for short 
development cycles. Instead, the method 
integrated in Moris solves the cylinder 

deformation directly. The known stress 
and bending behavior serve as a basis for 
this. To determine the radial forces on 
the piston ring, its elastic properties are 
mathematically described and brought 
into balance with the oil pressure between 
the cylinder wall and the running surface 
of the ring. Pressure and oil film thick-
nesses are solved with the help of Reynold’s 
differential equation under consideration 
of each of the stiffness matrices as well 
as the radial displacement (caused by 
cylinder distortions), temperature com-
ponents and piston ring radial pressure 
distribution, ❼.

Summary 

The new 3D simulation tool, Moris, 
enables Federal-Mogul to analyze the real 
movement of piston ring position changes 
in detail. The validity and accuracy of the 
3D analysis is shown in engine optimiza-
tion. The better understanding of real 
processes influences targeted optimiza-
tion measures on the complete piston, 
piston ring and running surface system 
level. Moris works thoroughly analyti-
cally and solves the movement behavior 
in a direct and targeted way. The tool 
consciously avoids using indirect ways 
via FEA programs to ensure an accept
able simulation speed on common work 
stations. Thus, the effects of design varia-
tions are speedily determined and short 
development cycles are supported. 

Reference
[1] Mittler, R., Mierbach, A., Richardson, D.: 
Understanding the fundamentals of piston ring 
axial motion and twist and the effects on blow-by, 
ICES2009-76080, May 2009

❼	Three dimensional analysis of hydrodynamics under the influence of cylinder distortion and radial pressure
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The new Mini engine 
with Twin Power Turbo
With BMW providing leadership, the BMW Group and PSA Peugeot 

Citroën have jointly developed a new family of small four-cylinder gasoline 

engines, which since 2006 is found in all variants of the Mini, Peugeot 

and Citroën cars. This engine family has been thoroughly revised. The 

focus here was another reduction of fuel consumption and emissions with 

simultaneous consideration of dynamic improvements. 

Development targets and 
technical characteristics

Despite the target conflict between the 
goal of the necessary advanced engine 
technique and business conditions, the 
requirements of the two cooperation part­
ners are fully implemented. Absolute pri­
ority in the revision of the engine family 
was the commonality with the existing 
components and the use made of the pro­
duction invests with both partners. Alto­
gether both partners are up to eight engine 
variants. The range extends from 55 kW 
to 147 kW, ❶.

To implement the target catalogue re­
quirements for the top version of the tur­
bocharged engine, ❷, the world’s new TVDI 
technique was used the first time for a four-
cylinder engine. TVDI stands for a combi­
nation of twin-scroll turbo charger with 
fully variable valve train and direct injec­
tion. Through the implementation of the 
TVDI combustion process, the consump­
tion, compared to the previous engine of 
the first generation will be further reduced 
significantly. In the EU test cycle the fuel 
consumption saving is 9 %.

For the TVDI technique the twin-turbo 
power technique at the BMW Group six-
cylinder engines were the godparents. The 
newly designed cylinder head is manufac­
tured in the BMW engine plant in Hams 
Hall, where since 2006 the engines are 
mounted for the Mini. The cooperation 
partner PSA is supplied with the com­
pletely manufactured cylinder head.

Since the naturally aspirated engines 
with the fully variable valve train 

already provide an excellent base for low 
fuel consumption, only a consistent fric­
tion optimization was carried out on all 
components. Further reductions in fuel 
consumption could be achieved by tech­
nical features such as a map regulated 
oil pump and an optimized control  
strategy of the mechanically switchable 
water pump.

Design

The engine concept provides a solid basis 
for the naturally aspirated engines as well 
as for the turbo engines. For manufactur­
ing technical reasons the geometry of the 
engine family for all derivatives is largely 
identical. These include among other things 
the cylinder distance of 84 mm, the bore 
of 77 mm and the height of the crankcase. 
The two 1.6 l engines also have the stroke 
of 85.5 mm and the displacement of 
1598 cm³ in common.

Crankcase with bedplate

The crankcase is made of an AlSi alloy 
with cast-in iron cast liners that go to the 
top of the crank housing (Open Liner). 
With this, the high specific power of the 
engine can be realized with a simple cyl­
inder head gasket concept.

The bedplate is also made of an  
AlSi alloy and forms together with the 
crankcase a stiff basis for good acoustic 
properties. The previously in the turbo 
charged engines used sintered inserts 
for the crankshaft bearings could be 
eliminated, ❸.

Dipl.-Ing. Bernhard Lechner  
is Team Leader of Drivetrain Perform-

ance for Small Inline Engines within the 
BMW Group in Munich (Germany).
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Crank drive

For the new TVDI engine the forged steel 
crankshaft of the current turbo engines 
could be taken over. The main bearings 
with a diameter of 45 mm have been 
through the use of bearings in „Micro-
Grooving“ technique friction optimized 
and are classified as five-fold.

The cracked trapezoidal con-rods are 
taking over parts from the first engine 

generation. Again, the bearing clearances 
were pushed to the upper acceptable limit 
to minimize the losses.

The pistons of the turbo charged direct 
injection engine are provided with four 
valve pockets and a central combustion 
chamber for the charge stratification.The 
micrograph of the piston and the piston 
coating was for the TVDI optimized to 
minimize friction and acoustic. The first 
ring groove is hard anodized. To reduce 

the thermal load for the turbo engines the 
pistons are cooled with oil jets.

Cylinder head

The cylinder head for the TGDI version is 
produced in low-pressure casting with a 
twin cavity from the material AlSi with a 
special heat treatment.

By switching the turbo top engine to 
the TVDI combustion process there was 

❶	Technical data

Description VVT 55 kW VVT 72 kW VVT 90 kW TGDI (PSA) 115kW TVDI 135 kW

Power kW 55 72 90 115 135 

@ rpm rpm 5000 5500 6000 6000 5500

Torque Nm 140 153 160 240 240

@ rpm rpm 2250 3000 4250 1400 1600

Overboost Nm – – – + 20 + 20

Governed speed rpm 6500 6500 6500 6500 6500

air-fuel-mixture generation – MPI DI

Specific power kW/dm³ 34 45 56 72 84

Displacement cm3 1598

Stroke / Bore mm 85.8 / 77.0

Crankcase material – Aluminum with iron cast liner

Cylinder distance mm 84.0

Crankcase length mm 420

Crankcase height mm 210

Combustion ratio 1: 11.0 10.5

Con-rod – cracked trapezoidal con-rods

Camshafts – 2 chain driven assembled camshafts

Cam variability – Intake and exhaust phase control
Intake phase 

control
as VVT

Valve timing – roller rocker arm, hydraulic valve lash adjustment

Valve lift Intake / Exhaust mm 0.2-9.5 / 9.0 9.0 / 9.0 0.2-9.0 / 9.0

Valves per Cylinder - 4

Intake valve Ø mm 30.0 28.8 29.7

Exhaust valve Ø mm 25.1 26.2

Main bearing Ø mm 45

Con-rod bearing Ø mm 45

Engine weight (BMW standard) kg 107 115 121

Firing order – 1-3-4-2

ECU – MEV17.2.2 MED17.4.2 MEVD17.2.2

Fuel range ROZ 91-98 max. E25

Fuel rating ROZ 95 98

Emissions EU – EU5

Emissions US – – – ULEVII – ULEVII

Exhaust system – three-way catalyst, close-coupled

Cooling – switchable water pump map regulated cooling temperature
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the need for an additional cylinder head 
variant. The basis for the new TVDI cylin­
der head was the cylinder head of the TGDI. 
It was supplemented with the possibilities 
of the fully variable valve train. Due to 
the extreme package conditions in the cyl­
inder head it was decided to use the 3rd 
generation of the VVT adjustment. There­
fore a sensor for the position of the VVT 
eccentric shaft is no longer necessary. All 
components of the fully variable valve 
trains are supported in roller bearings and 
identical between VVT and TVDI.

Through an intensive optimization of 
the cylinder head cooling (longitudinal 
flow) it was possible to use a gravity chill 
casting with cost-effective secondary alloy 
as for the TGDI.

From the experiences of the current di­
rect injection engine a new crankcase ven­
tilation system was developed. The micro 
oil separation has improved significantly 
and the blow-by discharge goes directly 
by puncture holes into the inlet channels. 
At full load the discharge takes place before 
the turbine of the turbo charger. Due to 
this new crankcase ventilation system and 
together with the TVDI combustion pro­
cess a carbonization of the intake valves 
will be prevented.

To ensure the cleanliness of the machin­
ed cylinder head prior to the assembly, a 
new purification procedure is used, devel­
oped by the BMW plant Hams Hall. Robots 
lead the cylinder head first to high-pres­
sure washing troughs (10 bar) and then 

high-pressure lances (300 bar) blown 
through the critical channels.

Oil pump and oil circulation

The chain driven gear pump provides an 
amount of oil depending on the need. A 
bypass to reduce the too highly raised oil 
volume flow is not required. Due to the 
map regulated oil pump, ❹, and through 
the elimination of unnecessary work the 
oil pump consumes less energy than con­
ventional oil pumps. It lowers the fuel 
consumption of the TVDI engine in the 
EU test cycle by about 2.5 %. 1.5 % are 
coming directly through the oil pressure 

drop, a further 1 % resulting from the shut­
down of the oil jets for piston cooling. Dur­
ing the initial filling the amount is 4.2 l 
fuel-efficient engine oil, the quantity of oil 
for service is 3.7 l.

Auxiliary equipment

At the back end of the exhaust camshaft 
the vacuum pump is flanged. It produces 
the vacuum for the brake booster. For the 
turbo engine it also produced the vacuum 
for the waste gate control. The working 
volume of the vacuum pump was reduced 
by about 35 % in comparison to the 1st 
engine generation. This leads to a reduc­

❷	The 1.6 l TVDI engine for Mini Cooper S ❸	Bedplate without sinter inserts

❹	Map regulated oil pump
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tion in drive power and therefore to a fur­
ther reduction in fuel consumption. The 
air conditioning compressor and the vari­
ous generator types are mounted on cast-
on brackets.

Engine peripherals

The intake manifolds modules of the 
engines are made of plastic. To make the 
induct parts suitable in all vehicle plat­
forms without generating variants the 
complete intake manifolds with attached 
silencer are arranged fixed to the engine. 
The well-proven plastic throttle body was 
taken over.

The axial piston high pressure pump 
made from aluminium was revised for the 
TVDI and works with 120 bar system pres­
sure. For resistance to Ethanol the fuel feed 
pump parts are coated. The integrated 
Volume Control Valve (VCV) is controlled 
by the engine control unit.

The 7-hole injectors are arranged at 
the side of the cylinder head and supplied 
with fuel from a common stainless steel 
rail and suppressed from this rail.

As with the TGDI for the TVDI a twin-
scroll turbo charger is used, ❺. The high 
variability of the TVDI system could lead 
to a further improved response at low 
speeds (low-end torque). The cast iron 
manifold remains double-flow (Cyl.1/4 
and 2/3). The material is Niresist and 
allows a maximum exhaust gas temp­
erature before turbine of 950 °C. The 
exhaust gas separation will be main­
tained in the turbocharger just before the 
turbine. The turbocharger housing is 
made from cast steel to ensure the dura­
bility in the high-loaded bifurcation wall 
area. The maximum approved turbine 
speed is 216,000 rpm. The maximum 
boost pressure of the 135 kW version is 
1.8 bar absolute. In the over-boost mode 
the boost pressure is increased to 2.0 bar 
absolute.

Modular engine ancillaries 
and thermal management

The reliable belt drive was taken over from 
the previous engine. Generator and air com­
pressor are driven by a single Poly-V belt. 
The belt is tightened with a one arm tor­
sion spring tensioner. The surrender of a 
second belt level was achieved by driving 
the coolant pump through a friction gear.

Between the water pump and the pulley 
on the crankshaft is a friction wheel locat­
ed which is attached to a supporting arm. 
About an electrically actuated eccentric 
gear the position of the friction wheel can 
be changed and the water pump can be 
activated. To save drive power and to ac­
celerate the warm-up of the engine the 
coolant will be only circulated when the 
engine is at warm operating temperature.

So far the switchability of the water 
pump, ❻, was only used with the ECE 
variants of the normally aspirated engines. 
This led to a fuel saving in the EU test 
cycle of 0.9 %.

In the revising of the engine family the 
switchable water pump is in use now 
with the entire family. In addition the 
water pump is cycled several times, 

resulting to a further saving of about 
0.3 % of fuel in the EU test cycle. This 
situation regulated adapted amount of 
coolant is one of the many measures to 
reduce fuel consumption. In countries 
under the U.S. emission laws (FTP75) a 
permanent water pump drive is used 
due to diagnostic reasons.

Engine functions TVDI

The combination of twin-scroll turbo 
charger, direct injection and fully varia­
ble valve train (TVDI) makes the engine 
an innovative engine in the entire com­
petition. By the complex twin-scroll 
turbo charger technique the usually very 
annoying turbo lag has been almost  
completely avoided.

❺	Twin-scroll turbo charger

❻	Switching strategy water pump
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The variable valve train together with 
many individual measures to reduce fric­
tion is an unbeatable relationship between 
fuel economy and performance. Through 
adding the fully variable valve train and 
due to measures for friction reduction the 
fuel consumption compared to the previ­
ous engine could be reduced further signif­
icantly. In the EU test cycle the fuel con­
sumption saving is 9 %. The direct injec­
tion engine works with all fuel and oil 
qualities and is not dependent on sulphur-
free fuel.

Combustion process

A twin-scroll turbo charger is used for the 
TVDI direct injection engine. The channels 
of respectively two cylinders are separated 
in the exhaust manifold and in the turbo 
charger through an appropriate channel de­
sign. With reduced fuel consumption the 
turbine receives an additional boost so that 
the turbo charger can accelerate earlier.

The effect is clearly felt because the full 
turbo charge comes already at 1600 rpm. 
The on turbo charged engines often criti­
cized “turbo lag” is almost completely 
avoided and the build-up of the torque is 
as fast as on an engine with mechanical 
supercharger (compressor).

The exhaust gas stream accelerates the 
turbine wheel up to a speed of 216,000 rpm. 
A pressure relief valve (Waste Gate) with 
integrated check valve guards the boost 
pressure of absolute 1.8 bar max (with over­
boost 2.0 bar max). A Dump Valve is regu­

lating the intake manifold pressure during 
coast down when the throttle is closed. The 
pre-compressed fresh air is cooled down in 
an intercooler before it enters the combus­
tion chamber in order to increase the charge 
level. The intercooler is positioned in the 
vehicle beneath the water cooler.

The maximum exhaust temperature is 
monitored by the engine electronics and is 
limited to 950 °C. To preserve the oil and 
water cooled turbo charger from damage 
due to overheating an electric auxiliary 
water pump runs automatically after the 
engine shutdown. This dissipates the 
excess heat energy and prevents coking of 
the oil pipes.

The fully variable valve control system 
operates on the principle of the throttle-
free load control and regulates the power 
of the engine with a continuous adjust­
ment of intake valve lift and intake valve 
opening times. This technique with a 
nearly lossless load control which is simi­
lar to the Valvetronic of the BMW Group 
allows low fuel consumption and perfect 
response of the engine, ❼, ❽, ❾.

In partial load the engine will be oper­
ated with a high internal residual gas. This 
needs extreme valve timing with low intake 
valve lift together with late closing of the 
exhaust valves and early closing of the in­
take valves. The load control in partial load 
works with a continuously variable valve 
lift and the opening phase of the intake 
valves (EIVC = early intake valve closing).

At the full load the load is controlled by 
the boost pressure. The switch in the tran­
sition area between the two kinds of load 
controlling is torque neutral. The engine 
still has a throttle, but this takes only emer­
gency operation and diagnostic functions. 
In normal operation it is constantly as open 
as the manifold pressure is 50 mbar below 
the ambient pressure to ensure the tank 
venting. The turbo charged engine is equip­
ped with a direct injection. The mechani­
cally driven two-piston high pressure pump 
sits at the far end of the intake camshaft 
and supplies the fuel injectors over a 
stainless steel rail with fuel.

The high-pressure injectors are inject­
ing the fuel with a maximum pressure of 
120 bars sideways into the combustion 

❼	Masking and phasing

❽	Charge motion through swirl
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chamber. The air-fuel-mixture in the com­
bustion chamber is distributed homogene­
ous (Lambda = 1.0). Single ignition coils 
for each spark plug providing an optimal 
ignition voltage. Every coil is individually 
controlled by the ECU. The turbo engine 
is highly compressed for a turbo charged 
gasoline engine with a compression ratio 
of 10.5:1. Therefore a cylinder selective 
knock control monitors the combustion 
process and corrects if necessary the igni­
tion angle and the boost pressure.

Efficiency

The fuel consumption of the 135 kW en­
gine was again reduced compared with 
the outstanding value of the predecessor, 
❿. Through the introduction of the TVDI 
combustion process and the friction meas­
ures a reduction of 9 % was possible. The 
main technical measures are:

fully variable valve train
twin Vanos
map regulated oil pump

:
:
:

friction optimized base engine
friction optimized vacuum pump  
(for brake booster)
switchable water pump.

The fuel consumption in the EU test cycle 
(KV01) is 5.8 l/100 km, equivalent to a 
CO2 emission of 136 g/km.

This puts the TVDI engine in the map 
point 2000 rpm / BMEP = 2.0 bar at the 
level of stratified charged naturally aspi­
rated engines and represent a new bench­
mark for homogeneous turbo engines.

Emissions

The 135 kW engine in the Mini Cooper S 
meets the strict EU5 emission standards 
and ULEV II (Ultra Low Emission  
Vehicle) as well the „Japan Green Star 
Label“ and can therefore be worldwide 
homologated.

For the quick heating of the catalyst to 
its operating temperature, some special 
optimized settings are chosen for this 
mode. This was only possible by the flexi­
bility of the TVDI combustion process.

These functional measures are sup­
ported by the design of the engine:

turbo charging
fully variable valve train
masking and Phasing for high 
combustion stability and residual  
gas compatibility
high charge motion through tumble 
intake channel also at full load
high pressure direct injection + multi 
hole injector (seven-hole, Bosch HDEV5)
double injection with time-offset
optimized combustion chamber geo­
metry for raw emissions
close-coupled catalyst with optimized 
exhaust back pressure
catalyst coating technique with low 
thermal aging
continuous Lambda control with very 
fast operation readiness
special functions for catalyst heating.

To meet today’s emission regulations it is 
necessary to bring the catalyst as quickly 
as possible to the minimum operating 
temperature. For this, the engine starts 
with optimized operating strategies. 
These are for example extreme cam tim­
ing (late exhaust and intake open), dou­
ble injection with time-offset, a late igni­
tion angle and an increased idle speed. 
Due to the new developed fast Lambda 
sensor it is possible to use an air-fuel-

:
:

:

:
:
:

:

:

:
:

:

:

:

:

❾	Charge motion through tumble

❿	Comparison fuel consumption TGDI vs. TVDI
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mixture of lambda = 1.05 already 6 s 
after start which leads to a further reduc­
tion in raw emissions. Despite all these 
measures the engine has a good running 
smoothness due to the TVDI combustion 
process.

A globally uniform catalyst system for 
all country variants could be realized. On 
a secondary air system is not necessary. 
For the ULEV II version (U.S.) an additi­
onal underbody catalyst has been install­
ed. This is mainly used to meet the high 
requirements of the American onboard 
diagnostic (OBDII).

Dynamic

The turbo charged direct injection engine 
combines the torque behaviour of a Diesel 
with the benefits of a modern gasoline en­
gine. Even at 1600 rpm the maximum tor­
que is there and remains nearly constant 
up to 5000 rpm. During acceleration the 
overboost function raised the torque addi­
tionally for a short time.

The engine has a brake horsepower of 
135 kW at 5500 rpm and a maximum 
torque of 240 Nm from 1600 rpm up­
wards, ⓫. The Overboost function raises 
the torque to 260 Nm.

Electric and Electronic

To meet the increased requirements of the 
actuators and sensors, the ECU had to be 
revised. Due to new chips with faster CPU 
and more memory a development of exist­
ing functions was possible.

The control and evaluation of a fast 
oxygen sensor is one of them, as well as 
advanced knock detection for super knock­
ing and the control of the map regulated 
oil pump. Also future requirements of the 
US-OBD were considered.

Especially for the TVDI there was  
the need to integrate the control of the 
variable valve train. The ECU is leaning 
closely to the control of the BMW six-
cylinder inline turbo engine. The VVT3 
position detection is working indirectly 
with around the drive shaft of the servo 
motor mounted Hall sensors that trans­
mit motion in a direction-signal pattern 
for the ECU. Special software calculates 
the needed commutation as well as the 
current position and plausibility. This 
will result in lower component costs with 
constant accuracy and higher adjustment 
dynamics. With the two-channel Flex-
Ray module the ECU’s are fit for the 
future needs of an electrical vehicle 
network.

Summary

The cooperation between the BMW 
Group and PSA Peugeot Citroën has been 
updated successfully with the further 
development of the four-cylinder engine 
family. The partly different aims of both 
manufacturers could be brought together 
again so that neither the high technique 
requirements of the Mini brand nor the 
PSA principle of „design to cost“ are 
injured. Already today the decision to 
continue the cooperation and adapt the 

engine family to future CO2 guidelines 
and emission legislations was made.

Reference
[1] Kessler, F.; Kiesgen, G.; Schopp, J.; Bollig, M.: 
„Die neue Vierzylinder-Motorenbaureihe aus der 
BMW/PSA-Kooperation“. In: MTZ 68 (2007), Nr. 7-8

⓫	Comparison torque build-up TGDI vs. TVDI 
(torque and velocity increase in the 6th gear)
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Diesel-water emulsions have the advantage of significantly reducing both soot and NOx 
in the diesel engine exhaust gas. Emulsions can be classified into pre-mixed and on board 
mixed emulsions. Compared with the pre-mixed emulsions, the on board mixed emulsions 
have the advantage that the water concentration can be adjusted as required from the 
engine operation condition. A new injection system was developed at the IFT (Institute of 
Vehicle Technology) at the Trier University of Applied Sciences to minimize the time lag 
between emulsion generation and deployment in the injector. The emulsion can now be 
mixed not only on board but also on injector.
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Diesel-water emulsions have the advantage of significantly reducing both soot and NOx 
in the diesel engine exhaust gas. Emulsions can be classified into pre-mixed and on board 
mixed emulsions. Compared with the pre-mixed emulsions, the on board mixed emulsions 
have the advantage that the water concentration can be adjusted as required from the 
engine operation condition. A new injection system was developed at the IFT (Institute of 
Vehicle Technology) at the Trier University of Applied Sciences to minimize the time lag 
between emulsion generation and deployment in the injector. The emulsion can now be 
mixed not only on board but also on injector.
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1 Introduction

The diesel engine is still one of the most economical power ma-
chines which are used in many fields of engineering (automotive 
engineering, power engineering, block heating and power plant). 
Being rather uncomplicated with regard to carbon monoxide and 
hydrocarbon formation, the relation between nitrogen oxide and 
soot formation poses a bigger problem.

The present emission limits prescribed by law have forced the 
car manufactures to install proper emission reduction systems on 
their engines in the past and the future limitations will certainly 
require additional reduction measures. To do so, principally two 
opportunities remain. On the one hand, engine modifications 
which influence the combustion process and therefore the pollut-
ant formation are possible. On the other hand, exhaust gas after-
treatment which is used to convert harmful substances to a large 
extent into ecological ones could be useful. While internal engine 
measures, such as NOx reduction, usually result in an increase in 
soot loading of the exhaust gas and vice versa (soot NOx trade-off), 
exhaust gas aftertreatment systems, as for example diesel particu
late filters, SCR and NOx storage catalytic converters, generally do 
not operate neutrally with respect to fuel consumption.

In contrast to this, the use of diesel-water emulsions, respec-
tively microemulsions, can reduce both soot and NOx simultane-
ously to significantly weaken the soot NOx trade-off [1, 2, 3, 4].

The soot reduction caused by the microemulsion is founded pri-
marily in the increased hydroxyl radical formation and possibly also 
in the formation of “micro explosions” according to the present 
state of science [2, 3, 5, 6]. The NOx reduction results mainly from 
reduced combustion temperatures.

Microemulsions are, in contrast to conventional emulsions, ther-
modynamically stable mixtures of diesel, water and surfactants 
and have been developed at the Institute of Physical Chemistry at 
the Cologne University under direction of Prof. Dr. R. Strey.

An optimal emission reduction by diesel-water emulsions is only 
ensured if a corresponding diesel-water mixture ratio can be pro-
vided at any engine operating point. The engine start and warm up 
phase have proven to be particularly problematic.

In principle, the diesel fuel should not be mixed with water 
during the startup process and not until the engine has reached 
its operating temperature. However this presupposes that the die-
sel-water (micro) emulsion can be adequately produced and in-
jected during the engine operation.

In the recent years, numerous studies with both premixed and 
on board mixed diesel-water emulsions were carried out at the IFT. 
The pre-mixed emulsions (always microemulsions) had a fixed 
diesel-water mixture ratio [1]. The on board generated emulsions 
were prepared in a mixer unit of the Scarabaeus company and 
could be adjusted with the desired diesel-water mixture ratio ac-
cording to the set operating point of the motor [4]. System relat-
ed the new adjusted mixture reaches the injection valve with a time 
delay when the operating point changes. To minimize this dead 
time a new fuel injection system was developed at the IFT where 
the mixing process takes place right in front of the injector.

2 On board Mixing of Diesel-Water emulsions

Unlike the premixed emulsions, on board mixing offers the 
possibility of supplying the engine with the desired mixture close 
to the engine itself. During the critical operation phases such as 
the engine’s warm-up phase, the addition of water to diesel can 
be eliminated entirely. 

2.1 Test Facility
❶ shows the engine with the mixing equipment as it is currently 
assembled in the engine laboratory of the IFT. The engine is an up 
to date turbocharged four-cylinder industrial motor with common 
rail fuel injection (injection pressure 1400 bar), intercooler and 
cooled EGR of the Deutz AG. It is certified to EPA TIER3 and 
EU COM IIIA. The maximum rated power and maximum torque are 
at 113 kW/2100 rpm (overpower of 116 kW/1900 rpm) and 
668 Nm at 1500 rpm.

The diesel-water emulsion is generated using a mixing device of 
the Scarabaeus company. Diesel and water are separately supplied 
to the mixing unit and brought together in the mixing chamber of 
the system to form a homogeneous diesel-water emulsion. To im-
prove the water mixing behavior an emulsifier (approximately 1 % 
based on the amount of water) is added. As mentioned above, this 
system allows to adjust the emulsion to the operating point and a 
constant water addition related to the fuel amount. In the study 
presented below, the water/fuel ratio was at a constant rate of 
about 30 % for all operating points.

2.2 Measurements Diesel Fuel – 
Diesel-Water emulsion
The performance, consumption and emission behaviour of the 
engine were investigated with on board mixing of the diesel-water 
emulsion. The effect of the emulsion on the aforementioned oper-

1	 Introduction

2	 On board Mixing of Diesel-Water emulsions

3	 On Injector Mixing of Diesel-Water emulsions

4	 Summary

❶	Test engine with emulsion mixing unit
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ating parameters will be shown here through depiction of particle 
loading PM, NOx concentration and the specific fuel consumption 
for each point of the 13-point test (with exception of the idle 
point).

The relative change in the soot loading, the NOx concentration 
and the specific fuel consumption is shown using emulsion either 
with series injection timing (SOI) and with optimized, emulsion 
adapted, prerouted SOI. Afterwards it is compared to pure diesel 
operation. According to ❷ (black columns), the soot loading 
decreases noticeably when emulsion and series SOI are used com-
pared to operating with pure diesel. The averaged decrease in the 
soot loading over the 13-point test is about 52 %, with a NOx 
reduction of about 37 %, ❸. Although the specific fuel consump-
tion for the series injection point according to ❹ slightly increases 
in some areas of the 13-point test, on average a reduction in con-
sumption of about 1 % can be expected. When using emulsion the 
injection point needs to be adapted. Due to the extended injection 
time and a slightly higher ignition delay the injection point has to 
be brought forward. The results for this measure are also shown in 
② to ④.

A prior injection point up to 4 degree crank angle leads to a 
further reduction of the soot loading at about 66 %, while the NOx 
reduction is slightly weakened as expected. The specific fuel con-
sumption shows an average reduction of 2 % for a prior SOI.

The necessary power for the water pump to deliver the water into 
the mixing chamber can be neglected. 

Combining the emulsion usage with an after treatment of exhaust 
gases (particulate traps, NOx storage or SCR cat) could further 
reduce the fuel consumption at about 1 to 2 % because of the 
extended regeneration phases resulting from decreased out of en-
gine emissions. The overall consumption reduction could possibly 
assumed to be about 3 %.

3 On Injector Mixing of Diesel-Water emulsions

Shifting the mixing chamber directly to the injection nozzle of 
the engine minimizes the time between the formation of the 
emulsion and the deployment in the injector. Therefore the “new” 
emulsion is immediately available at a new engine operating 
point after a few ms which was the motivation for developing a 

new injection system at the IFT, ❺. The project was supported 
by the AiF (Arbeitsgemeinschaft industrieller Forschungsvereini
gungen) respectively the BMBF (Bundesministerium für Bildung 
und Forschung) [7].

However, this supposes a spontaneous formation of a homog
enous diesel-water emulsion. To investigate this and to optimize 
the geometry of the mixing chamber, a low pressure experimental 
injection setup with an interchangeable mixing chamber (made of 
Plexiglas) was assembled. It was used for accomplishing numer-
ous basic fluid flow experiments [8].

❺	Setup of the injection system

❹	Relative change of specific fuel consumption using emulsion-fuel with and 
without SOI adjustment to diesel operation 

❷	Relative change of particulate mass using emulsion-fuel with and without  
SOI adjustment to diesel operation

❸	Relative change of NOx concentration using emulsion-fuel with and without 
SOI adjustment to diesel operation
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❻ shows the mixing behavior of diesel and water in the test rig 
without the addition of an emulsifier. No mixing of diesel and water 
could be observed in this case. The water flows like a “streamline” 
through the pipe without interacting with the diesel phase. In case 
of adding an emulsifier a homogenous mixture is formed after a short 
flow path, ❼. Numerous experiments [8] verified that even under 
relatively low pressures of about 4 bar, homogenous mixtures estab-
lish within a few ms by applying proper surfactants.

At the same time intensive 3D numerical calculations were 
performed, using an up to date CFD code, to investigate flow struc-
ture and mixing behavior [9]. ❽ shows the comparison between 
experimental and numerical results for the flow in the mixing 
chamber. The agreement for the low pressure cases was very good 
whereas in case of high pressure (up to 2000 bar) the numerical 
simulation showed deficiencies in modeling the mixing of the two 
phases but the prescription of the overall unsteady flow process 
was correct. According to the simulation, only a fractional 
homogenization is visible at the end of the mixing facility, ❾. 

The numerical model consisted of a straight pipe for the diesel 
which was connected to the water pipe in form of a t-junction. Due 
to the high pressure, both fluids could not be treated as incom-
pressible anymore. To reflect this, a relationship between the fluid 
density and the pressure was deduced from the equation of state, 
neglecting the temperature. The maximum streamline diversion of 
the flow occurs where the water enters the diesel pipe and conse-
quently this is the place where the lowest pressures are apparent. 
The local values fall below the vaporization pressures of both 
liquids leading to the formation of two additional gas phases. 
Consequently four different phases interact in the mixing cham-
ber, two liquid and two gaseous. It can further be noticed that the 
flow is highly transient because the outlet, as well as the water 
inlet into the mixing chamber are stroked in dependence of the 
desired engine operating point.

The multiphase interaction caused by cavitation combined with 
fluid compressibility and the highly transient flow process could 
not be captured sufficiently in the present model.

These preliminary experiments in the low pressure test rig and 
also numerical considerations were followed by extensive investi-
gations on a temporarily constructed high-pressure test facility. 

After completion of the basic experiments, the high pressure 
test rig was installed on the single-cylinder research engine [10] 

❻	Diesel-water mixing behaviour without surfactant

❽	Diesel-water mixing behaviour in the low pressure case, comparison of 
calculation and measurement

❼	Diesel-water mixing behaviour with surfactant

❾	Diesel-water mixing behaviour in the high-pressure case
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of the IFT, ❿, where it is currently operated in this state. It consists 
of two high pressure pumps (maximum pressure 2000 bar) and 
two rails for diesel and water, a mixing unit located right in front 
of the injection nozzle and a second injector for water injection 
into the mixing chamber.

In the newly developed injection system the fuel is transported by 
the high pressure pump via the diesel rail to the mixing chamber and 
is then delivered to the injection nozzle. At the same time the water 
is injected via the water dose injector either stroked (up to three 
strokes possible) or continuously into the mixing chamber.

The main task of this high pressure injection test rig was to simu
late the injection process in case of pure diesel as well as in case 
of additional injection of water using an appropriate control unit 
(FI2RE). Together with an injection curve indicator (EVI), the corre-
sponding magnitudes to set up the FI2RE were identified, which in 
turn could be used to determine the desired injection amount and 
injection devolution per load cycle in dependence on certain 
engine parameters.

To identify the response behavior of the engine after changing the 
diesel-water mixture ratio, the water supply was stopped for consistent 
amount of injected fluid. Consequently more diesel fuel is injected 
which caused to an increase of the mean effective pressure. The 
pressure can thus be seen as an indicator for the responsiveness of 
the system. ⓫ shows the trend of the mean effective pressure versus 
several injection cycles. It becomes clear from this that for the 
present assembly of the mixing chamber and 100 mm fuel feed pipe 
between mixing chamber and injection nozzle a change in the pres-
sure can be observed after 20 load cycles which finally diminishes 
after 75 cycles. Assembling the mixing chamber closer to the injec-
tion nozzle further reduces the necessary cycles. If the water injector 
would be mounted directly at the injection nozzle, as originally 
planned, the mixing chamber would be needless and the necessary 
amount of cycles could possibly reduced below 10.

3.1 Fuel Injection
The fuel is delivered from the high pressure pump via a pressure 
accumulator to the diesel rail and then through the mixing cham-
ber to the injection nozzle. A commercial 7 hole piezo injector was 
used. As already mentioned above, the high-performance electronic 
control system allows multiple injections and a variation of the 
form of the injection devolution. In fact any injection profile can 
be applied. 

3.2 Water Apportioning
The water apportioning is accomplished using the same injector 
as for the diesel whereas the original nozzle body was replaced by 
an insert with a single, centrally mounted hole with a diameter of 
3 mm on the nozzle tip. The water is delivered from the high pres-
sure pump directly to the water-rail and from there to the injector. 
The water injection unit is connected to the mixing chamber via 
an inhouse clamping system. To prevent the water injection nozzle 
from lifting during fuel injection, the water pressure must always 
be slightly higher than the diesel pressure; otherwise the diesel 
would flow into the water.

The triggering of the injector is also carried out by the FI2RE, 
which allows either a continuous or a pulsed water-injection into 
the mixing chamber, while the amount of water is controlled by 
the injection time.

⓫	Response behavior of the injection system by changing the  
diesel-water mixture ratio

❿	Single-cylinder research engine with on injector mixing system
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3.3 Mixing Chamber
The original idea of directly discharging the water into the fuel 
channel of the diesel injector (in-injector system) was abandoned 
because of the narrow space close to the engine. Instead, a mix-
ing chamber was mounted in front of the diesel injector which 
consisted of stainless steel and has been designed for pressures 
up to 4000 bar. The water is supplied perpendicularly to the 
main flow direction in the mixing chamber using the injector de-
scribed in 3.2, ⑩.

3.4 Measurements on the Engine
Below, some results are discussed that were obtained with the 
above described injection system on the single-cylinder research 
engine.

First some tests were carried out with pure diesel, varying the 
injection pressure between 500 and 1000 bar, the point of injec-
tion and the form of the injection process.
⓬ shows the soot and NOx devolutions in dependence on the 

point of injection for pressures of 500 and 1000 bar and pure die-
sel. From the SOI at -10 degree crank angle, FSN decreases from 
0.53 about 36 % for an injection pressure of 500 bar and a prior 
shifted injection point at -15 degree crank angle. Moving the SOI 
to -5 degree crank angle results in a FSN increase about 70 %. The 
NOx concentration behaves exactly the opposite way following the 
soot NOx trade-off. Moving the injection point to a prior crank angle 
leads to an increase from 600 ppm about 60 % while a shifting to 
a delayed crank angle causes a lowering about 33 %. An increase 
in the injection pressure to 1000 bar results in a noticeable soot 
reduction and a visible increase in the NOx concentration, ⑫.

After performing a functional test of the injection system, water 
was injected into the mixing chamber. The water fraction was 
adjusted to 20 % respectively 30 % (related to the fuel amount) 
for injection pressures of 500 and 1000 bar. The injection point 
was at -15 degree crank angle. As illustrated in ⓭, for an injec-
tion pressure of 500 bar the soot reduction at a water fraction of 
20 % amounts about 40 % and 47 % at a water fraction of 30 %. 
Simultaneously, the nitrogen oxide concentration noticeably 

decreases about 30 % at 20 % water fraction and about 34 % at 
30 % water fraction. At 1000 bar injection pressure the decrease 
of soot and NOx for each of the two water fractions is in the same 
order of magnitude namely 32 % to 37 % for NOx and about 59 % 
for soot.

The present system does not allow a conventional recirculation 
of the fuel into the fuel tank, respectively the high pressure pump 
(which would lead to a change of the mixing ratio). Therefore the 
emulsion was collected in a separate reservoir during the test runs 
at the one cylinder engine. For future series applications the 
system needs to be adopted accordingly.

4 Summary

In Section 2 of this paper, the reduction of harmful emissions with 
diesel-water emulsions, even on a modern, ATL charged diesel 
engine with common rail fuel injection and cooled EGR has been 
demonstrated. Soot respectively NOx reductions of up to 66 % 
respectively 35 % are possible for an adjusted injection point. At 
the same time, the specific fuel consumption could also be slight-
ly reduced by adaptation of the injection point. With some further 
adjustments of specific engine operating parameters to the emul-
sion, such as the EGR rate and the pre and post injection, certainly 
a further positive influence on both the exhaust gas composition 
and presumably also on fuel consumption can be expected. The 
present results prove that the soot NOx trade-off is significantly 
weakened by the use of a diesel-water emulsion on an up to date 
diesel engine.

In section 3 a new injection system was presented which allows 
the formation of a diesel-water emulsion not only on board but on 
injector”. The major advantage of this system is that during the 
engine operating point, the dead time between emulsion produc-
tion and deployment in the injector can be minimized so that the 
“new“ emulsion is practically immediately available. The function-
ality was demonstrated and the positive effect of the emulsion on 
the exhaust gas composition was, as already shown in section 2, 
confirmed by various measurements.

⓭	Relative change of the NOx and soot concentration in dependence on  
water fraction and injection pressure to diesel operation

⓬	NOx and soot loading as a function of the injection point at different  
injection pressures
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The regeneration characteristics of diesel particulate filters are mainly determined 
by the properties of the stored soot. It is possible to exert specific influence on the 
soot burning behavior by modifying the soot characteristics. For this reason, the 
impact of engine operating parameters on the reactivity of diesel exhaust particulates 
was examined as part of a FVV research project No. 954 “Reactivity of Soot” at the 
Institute for Combustion Engines (VKA) of the RWTH Aachen University. The emitted 
diesel exhaust particulates were characterized with the help of various analysis 
methods. Further investigations using diesel particulate filter loaded with soot made 
it possible to show a correlation between soot reactivity of the emitted soot and the 
regeneration characteristics in the DPF. The insights gained were used in an alter­
native DPF regeneration strategy.
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1 Introduction

Complying with increasingly stringent exhaust emission limits for 
diesel engines typically requires the use of a diesel particulate fil­
ter (DPF) in order to reduce particulate emissions. The diesel soot 
retained in the DPF is oxidized periodically by means of regenera­
tion at high exhaust temperatures of more than 600 °C. It is not 
very helpful to reduce the resulting increased fuel consumption by 
using additives that lower the soot ignition temperature because 
of the higher ash content as well as the need for additional com­
ponents such as metering units and tanks. Lowering the soot igni­
tion temperature using modified engine operating parameters of­
fers an alternative for optimizing the DPF operating strategy and 
therefore for reducing the fuel consumption penalty, the dilution 
of lubrication oil, the thermal stress of the turbocharger and of the 
catalytic coatings of the exhaust aftertreatment system.

2 Test Boundary Conditions and Execution

2.1 Test Boundary Conditions
We conducted tests using an institute-owned 2.2 l passenger car 
DI diesel engine in order to characterize the soot properties; the 
engine specifications are shown in ❶. The investigations were 
based on the operating points OP1 (n = 1500 rpm and bmep = 
2 bar) and OP2 (n = 2000 rpm and bmep = 5 bar), whereas a base 
calibration in lean-burn as well as in rich-burn engine operation 
was accomplished for both operation points. The exhaust after­
treatment system consisted of an (optional) diesel oxidation cata­
lyst (DOC / EU4 series / 5.66 × 6") and a diesel particulate filter 
(DPF / Corning DuraTrap AC / 5.66 × 6" / 200 cpsi / 12 miI). In 
addition to the uncoated DPF, a platinum-coated filter (CDPF / 
20 g Pt/ft³) was used.

2.2 Execution
By systematically modifying the engine parameters, the engine’s 
variables that are responsible for generating a reactive particulate 
phase were analyzed. The objective was to create a comprehen­
sive assessment of all significant operating parameters contribut­
ing to soot formation and to show their impact on soot reactivity. 
In the process, the engine‘s operating conditions were modified 
from the diesel-typical lean-burn operation in particular in the di­
rection of late, cold combustion down to rich-burn engine opera­
tion (λ = 0.97). The reactivity of the raw particulate emissions 
was quantified using chemical/physical analyses. Next, particu­
late regeneration in the DPF was analyzed for operating settings 
indicating a high particulate ignition quality in comparison to the 
reference operation.

The air and fuel path of the recorded engine operation param­
eters was modified maintaining a neutral load level, ❷. The air/

fuel ratio was adjusted during lean-burn operation by modifying the 
EGR rate and during rich-burn operation by restricting fresh air 
supply. The intake manifold pressure was modified at a constant 
fresh air mass flow – controlled via the throttle valve – by adjust­
ing the EGR actuator or the VTG. This resulted in different ratios 
between the degree of restriction and EGR. Changes to the fuel 
path were made by varying the start of injection and the injection 
pressure as well as introducing early postinjection during rich-burn 
operation. We did not conduct tests with late postinjections into 
the exhaust port, since they do not have any impact on soot reac­
tivity and merely lead to an increase in HC emissions, the SOF por­
tion, and the dilution of lubrication oil. The boundary conditions 
were the maximum turbine inlet temperature of 820 °C as well as 
the maximum HC concentration of 3000 ppm (C3) in order to meet 
application limits relevant in practice.

3 Particulate Analytics and Definition  
of Reactivity

3.1 Particulate Analytics
To determine the chemical/physical particulate properties, partic­
ulate samples were taken upstream as well as downstream of the 
DOC on quartz filters from the undiluted exhaust at constant vol­
umetric flow using a 190 °C heated line and 175 °C at the sam­
pling filter. This ensured a good approximation to the particulate 
composition in the DPF. The soot load mass was determined by 
weighing the filter under controlled conditions. The particulate 

1	 Introduction

2	 Test Boundary Conditions and Execution

3	 Particulate Analytics and Definition of Reactivity

4	 Determining Particulate Reactivity in the DPF

5	 Alternative Regeneration Strategy

6	 Conclusion

Engine 2.2-l Four-cylinder in-line engine

Air path

: Four-valve technology
: �Turbocharger with variable turbine geometry 

(VTG) and charge-air cooler (CAC)
: �Cooled high pressure exhaust gas  

recirculation (HP-EGR)
: Throttle valve
: Swirl flap	

Fuel path
: Common rail (Bosch)
: CP3 (pmax: 1600 bar)
: Solenoid valve injectors

Rated power 100 kW at 4000 rpm

Maximum torque 330 Nm (1200-2400 rpm)

Fuel Low-sulfur diesel fuel (B5)

Measured exhaust  
components

CO, CO2, O2, HC, NOx

Black smoke number

❶	Test object data

Adjustment parameters Adjustment range

Distance between pilot injection and main injection 10 → 46° KW 

Start of main injection 10 → -13° KW 

Distance between main and post injection 20 → 70° KW 

Injection pressure 300 → 1370 bar

Intake manifold pressure via EGR / VTG 
(degree of EGR throttling split)*

600 → 1290 mbar

λ (via EGR rate / air mass) 0,9 → 4,9

❷	Adjustment parameters and ranges  
(*constant air mass controlled via throttle valve)
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samples were characterized analytically using thermal gravimetric 
analysis (TGA) and the BET method. The TGA was carried out with 
5 % oxygen and 95 % helium 6.0 at a heating rate of 5 °C/min up 
to a maximum of 800 °C (analyzer: Thermo Cahn TG 2121). By 
continuously determining the mass during the heating up phase, 
the temperature-dependent mass losses caused by evaporation and 
oxidation were recorded until it was fully burned off. Since we can 
rule out influences caused by material transport with the TGA 
method, we used it to determine the purely temperature-depend­
ent oxidation capability of the particulates. With the help of the 
BET method, the specific surface of particulate samples at select 
operating settings was determined by ICG-2 of the Forschungszent­
rum Jülich (analyzer: Micromeritics Gemini 2360).

3.2 Definition of Reactivity
In order to quantify soot reactivity, graphite (C ≥ 99 %, Sigma-
Aldrich) and graphite spark generator (Gfg) soot (Gfg 1000, Pal­
as) were analyzed as reference soots in addition to the engine soot 
samples by means of TGA in the same way as in [1]. Gfg soot with 
its highly amorphous structure represents the maximum soot re­
activity that can be reached, whereas graphite features the low­
est reactivity, ❸. The hatched area in the recordings of the rela­
tive sample mass and the relative mass loss rate marks the area 
of diesel soot generated by varying the engine parameters. In par­
ticular the point of the maximum mass loss rate shows that soot 
with near-Gfg properties can be generated by changing the oper­
ating parameters.

The absolute temperature of the maximum mass loss rate or a 
defined relative residual sample mass is not sufficient to quanti­
fy soot reactiveness. Therefore, two reactivity indices (RI) were de­
fined by standardizing to certain temperatures for the TGA evalu­
ation, ❹.

The reactivity index RITGA-5 % is based on the temperature where 
the sample has oxidized to 5 % of its initial mass. This provides a 
good approximation to the point of complete soot burn-off and rep­
resents an index for the accumulated change of the sample. Fur­
thermore, we standardized to the temperature at a maximum mass 
loss rate as a clearly defined peak (RITGA-Peak). It was possible to 
find a clear empirical correlation between this and the RITGA-5 %, ❺. 

Due to the extensive particulate analysis only select samples (in 
particular for the critical variation limits) were subjected to the 
TGA analysis and an additional RI was identified based on the ex­
haust composition. We found an empirical correlation between the 
(logarithmic) mass ratio of the CO to the soot emissions upstream 
of the DOC (RICO/soot) and the RITGA-Peak, allowing the soot to be evalu­
ated with the help of the measured test bench variables.

For a later transfer of the TGA results to the regeneration char­
acteristics in the DPF it has to be taken into account that the re­
activity determined via TGA does not include influences of mass 
transfer. In the Arrhenius plot a correlation between the deter­
mined reactivity and the activation energy can be expected. In the 
DPF there are further significant influences on the reaction rate, 
which are summarized in the frequency factor. These parameters 
are the specific soot surface and the packing density of the soot 
cake impacting the reaction in the range of the Knudsen diffusion 
(pore diameter < mean free path).

❸	Range of variation of soot reactivity ❹	Definition of the reactivity indices (RI) based on the TGA

❺	Comparison of the reactivity indices (*soot mass concentration calculated via 
black smoke number and Mira correlation)
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3.3 Influence of the Engine Process Cycle  
on Reactivity
The objective of varying the parameters in particular was to repre­
sent engine operation with delayed or cold combustion, since in­
creased soot reactivity was expected here due a reduced change 
in soot structure in the direction of graphite [3]. If we enter the RI 
calculated from the emissions via the correlation in ⑤ RI into ❻ 
over the modified operating parameters, we can identify three main 
influencing parameters in each case that affect soot reactivity dur­
ing lean-burn and rich-burn operation.

During lean-burn operation, we can achieve a higher reactivity 
in comparison with the basic calibration by retarding the ignition 
timing of the main injection, by advancing timing of the pilot in­
jection, and by using throttling. During rich-burn operation, retard­
ing the ignition timing of main or postinjection as well as dethrot­
tling are beneficial. Varying the main injection we can see an op­
timum in OP1. Moving postinjection to very late injection points 
is limited due to high HC emissions. It was not possible to detect 
a significant influence of modified injection pressure or air/fuel ra­
tio on soot reactivity in either lean-burn or rich-burn operation. 
Though, depending on the engine operation mode a higher reac­
tivity in rich-burn engine operation can be seen. In general, OP1 
has a clearly higher potential of generating higher soot reactivity 
than OP2 with the higher load. So the positive individual result of 
OP1 cannot be transferred to other operation conditions. For fur­
ther analyses on the DPF, we used operating settings while com­
bining the main influencing parameters with the best possible soot 
characteristics, but for component protection reasons, we were not 
able to exploit the maximum range of variation of all parameters.

4 Determining Particulate Reactivity in the DPF

4.1 Determining Regeneration Efficiency
To create a correlation between soot analytics and the regenera­
tion conditions in the DPF, partial DPF regenerations were carried 
out on the engine test bench. The DPF was loaded with soot un­

der the operating settings derived above and regenerated for 360 s 
at 600 °C. The regeneration efficiency, defined as the quotient be­
tween oxygenated and initial soot load mass, was then compared 
to the RI, ❼. Initially, we were not able to find a direct correlation 
between regeneration efficiency in the DPF and the analytically 
determined RITGA-Peak, which is why we conducted a further analy­
sis of the influencing factors on soot regeneration in the DPF.

4.2 Analysis of Soot Burn-Off in the DPF
For a detailed analysis of the influencing factors on the thermal 
soot burn-off rate, the kinetic reaction approach based on Eq. 1 
and Eq. 2 was used for simulation calculations [2]:

EQ. 1 m·Soot, Oxi = ψO2
 · mSoot · e 

​  –Ea _____
 R · T ​ · ko · SR

Eq. 2 SR = SR, BET · kSV, Load

Since the exhaust gas oxygen concentration ΨO2 and the soot tem­
perature T are the same for all experiments due to the specified 
regeneration procedure, the soot oxidation speed m· Soot, Oxi is deter­
mined by the soot characteristics in the form of activation energy 
Ea as well as the specific soot surface SR. The latter was described 
via the specific surface SR,BET that can be directly determined by 
means of the BET analysis as well as a correction factor kSV,Load de­
pending on the space velocity during DPF loading, which shows 
the influence of the pore diffusion. Because of this correction the 
base frequency factor k0 was assumed as constant.

By the use of SMPS measurements Pischinger et al. [3] proved a 
shift of the particle size distribution in rich-burn engine operation to 
larger particle diameter at a constant particle number. The specific 
surface of the BET as well showed a clear dependence on the air/

❻	Main influencing factors on the soot 
reactivity of particulate samples  
(PiI = pre injection, MI = main injection, 
PoI = post injection; calculated via  
correlation to mCO/mSoot)
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fuel ratio. For rich-burn operation of the OP1, it is approximately one 
third (34 m2/g) in comparison to lean-burn operation (96 m2/g). The 
specific surfaces of soot samples for which no BET analysis was 
made were interpolated or extrapolated via the air/fuel ratio [3, 4].

The reason why space velocity has an influence on the reaction 
rate is the varying soot packing density caused by different flow 
conditions in the DPF during soot loading and was determined via 
the Peclet number following [5] (assumptions: effective DPF sur­
face 2.5 m2, primary particle diameter 35 nm, diffusion coeffi­
cient Dm = 6·× 10-10 m2/s), ❽. This influence was eliminated while 
taking the soot samples for purposes of chemical/physical charac­
terization under constant volumetric flow.

An increase in soot packing density respectively a reduction of the 
soot porosity decreases the amount of oxygen within the soot cake 
and consequently leads to a slower oxidation reaction. A comparable 
influence on the regeneration efficiency was earlier illustrated in [6]. 
The specific surface was corrected by normalizing to the reference 
packing density ρRef in OP1 (lean-burn operation), Eq. 3:

Eq. 3 kSV, Load = ​ 
ρSoot

 ___ ρRe f
 ​

The quantification of the influencing variables from Eq. 1 was done 
by projecting the parameters on a required regeneration tempera­
ture for identical regeneration efficiency, for which the regenera­
tion of lean-burn operation soot from OP1 at 600 °C soot temper­
ature was selected as a reference, ❾.

For this purpose at first the activation energy was determined 
based on test bench experiments  at almost isothermal DPF condi­
tions, by which the necessary temperature offsets required to achieve 
the same regeneration efficiency compared to the reference regen­
eration could be calculated. Using the calculated influence of the 
activation energy the influences of mass transfer could be deter­
mined, too. The example of the base calibration in lean-burn and 
rich-burn engine operation of OP1 shows that the reduction of the 
regeneration temperature by 40 °C due to the low activation energy 
is overcompensated by the lower soot surface.

❾	Projection to the required regeneration 
temperature (*for identical regeneration  
efficiency with tRgn = 600 s at TRgn = 600 °C)

❼	Comparison between soot analytics and regeneration efficiency ❽	Influence of load space velocity on soot density
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Generating a more reactive particulate species in the OP1 by in­
creasing the CO/soot mass ratio (mCO/mSoot ↑) while taking the high 
increase in fuel consumption into account does not lead to the de­
sired result. The reduced particulate reactivity at higher engine 
loads matches findings from earlier investigations [7, 8]. In addi­
tion to this, the comparison of the temperature differences from 
TGA ΔTTGA-5 % to those of activation energy ΔTEa, ⑨ top left, con­
firms that TGA can be merely be used to evaluate the activation 
energy and that the soot surface and the soot packing density must 
also be considered during the analysis of soot reactivity in the DPF 
on the basis of engine parameters, ❿.

5 Alternative Regeneration Strategy

The gained insights showed, that the reduced activation energy of re­
active soot cannot be used in the DPF primarily due to its low sur­
face. This fact however is not valid for last deposited soot particles. 

Due to the low mass and consecutively only for short-term available 
reaction enthalpy of this upper soot layer the ignition of lower soot 
layers is only possible by very fast temperature increase. Because the 
temperature influence is predominant during short-term heat-up of 
CDPF by near stoichiometric operation as indicated already by [9], 
hereupon an alternative regeneration strategy was calibrated, ⓫. From 
base operation in heat mode (λ = 1.7) the engine is being switched 
to near stoichiometric operation (λ = 1.1). Via timing of 20 s at λ = 
1.1 and 5 s at heat mode within three mode changes the filter tem­
perature is increased by means of HC and CO conversion at the DOC 
and/or the DPF coating to more than 700 °C, thus causing the soot 
to ignite, which can be seen from the increased filter outlet tempera­
ture. We can therefore trigger regeneration within a few short phases. 
Operating points with a lower basic temperature (city driving) can 
therefore efficiently used for regeneration purposes.

The CDPF was loaded with comparably unreactive soot (lean-
burn operation without DOC, OP2) and then regenerated. Several 

❿	Soot reactivity analysis procedure

⓫	Intermittent regeneration strategy
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sequences connected in series increase the regeneration efficien­
cy, in which we can see a dependence on the load mass, ⓬. This 
can be approximated via an exponential function that can be used 
to forecast the number of sequences required. Furthermore, the 
alternative procedure must be designed as a function of load and 
speed. It involves benefits in the regeneration-based fuel penalty 
and the required regeneration time and thus operational safety 
compared with a conventional procedure (Tentry,DPF = 650 °C) under 
NEDC conditions (boundary conditions: identical initial soot load­
ing and regeneration efficiency; engine operation point at regen­
eration: BP1; equal performed work during loading and regenera­
tion). Hererby a decrease of the regeneration-based fuel-penalty 
consumption of 11 % with comparable oil dilution level is possi­
ble. By optimization of strategy and hardware the regeneration-
based fuel penalty could be approximately halved. By this means 
the thermal stress to turbocharger as well as the catalytic coatings 
at comparable level to conventional regeneration is expected.

6 Conclusion

Because we strive to lower a regeneration-based increase in fuel 
consumption, knowing about the properties of the soot in the DPF 
is becoming increasingly important. Against this backdrop, soot 
reactivity was analyzed in detail as part of a FVV project No. 954 
on a passenger car diesel engine at the Institute for Combustion 
Engines (VKA) of the RWTH Aachen University.

We found that the reactivity of the raw particulate emissions can 
be classified by analyzing the particulate samples by means of re­
activity indices and represented directly via the CO/soot mass ra­
tio as a function of the engine process parameters. By modifying 
the engine parameters, we were able to adjust raw particulate 
emissions with wide reactivity differences.

DPF regeneration tests for loads with different reactivity indices 
showed that, in contrast to the positive impact of the lowered ac­
tivation energy of highly-reactive particulate phases, the reduced 
specific soot surface has a negative effect on the regeneration ef­
ficiency. As a result, generating a highly-reactive particulate phase 
with a special focus on fuel consumption alone does not lead to 
the desired result. An intermittent regeneration strategy was de­
veloped based on these findings; it can be used to represent ad­
vantages with regard to the regeneration-based increase in fuel 

consumption as well as operational safety in particular during low 
loads by quickly heating up the DPF. The research results and the 
analysis process we have developed allow us to create a direct cor­
relation to the engine process parameters that can be used for fu­
ture soot reactivity investigations.
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zündung” and No. 928 was set up at the Institute for Reciprocating Engines (IFKM) 
and the Institute for Technical Thermodynamics (ITT) at the Karlsruhe Institute of 
Technology (KIT) to investigate the potential of the laser-induced ignition. The 
emphasis was on improving combustion initiation and heat release during a direct 
injection with a spray-guided combustion.
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1 Introduction

Due to the highly stratified mixture SI engines with direct in-
jection and spray-guided combustion pose a challenge to the 
ignition system. Laser-induced ignition combines the advan
tages of high efficiency, variable spark location, and wear-free 
ignition.

Laser-induced ignition of air-fuel mixtures is based on an opti-
cal gas breakdown. To generate an optical breakdown, very high 
intensities are required, which can be accomplished by focusing 
high energy nanosecond laser pulses. This plasma forms an igni-
tion kernel which is the source for a self-preserving reaction front 
under adequate conditions. By adjusting the focusing lens the 
plasma can be shifted into the spray along the optical axis. This 
offers the possibility to influence the heat release by the location 
of the ignition kernel [1].

Based on experimental investigations on a single cylinder en-
gine with optical access the Karlsruhe Institute of Technology 
(KIT) carried out thermodynamical and optical analysis of the 

combustion with laser-induced ignition. The interpretation of ex-
perimental results is supported by the numerical simulation of 
the ignition process.

2 Test Setup and Laser Ignition System

The basis engine used for the experiments was a M272DE35 single 
cylinder engine of Daimler AG. In 2006 spray-guided combustion, 
in combination with exhaust after-treatment for lean mixture, was 
introduced to the market with this engine [2]. The technical data of 
the test engine are listed in ❶. For fuel injection and mixture forma-
tion, a piezo-actuated outward opening nozzle is used with an injec-
tion pressure of up to 200 bar. The standard ignition system is a coil 
ignition system with an ignition energy of 110 mJ. For optical inves-
tigations the engine is equipped with four optical accesses.

The laser ignition system is based on a Nd:YAG double pulse 
laser with variable repetition frequency. Two independent laser 
resonators allow different ignition strategies. The pulses can either 
be divided with a temporal offset or be superimposed. For focuss-
ing the laser beam into the combustion chamber a fused silica 
aspherical lens (fL = 22.6 mm) is used.

A fine thread allows adjustment of the lens and thus laser spark 
location. The laser spark plasma can be shifted towards the piston 
up to a distance of 4.5 mm from the spark gap of the conventional 
spark plug. The lens is protected from the hot combustion gases 
by a sapphire window. Both lens and window are adapted to the 
cylinder head by an optical spark plug. The optical spark is shown 
in ❷. ❸ presents the arrangement of conventional spark plug, 
optical path of laser ignition and injection spray. The technical 
data of the laser ignition system are listed in ❹.

1	 Introduction

2	 Test Setup and Laser Ignition System

3	 Simulation Model

4	 Combustion Initiation by Laser-induced Ignition

5	 Numerical Simulation of Ignition

6	 �Influence of Spark Location  

on the Combustion Process in Stratified Operation

7	 Summary

Feature Value

Basis engine Mercedes-Benz M272DE35

Design
Single cylinder, water-cooled,  
four valves combustion chamber

Compression ratio ε [-] 11.68:1

Displacement VH [cm3] 583

Bore × stroke [mm × mm] 92.9 × 86

Injector type Outward-opening

Injection pressure [bar] 200

❶	Technical data of test setup

❷	Optical spark plug

❸	Position of conventional spark plug (SP), optical path of laser ignition and  
injection spray

Feature Value

Type Nd:YAG

Wave length λ [nm] 1064

Repetition rate f [Hz] 0-50

Pulse length tP [ns] 4

Pulse energy EL [mJ] 2 × 25

Beam diameter Øbeam [mm] ≈ 2

M2 [-] ≈ 1.5

❹	Technical data of the laser system
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3 Simulation Model

Two different models were used for the simulation of laser induced 
ignition. The modelling of the ignition limits is based on a homo-
geneous chemical reactor which is fed with an air-fuel mixture [3]. 
Furthermore, the temporal evolution of the cylinder charge in the 
immediate vicinity of the hot laser spark was modelled with a sim-
ple mixing reactor model.

Thus, chemical reactions as well as dissipative processes can 
be modelled. The model allows a quantitative determination of the 
conditions (air-fuel ratio, dissipation rate, gas temperature, pres-
sure) under which a successful ignition occurs. With this, the theo
retical ignition limits of the laser-induced ignition can be calcu-
lated and embedded into CFD models.

4 Combustion Initiation by Laser-induced Ignition

In the following, lean limits and flame development, but also the 
influence of ignition strategy on combustion in stratified operation 
mode are discussed.

4.1 Lean Limits and Flame Development
Laser ignition with homogeneous air-fuel mixtures was investigated 
prior to stratified operation in order to better understand laser-
induced ignition. Combustion phasing was adjusted to 8° CA ATDC 
for these investigations. In ❺, left, lean limits of engine operation 
are shown for IMEP = 3 bar and IMEP = 6 bar respectively. The 
minimum ignition energy to operate the engine without misfires is 
10 mJ. The lean limits for this energy are λ = 1.2 for both loads. 
Increasing the laser energy makes it possible to shift the lean limits 
to λ = 1.4 for IMEP = 3 bar and to λ = 1.5 for IMEP = 6 bar 
respectively. As can be seen, the ignition limits are shifted towards 
leaner mixtures for higher loads, which arises from the higher pres-
sure at ignition time compared to the lower load. In addition to a 
decreased breakdown threshold, energy absorption by the plasma 
increases for higher pressures. Due to the higher gas density, a 
larger number of molecules is located in the focal region. Thus a 
higher fraction of laser energy is absorbed by the plasma and the 
ignition limit is shifted [4].

Combustion delay for an IMEP = 3 bar for laser-induced and 
traditional electrical ignition (EI) is shown in the right part of ⑤. 
It can be seen that compared to electrical ignition, the combus-
tion delay is considerably reduced. Reduced heat losses and the 
extremely short spark duration of a few microseconds are the rea-
sons for the reduced combustion delay of laser induced ignition. 

Furthermore, the development of an early flame kernel is not af-
fected by electrodes extending into the combustion chamber.

A comparison of flame propagation with traditional EI and 
laser-induced ignition (LI) is shown in ❻. The lower part of the 

❻	Flame propagation with traditional electrical ignition (a and b) and  
laser-induced ignition (c)

❺	Lean limits (left) and combustion delay (right) at 
stratified operation
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flame is covered by the piston bowl. Flame propagation with 
laser-induced ignition is almost spherical, see part c of ⑥. With 
EI the initial disturbance of the flame kernel development, part 
a of ⑥, due to the heat losses to the spark plug electrodes can 
clearly be seen in the flame front many crank angles after igni-
tion, part b of ⑥.

4.2 Influence of Ignition Strategy on 
Combustion in Stratified Operation Mode
The heavy stratification of air-fuel mixture in stratified operation 
mode leads to a small combustion window in which a reliable 
ignition is possible. The possibility of varying the laser spark loca-
tion offers the possibility to shift the spark into the spray in strati
fied operation mode. Depending on spark location and offset 
between end of injection and spark timing an combustion window 
results in which a reliable ignition is possible.

Mixture formation is realized with triple injection for the 
underlying combustion process. With this injection strategy, the 
region with stoichiometric mixture around the spark location is 
considerably increased, as is the time window for reliable igni-
tion. As the combustion of the mixture is carried out after the 
second injection, spark timing is specified in relation to the end 
of this injection. To gain knowledge about the temporal evolution 
of the air-fuel ratio in the vicinity of the spark location, investi-
gations with laser-induced breakdown spectroscopy were carried 
out at different spark locations [5]. The course of air-fuel ratio at 
the spark location as well as the control signal of the injector are 
shown in ❼.

Misfires in percentages depending on spark location and 
spark timing with single spark and a laser energy of EL = 50 mJ 
are shown in the top of ❽ for a mean pressure IMEP of 3 bar 
and an IMEP of 6 bar respectively. For both loads on the left 
side the window is limited by the rich air-fuel ratio due to the 
second injection. On the right side the misfire rate increases as 
a result of the fast leaning of the mixture. Mixture gradients are 
smaller on the right side, which can also be seen in the course 
of misfires.

In fact the mean air-fuel ratio lies between ignition limits for 
the spark location x = 3 and a spark timing of 14° CA after EOI I2 
(End of second injection). However in several cycles it lies beyond 
ignition limits, causing misfires. Between 4 and 6° CA after 
EOI I2 the mixture is leaning heavily until the fuel of the third in-
jection causes a further enrichment of the mixture. The smallest 
combustion window with a width of 4° CA results for the spark 
locations x = 0 and x = 1. By shifting the spark location towards 
the piston the combustion window can be expanded to 8° CA. This 
can be attributed to the smaller gradients of the air-fuel mixture 
in the centre of the recirculation vortex. Inside the window there 
are two regions with a slightly increased misfire rate, caused by 
the lean mixture in this region and cyclic fluctuations of mixture 
formation. Due to the smaller mixture gradients combustion is 
more stable for IMEP = 6 bar. For this load the combustion win-
dow can be broadened considerably by shifting the spark location 
towards the piston.

The bottom of ⑧ shows the misfire rate with double spark. 
Experiments were carried out with a laser energy of EL = 2 x 25 mJ 
and the spark location was shifted to the position x = 3. Misfire 
rate is plotted against spark timing and the distance between the 
two laser pulses. With the same total energy the robustness of 
the combustion process can clearly be improved with double 
spark. For IMEP = 3 bar the region without misfires is twice as 
wide as with single spark. Best results are obtained for a pulse 
spacing of 20 μs. For shorter pulse spacings the second pulse 
leads to a negative impact on the flame kernel developing out of 
the first pulse. For IMEP = 6 bar the spark timing could be shifted 
up to 24 °C relative to the second injection without increasing 
the misfire rate.

5 Numerical Simulation of Ignition

On the basis of numerical simulation studies were performed 
to investigate the dependence of the ignition limits on air-fuel 
ratio and dissipation rate. Furthermore the influence of heat 
losses and double spark on the ignition limits was examined. 

❼	Control signal of injector (a) and air-fuel  
ratio at the spark location (b) with laser-induced 
ignition
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❾ shows an exemplary simulation result by means of the tem-
poral evolution of the temperature of the hot kernel. Heat losses 
were neglected.

For successful ignition (part a of ⑨) the temperature of the ker-
nel directly after the laser pulse is 5000 K. After this, tempera-
ture initially decreases, which can be attributed to the dissocia-
tion of molecules at high temperatures, an endothermic process. 
This also causes a rapid decrease of fuel mole fraction; however, 
no combustion (CO2-formation) occurs yet. The temperature 
reaches a local minimum and afterwards increases again due to 
the onset of exothermic reactions. Previously formed products 
react further and a noticeable quantity of CO2 is formed. During 
this phase (t < 10-7 s) only a small quantity of unburned gas was 
mixed into the kernel. Following this, cold unburned gas is mixed 
slowly into the kernel causing a decreasing kernel temperature. 
Simultaneously CO2 is formed by the reaction of the unburned 
gas. At 10-4 s a stationary state results, in which all unburned gas 
is completely consumed.

An extinction is shown in part b of ⑨. Here, the unburned gas 
is fed to the hot kernel at a considerably higher rate. Initially 
the temporal evolution is similar to part a of ⑨, because the 
supply of unburned gas has no relevance at very short time 
scales. Starting from approximately 10-6 s a difference can be 
noticed, as the temperature decreases faster and the chemical 
reaction of the supplied fresh gas cannot compensate for the 
steep decrease of temperature. At the resulting steady state, 

there is only unburned fresh gas. This model can be used to cal-
culate the physical boundaries at which successful ignition 
passes to extinction.

Part a of ❿ shows the ignition limits for different heat con-
duction rates based on air-fuel ratio and the mixture velocity. 
Inside the area bounded by the curves ignition takes place, out-
side the flame kernel is extinguished. Without heat conduction, 
the ignition limit is mainly affected by mixture velocity. If heat 
losses are considered, an ignition limit at slow mixture veloc
ities can be observed, and the width of the ignitable region de-
creases with increasing heat losses. The location of the right ig-
nition limit is not influenced by the heat losses. Furthermore, 
ignition limits are dependent on air-fuel ratio. Near an equiva-
lence ratio of λ = 1, the influence is relatively weak. The greatest 
expansion of the ignitable region can be observed for slightly 
rich mixtures.

The ignition mechanisms of several temporally or spatially di-
vided laser pulses can also be studied by use of a simulation mod-
el. The temporal evolution of the temperature profile for two spa-
tial divided laser pulses is shown in Part b of ⑩ as false colour 
plot. At t = 0 two laser pulses are created in an air-fuel mixture 
(near 0.6 and 0.78 mm). One of the pulses has less energy caus-
ing only a weak temperature increase and, eventually, extinction. 
The other pulse causes a locally successful ignition and flame 
propagation which finally also converts the extinguished mixture 
of the other pulse.

❽	Window for combustion with single (top)  
and double spark (bottom) at laser spark location 
x = 3
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The result confirms the use of multiple ignition strategies in 
engines with heavy stratification of the mixture. As the turbu-
lent flow field in the combustion chamber causes temporal and 
spatial fluctuations a distribution of the laser energy on several 
ignition kernels increases the probability for a globally success-
ful ignition.

6 Influence of Spark Location on the 
Combustion Process in Stratified Operation

By moving the spark location into deeper regions of the combus-
tion chamber the mixture formation at the spark location can be 
influenced indirectly, resulting in differences in heat release. In 
⓫ the duration of mixture conversion for the different combustion 
phases is shown. A deep spark location results in fast combustion 
and conversion during the first part of the combustion, see part a 
of ⑪. During the second part of combustion conversion is faster 
for the upper spark location, see part b of ⑪. This is in contrast to 
the first part of the combustion and leads in both cases to a simi
lar total combustion duration, see part c of ⑪.

The reason lies within the characteristically heat release of 
spray-guided combustion. The stratification of the mixture inside 
the combustion chamber leads to a partially premixed combus-
tion. During the first part the rich mixture in the centre of the 
combustion chamber is converted, during the second part the lean 

mixture in the boundary areas of the combustion chamber – with 
the characteristically slow combustion is converted. After the 
combustion, mixture formation is proceeding in the parts of the 
combustion chamber which are not covered by the propagating 
flame front. The richest mixture is located in the region of the 
recirculation vortex of the spray where flame propagation begins. 
Originating from the centre of the vortex air-fuel ratio increases 
in the direction of the boundary areas. After combustion the flame 
propagates faster into the rich regions than into the lean bounda
ry areas of the mixture cloud. Due to the faster conversion at the 
deep spark location there is less time for the transportation of the 
fuel into the boundary areas of the mixture cloud. There the mix-
ture is leaner causing a slower combustion by the conversion of 
the lean part of the mixture.

7 Summary

Experimental and numerical investigations of laser-induced ignition 
were carried out in this FVV No. 928 research project by Karlsruhe 
Institute of Technology (KIT). Although laser-induced ignition shows 
good results for the combustion of homogeneous lean mixtures the 
combustion of stratified air-fuel mixtures is rather difficult. By the 
use of double laser, ignition in stratified combustion mode could 
clearly be improved which was confirmed by the numerical simula-
tion. Shifting the laser spark into deeper regions of the combustion 
chamber has rather a negative impact on the heat release.

❾	Temporal evolution of temperature 
and mole fraction of fuel and CO2 for 
successful ignition (a) and extinction (b)

❿	Ignition limits with laser-induced 
ignition (a); note the non-equidistant 
scale at the equivalence ratio axis for 
better representation. Spatio-temporal 
evolution of temperature (b) for spatially 
distributed laser pulses; represented by 
a false color contour plot
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The numerical results show how the propagation of the laser-
induced flame kernel is influenced by the interaction of chemical 
reactions and transport processes. On the basis of simulations, 
ignition limits can be calculated as a function of physical param-
eters (for example, air-fuel ratio, gas temperature, pressure and 
mixing rate), which can be used for the CFD simulation of ignition 
processes in combustion engines. Laser-induced ignition is in an 
early stage of development. In this work some potentials of this 
innovative ignition system were shown. For an application in 
production engines further investigations are necessary, espe-
cially with regard to optical components.
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⓫	Combustion duration depending on spark location (SL)
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Due to dwindling resources, heavy price volatility and the unilateral dependency on 
crude oil, the demand for alternatives to diesel and gas fuels is increasing. Dimethyl­
ether (DME) seems to present a promising option. Early 2009, within the framework 
of a six month FVV project (keyword “DME – Alternative Fuels”, purpose No. 1005), 
a potential analysis of DME as a fuel was carried out at the Chair of Combustion 
Engines (LVK) at the Technische Universität München (TUM). This paper concludes 
important information about DME from the point of view of heavy duty engine 
development.
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1 Awareness is Rising

The awareness level of Dimethylether (DME) as an alternative fuel 
was raised predominantly by numerous international research 
projects within the last couple of years. Compared to diesel fuel, the 
use of DME in combustion engines at comparable power and effi­
ciency levels leads to significantly reduced pollutant emissions.

A market analysis was carried out in this FVV project in order to 
assess the production, usage, availability and opportunities, as 
well as challenges of a – preferably comprehensive – market 
launch. The combustion engine suitability as well as the state of 
knowledge about DME was studied with the use of technical litera­
ture covering the areas of combustion processes, fuel systems and 
numerical calculations.

2 Market Analysis

The production of DME is based either on fossil energy sources or 
biomass. It is possible to use fossil energy carriers as natural gas, 
crude oil, coal or even each kind of bio mass. There are direct or 
indirect ways of producing DME, ❶. The choice of the raw mate­
rial as well as the choice of the production process significantly 
influences the resulting well-to-wheel values (for example emis­
sions, efficiency, costs) [1].

The amounts of DME that are currently available are mainly pro­
duced from natural gas via the indirect method. In the next cou­
ple of years a strong increase of DME production from coal can be 
expected. If DME is produced from biomass (Bio DME), it is 
advisable to use black liquor as raw material, as the well-to-wheel 
efficiency is favorable in comparison to diesel fuel.

Compared to other renewable fuels of the second generation, Bio 
DME achieves a higher land utilization ratio and is thus potentially 
able to replace large quantities of conventional fossil fuels. The pro­
duction process via the direct method achieves higher overall effi­
ciency degrees, yet is not in large-scale implementation so far [1, 
2]. DME is used as an energy carrier in combustion processes or as 
feed material for the reformation into other substances.

Currently, its use as a fuel plays a diminutive role compared to 
its utilization in the chemical industry or domestic area. Yet a 

strong increase in its use as a fuel can be expected. China is pio­
neering in DME production and utilization. The country wants to 
produce more than 20 million tons of DME annually by 2018. 
50 % of the predicted amount shall then be used as fuel. Other 
countries such as Egypt, Australia, Indonesia, Japan, Sweden and 
South Korea are producing or targeting lower quantities [3].

Its market launch could be threatened by the required infra­
structural upgrades, the complexity of the necessary engine com­
ponents’ development or the breakthrough of other alternative 
fuels. There are nevertheless significant advantages, such as its 
suitability for combustion engines and its characteristics as a mul­
ti-source fuel and multi-purpose fuel. The use of DME in the 
automotive sector will be initially restricted to centrally fuelled 
vehicles, as in those cases it is not necessary to establish an area-
wide infrastructure. For example this could be done in vehicle 
fleets of public transport and airports. Due to its low emission 
levels, DME is favorable for vehicles in metropolitan areas.

3 Combustion Processes,  
Fuel System and Computing

As it features a high evaporation propensity and ignitability, DME 
seems to be predisposed for the use in diesel engines. Compared 
to diesel fuel, the combustion of DME runs faster and more qui­
etly, fewer pollutants are emitted and the formation of soot is close 
to zero. The soot-free combustion is a result of the high proportion 
of oxygen and the absence of carbon double-bonds. Incurring ni­
trogen oxides can be reduced via the exhaust-gas return without 
further soot formation.

With optimized DME combustion processes, the potential inner-
engine reduction of emissions could reach a level that renders ex­
tensive exhaust aftertreatment systems obsolete. In surrounding 
conditions DME is gaseous and it needs to be compressed to over 
5 bar in order to be found in liquid state, ❷. Otherwise the fuel 
system may be damaged by vapor bubbles.

Furthermore, compared to diesel fuel, DME is characterized by 
its lower kinematic viscosity and the according lack of lubricity. 
Also DME is chemically more aggressive and features a distinct 
temperature-dependent compressibility. Those characteristics ne­
cessitate the separate layout of DME fuel system components and/
or the adjustment of conventional diesel fuel systems. Yet the lack 
of soot problems and its easy fuel mixture generation permits sig­
nificantly reduced injection pressures (< 500 bar) compared to 
modern diesel engines. The application of DME-diesel-blends ap­
pears to be very promising, as they only require marginal adapta­

1	 Awareness is Rising

2	 Market Analysis

3	 Combustion Processes, Fuel System and Computing

❶	DME production  
and utilization
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tions of the fuel system, small percentages of DME provided. At 
the same time the soot emission is significantly reduced, ❸. Due 
to the decreasing viscosity, larger percentages of DME require fun­
damental adjustments of the fuel system [1, 4].

Several publications describe the use of numerical calculations 
with DME in engines. Models of reaction kinetics, inner nozzle 
flow, spray dispersion and combustion are applied and scientifi­
cally validated. The required physical data and the applied mod­
els are available and were already implemented in various CFD-
programs.
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