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              W O R L D W I D E

02I2009

Dear Reader,

Yesterday, the European Parliament adopt-
ed the energy-climate legislation package, 
which had already been agreed by the EU 
Commission, on first reading. This estab-
lishes an almost irreversible basis for the 
next ten years of engine development. Ac-
cording to the new legislation, the emis-
sion limit of 130 grams of CO2 for the new 
car fleet will not come into force until 
2015. Many people in the industry were 
pleased with this compromise, whereas 
environmental organisations expressed 
their unanimous outrage. An average fleet 
limit value of 130 grams is an ambitious 
target, but one that is surely achievable 
within this time frame. What often goes 
unnoticed in this atmosphere of relief is 
the fact that Article 1 of the legislation 
sets a target of 95 grams for 2020. And 
this represents a much greater challenge 
for the industry. The full impact of what 
needs to happen over the next ten years be-
comes clearly apparent when we consider 
that the best car on the Environmental 
List compiled by the Verkehrsclub Deut-
schland (VCD), the Toyota Prius, currently 
has a CO2 emission of 104 grams. The best 
premium mid-sized vehicle is a BMW 318d 
with 122 grams. These are the best – and 
even in the case of the 3-Series BMW, they 
are relatively small cars. An average value 

of 95 grams is unlikely to be achievable 
purely by better internal combustion en-
gines: it would represent a reduction in 
fuel consumption by 40 % in just eleven 
years. This would bring modern diesel en-
gines close to the optimum Carnot proc-
ess. Partial electrification is a possible so-
lution, but with the given energy mix it is 
not carbon-neutral, and legislation will no 
doubt take this fact into account at some 
point. 

What possibilities remain then, if im-
provements to the powertrain are finite 
and the laws of physics are ultimately 
invincible? Even if, as a lover of fast and 
beautiful cars, I find it difficult to accept: 
there is no alternative to miniaturisa-
tion, lightweight design and downsizing 
of our vehicles. In Germany, we will have 
to completely redefine the term “pre-
mium” within the next two vehicle gen-
erations. Perhaps one day, luxury will no 
longer have anything to do with size.   

Johannes Winterhagen,
Wiesbaden, 19 December 2008

Wanted: 
Concepts for 2020

Johannes Winterhagen
Editor-in-Chief

EDITORIAL
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The New BMW 
Six-cylinder Diesel Engine
The 3.0 l six-cylinder diesel engine, alongside the new 2.0 l four-cylinder diesel engine already launched in 
2007, represents the second essential mainstay of the diesel engine program at the BMW Group. It is used 
in different power levels in the majority of BMW series of cars and thus makes a significant contribution 
toward meeting the future global demands regarding fuel consumption and emission figures. In order to take 
into account the series thinking with regard to uniformity of concept and components, the six-cylinder engine 
has been derived consistently from the four-cylinder version. This new engine was used for the first time in 
September 2008 as a 180 kW and 520 Nm version in the 330d and as the 540 Nm version in the 730d. Both 
models meet the EU5 emission limits, while the 330d is additionally offered as a EU6 model.
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1  Objective

The aim was to create a new, future-proof 
series of engines based on the new four-
cylinder diesel engine [1] launched in 
2007 with the following attributes: more 
efficient, lighter, more powerful, cleaner 
and more compact. In detail this means:
–	 �increase in power and torque to main-

tain BMW’s leading position in global 
competition

–	 �basis for different power versions
–	 �reduction of CO2 emissions
–	 �technical prerequisite for compliance 

with future emission regulations 
(EU5, EU6, USA)

–	 �reduction of weight and engine di-
mensions as package contribution to-
ward compliance with future require-
ments regarding exhaust gas treat-
ment and protection of pedestrians

–	 �flexibility with regard to use in exist-
ing and future vehicle concepts

–	 �maintenance of the modularity of the 
four- and six-cylinder diesel engine 
for use of the flexible BMW produc-
tion network and of cost-per-unit ef-
fects due to a high proportion of car-
ry-over parts.

2  Design

The new six-cylinder diesel engine, Figure 1, 
is derived from the four-cylinder with a 
new design basic engine, a chain drive 
moved to the rear for package reasons 
(to meet future pedestrian protection re-
quirements), a vacuum pump moved in-
to the oil sump and the arrangement of 
all auxiliary components on the left side 
of the engine. This creates space on the 
right side of the engine for the exhaust 
gas treatment components and the tur-
bocharger unit. The very compact air 
intake with integrated swirl f laps is 
flanged onto the side of the cylinder 
head which is 29 mm lower than the 
previous engine and has parallel inlet 
channels. The engine-mounted intake 
silencer is positioned at the back under 
the acoustic cover. In addition to the in-
stallation space measures, appropriate 
selection of components has reduced to-
tal engine weight by a further 5 kg com-
pared to the previous version. The third-
generation common-rail injection sys-
tem with a maximum injection pressure 

of 1800 bar includes a new twin-ram 
high pressure pump and advanced piezo 
injectors. The exhaust system with the 
hot-attached electrical exhaust-gas recir-
culation (AGR) valve, the external AGR-
cooler bypass for maximizing the AGR 
temperature spread, in combination 
with the internal engine measures and 
the new injection system ensure compli-
ance with the EU5 emission limits. To 
comply with the EU6 emission limits 
which will apply after 2014, a regulated 
NOX storage catalytic converter is used 
additionally in the 330d.

3  Engine Description

3.1  Building Block
The design of the new six-cylinder engine 
is based on the consistent implementa-
tion of the building block principle. This 
results in a high number of carry-over 
parts or components of the same design 
shared between the four- and six-cylinder 
engines. This significantly reduces the 
development costs, enabling the produc-
tion and assembly of the new engines to 
be performed in combination. Different 
components are only used where there is 
a necessity of differentiation for func-
tional or package reasons. Figure 2 repre-
sents the division of the individual com-
ponents into the respective groups: car-
ry-over part/same design/different part.

3.2  Basic Design
The basic dimensioning corresponds to 
the four-cylinder engine, the compo-
nents are designed for a permanent igni-
tion pressure of 180 bar. The main di-
mensions are shown in the Table.

Figure 1: Longitudinal and cross section of the new BMW six-cylinder engine
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3.3  Description of Components

3.3.1  Engine Block
As in the previous model [2], a high-
strength Al-Si-Mg alloy is used, cast in a 
gravity die. The bearing surfaces are 
steel sleeves that are thermally inserted 

into the block. To reduce the thermal 
loading, the block around the cylinders 
is drilled with cooling bores of 1.5 mm 
diameter. The skirts of the deep-skirt 
crank case are stiffened with steel cross 
brackets. Due to the lower thermal ex-
pansion coefficient of steel as opposed 

to aluminium, a compressive pre-stress-
ing is generated in the high-load zones 
in the thrust bearings that reduces the 
component loading caused by the igni-
tion pressure, Figure 3.

3.3.2  Crankshaft Drive
In the design of the crankshaft particular 
attention was paid to the lowest possible 
weight while ensuring high rigidity and 
economical manufacturing costs. The di-
mensioning of the main and piston bear-
ings already selected for the four-cylinder 
model was carried over. While retaining 
the 20 % compensation of the rotating in-
ertial forces, detailed optimization ena-
bled the weight of the crankshaft to be 
reduced by 1 kg compared to the previous 
version, which benefits the dynamics of 
the engine. A new feature is the rotation 
of the counterweights by 30 °, enabling 
the unfinished part to be forged in one 
plane, eliminating the “twist” process. 
Figure 4 shows the crankshaft with the 
twisting of the counterweights relative to 
the crank and casting.

3.3.3  Control Mode and  
Drive of the High Pressure Pump
As with all BMW engines, the chain drive 
is designed for zero maintenance over the 
life of the engine. The two-part drive is de-
rived from the four-cylinder engine and 
positioned at the back of the engine. In 
order to synchronize the feeding of fuel 
by the high-pressure pump with the injec-
tion, the transmission ratio differs in 
comparison with the four-cylinder engine. 
The design of the lightweight camshafts 
is copied from the previous engine.

3.3.4  Air Ducting
The redesigned intake air ducting for 
the 730d includes an intake silencer 
mounted perpendicular to the engine 
which can deform in its vertical dimen-
sion, Figure 5. The cover, which simulta-
neously acts as an acoustic cover, is con-
nected to the air filter housing and can 
slide on specially designed pillars. The 
filter element made of fully synthetic 
flow material is also designed to be de-
formable. The vertically deformable parts 
and the free space above the engine cre-
ated the deformable zone necessary for 
pedestrian protection. This avoids the 
need for expensive bodywork modifica-
tions for pedestrian protection.

Figure 2: 
BMW engine 
family four-/
six-cylinder

Table: Main dimensions

Figure 3: Pre-tensioning of crankcase 
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3.4  Mounting Parts
In the plastic cylinder head cover a spring 
plate separator is used instead of the pre-
viously used cyclone separator. Pre-
stressed metal spring plates ensure con-
stant flow characteristics regardless of 
the blow-by mass flow and ensure a high 
degree of separation over the entire oper-
ating range.

Analogous to the four-cylinder en-
gine, the auxiliary units – generator, 
power steering pump and air-condition-
ing compressor – are arranged on the 
left of the engine attached to the unit 
carrier which is designed as a carry-over 
part. In contrast to the previous engine, 
the drive is now provided by means of 
only one belt, enabling the drag torque 
of the auxiliary unit drive to be signifi-
cantly reduced. The oil filter module is 
now designed as a weight-optimized 
plastic component with an engine oil 
cooler integrated into its base.

4  Fuel Mixture Generation

4.1  Combustion Chamber Configuration
When redesigning the combustion 
chamber it was important to meet the 
demands not only for maximum power 
density, but also for the lowest emissions. 
The two inlet ducts divided into swirl 
and fill channel are positioned on the 
side of the cylinder head to reduce the 
height of the engine. In the transition 
area to the air intake, the filling channel 
has a round cross-section that permits 

the use of an effective channel shut-off to 
increase the charge motion in the com-
bustion chamber at low engine speeds. 
In this way, a very high, continuously ad-
justable swirl-spread of 0.38 to 1.1 is 
achieved (according to Tippelmann).

The four valves actuated with roller 
cam followers are arranged parallel to 
the cylinder axis around the central in-
jector in order to avoid valve seat pocket 
perturbance in the piston. Based on the 
four-cylinder engine, the piston bowl 
has been developed further to meet the 
EU5 requirements. In combination with 
the relatively low compression ration of 
16.5:1, the NOx emissions and the fuel 

consumption could both be reduced and 
the power density increased while re-
taining the maximum injection pres-
sure. In addition, the new combustion 
procedure is characterized by an in-
creased combustion rate with high ther-
modynamic efficiency.

To improve cold-starting and warm-
up behavior of the new engine, a fast 
glow system using ceramic glow plugs 
has been used for the first time in a six-
cylinder diesel engine. These glow plugs 
with a maximum glow temperature of 
1300 °C conduct high energy to the com-
bustion chamber and, despite the low 
compression ratio, guarantee very good 
combustion stability even after a cold 
start. The high number of permissible 
cycles of the ceramic plug also permits 
glowing dependent on operating point 
in partial load operation to reduce the 
HC and CO emissions. In addition, this 
system offers further noise reduction 
during the warm-up phase.

4.2  Turbocharging
For the new six-cylinder engine, the ex-
haust gas turbocharger with turbine-
side variable guide vanes of the previous 
engine was optimized in many details 
and adapted to the new package of re-
quirements. The thermodynamic prop-
erties are significantly improved in par-
ticular by the new compression wheel 
and the redesign of the turbine guide 
vanes. This results in an extended pump-

Figure 4: Crankshaft –  
design counterweights

Figure 5: Air routing 
with air filter

MTZ 02I2009 Volume 70 � 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



ing limit and an improved turbine effi-
ciency with closed guide vanes which 
has a significantly positive effect on the 
vehicle dynamics and turbocharger 
acoustic properties.

The bearing case of the turbocharger 
is thermally isolated in order to reduce 
the load on the bearing. An electrical ac-

tuator with self-diagnostic capability en-
sures precise and fast charge pressure 
regulation with a low hysteresis.

Figure 6 shows the improvement 
achieved in comparison with the predeces-
sor model during a typical customer star-
tup procedure. The faster build-up of 
charge pressure in the new engine results 

in more spontaneous delivery of power 
and faster acceleration of the vehicle.

4.3  Exhaust-gas Recirculation 
Apart from the combustion chamber op-
timization, an efficient, temperature-
regulated and precisely dosable exhaust-
gas recirculation is the key element for 
reducing nitrogen oxide and thus com-
plying with the EU5 emission limits. The 
performance-optimized stainless steel 
exhaust gas cooler is positioned at the 
front of the engine, while the electrically 
operated recirculation valve is located in 
the inlet housing of the radiator. Further 
cooling is effected by the subsequent 
routing of the exhaust recirculation duct 
in the cylinder head.

To avoid the formation of condensate 
and to reduce the HC and CO emissions, 
the recirculation gas is fed in the warm-
up phase or in light-load operation via 
an uncooled line that bypasses the fresh-
air charging, Figure 7. The switching be-
tween these two routes is performed by a 
bypass valve controlled by the digital die-
sel electronics.

4.4  Injection System
A Bosch piezo-common-rail injection sys-
tem with a maximum 1800 bar injection 
pressure is used for the new six-cylinder 
engine. The twin-ram pump with suction 
control required for this engine is de-
rived from the single-piston pump used 
in the four-cylinder engine. Here too, 
great emphasis was placed on the build-
ing block principle that includes carry-
over parts among the high-pressure com-
ponents and actuators as well as an iden-
tical concept for the housing.

Due to the piston drive by means of 
roller plungers and optimized hydraulics 
it was possible to reduce the driving pow-
er by 20 % compared to the type of pump 
used previously. The transmission ratio 
of 1:0.75 between high-pressure pump 
and crankshaft guarantees a supply of 
fuel synchronized to the injection. 

The piezo injector that has been fur-
ther developed for the EU5 engine is now 
equipped with a seven-hole jet that has 
proven to be the best compromise with 
regard to partial load and full load char-
acteristics. The shortening of the injec-
tion hole for better breakup of the jet 
and reduction of the dead space in order 
to reduce HC/CO were the main focus of 

Figure 6: Improved boost 
pressure rise during 
abrupt Load increase

Figure 7: EGR routing
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these optimizations. The whole package 
is completed with detailed measures at 
the throttle plate and a new, non-deform-
ing nozzle material.

The fuel is fed from the tank by 
means of a pressure-regulated in-tank 
pump that is controlled by the engine 
electronics.

4.5  Engine Control
The demands for engine control have 
risen sharply in the face of future emis-
sion legislation and the associated in-
creases in software functions, sensors 
and actuators, as well as through the use 
of the higher-performance „FlexRay“ da-
ta transmission systems in the new 730d. 
For this reason, as new generation of con-
trol devices is used with the significantly 
more powerful processor „TC 1796“ and 
larger memory capacity.

5  Implementation of  
“BMW Efficient Dynamics”

5.1  Power and Torque
The new six-cylinder engine achieves a 
rated output of 180 kW and with a spe-
cific output of 60 kW/l displacement 
marks an optimum value for single-stage 
turbocharged six-cylinder diesel engines. 
The maximum torque is 540 Nm and is 
available at speeds as low as 1750/min. 
Figure 8 illustrates the full-load character-
istics in comparison with the previous 
engine. Apart from raising the maxi-
mum torque and the rated output, the 
usable range of speed has also been sig-
nificantly extended. The cutback speed is 
now 5400/min, which considerably im-
proves driving pleasure and underscores 
the sporting nature of the unit.

5.2  Fuel Consumption and  
Driving Performance
Apart from increasing the performance 
yield, one of the main objectives of the de-
velopment was to reduce fuel consump-
tion. By means of the consistent imple-
mentation of a host of measures on the 
basic engine aimed at reducing friction 
and the thermodynamically optimized 
combustion an average reduction of 4 % 
was achieved in the engine characteristic 
map.

Extended with hybrid functions, such 
as the intelligent generator regulation 

(iGR) with braking energy recovery [3], the 
use of the advanced six-speed automatic 
gearbox with reduced torque converter 
slip and other in-car CO2 reducing meas-
ures, it was possible to reduce the fuel 
consumption of the 730d in the European 
test cycle from 7.8 l/100 km to just 
7.2 l/100 km (192 g CO2/km). The new 730d 
thus represents an unprecedented peak 
value in its class, Figure 9. In combination 
with the significantly improved perform-
ance (0-100 km/h in 7.2 s) this car is a con-
vincing example of the BMW philosophy 
of “Efficient Dynamics”.

With a consumption of just 5.7 l/100 km 
or 152 g CO2/km, and acceleration figures 
of 6.1 s in the 0 to 100 km/h sprint, the 
330d occupies a leading position in the 
range of compact high-performance diesel 
cars.

5.3  Emissions
With the aid of the new exhaust-gas re-
circulation (AGR) cooling concept, it has 
been possible to reduce the temperature 
in the air intake by about 20 K compared 
to the previous model which, in connec-
tion with the new combustion proce-

Figure 8: Power output and torque curve

Figure 9: Fuel consumption and driving performance in comparison with competitors

MTZ 02I2009 Volume 70 � 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



dure, results in a significant improve-
ment in the NOx-particle trade off. In 
the engine warm-up phase the pro-
nounced cooling of the AGR gas with 
regard to rising HC and CO emissions as 
well as condensate formation is critical, 
for which reason the exhaust gas is rout-
ed through a switchable, uncooled by-
pass channel during this phase. Figure 10 
shows the positive effect on emissions 
during the warm-up phase.

The standard use of a maintenance-
free particle filter guarantees that the 
level of particle emissions remains below 
the traceability level.

By means of this host of optimiza-
tions, it will be possible to comply relia-
bly with the forthcoming EU5 limit val-
ues even for heavy vehicles without ad-
ditional NOx-reducing exhaust gas treat-
ment. The new engine thus represents 
an excellent basis for further develop-
ments to meet future emission limits.

6  “BMW BluePerfomance”  
for Complying with the EU6 Standard

For further reduction of NOx in the 330d 
a storage catalytic converter has been 

integrated into exhaust gas treatment 
system in place of the oxidation catalyt-
ic converter. Equipped in this way, it al-
ready complies with the EU6 exhaust 
gas limits which do not come into force 
until 2014.

The rich operation (Lambda<1) for 
regular removal of noxious substances 
represents the challenge of the func-
tional principle already familiar from 
the petrol engine. To achieve this, the 
fresh air mass is severely throttled and 
the exhaust gas enriched by further in-
jection of fuel. As a result of the signifi-
cant development of the coatings of 
storage catalytic converters, very high 
conversion rates are achieved today even 
after the effects of ageing and sulphuri-
zation.

To avoid the formation of hydrogen-
sulphide during the necessary desul-
phurization, a toggle-operation is ap-
plied with cyclic lean phases to fill up 
the oxygen store. 

In order to ensure that the necessary 
changes of operating mode run unno-
ticed by the driver and with the quality 
required for removal of noxious sub-
stances, extensive optimizations are re-
quired.

7  Summary

With its new generation of engines, BMW 
is setting the course for greater driving 
enjoyment and improved efficiency 
while significantly reducing emissions. 
With an output of 180 kW at an engine 
speed of 4000/min and a maximum 
torque of 540 Nm that is available at just 
1750/min, this unit sets new standards 
for sporting characteristics in the field of 
six-cylinder diesel engines. With signifi-
cantly reduced fuel consumption and 
CO2 values, the second objective of the 
„BMW EfficientDynamics“ development 
strategy has been met in an impressive 
manner.

Even in its basic configuration, the 
engine is below the limits specified by 
the further EU5 standard for exhaust 
gases. Extended to include the „BMW 
BluePerformance“ technology, the 330d 
already complies with the EU6 emission 
limits that will not apply until 2014, 
without any loss of enjoyment in the 
driving experience. This means that in 
the competitive world of six-cylinder die-
sel engined cars, BMW not only occupies 
the No. 1 position in terms of perform-
ance, but also for fuel consumption and 
emissions.
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The Potential of Turbo-charged 
Gasoline Engines with 
Spray Guided Direct Injection 
In this article a 2.0 l turbocharged FSI engine forms the basis for analysis of spray guided combustion with 
central location of injector and spark plug. The long duration experience in the field of the Volkswagen 
brands since introducing the first generation of gasoline direct injection into market in 1999 stands for 
extraordinary competence in the domain of gasoline direct injection.
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1  Introduction 

Since the 1970s, stratified charge in DI 
gasoline engines has been the focus of a 
wide range of investigations. Currently, 
the largest potential in terms of a custom-
errelevant reduction in fuel consumption 
can be seen in the spray guided combus-
tion process with centrally located injec-
tors and outward opening nozzles [1, 2]. 

The combination of stratified charge 
and turbo charging represents a promis-
ing variant [3] and a major challenge in 
this combustion process. The aim is to 
find a compromise from the reduced 
compression compared to naturally aspi-
rated engines, a high charge air move-
ment – essential for turbocharged en-
gines –, the design of exhaust gas recircu-
lation systems and the way pistons and 
the combustion chamber roof are engi-
neered, whilst making allowance for the 
different modes of operation. 

2  Motivation 

A glance at the current global energy re-
serves and resources clearly shows that it is 
of no consequence which type of energy is 
considered. The reserves are finite and the 
costs of making resources accessible will 
rise. Current scenarios anticipate that the 
maximum flow of oil production will be 
reached by about 2010 [4]. Within the next 
10 to 20 years a rise in the difference be-

tween reserves/resources and demand will 
lead to a dramatic rise in fuel prices. Against 
this background, the development of low 
consumption drive technologies to achieve 
a short to mid-term reduction in the energy 
requirement is of utmost importance in ad-
dition to alternative drive concepts. 

The application of demonstrable oper-
ating zones in different modes of opera-
tion of the turbocharged, spray guided 
combustion process in the characteristic 
map and a subsequent projection of expe-
rienced consumption potentials over com-
parable engines are the subject of exami-
nations. The determined best-case fuel 
consumption engine maps are critically 
evaluated under consideration of the 
maximal acceptable nitric oxide emis-
sions, the needed charge motion for full 
load operation and the light-off limit of 
the exhaust gas aftertreatment system. 
Subsequent fuel projections give informa-
tion about the fuel consumption reduc-
tion potential in several driving cycles. Fi-
nally, the achieved fuel consumption 
when running the engine in stratified 
mode is compared to conventional ho-
mogenous mode.

3  Spray Guided Gasoline  
Direct Injection 

A survey from Shell [5] and also a current 
survey and prognosis from Esso [6] show 
that on modern combustion engines a 

The Authors

Dipl.-Ing.  
Jürgen Willand 
is head of research 
gasoline engines with-
in the research depart-
ment of Volkswagen 
AG in Wolfsburg  
(Germany).

Dr.-Ing.  
Kay Schintzel 
was project manager 
drivetrain gasoline  
engines within the  
research department 
of Volkswagen AG in 
Wolfsburg (Germany).

Dipl.-Ing.  
Henrik Hoffmeyer 
is doctoral candidate 
in the field drivetrain 
gasoline engines with-
in the research depart-
ment of Volkswagen 
AG in Wolfsburg  
(Germany).

Figure 1: Prognosis of mix of different combustion processes for 2000 to 2020  
(Source: Group Research of Volkswagen AG)
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declining average consumption is evi-
dent. Despite major advancements in the 
development of alternative vehicle drive 
systems and energy sources, the combus-
tion engine in all its derivatives is still 
the dominating drive system in motor 
vehicles. Figure 1 shows a prognosis of 
percentages of new registrations with 
new and future combustion processes in 
the European sector. 

As a result of the continually rising 
individual requirement for mobility 
from modern societies and the mid-term 
use of combustion engines, without al-
ternative, the development of new gaso-
line engine combustion processes to re-
duce fuel consumption and harmful 
emissions is of considerable importance.

One approach is represented by spray 
guided gasoline direct injection with turbo 
charging and stratified charge (TSGI – Tur-
bocharged Spray Guided Injection). Figure 2 
shows the concept of the turbocharged 
spray-guided gasoline direct injection. 

The aim was to broaden the onroad 
fuel consumption relevant map range by 
means of stratified charge. The piezo in-
jector used in these investigations is lo-
cated centrally in the combustion cham-
ber roof and the spark plug is located 
laterally on the exhaust side [7, 8]. 

4  Results 

Stationary test bench investigations are 
the fundament of evaluation of the tur-
bocharged spray guided combustion 
process. Besides the detailed analysis of 
the stratified mode other possible injec-
tion modes have to be compared and 
evaluated. Thus operation strategies can 
be developed and their influence of the 
entire potential can be determined.

4.1  Operating Modes of  
Spray Guided Combustion Process 
Next to injection timing and fuel pres-
sure, further technical parameters such 
as charge air movement flap, externally 
cooled exhaust gas recirculation and ni-
trogen oxide emissions after treatment 
are required for optimal application of 
stratified mode.

As super ordinate operating modes of 
the spray guided combustion process, 
the following should be subject to closer 
investigation and evaluation, Table.

On the engine test bench, the test en-
gine was run in the different injection 
modes. In doing so load variations at dif-
ferent engine speeds were carried out. 
Figure 3 shows exemplarily the indicated 
specific fuel consumption ISFC and the 
NOx mass flow rate NOx at a load varia-
tion at rev = 1500 rpm.

Starting at an indicated mean pres-
sure of IMEP = 2 bar, the engine is run in 
stratified mode with activated EGR 
(SCH+EGR). Where the consumption 
curves in lean stoichiometrical compres-
sion stroke injection (SCH + EGR) opera-
tion cross with lean stoichiometrical suc-
tion stroke injection (HMM) operation at 

a load of IMEP = 6 bar, this marks the de-
termined reasonable upper load thresh-
old of the advantage in efficiency of 
stratified operation (1).  

Running the engine in lean homoge-
neous suction stroke injection (HMM), the 
nitric oxide emissions reach with further 
increasing engine load up to seven bar (2) 
a limit of 70 g/h. Based on extensive expe-
rience in the field, this limit is chosen for 
the maximal acceptable raw emission im-
pact on a nitric oxide storage catalyst.

Consequently, the engine injection 
mode is switched to stoichiometrical ho-
mogenous suction stroke injection with 
EGR (HOM+EGR). This can be used as con-

Injection mode Mixture formation λ AGR Naming

Suction stroke injection homogeneous λ = 1 – HOM

Suction stroke injection homogeneous λ = 1 External EGR HOM + EGR

Suction stroke injection homogeneous λ > 1 – HMM

Compression stroke injection stratified λ > 1 External EGR SCH + EGR

Table: Operating modes of the spray guided combustion process for turbo-charged engines

Figure 2: Spray-guided combustion 
process TSGI (turbocharged spray 
guided injection) from Group  
Research of Volkswagen AG
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sumption favorable injection strategy from 
8 bar on up to full load condition (3).

The strong increase of nitric oxide 
emissions in lean homogeneous mode 
(HMM) can be reasoned by a continuous 
decrease of excess air with increasing en-
gine load. Thus, the nitric oxide emis-
sions show the characteristic progress 
when decreasing air-/fuel ratio with a 
peak at about λ=1.15.

For thermodynamical analysis of the 
pressure curves recorded during test 
bench investigations a split of losses ac-
cording to Weberbauer et al [9] is helpful. 
Figure 4 shows the distribution of loss of a 
detailed pressure curve analysis of the 
operating modes at a constant driving 
point of the NEDC. Starting from the 
theoretical degree of efficiency, calculat-
ed from the geometric compression ratio 
and a constant isentropic exponent, the 
losses are calculated from
–	� the thermodynamic compression ra-

tio (∆ηε)
–	� the actual charge as a function of the 

air/fuel ratio and the overall residual 
gas rate, expressed via the isentropic 
exponent (∆ηκ)

–	� energy release at the calculated fifty 
percent energy conversion point 
(∆ηMFB50%)

–	� incomplete combustion (∆ηHC+CO)

–	� in consideration of the real combus-
tion curve (∆ηComb)

–	� in consideration of the real gas prop-
erties (∆ηCalorics)

–	� by the wall heat transfer (∆ηWall heat)
–	� in consideration of real expansion 

(∆ηExp)
–	� the gas exchange (∆ηGas ex).
It is possible to see an advantage in the ef-
ficiency factor here through dethrottling 
(∆ηGas ex) with the use of external, cooled 
EGR in homogenous mode. This advan-
tage increase when diluting the charge 

with air in the lean stoichiometrical suc-
tion stroke injection (HMM) mode. By di-
luting with air, the polytrope exponent 
rises (∆ηκ). The caloric losses are lower 
(∆ηCalorics). Moreover, the wall heat losses 
(∆ηWall heat) decline from the greater degree 
of diluting. The higher achievable diluting 
rate leads to a higher air requirement. Fur-
ther dethrottling is possible. The degree of 
indicated efficiency (ηi) rises.

In stratified charge mode, the losses 
from the actual charge are not as high 
due to greater diluting, though this 
advantage is balanced out in part by a 
greater internal residual gas quantity 
compared with suction stroke injection 
modes. Due to the lower enthalpy at the 
turbine there is an unfavorable decline in 
scavenging at low load in stratified charge 
mode. With regards to the constant vol-
ume cycle process, the near optimum 
50 % conversion point shortly after igni-
tion TDC, Figure 5, leads to an almost max-
imum degree of efficiency in the constant 
volume cycle process (∆ηMFB50%).

However, at a rate of 20 % EGR results 
at this point in less stable combustion 
(∆ηHC+CO increases) and also a longer com-
bustion period with longer burnout 
(∆ηComb) compared to stoichiometrical 
suction stroke injection (HOM) mode and 
also just marginally lower wall heat loss-
es (∆ηWall heat). The longer burnout partly 
balances out the advantage of lower gas 
temperatures close to the combustion 
chamber wall. Despite the poor degree of 
turbine efficiency, the gas exchange loss-
es are marginal. The advantage of de-
throttling far outweighs this.

Figure 3: Indicated specific fuel consumption and nitrogen oxide mass flow of TSGI operating 
modes for a load variation; nmot=1500 rpm, gas exchange, injection and ignition point optimal 
for fuel consumption, EGR rate maximum

Figure 4: Split of losses of TSGI operating modes at characteristic constant driving point in 
NEDC; rev = 1500 rpm, IMEP = 4 bar; gas exchange, injection and ignition point at optimum for 
fuel consumption, EGR rate maximum
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In summary, the advantage in con-
sumption in stratified charge mode arises 
mainly from the reduction in gas exchange 
losses. The theoretical advantage from the 
greater degree of diluting is countermand-
ed in the turbocharged engine on one 
hand by the unfavorable degree of turbine 
efficiency as a result of low exhaust gas 
temperature. On the other hand, the re-
quired high EGR rates lead to a less stable 
combustion with respective losses.

Moreover, when running a turbo 
charged engine, a reduced spark position 
is necessary for avoiding a thermal over-
loading. This leads to disadvantages in 
stratified charge mode.

4.2  Engine Map During Operation  
with Stratified Charge 
The effective engine map range in strati-
fied charge mode is restricted by the 
available exhaust gas after treatment of 
nitrogen oxide mass flow rates. Figure 6 
shows in green the effective engine map 
ranges for a applicable stratified charge 
mode. The engine map range with low 
tumble is illustrated in grey in considera-
tion of the exhaust gas after treatment 
systems available on the market today 
(max. nitrogen oxide mass flow rate 
NOx,DS = 70 g/h). The blue area describes 
the achievable engine map range with 
high tumble in consideration of the ex-

haust gas after treatment systems avail
able on the market today (max. nitrogen 
oxide mass flow rate NOx,DS = 70 g/h). Fi-
nally, the red area marks the engine map 
range when the light-off temperature of 
the catalyst is fallen below its limit.

With a charge optimized intake port 
advantageous for stratified charge opera-
tion in consideration of nitric oxide emis-
sions with a low tumble, a large share of 
the load collective in the NEDC can be cov-
ered with an effective engine map range 
up to a load of IMEP = 6 to 7 bar and up to 
an engine speed of rev = 3500 to 4000 rpm 
(grey illustrated). For a turbocharged en-
gine with stratified charge operation, a 
turbo intake port with high tumble in the 
flow rate is indispensable for satisfactory 
high and full load combustion. 

To generate increased turbulent kinetic 
energy, targeted discharges are engineered 
in the intake port. This leads to a reduc-
tion in the effective flow rate cross section-
al area in the region of the intake valves 
and thereby to locally higher flow veloci-
ties during intake as well as a higher tur-
bulent fluctuation intensity [11]. The due 
to the higher flow velocity induced flow 
impulse leads to increased cyclic fluctua-
tions and destabilizes the stratified charge 
at the withdrawn ignition site and there-
fore an unstable ignition. To achieve satis-
factory stability in the mixture formation 
and combustion, considerably “earlier” 
injection and ignition points are neces-
sary compared to stratified operation with 
a charge optimized intake port. The subse-
quent “premature” point of combustion 
leads to increased NOx emissions, lower 
exhaust gas temperatures and also indi-
cated efficiency factor losses. In this way, 
the useable engine map range is markedly 
reduced at higher and also lower loads 
(blue and red area).

Figure 7 shows the full load develop-
ment of the three investigated engine 
configurations characterized by the point 
minimal engine speed at maximum brake 
torque. In the context of full-load investi-
gations it could be observed that within a 
reasonable combination of turbo charg-
ing and stratified operation there is a spe-
cific load threshold of 150 Nm/l or 75 kW/l 
[10], (Mark 1). Limiting values are the in-
creasing knock tendency and unaccepta-
ble smoke emissions caused by insuffi-
cient carburetion. An increase of maxi-
mum torque up to the aspired 175 Nm/l 

Figure 5: Normalized mass fraction burned xb for stoichiometric suction stroke injection with 
EGR (HOM+EGR) and lean compression stroke injection with EGR (SCH+EGR) at characteristic 
constant driving point in NEDC; TDC: φ = 180° CA; rev = 1500 rpm, IMEP = 4 bar; gas  
exchange, injection and ignition point at optimum for fuel consumption, EGR rate maximum

Figure 6: Engine map ranges in stratified charge operation for a turbocharged, spray guided 
combustion process; Nitric oxide emission limit (stratified mode) 70 g/h
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can only be reached by using a turbo in-
take port with high tumble (Mark 2).

Caused by the increased charge mo-
tion when using a high tumble inlet 
port, the carburetion is sustainable im-
proved and the limit of engine knock is 
moved to advantageous timing point. 
But in stratified mode, the increased 
charge motion leads to a smaller usable 
engine map like shown in Figure 6.

Due to an optimization of the exhaust 
valve timings, which can be produced us-
ing a variable valve train, the maximum 
brake torque at lower engine speeds can 
be increased considerably (Mark 3). The 
valve lift timing optimization leads ad-
ditionally to a reduction of gas exchange 
losses during part load condition. 

4.3  Fuel Consumption Projections 
In order to also take the overall potential 
into consideration at the end of the de-
tailed analysis of combustion properties 
and subsequent changes in the degree of 
efficiency, fuel consumption projections 
were carried out for different engine ver-
sions. Figure 8 shows calculated fuel con-
sumptions differences in the NEDC for 
three engine configurations with or 
without stratified mode.

When combining turbo charging 
with stratified operation using a low 
tumble intake port (1) an advantage in 
fuel consumption of a about 10 % is 
achievable compared to the homogenous 
suction stroke injection mode. Concern-
ing the full load performance, this en-
gine configuration is limited up to a 
maximal specific brake torque of 
150 Nm/l. Using a high tumble intake 
port for achieving a maximal specific 

brake torque of 175 Nm/l (2), the advan-
tage in fuel consumption because of 
stratified operation is reduced to 6 % due 
to the reduced applicable range of strati-
fied mode in the engine map, Figure 6. 
There is no change of fuel consumption 
in homogenous mode to be expected.

Engineering variable valve train tech-
nology (3), the NEDC fuel consumption 
can be lowered up to 10 % in homoge-
nous mode compared to engine configu-
ration (2) with a conventional exhaust 
cam shaft. Due to the considerably re-
duced gas exchange losses using opti-
mized gas exchange timings, most of the 
possible fuel consumption potential of 
stratified operation can be achieved. An 

additional operation using charge strati-
fication will achieve a residual advantage 
in fuel consumption of only 2.5 %. 

Furthermore, it becomes perspicuous 
that, with an optimization of a conven-
tional combustion processes, outstand-
ing results in fuel consumption can be 
achieved. Depending on the “downsizing 
factor”, robust stoichiometrical homoge-
nous combustion processes are able to 
achieve lower driving cycle consump-
tions than the more sensible stratified 
combustion processes [12]. In considera-
tion of a cost-benefit ratio an optimized 
conventional combustion process seems 
to be the preferential solution.

5  Summary and Outlook 

The theoretical advantage of enhancing 
the useable characteristic map range with 
stratified charge is not accessible due to 
the nitrogen oxide exhaust after treat-
ment systems available today as a series 
production solution. The generation of 
high charge air movement, necessary to 
achieve a satisfactory low-end torque re-
sponse, further restricts the effective char-
acteristic map range. Together with the 
shift in operating point towards higher 
loads and contemporaneously reduced en-
gine speeds, which is targeted for turbo-
charged engines, a noticeable advantage 

Figure 7: 
Characteristic 
full load opera-
tion points for 
three engine 
configurations

Figure 8: Fuel consumption projections for three engine configurations with and without 
stratified mode in the NEDC; VW Golf V, vehicle weight and gear transmission ratio from  
serial production, Nitric oxide emission limit (stratified mode) 70 g/h
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in consumption is currently no longer evi-
dent for the customer. Today competing 
downsizing technologies show a higher 
potential for reducing fuel consumption 
in the NEDC as well as for the customer.

The future of the turbocharged, spray 
guided combustion process is linked with 
the conversion potential and fuel con-
sumption related conversion efficiency of 
available exhaust gas after treatment sys-
tems in the future. As a further challenge 
a combustion process with a stable and 
efficient combustion at part load as well 
as a satisfying full load performance 
needs to be proposed.  
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The Potential of Turbo-charged 
Gasoline Engines with 
Spray Guided Direct Injection 
In this article a 2.0 l turbocharged FSI engine forms the basis for analysis of spray guided combustion with 
central location of injector and spark plug. The long duration experience in the field of the Volkswagen 
brands since introducing the first generation of gasoline direct injection into market in 1999 stands for 
extraordinary competence in the domain of gasoline direct injection.
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1  Introduction 

Since the 1970s, stratified charge in DI 
gasoline engines has been the focus of a 
wide range of investigations. Currently, 
the largest potential in terms of a custom-
errelevant reduction in fuel consumption 
can be seen in the spray guided combus-
tion process with centrally located injec-
tors and outward opening nozzles [1, 2]. 

The combination of stratified charge 
and turbo charging represents a promis-
ing variant [3] and a major challenge in 
this combustion process. The aim is to 
find a compromise from the reduced 
compression compared to naturally aspi-
rated engines, a high charge air move-
ment – essential for turbocharged en-
gines –, the design of exhaust gas recircu-
lation systems and the way pistons and 
the combustion chamber roof are engi-
neered, whilst making allowance for the 
different modes of operation. 

2  Motivation 

A glance at the current global energy re-
serves and resources clearly shows that it is 
of no consequence which type of energy is 
considered. The reserves are finite and the 
costs of making resources accessible will 
rise. Current scenarios anticipate that the 
maximum flow of oil production will be 
reached by about 2010 [4]. Within the next 
10 to 20 years a rise in the difference be-

tween reserves/resources and demand will 
lead to a dramatic rise in fuel prices. Against 
this background, the development of low 
consumption drive technologies to achieve 
a short to mid-term reduction in the energy 
requirement is of utmost importance in ad-
dition to alternative drive concepts. 

The application of demonstrable oper-
ating zones in different modes of opera-
tion of the turbocharged, spray guided 
combustion process in the characteristic 
map and a subsequent projection of expe-
rienced consumption potentials over com-
parable engines are the subject of exami-
nations. The determined best-case fuel 
consumption engine maps are critically 
evaluated under consideration of the 
maximal acceptable nitric oxide emis-
sions, the needed charge motion for full 
load operation and the light-off limit of 
the exhaust gas aftertreatment system. 
Subsequent fuel projections give informa-
tion about the fuel consumption reduc-
tion potential in several driving cycles. Fi-
nally, the achieved fuel consumption 
when running the engine in stratified 
mode is compared to conventional ho-
mogenous mode.

3  Spray Guided Gasoline  
Direct Injection 

A survey from Shell [5] and also a current 
survey and prognosis from Esso [6] show 
that on modern combustion engines a 

The Authors

Dipl.-Ing.  
Jürgen Willand 
is head of research 
gasoline engines with-
in the research depart-
ment of Volkswagen 
AG in Wolfsburg  
(Germany).

Dr.-Ing.  
Kay Schintzel 
was project manager 
drivetrain gasoline  
engines within the  
research department 
of Volkswagen AG in 
Wolfsburg (Germany).

Dipl.-Ing.  
Henrik Hoffmeyer 
is doctoral candidate 
in the field drivetrain 
gasoline engines with-
in the research depart-
ment of Volkswagen 
AG in Wolfsburg  
(Germany).

Figure 1: Prognosis of mix of different combustion processes for 2000 to 2020  
(Source: Group Research of Volkswagen AG)
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declining average consumption is evi-
dent. Despite major advancements in the 
development of alternative vehicle drive 
systems and energy sources, the combus-
tion engine in all its derivatives is still 
the dominating drive system in motor 
vehicles. Figure 1 shows a prognosis of 
percentages of new registrations with 
new and future combustion processes in 
the European sector. 

As a result of the continually rising 
individual requirement for mobility 
from modern societies and the mid-term 
use of combustion engines, without al-
ternative, the development of new gaso-
line engine combustion processes to re-
duce fuel consumption and harmful 
emissions is of considerable importance.

One approach is represented by spray 
guided gasoline direct injection with turbo 
charging and stratified charge (TSGI – Tur-
bocharged Spray Guided Injection). Figure 2 
shows the concept of the turbocharged 
spray-guided gasoline direct injection. 

The aim was to broaden the onroad 
fuel consumption relevant map range by 
means of stratified charge. The piezo in-
jector used in these investigations is lo-
cated centrally in the combustion cham-
ber roof and the spark plug is located 
laterally on the exhaust side [7, 8]. 

4  Results 

Stationary test bench investigations are 
the fundament of evaluation of the tur-
bocharged spray guided combustion 
process. Besides the detailed analysis of 
the stratified mode other possible injec-
tion modes have to be compared and 
evaluated. Thus operation strategies can 
be developed and their influence of the 
entire potential can be determined.

4.1  Operating Modes of  
Spray Guided Combustion Process 
Next to injection timing and fuel pres-
sure, further technical parameters such 
as charge air movement flap, externally 
cooled exhaust gas recirculation and ni-
trogen oxide emissions after treatment 
are required for optimal application of 
stratified mode.

As super ordinate operating modes of 
the spray guided combustion process, 
the following should be subject to closer 
investigation and evaluation, Table.

On the engine test bench, the test en-
gine was run in the different injection 
modes. In doing so load variations at dif-
ferent engine speeds were carried out. 
Figure 3 shows exemplarily the indicated 
specific fuel consumption ISFC and the 
NOx mass flow rate NOx at a load varia-
tion at rev = 1500 rpm.

Starting at an indicated mean pres-
sure of IMEP = 2 bar, the engine is run in 
stratified mode with activated EGR 
(SCH+EGR). Where the consumption 
curves in lean stoichiometrical compres-
sion stroke injection (SCH + EGR) opera-
tion cross with lean stoichiometrical suc-
tion stroke injection (HMM) operation at 

a load of IMEP = 6 bar, this marks the de-
termined reasonable upper load thresh-
old of the advantage in efficiency of 
stratified operation (1).  

Running the engine in lean homoge-
neous suction stroke injection (HMM), the 
nitric oxide emissions reach with further 
increasing engine load up to seven bar (2) 
a limit of 70 g/h. Based on extensive expe-
rience in the field, this limit is chosen for 
the maximal acceptable raw emission im-
pact on a nitric oxide storage catalyst.

Consequently, the engine injection 
mode is switched to stoichiometrical ho-
mogenous suction stroke injection with 
EGR (HOM+EGR). This can be used as con-

Injection mode Mixture formation λ AGR Naming

Suction stroke injection homogeneous λ = 1 – HOM

Suction stroke injection homogeneous λ = 1 External EGR HOM + EGR

Suction stroke injection homogeneous λ > 1 – HMM

Compression stroke injection stratified λ > 1 External EGR SCH + EGR

Table: Operating modes of the spray guided combustion process for turbo-charged engines

Figure 2: Spray-guided combustion 
process TSGI (turbocharged spray 
guided injection) from Group  
Research of Volkswagen AG
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sumption favorable injection strategy from 
8 bar on up to full load condition (3).

The strong increase of nitric oxide 
emissions in lean homogeneous mode 
(HMM) can be reasoned by a continuous 
decrease of excess air with increasing en-
gine load. Thus, the nitric oxide emis-
sions show the characteristic progress 
when decreasing air-/fuel ratio with a 
peak at about λ=1.15.

For thermodynamical analysis of the 
pressure curves recorded during test 
bench investigations a split of losses ac-
cording to Weberbauer et al [9] is helpful. 
Figure 4 shows the distribution of loss of a 
detailed pressure curve analysis of the 
operating modes at a constant driving 
point of the NEDC. Starting from the 
theoretical degree of efficiency, calculat-
ed from the geometric compression ratio 
and a constant isentropic exponent, the 
losses are calculated from
–	� the thermodynamic compression ra-

tio (∆ηε)
–	� the actual charge as a function of the 

air/fuel ratio and the overall residual 
gas rate, expressed via the isentropic 
exponent (∆ηκ)

–	� energy release at the calculated fifty 
percent energy conversion point 
(∆ηMFB50%)

–	� incomplete combustion (∆ηHC+CO)

–	� in consideration of the real combus-
tion curve (∆ηComb)

–	� in consideration of the real gas prop-
erties (∆ηCalorics)

–	� by the wall heat transfer (∆ηWall heat)
–	� in consideration of real expansion 

(∆ηExp)
–	� the gas exchange (∆ηGas ex).
It is possible to see an advantage in the ef-
ficiency factor here through dethrottling 
(∆ηGas ex) with the use of external, cooled 
EGR in homogenous mode. This advan-
tage increase when diluting the charge 

with air in the lean stoichiometrical suc-
tion stroke injection (HMM) mode. By di-
luting with air, the polytrope exponent 
rises (∆ηκ). The caloric losses are lower 
(∆ηCalorics). Moreover, the wall heat losses 
(∆ηWall heat) decline from the greater degree 
of diluting. The higher achievable diluting 
rate leads to a higher air requirement. Fur-
ther dethrottling is possible. The degree of 
indicated efficiency (ηi) rises.

In stratified charge mode, the losses 
from the actual charge are not as high 
due to greater diluting, though this 
advantage is balanced out in part by a 
greater internal residual gas quantity 
compared with suction stroke injection 
modes. Due to the lower enthalpy at the 
turbine there is an unfavorable decline in 
scavenging at low load in stratified charge 
mode. With regards to the constant vol-
ume cycle process, the near optimum 
50 % conversion point shortly after igni-
tion TDC, Figure 5, leads to an almost max-
imum degree of efficiency in the constant 
volume cycle process (∆ηMFB50%).

However, at a rate of 20 % EGR results 
at this point in less stable combustion 
(∆ηHC+CO increases) and also a longer com-
bustion period with longer burnout 
(∆ηComb) compared to stoichiometrical 
suction stroke injection (HOM) mode and 
also just marginally lower wall heat loss-
es (∆ηWall heat). The longer burnout partly 
balances out the advantage of lower gas 
temperatures close to the combustion 
chamber wall. Despite the poor degree of 
turbine efficiency, the gas exchange loss-
es are marginal. The advantage of de-
throttling far outweighs this.

Figure 3: Indicated specific fuel consumption and nitrogen oxide mass flow of TSGI operating 
modes for a load variation; nmot=1500 rpm, gas exchange, injection and ignition point optimal 
for fuel consumption, EGR rate maximum

Figure 4: Split of losses of TSGI operating modes at characteristic constant driving point in 
NEDC; rev = 1500 rpm, IMEP = 4 bar; gas exchange, injection and ignition point at optimum for 
fuel consumption, EGR rate maximum
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In summary, the advantage in con-
sumption in stratified charge mode arises 
mainly from the reduction in gas exchange 
losses. The theoretical advantage from the 
greater degree of diluting is countermand-
ed in the turbocharged engine on one 
hand by the unfavorable degree of turbine 
efficiency as a result of low exhaust gas 
temperature. On the other hand, the re-
quired high EGR rates lead to a less stable 
combustion with respective losses.

Moreover, when running a turbo 
charged engine, a reduced spark position 
is necessary for avoiding a thermal over-
loading. This leads to disadvantages in 
stratified charge mode.

4.2  Engine Map During Operation  
with Stratified Charge 
The effective engine map range in strati-
fied charge mode is restricted by the 
available exhaust gas after treatment of 
nitrogen oxide mass flow rates. Figure 6 
shows in green the effective engine map 
ranges for a applicable stratified charge 
mode. The engine map range with low 
tumble is illustrated in grey in considera-
tion of the exhaust gas after treatment 
systems available on the market today 
(max. nitrogen oxide mass flow rate 
NOx,DS = 70 g/h). The blue area describes 
the achievable engine map range with 
high tumble in consideration of the ex-

haust gas after treatment systems avail
able on the market today (max. nitrogen 
oxide mass flow rate NOx,DS = 70 g/h). Fi-
nally, the red area marks the engine map 
range when the light-off temperature of 
the catalyst is fallen below its limit.

With a charge optimized intake port 
advantageous for stratified charge opera-
tion in consideration of nitric oxide emis-
sions with a low tumble, a large share of 
the load collective in the NEDC can be cov-
ered with an effective engine map range 
up to a load of IMEP = 6 to 7 bar and up to 
an engine speed of rev = 3500 to 4000 rpm 
(grey illustrated). For a turbocharged en-
gine with stratified charge operation, a 
turbo intake port with high tumble in the 
flow rate is indispensable for satisfactory 
high and full load combustion. 

To generate increased turbulent kinetic 
energy, targeted discharges are engineered 
in the intake port. This leads to a reduc-
tion in the effective flow rate cross section-
al area in the region of the intake valves 
and thereby to locally higher flow veloci-
ties during intake as well as a higher tur-
bulent fluctuation intensity [11]. The due 
to the higher flow velocity induced flow 
impulse leads to increased cyclic fluctua-
tions and destabilizes the stratified charge 
at the withdrawn ignition site and there-
fore an unstable ignition. To achieve satis-
factory stability in the mixture formation 
and combustion, considerably “earlier” 
injection and ignition points are neces-
sary compared to stratified operation with 
a charge optimized intake port. The subse-
quent “premature” point of combustion 
leads to increased NOx emissions, lower 
exhaust gas temperatures and also indi-
cated efficiency factor losses. In this way, 
the useable engine map range is markedly 
reduced at higher and also lower loads 
(blue and red area).

Figure 7 shows the full load develop-
ment of the three investigated engine 
configurations characterized by the point 
minimal engine speed at maximum brake 
torque. In the context of full-load investi-
gations it could be observed that within a 
reasonable combination of turbo charg-
ing and stratified operation there is a spe-
cific load threshold of 150 Nm/l or 75 kW/l 
[10], (Mark 1). Limiting values are the in-
creasing knock tendency and unaccepta-
ble smoke emissions caused by insuffi-
cient carburetion. An increase of maxi-
mum torque up to the aspired 175 Nm/l 

Figure 5: Normalized mass fraction burned xb for stoichiometric suction stroke injection with 
EGR (HOM+EGR) and lean compression stroke injection with EGR (SCH+EGR) at characteristic 
constant driving point in NEDC; TDC: φ = 180° CA; rev = 1500 rpm, IMEP = 4 bar; gas  
exchange, injection and ignition point at optimum for fuel consumption, EGR rate maximum

Figure 6: Engine map ranges in stratified charge operation for a turbocharged, spray guided 
combustion process; Nitric oxide emission limit (stratified mode) 70 g/h
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can only be reached by using a turbo in-
take port with high tumble (Mark 2).

Caused by the increased charge mo-
tion when using a high tumble inlet 
port, the carburetion is sustainable im-
proved and the limit of engine knock is 
moved to advantageous timing point. 
But in stratified mode, the increased 
charge motion leads to a smaller usable 
engine map like shown in Figure 6.

Due to an optimization of the exhaust 
valve timings, which can be produced us-
ing a variable valve train, the maximum 
brake torque at lower engine speeds can 
be increased considerably (Mark 3). The 
valve lift timing optimization leads ad-
ditionally to a reduction of gas exchange 
losses during part load condition. 

4.3  Fuel Consumption Projections 
In order to also take the overall potential 
into consideration at the end of the de-
tailed analysis of combustion properties 
and subsequent changes in the degree of 
efficiency, fuel consumption projections 
were carried out for different engine ver-
sions. Figure 8 shows calculated fuel con-
sumptions differences in the NEDC for 
three engine configurations with or 
without stratified mode.

When combining turbo charging 
with stratified operation using a low 
tumble intake port (1) an advantage in 
fuel consumption of a about 10 % is 
achievable compared to the homogenous 
suction stroke injection mode. Concern-
ing the full load performance, this en-
gine configuration is limited up to a 
maximal specific brake torque of 
150 Nm/l. Using a high tumble intake 
port for achieving a maximal specific 

brake torque of 175 Nm/l (2), the advan-
tage in fuel consumption because of 
stratified operation is reduced to 6 % due 
to the reduced applicable range of strati-
fied mode in the engine map, Figure 6. 
There is no change of fuel consumption 
in homogenous mode to be expected.

Engineering variable valve train tech-
nology (3), the NEDC fuel consumption 
can be lowered up to 10 % in homoge-
nous mode compared to engine configu-
ration (2) with a conventional exhaust 
cam shaft. Due to the considerably re-
duced gas exchange losses using opti-
mized gas exchange timings, most of the 
possible fuel consumption potential of 
stratified operation can be achieved. An 

additional operation using charge strati-
fication will achieve a residual advantage 
in fuel consumption of only 2.5 %. 

Furthermore, it becomes perspicuous 
that, with an optimization of a conven-
tional combustion processes, outstand-
ing results in fuel consumption can be 
achieved. Depending on the “downsizing 
factor”, robust stoichiometrical homoge-
nous combustion processes are able to 
achieve lower driving cycle consump-
tions than the more sensible stratified 
combustion processes [12]. In considera-
tion of a cost-benefit ratio an optimized 
conventional combustion process seems 
to be the preferential solution.

5  Summary and Outlook 

The theoretical advantage of enhancing 
the useable characteristic map range with 
stratified charge is not accessible due to 
the nitrogen oxide exhaust after treat-
ment systems available today as a series 
production solution. The generation of 
high charge air movement, necessary to 
achieve a satisfactory low-end torque re-
sponse, further restricts the effective char-
acteristic map range. Together with the 
shift in operating point towards higher 
loads and contemporaneously reduced en-
gine speeds, which is targeted for turbo-
charged engines, a noticeable advantage 

Figure 7: 
Characteristic 
full load opera-
tion points for 
three engine 
configurations

Figure 8: Fuel consumption projections for three engine configurations with and without 
stratified mode in the NEDC; VW Golf V, vehicle weight and gear transmission ratio from  
serial production, Nitric oxide emission limit (stratified mode) 70 g/h
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in consumption is currently no longer evi-
dent for the customer. Today competing 
downsizing technologies show a higher 
potential for reducing fuel consumption 
in the NEDC as well as for the customer.

The future of the turbocharged, spray 
guided combustion process is linked with 
the conversion potential and fuel con-
sumption related conversion efficiency of 
available exhaust gas after treatment sys-
tems in the future. As a further challenge 
a combustion process with a stable and 
efficient combustion at part load as well 
as a satisfying full load performance 
needs to be proposed.  
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Two-stage Variable 
Compression Ratio with 
Eccentric Piston Pin
By variation of the compression ratio the fuel consumption of high boosted gasoline engines can be 
reduced. The two-stage VCR system (variable compression ratio) enables a high share of fuel saving 
potential relative to full variable systems. FEV has evaluated different known and new two-stage VCR 
systems. Considering a low cost manufacturability and a beneficial integratability into common engine 
architectures the length-adjustable conrod using an eccentric piston pin in the small eye has proved as a 
favorable concept. The adjustment is performed by a combination of gas and mass forces.

Realized design of a  
VCR conrod for a truck 

application and prototype
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1  Motivation and Potentials

1.1  Potential for SI Combustion 
Processes
The benefits of variable compression 
have already been widely acknowledged 
and documented [1, 2, 3, 8, 9, 11]. Its ma-
jor benefits can be summarized as fol-
lows: Under full load conditions, a com-
pression ratio adapted to load demand is 
capable of reducing knock susceptibility, 
thus improving full load performance 
and efficiency. 

Further, the risk of pre-ignition, the 
potential for mega-knocking effects as 
well as a disposition to engine jerking 
due to retarded combustion phases can 
be reduced. In addition, as a contribu-
tion to component temperature protec-
tion, a variable CR offers further poten-
tial to control the exhaust gas tempera-
ture. Under part load conditions, a fuel 
saving potential as shown in Figure 1 can 
be achieved.

For the naturally aspirated engine, 
the increased compression facilitated by 
gasoline direct injection diminishes the 
potential of CR variability. Through 
downsizing in tandem with charging, 
however, the benefits of VCR can be en-
hanced: due to the required compression 
ratio reduction necessitated by high 
boost ratios, the fuel saving potential is 
increased by up to 5 to 10 %. Figure 2 
shows the fuel saving potential of 
charged engines for various driving cy-
cles in dependence on (mean) driving 
speed as well as at constant-speed driv-

ing. At low driving speeds, benefits of 
well over 10 % can be achieved, whereas 
at higher vehicle speeds a benefit of ap-
proximately 6 % is still possible. The con-
sumption reduction does not only de-
pend on the VCR system, but also, of 
course, on the characteristics of both en-
gine and vehicle. For a two-stage VCR sys-
tem, due to the fact that the compression 
ratio cannot be operating point-opti-
mized as well as due to hysteresis effects, 
the fuel economy potential is slightly  
reduced.

For auto-ignition combustion proc-
esses based on the gasoline engine, the 
auto-ignition operating range can be ex-
tended at both higher and lower engine 
loads. Thus, not only can variable com-
pression be applied in combination with 
modern SI combustion processes, but it 
also facilitates the development of new 
combustion technologies.

1.2  Potential for Heavy Duty  
Diesel Engines
The compliance of today’s emission legis-
lations for heavy duty diesel engines in 
commercial vehicles demand a reduc-
tion of NOx emissions in the entire en-
gine operating area, also including high 
load points. A very effective way to re-
duce the raw NOx emissions at high loads 
is to operate the engine with high EGR 
rates. At the same time the air fuel ratio 
must be kept constant which is needed 
to hold the particle emissions under the 
allowed level. Under the boundary condi-
tion that the torque output of the engine 

Figure 1: Fuel 
consumption 
reduction through 
VCR (part load)
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should be kept unchanged or even in-
creased, a higher boost pressure must be 
provided. As a result the PFP (peak firing 
pressure) requirement of the engine will 
rise, which requires a reinforcement of 
the engine structure or even a complete 
new engine design. The VCR technology 
can be seen here as an alternative solu-
tion by decreasing the CR at high loads, 
so that the PFP does not exceed the al-
lowed level of an existing engine struc-
ture.

2  Overview and Assessment  
of VCR Systems

In order to realize a variable compression 
ratio the combustion chamber volume 
has to be varied. Figure 3 shows various de-
sign options for VCR systems and offers a 
classification of approaches. The compres-
sion volume variation can be realized by 

implementing a switchable additional vol-
ume within the cylinder head or, alterna-
tively, by varying the TDC (top dead center) 
position of the pistons. The TDC piston po-
sition can be modulated, for example, by 
utilizing an unconventional crank train in 
combination with a two-piece conrod, 
which is controlled by an additional shaft, 
or by using a rack-and-pinion gear for the 
transmission of power from the piston to 
the crankshaft [8]. Alternatively, retaining 
a conventional crankshaft drive, the TDC 
piston position can be varied by modifying 
the distance between the crankshaft and 
the cylinder head or by varying the cine-
matically effective lengths of the crank-
shaft drive. The distance between the 
crankshaft and the cylinder head can be 
modulated by tilting the cylinder head to-
gether with the cylinder barrel relative to 
the bearing pedestals, as in the VCR sys-
tem developed by Saab [9], or by means of 
a translatory mechanism acting on the 

cylinder head and barrel unit. Utilizing an 
eccentrically supported crankshaft, the 
required distance modifications can be re-
alized as well [2, 12]. The variation of cine-
matically effective lengths opens up the 
widest range of constructive possibilities: 
compression height, conrod length, and 
crank radius can be modified by means of 
eccentric bearings or by using a linear 
guidance device.

Apart from having the desired VCR ca-
pabilities, each of these systems comes 
with its respective benefits and disadvan-
tages. As the VCR systems can be realized 
by the most various mechanical devices, 
it is safe to conclude that their adequacy 
with regard to requirements such as suit-
ability for engine operation, mass produc-
ibility, etc. varies considerably. Figure 4 
shows an evaluation matrix for the vari-
ous VCR systems. At low-CR engine opera-
tion, an increased combustion chamber 
volume within the cylinder head results 
in an unfavorable combustion chamber 
shape, which is due to the large surface-to-
volume ratio. Moreover, the additional 
switchable volume cannot be implement-
ed in today‘s four valve cylinder heads.

Systems which are based on uncon-
ventional cranktrains make possible a 
continuous adjustment and with it a pre-
cise CR control, but due to installation 
space requirements, especially in the en-
gine transverse direction, significant 
changes to the base engine architecture 
are required, which have a major impact 
on the manufacturing process. Higher 
friction losses through additional bear-
ings and an increased reciprocating 
mass, however, are compensated to some 
extent by a lower lateral piston force. 

Systems which vary the distance be-
tween the crankshaft and the cylinder 
head are also well suited to implement a 
continuously variable CR; in addition, 
they offer the advantage that an existing 
cranktrain can be retained „as is“ and 
fully carried over.

With tilting or translatory moving of 
the cylinder head and barrel compound, 
the base engine design has to be exten-
sively modified. The installation expendi-
ture for the actuation mechanism, the 
sealing of the crankcase as well as the 
coupling for the moved intake and ex-
haust systems is considerable and ad-
versely affects production costs and vehi-
cle packaging.

Figure 2: Fuel 
consumption 
reduction 
through VCR  
(on-road)

Figure 3: Classification of the VCR systems

Development

MTZ 02I2009 Volume 7022 

Compression

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



An eccentric bearing crankshaft, by 
contrast, requires far less modification 
to the engine design, which is hardly af-
fected at all; the offset between the 
crankshaft and the gearbox input shaft, 
however, has to be bridged by a compen-
sation gear, a device which introduces 
additional frictional losses and also in-
creases the overall engine length.

Most systems which modulate the cin-
ematically effective lengths are not suit-
able for the realization of a continuously 
variable CR. These systems, however, 
have the advantage that they require on-
ly minor modifications to the base en-
gine design and that the impact on the 
production process is comparatively low. 
As an exception, the system which fea-
tures a permanently controlled, eccentri-
cally positioned piston pin can be named 
[11], as it enables a continuous CR varia-
tion but again, as a drawback, has a ma-
jor impact on the engine design as well 
as on the production process. Comparing 
the other systems shown here – prefera-
bly realized as two-step designs – the sys-
tem with variable conrod length by an 
eccentrically mounted piston pin can be 
considered superior with regard to inte-
grability and production costs. As a dis-
advantage, however, this approach re-
sults in an increase in reciprocating 
mass. The variable-length conrod with 
an eccentric bearing in the conrod big 
end can as well be easily integrated into 
existing engine designs, with only a mi-

nor increase in reciprocating mass. Due 
to the usual one-piece crankshafts, how-
ever, the system requires a two-piece ec-
centric, which increases the construc-
tional expenditure and thus the manu-
facturing costs. The realization of a vari-
able crank radius using an eccentric on 
the crankpin results in a significant in-
crease of the conrod diameter and an at-
tendant increase in cranktrain friction. 
Utilizing a piston with variable compres-
sion height, sealings and the actuating 
mechanism have to be integrated in the 
mechanically and thermally highly load-
ed piston, a solution which poses a major 
technological challenge.

For a concluding assessment of the 
various VCR mechanisms, a weighting of 
the various evaluation criteria would be 
necessary. The weighting of the criteria, 
however, would depend on the respective 
demands of the manufacturers; there-
fore, a universally valid weighting system 
cannot be devised. 

In FEV‘s view, systems are to be pre-
ferred which can be easily integrated into 
a conventional engine architecture and 
which do not significantly increase pro-
duction costs. Thus a VCR variant of a con-
ventional engine can be produced with-
out requiring special manufacturing fa-
cilities. As a prerequisite for such a vari-
ant, however, the VCR-specific compo-
nents should be packaged in modules 
which substitute for conventional compo-
nents in the assembly process [4]. In order 

to be competitive with other fuel saving 
technologies, the benefits of the VCR sys-
tem for the customer should outweight 
the additional production costs. Thus, 
taking into account the tension between 
technological possibilities and economic 
demands, FEV has been focusing its devel-
opment activities on two VCR systems:
1.	� For the realization of a continuously 

variable compression, FEV is investi-
gating a system fitted with an eccen-
trically supported crankshaft, the so-
called „crankshaft shift“ system [1, 2, 
4, 12, 13].

2.	 �As a two-stage solution, FEV is work-
ing on a system fitted with a variable-
length conrod, realized by an eccen-
tric piston pin suspension, which uti-
lizes cranktrain forces to adjust the 
compression ratio. This system is 
called the „variable-length conrod“ 
system or “VCR conrod”.

FEV has developed this two-stage VCR sys-
tem for a passenger car gasoline engine 
application as well as for a heavy duty 
diesel engine application, which is de-
scribed in more detail in the following 
sections of the present paper.

3  Two-stage VCR System  
„Variable-length Conrod“

3.1  Working Principle
The conrod length variation is realized 
by means of a rotation of an eccentric 

Figure 4: Comparison of the 
VCR systems
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bearing in the conrod small end. The 
moment acting on the eccentric, result-
ing from superimposed gas and inertia 
forces, is used to adjust the conrod 
length. 

This is the key feature to meet a cost 
effective VCR solution, because no expen-
sive and power consuming actuators are 
needed and all functional elements are 
concentrated into only one component, 
the conrod [10]. As shown in Figure 5, the 
eccentric moment takes on positive as 
well as negative values during a combus-
tion cycle, making possible an adjust-
ment in both directions. 

3.1.1  Support Mechanism
Figure 6 shows cross sections for a VCR 
conrod design for use in a passenger car 
SI engine. The moment acting on the ec-
centric is supported via linkages by hy-
draulic pistons. The two support cham-
bers are connected to the oil circuit via 
one check valve each, and by means of a 
3/2 check valve, a passage from the cham-
ber to the crankcase can be opened. Thus 
it is possible for one hydraulic piston to 
enter more deeply into its support cham-
ber, displacing oil from it in the process, 
while the other support chamber is be-
ing filled with oil. Consequently, the ec-
centric is able to rotate in one direction 
only. The adjustment process takes sev-
eral working cycles to conclude; the 
number of cycles required for the adjust-
ment depends on the operating point as 
well as the hydraulic resistance. The hy-
draulic resistance, which can be control-
led by means of orifices, is to be adjusted 
in such a way that the adjustment proc-
ess is finished as quick as possible, so as 
to avoid engine knocking during step 
load changes from part load to full load 
and, in addition, to be able to make im-
mediate use of the improved efficiency 
of the higher compression at load chang-
es to part load. The adjustment time to-

wards high CR must not be too short, 
however, so as to avoid the following un-
desired side effects:
–	 �Cavitation at the check valve of the 

enlarging support chamber
–	 �inordinately high impact loads on the 

support mechanism when the end 
stops are reached

–	 �calculations have demonstrated that 
it is possible to achieve switch-over 
times of under one second.

3.1.2  Initiation of Compression-ratio 
Transition
The reversal of the eccentric‘s direction of 
rotation can be triggered by actuating the 

3/2 way valve, which is designed as a me-
chanical switch. The needed axial travel 
of the valve body is realized through two 
cam discs, as shown in Figure 7. In the fig-
ure the cam disc to initiate a transition 
towards low CR stands in working posi-
tion. The functional surface of the indi-
vidual cam disc consists on a tilted plane 
which transforms the horizontal compo-
nent of the valve body path into the de-
sired axial travel. As the valve body is ar-
rested in the respective end position by 
means of a combination of spring-and-
ball catches, any further impacts through 
subsequent engine revolutions are pre-
vented. The change of the switching sta-

Figure 6: Layout of the VCR conrod

Figure 5: Formation of the 
eccentric moment
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tus is realized through inversely oriented 
travel of the cam discs.

In the shown embodiment the me-
chanical switch is located just underneath 
the conrod’s small eye. The cam discs are 
located between the envelope of the coun-
ter weights of the crankshaft and the pis-
ton pin boss. This arrangement has the 
advantage that the velocity of the valve 
body is relatively small when getting in 
contact with the cam discs. On the other 
hand it requires that the sufficient clear-
ance is available between counter weight 
envelope and piston pin boss in BDC posi-
tion. In general there are plenty of other 
solutions to actuate the mechanical 
switch from outside the moving conrod. 
From the big variety of solutions the cam 
disc actuation is considered as the most 
robust one.

3.2  Functional Testing under  
Motored Operating Conditions
In a first step the functionality of the vari-
able-length conrod was investigated in 
dynamometer tests under motored condi-
tions. During this test phase, switch-over 
operations were performed at various en-
gine speeds. The change of the CR can be 
followed during testing through sequence 
of the measured PFP values, as shown in 
Figure 8, exemplarily for a switch event 
from high to low CR at unthrottled mo-
tored operating condition.

It is expected that the transition times 
are shorter under fired operating condi-
tions and at adequate high loads, as a 
higher gas pressure benefits the adjust-
ment process toward the lower compres-
sion ratio. Furthermore to demonstrate 
the basic functionality the hydraulic re-

sistances were not yet trimmed towards 
maximum switching speed.

After the basic functionality of the 
mechanism was confirmed over the en-
tire engine speed range and for different 
manifold air pressures, the reproducibil-
ity of the measured transition times as 
well as the system‘s durability had to be 
investigated. For this purpose, approxi-
mately 70,000 switch events were per-
formed at varying engine speeds, record-
ing the transition times at fixed inter-
vals. As shown in Figure 9, only slight 
transition time variations were detected. 
Subsequently, the components were dis-
assembled for inspection. The parts did 
not show any significant signs of wear 
[10].

3.3  Refined Design of the  
VCR Conrod for Gasoline Engines
After the general functioning of the VCR 
conrod was demonstrated under mo-
tored operating conditions, the design 
was further refined. Major development 
targets are:
–	 Reduction of the oscillating mass
–	 reduction of switching times
–	 layout of the structure to withstand a 
PFP of 140 bar.
These partially conflicting targets were 
fulfilled by using advanced CAE methods 
and by substituting steel by aluminium 
for the eccentric. Figure 10 shows the lat-
est design.

An important design feature is the 
asymmetric embodiment of the support 
chambers, to support the eccentric mo-
ment in each direction in a tailored way. 
During switching from high to low CR 
“only” the small chamber volume needs 
to be filled ,what allows switching times 
in this direction of less than 1 s.

Figure 7: Actuation 
with cam discs

Figure 8: Switching 
event at motored 
operation

Figure 9: Reproducibility of transition 
behaviour
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While the total amount of oscillating 
mass at the first prototype was 45 % 
more than in case of the serial cranktrain 
the increase of oscillating mass at the re-
fined design is reduced to 30 % compared 
to the serial cranktrain.

In order to quantify the impact of the 
increased oscillating mass on the engine‘s 
friction behavior, friction measurements 
were conducted on a cranktrain whose 
oscillating mass was increased by 50 %, 
Figure 11: at the 2000 rpm / 2 bar operat-
ing point, the overall engine friction is 
increased by less than 3 %, resulting in a 
fuel consumption increase of under 1 %. 
Thus, the additional oscillating mass only 

slightly impairs the efficiency benefits of 
the variable compression.

3.4  Design of a VCR Conrod for  
Heavy Duty Diesel Engines
In the EU founded project „GREEN“ a VCR 
conrod was designed for a heavy duty die-
sel engine application. The structure pro-
tects for a PFP of 180 bar and allows the 
compression ratio stages 14 and 17. A very 
challenging task was to package the sup-
port mechanism within the given space 
in the piston. The realized design of this 
system is shown in the Title Figure.

The basic principle of the actuation 
mechanism was retained; the 3/2-way 

valve, however, was integrated into the 
conrod bearing cap and the actuating 
cam discs were positioned below the 
crankshaft, due to package constraints. 
The piston and piston pin of the produc-
tion engine were retained almost unmodi-
fied. The increase in the cylinder unit‘s 
oscillating mass amounted to 19 %.

3.5  Functional Testing under  
Fired Operating Conditions
Test runs under fired conditions were 
conducted on a six-cylinder in-line en-
gine for use in a diesel utility vehicle, ex-
amining the engine‘s CR transition be-
havior over the entire engine speed and 
load range. The measured transition 
times from CR-14 to CR-17 and vice versa 
were in the range of 1 to 2 s. 

Figure 12 shows the peak pressure 
curve over the number of working cycles 
for a selected high-load operating point. 
As in the motored test runs, the transi-
tion between the two CR stages under 
fired operating conditions turned out to 
be monotonic and steady.

In order to arrive at a deeper under-
standing of the mechanism‘s systemic 
behavior, the rotating angle of the eccen-
tric was measured as a function of crank 
angle. The measurements were conduct-
ed by means of travel sensors attached to 
the conrod. Figure 13 shows the arrange-
ment of the travel sensors in the conrod 
as well as the linkage system to guide the 
sensor cables.

Figure 14 shows a curve representing 
the length variation of the conrod, which 
can be calculated from the measured ro-
tating angle of the eccentric, for one cy-
cle within a high-to-low CR transition 

Figure 12: Develop-
ment of peak firing 
pressure during a 
transition at high 
load

Figure 11: Influence of an increase 
of oscillating mass by 50 % on the 
total engine friction

Figure 10: Refined design of the VCR conrod
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phase. The curve illustrates the marked 
variation in conrod length close to the 
ignition TDC; elsewhere in the crank an-
gle range, the conrod length remains 
constant. The other recorded transition 
processes show comparable length ad-
justment characteristics.

4  Conclusion

Variable compression ratio as a key to 
improved engine efficiency will be in-
creasingly in the focus of interest: For 

the SI engine, the trend towards higher 
degrees of downsizing raises the appeal 
of systems which are capable of adapt-
ing the compression ratio to load condi-
tions throughout the entire engine 
map. Also in combination with future 
combustion processes such as CAI or in 
tandem with alternative fuels, VCR is 
capable of opening up further optimiza-
tion potentials.

At two-stage VCR systems FEV develops 
a variable length conrod with eccentric 
piston pin suspension which uses gas and 
mass forces for actuation. The function of 
this VCR system was demonstrated both 
in motored and fired engine operation. 
The applied principle of the exploitation 
of gas and mass forces for the actuation 
was proved to be robust and reliable.

The results presented in the present 
paper can be seen as promising steps to-
wards the implementation of a variable 
compression ratio into serial production, 
which are relevant in view of the press-

ing concern for a reduction of carbon di-
oxide emissions, especially within the 
downsizing trend.
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Heavy Duty Composite Piston 
for Euro 6 and Beyond
Composite pistons have been the state of the art in large bore engines – such as large marine en-
gines – since the 1960s. The thermal and mechanical load of these engines is typically higher than 
the load of truck engines. Additionally composite pistons are being used for large bore engines 
because of their durability and reliability. Based on the experience with composite pistons for large 
bore engines, Mahle was able to transfer this reliable bolting technology to steel pistons for com-
mercial vehicles, the „MonoXcomp“ piston. 
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1  Introduction

The one-piece-steel „Monotherm“ pis-
ton is in widespread use in commercial 
vehicles today, and meets every require-
ment for the emissions standards Euro 
5 and US2010. Looking beyond the year 
2010, most likely the temperature load 
on the piston will increase further. For 
this reason, Mahle started developing 
the next generation of pistons back in 
2005. The objectives in the list of re-
quirements of this development were 
cylinder pressures of 26 MPa and a 
drop in the maximum bowl rim tem-
perature of at least 50 K. At the same 
time, the excellent blow-by values and 
oil consumption (less than 0.1 g/kWh) 
of the „Monotherm“ piston, success-
fully used in series production for 
years, had to be maintained.

The high requirements for reliabili-
ty and service life for large bore engines 
are met today by so-called composite 
pistons, which are made up of a steel 
crown and a piston skirt that can be 
made of the materials steel, alumini-
um, or cast iron. The multi-piece con-
cept allows to design the piston for op-
timised cooling efficiency, which 
makes the piston suitable for higher 
thermal loads. Both piston parts are 
connected with one or more stretch 
bolts. Mahle engineers can look back 
on about 45 years of experience with 
this mature joining technology for 
large bore engine pistons. It became ob-
vious that this proven joining technol-
ogy could also be applied to pistons for 
commercial vehicle engines. 

2  Basics of Bolt Connections

A basic requirement for a reliable bolt 
connection of dynamic load carrying 
components is elastic pre-stress within a 
large elongation length. This leads to the 
fact that external influences which lead 
to different states of deformation – for 
example caused by temperature distribu-
tions, inertia forces and/or gas forces – 
can only cause a fairly little effect on the 
stress situation in the bolt and hence on 
the pre-load situation of the entire bolt 
connection. Additionally, it is made im-
possible for the pre-load to become zero, 
which definitely prevents the bolt from 
coming loose. Numerous examples of 
stretch bolts can be found in and around 
the engine. At this point only a few 
should be mentioned: Cylinder head 
bolts (primarily loaded with thermal and 
mechanical loads), connecting rod bolts 
(primarily loaded with inertia loads), 
bolts in the valve train area, in the crank 
shaft housing area, etc.

A simple mathematical exercise is 
used to illustrate the concept of a stretch 
bolt, Figure 1. There is a linear relation-
ship between the tensile stresses in the 
stretch area of the bolt and the length of 
this area. The cross-section in both cases 
is equal. Starting at a pre-stress situation 
point M, a theoretical elongation of ±10 
µm is being applied. The length of the 
stretch area of B is five times the length 
of A. As a result the stress amplitude of B 
is only one fifth of A. The lowest load sit-
uation for A is at a very low level. This 
work principle is an essential require-
ment for a reliable layout of a bolt con-

Figure 1: Comparison of elongation length
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nection for dynamic load carrying com-
ponents. It had to be considered for the 
development of a new piston concept.

3  Optimisation of the Bolt Connection

The challenge with the „MonoXcomp“ 
piston was to use the limited packaging 
space optimally, Figure 2. In comparison 

to large bore pistons, the compression 
height of commercial vehicle pistons is 
significantly less, so that stretch bolts 
will not fit. Consequently the piston con-
cept evenly distributes the required elas-
tic elongation length among all the com-
ponents, so that the total elastic elonga-
tion of typical stretch bolts is achieved. 
The achieved spring characteristic has a 
flat slope, with the effect that the alter-

nating stresses remain low. Most large 
bore pistons require additional compo-
nents (e.g. for a better load distribution, 
especially when the load is being trans-
ferred into an aluminium piston skirt). 
The new concept minimises the number 
of components, and thus minimises the 
number of interfaces and potential risks. 
The piston is made up of only three ele-
ments, Figure 3: 
–	 �The piston crown, on which a thread-

ed stretch bolt is integrally formed
–	 �the thrust sleeve, which features the 

nut thread and an elastically deform-
able part, and on which a suitable 
contact zone is integrally formed to 
carry the load to the piston skirt

–	 �the piston skirt with the counterpart 
to the contact zone. It has an integral-
ly formed stretch collar and can de-
form in its interior like a disc spring.

The specifically set elasticity within the 
bolt joint of the piston ensures that the 
minimum required bolt force is always 
present. This guarantees that the piston 
crown will not lift off, even at high speeds 
such as, for example, 3,000 rpm. The abut-
ment surfaces are thus always closed.

4  Layout of the Bolt Joint

The layout of the bolt joint and the stress 
and residual gap situation of the abut-
ment surfaces between piston crown and 
skirt, Figure 4, is being done via finite-ele-
ment calculations. There is the possibili-
ty to apply different profiles (dish shaped, 
roof shaped, etc.) to the abutment sur-
faces and/or an axial offset between the 
abutment surfaces in order to come to an 
optimal solution. Before the first piston 
is running in the engine, one test piston 
is being equipped with strain gauges in 
the area of the bolt stud, Figure 5, in order 
to determine the actually applied elonga-
tion, respectively the calculated pre-load 
is being verified. At the same time the 
torsion load during assembly is being 
considered. Based on these investigations 
the required tightening angle of the 
thrust sleeve is being determined.

In general the highest bolt force oc-
curs when the piston is in the state of de-
formation caused by the maximum tem-
perature load and no external forces are 
present. The state of deformation caused 
by the maximum cylinder pressure leads 

Figure 2: Comparison of available packaging space

Figure 3: Components of the piston
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to a reduction of the bolt force to the 
minimum level overall. This load cycle is 
relevant for the determination of the 
safety in the bolt connection and the 
thread safety according to VDI2230 itself. 
Inertia forces, which occur during high 
over-speed conditions, lead, because of 
the deformation happening, to a decrease 
of the load in the bolt connection. Expla-
nation: The sum of the reaction forces on 
the inner and outer abutment surface is 
equal to the force in the bolt stud (Fouter 

abutment + Finner abutment = Fbolt stud). The deforma-
tions caused by the inertia forces lead to 
a decrease of the reaction forces of the 
abutment surfaces. As a result, the bolt 
force decreases. At the same time the 
whole inertia force (Finertia = m · a) of the 
crown relative to the center of gravity 
causes an increase in bolt force. The sum 
of the reductions of reaction forces 
caused by deformations is larger than the 
forces caused by the inertia force. Hence, 
the total tensional load within the bolt 
stud is reduced. This holds true until the 
reaction forces on the abutment surfaces 
become zero, which leads to an interrup-
tion of the load path in the bolt connec-
tion. This is a situation which has to be 
ruled out by design in the first place.

The assembly process is taken from 
the state-of-the-art process used for 
stretch bolts. Apart from the fact that it 
is not necessary to tighten beyond the 
yield point. An initial low torque value 
ensures that the nut makes contact to 
the counterpart on the piston skirt. In 
order to reduce the influence of the fric-
tion variations on the pre-load, approxi-
mately 80 % of the total tightening an-
gle is being applied angle-controlled. 
The assembly machine monitors the ac-
tual end torque. The whole tightening 
sequence is done twice. In-between both 
steps the nut is being loosened. Addi-
tionally the first sequence reaches high-
er tightening angles than the final one. 
This ensures a very high repeatability 
and reliability within the tightening 
process of the bolt joint.

5  Optimisation of the  
Piston Temperature

The multi-piece concept enables us to 
realise a much larger outer cooling gal-
lery. This is especially important for the 

cooling of the thermally highly loaded 
bowl rim. There is a second cooling 
channel in the interior, which effective-
ly reduces the piston crown tempera-
ture. Additionally it is used to cool the 
bolt stud and the other connection rel-
evant areas, in order to keep the tem-
perature values in the area of high mean 
stress below 250 °C to prevent relaxa-
tion within the bolt connection. Both 
cooling galleries are connected via over-
flow channels. The layout of the fluid 
transfer cross-sections (inlet, outlets, 
overflow channels) is being verified on 
the shaker bench test. This bench test 

visualises the cooling oil movement via 
high-speed cameras and measures the 
fluid mass passing through the various 
channels. Depending on the results, the 
layout of the fluid transfer channels 
will be modified, respectively optimised. 
More and more numerical simulation 
systems are being used to analyse the 
fluid dynamics.

The closed, and therefore very rigid, 
structure reduces the deformation of the 
piston, so that thinner wall thicknesses 
are possible. This results in an additional 
improvement in piston cooling, which 
allows higher heat input. The closed 

Figure 5: Piston crown with strain gauges

Figure 4: Surface pressure distribution of the abutment surfaces;  
load case: temperature+bolt force+gas force

MTZ 02I2009 Volume 70 31 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



structure allows higher peak cylinder 
pressures than the required 26 MPa.

6  Further Features of the  
Composite Piston

The potentially different materials for 
the piston crown, piston skirt, and 
thrust sleeve make it possible to utilise 
each material potential optimally. For 
the piston crown in particular, the use 
of especially high temperature resistant 
and oxidation resistant material offers 
additional potential for load increase. 
Such material combinations are almost 
impossible to realise with a welded pis-
ton concept. In contrast to many welded 
concepts, the separate final machining 
of the individual components also 
makes it possible to minimise wall 
thickness tolerances, especially between 
the cooling galleries and the combus-
tion chamber, and thus to reduce the 

piston temperature and piston mass 
variations. Only machining tolerances 
apply. A welded design, for example, re-
quires additional tolerances for the pre-
machining and for the welding process 
itself. The new piston concept allows al-
so to assemble cleaned parts, so that the 
dictated, very stringent cleanliness re-
quirements can be met.

7  Limits of the Piston Concept

Despite the fact that it is possible to use 
the „MonoXcomp“ piston for very low 
compression heights, the excellent val-
ues known from the „Monotherm“ pis-
ton today (less than 50 % of the piston 
diameter) cannot by achieved. A realistic 
limit can be seen at approximately 60 %. 
In some cases values down to 56 % could 
be realised. The new piston concept is 
suitable for most of the engines in the 
commercial vehicle market.

8  Summary and Outlook

Using finite element methods, Mahle has 
determined an optimum connection ge-
ometry and predicted a potential reduc-
tion in temperature compared to stand-
ard pistons. Pulsator tests confirmed the 
design of the bolt joint. The cooling oil 
motion was optimised on a shaker test 
bench. Temperature measurements with 
thermocouples, Figure 6, showed that the 
bowl rim temperatures of „MonoXcomp“ 
pistons can be 50 to 70 K lower than on 
conventional steel pistons – under the 
same conditions. Similar temperature 
reductions were achieved on the cooling 
gallery side, due to better cooling.

After the „MonoXcomp“ piston suc-
cessfully passed internal engine tests, the 
project could be transferred from the ad-
vanced engineering group to the series 
production development group. For some 
customer projects, the series production 
development has already begun.	 ■

Figure 6: Temperature reduction
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Modern Cast Iron Materials 
for Lightweight and  
Efficient Downsized Engines
Large sized engines are being replaced by smaller sized engines with the same performance. An example of this 
kind of downsizing are the VW 1.4 l TSI/TFSI engines. They are made out of grey cast iron (GI). Efficient engines are 
being built with high combustion pressure, where the advantage of a material such as GI with a high strength is 
used. With respect to downsizing, principally any solutions found through material or process technologies are 
particularly required, due to the increase in pressure on the parts. This article by Halberg Guss describes innovative 
alloy techniques and new possibilities for the metallurgic measuring techniques during the production process.
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1  Material Strategy

The cylinder crankcase of combustion 
engines is produced in series by the orig-
inal molding process of casting. Added 
to this is the weight reduction achieved 
by an increase of efficiency, known as 
downsizing. Consequently, the aims for 
foundry technology result from engine 
development. Many times, the downsiz-
ing of an engine is an intelligent combi-
nation of turbo charging, direct fuel in-
jection and variable valve controlling. 
Typically, there is an increase in peak 
pressure, which in turn puts a continu-
ously increasing demand on the materi-
al for higher strength. A big advantage 
of modern cast iron materials is their 
high strength, which is one of the main 
requirements. Other advantages are 
good tribological qualities of the cylin-
der runners, good oscillation damping 
as well as low thermal expansion which 
permits less bearing movement in the 
engine. An example of an engine con-
structed with these advantages, is the 
1.4 l four-cylinder TSI/TFSI gasoline en-
gine with an open deck construction 
from Volkswagen. The rigidity with open 
deck constructions is generally lower 
than with a closed deck building meth-
od. When grey cast iron (GI) is used, its 
high E-module is able to balance out the 
differences in rigidity. A further exam-
ple is the diesel engine segment with 
the new engine generation Daimler 
OM651. The material of the Daimler en-
gine OM 651 is grey cast iron (GI). Also 
with the lightweight construction, eco-
nomic factors press into the foreground. 
Additional factors such as resources, 
content of the alloying elements and 
necessary strengths also have to be taken 
into consideration with downsizing. 
With every material strategy the cost ef-
fectiveness also has to be examined and 
taken into consideration. Just knowing 
the market price is not sufficient. With 
reference to the alloying elements, is 
there a large strength increase with a 
small amount or only with many addi-
tional elements? There is not an easy all-
inclusive answer because they interact 
with each other. Another influencing 
factor is the construction, because the 
specific cooling conditions of the com-
ponent geometry have an influence on 
the effect of the elements and conse-

quently upon the strength. Therefore a 
cost-effective lightweight construction 
can be achieved through intensive coop-
eration and working closely together 
during the development phase. The 
foundry will supply all necessary knowl-
edge concerning the interaction of the 
elements. At the moment for example, 
in the following the focus is on the ele-
ments vanadium (V) and magnesium 
(Mg). 

2  Economic Alloy Design

The element vanadium with GI, demon-
strates especially well the basic approach 
of an economic alloy design. What is the 
influence of vanadium on the tensile 
strength? In a test programme the con-
tent of  V was varied on purpose, where-
by the remaining chemical composition 
and cooling conditions were held con-
stant. The ultimate tensile strength (Rm) 
was measured at two specific places on a 
cylinder crankcase as a test carrier. 

As the content of V was raised, the 
tensile strength increased up to a maxi-
mum. After this point, when the con-
tent of V was raised even further, the 
ultimate tensile strength dropped back 
again, Figure 1.

What does this mean for the cost-ef-
fectiveness? After having reached the 
maximum, more costs would exist for 
further additions of vanadium, but the 
efficiency of the material sinks with re-
gard to stress. Any further additions after 
the maximum are economically unfa-
vourable. Therefore, it is interesting to 
see how the maximum is created. New 
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Figure 1: Test carrier
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possibilities arise from the investigation 
of the relation between the construction 
characteristics with the formulation of 
suitable metallurgy models.

3  Relation Between the  
Microstructure and the Properties

GI for cylinder crankcase is a multi 
phase material. The main phases are 
graphite, pearlite and particle. Vanadi-
um changes the morphology and shap-
ing of the phases. The graphite edge is 
rounded by V, which you can see in the 
deep etchings, Figure 2 and Figure 3. The 
effect on the strength is derived from 
the model of understanding, Figure 4. 
The model body shown in each case is 
the flake graphite of an eutectic cell: on 
the left – with rounded edges; on the 
right – angular edges. The internal 
notch effect of both bodies is different. 
In 2D-view this is not evident because 
both bodies show the same 2D-cut. The 

3D-figure shows a better conclusion 
with respect to the structure construc-
tion and its mechanical characteristics. 
Therefore, the deep etching is an impor-
tant development tool. The 3D compu-

ter reconstruction by nanotomography 
is even better as can be seen in tests 
made by Halberg Guss, for example, in 
the BMBF project [1]. 

Does V also influence the pearlite? 
Comparative structure is the usual lamel
lar pearlite. With the addition of V, the 
pearlite formation becomes finer. It is re-
markable that this changes the morphol-
ogy of the pearlite in parts. In Figure 5 a 
colony can be seen, where parts of the 
inside particle slowly turn from a com-
pacted form into a lamellar form as it 
moves outwards. Compacted structures 
mostly lead to a higher strength than la-
mellar. In literature, the creation of 
pearlite starts from the edge of austenit 
grains [2]. The interface of the grain 
should work as a metallurgical seed. 
Could vanadium or vanadium connec-
tions on the inside of the austenite 
grains, be the seed for the pearlite? Seeds 
would lead to an increased density in the 
colonies of pearlite. In this way, the ob-
served refining of pearlite would be ex-
plained by using V as an alloy. 

From a certain content of V onwards, 
a comparative amount of carbide is 
formed in the structure, Figure 6. Looking 
at the deep etching in 3D, Figure 7, the 
morphology can be clearly recognized. 
The non-uniform, sharp edged formation 
leads to a big internal notch effect and 
has a diminishing effect on the strength. 
The elements iron (Fe), carbon (C) and 
chrome (Cr) were detected in the scan-
ning electron microscope. There is an 
iron-(V, Cr)-mixed-carbide. In order to 

Figure 2: Rounded graphite edge

Figure 3: Rounded graphite edge

Figure 4: Model of 
understanding 
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make it easier to read, it will be named in 
the following text as vanadium-carbide. 
Due to this vanadium-carbide, part of 
the strength-rising effect of the rounded 
graphite ends and the refining of pearl-
ite of V is cancelled out, so that the 
strength reaches a maximum as a func-
tion of the V-content and drops with any 
further increase of the V-content. A big 
V-content predominates over the strength-
diminishing quality of the vanadium-
carbide in the total effect. Due to the fact 
that Cr was measured in the vanadium-
carbide, it is obvious that the Cr content 
influences the position of the maximum. 
The function, Figure 1, showing the 
course between the ultimate tensile 
strength variation and the V-content, de-
pends upon the position of the tested ar-
eas. The local cooling conditions, specific 
for this component are a clear factor of 
influence. Consequently, an individual 
application development makes sense, 
based upon the found legitimacies. This 
knowledge has been used with respect to 
the cylinder crankcase for Daimler en-
gine OM651 for a lightweight design 
with high stability. 

The knowledge concerning the forma-
tion conditions of vanadium-carbide, has 
turned out to be a quintessential point of 
vanadium-alloying. Alloying with vana-
dium can only be controlled by a foun-
dry, if the technology is fully understood. 
Otherwise, the material efficiency is low 
and bad experiences of machining prob-
lems with vanadium-carbide are pre-pro-
grammed. 

4  Lightweight Construction –  
Searching for Limits

Is there an increase in efficiency through 
an even higher ignition pressure with 
respect to downsizing? How much mate-
rial can be reduced in areas of stress, 
without falling outside of the required 
dimensions. Lightweight construction is 
the search for limits. In the lightweight 
construction system of the computer 
simulation (FEM), the construction engi-
neer can use the component behaviour 
with respect to known characteristics. 
One aim is the continued improvement 
in simulation precision. A good starting 

point would be to use material groups of 
individual mathematical material mod-
els for the calculation. For example, the 
function (1) for grey cast iron (GI) shows 
a mathematical model for the descrip-
tion of a measured tension-expansion-
curve, Figure 8, of a standardized tensile 
strength test. 

σ (ε) = ​  Ψ __________ 
​ 
 
 √
__________

 1+​( ​  Ψ ______ 10 · E · ε ​ )​
2
 ​
 ​� Eq. (1)

σ = tension [MPa]
ε = expansion [%]
Ψ = approximationscoefficent [-]

E = ​ 
dσ (ε)

 ____ dε  ​ (0) E module in origin [GPa]

Figure 5: Morphology of Pearlite Figure 6: Vanadium-carbide

Figure 7: Deep etching Vanadium-carbide
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Another starting point would be to 
have a closer look at the local character 
of the material identity values. The work 
of Daimler AG [3] takes a closer look at 
thin walled components from grey cast 
iron (GI). The CGI test carriers were pro-
duced by Halberg Guss. Sometimes, test 
sticks are unable to be taken from thin 
areas. The limit of a classical material 
test is reached. Lightweight construction 
requires a conformist metallurgy meas-
uring technique. To receive strength val-
ues also with reduced material volume, 
VW uses the wedge penetration test with 
grey cast iron. Here, the counterpart to 
the ultimate tensile strength Rm is the 
ultimate wedge penetration strength Rk. 
Can this test method be transferred to 
CGI 400 and CGI 450? With reference to 
this, a test was carried out by Halberg 
Guss to find a connection between the 
wedge pressure resistance and the tensile 
strength. An extract from this can be 
seen in Figure 9, test specimens were test 
plates.

CGI has the highest strength qualities 
under the standard materials for cylin-
der crankcases, for example, the 4.2 l TDI 
V8-engine from Audi. Lightweight con-
struction means also to penetrate into 
limits. Accordingly, the demands on 
quality management become higher and 
higher. More knowledge gained by meas-
urement means more security. Continu-
ous improvement of process security is 
obtainable through new possibilities of 
the metallurgy measuring technology. 
The strength of CGI is achieved by alloy-
ing with magnesium (Mg). But the essen-
tial point with respect to material pro-
duction is the knowledge concerning the 

interaction of Mg with other elements 
and putting this knowledge to a specific 
use. The most important thing for the 
CGI structure form is being able to mas-
ter the sum (Mg + MgO + MgS + MgSiO2 + 
remaining Mg connections). The possibil-
ity of producing gradient cast iron veri-
fies its legitimacy [4]. The interaction of 
Mg with oxygen (O) becomes measurable 
by electro-chemical sensoring by Heraeus: 
An electro-chemical sensor for cast iron 
melts which calculates the oxygen activ-
ity with regards to a fix-point from the 
actual oxygen activity and the actual 
temperature, known as aO,1420. The fix-
point was defined at 1420 °C. 

The degree of complexity is consider-
ably reduced by the introduction of the 
fix-point methodology in practical use. 
With the new activity measure, melts 
with different temperatures are easier to 
compare. The content is not to be mis-
taken for the activity. Simply put, the ac-
tivity is a measure for the effective con-
centration of an element. In a CGI com-
ponent in its hard state, the analysis 
shows approximately 20 weight-ppm ox-
ygen. The oxygen activity aO,1420, of a CGI-
melt which is ready to cast, is measured 
with this sensor at 0.2 ppm. 

The application spectrum of the oxy-
gen activity measurement in the CGI pro-
duction is varied:
–	 uncovering procedure faults
–	� combining with already widespread 

metallurgy measuring technologies, 
such as resonance analysis, thermal 
analysis (“SinterCast” measuring sys-
tem)

–	� realisation of own CGI procedures by 
integration of the oxygen activity 

measurement and a thermal analysis 
in the procedure-technical basic opera
tions of melt production.

The use of cast iron has a long history, 
but despite this, there is no stagnation in 
development due to the consistent use of 
metallurgical measuring techniques. 
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Avoiding Cavitation 
in Engine Cooling Pumps
Cavitation occurs quite frequently in engine coolant pumps and can produce various problems, notably erosive 
wear on pump components, aeration of the coolant, excessive noise and vibration. This commonly results in failure 
of the pump‘s seal, followed closely by bearing failure, leading to reduced engine cooling and ultimately failure of 
the pump itself. This article from Haldex Concentric sets out some basic design considerations that will signifi-
cantly reduce the likelihood of cavitation occurring as well as the associated failure modes.
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1  Introduction

Seal failure in coolant pumps is of par-
ticular concern for OEMs, since it is a ma-
jor cause of engine-related warranty 
claims. This has tended to focus atten-
tion on the seal‘s design, but in many 
cases seal failure is symptomatic of other 
inherent problems within the cooling 
system, which have not been avoided at 
the design stage. 

In such cases, even the pump may be 
only part of the problem and, by taking a 
system perspective, designers can achieve 
significant improvements in perform-
ance as well as reliability. This article sets 
out some simple basic design considera-
tions that will significantly reduce the 
likelihood of cavitation occurring as well 
as the associated failure modes.

2  The Phenomenon of Cavitation

Cavitation is the term used to describe 
the phenomenon of fluid vaporising, fol-
lowed by the implosion of the vapour 
bubble within the coolant circuit. Vapor-
isation of the fluid occurs if the fluid 
reaches its vapour pressure point, nor-
mally as a result of a combination of 
pressure and temperature conditions.

The graph shown in Figure 1 illustrates 
a typical vapour pressure characteristic 
for long-life engine coolants. As can be 
seen, the concentration of coolant rela-
tive to the water content has a major in-

fluence on the temperature and pressure 
at which vaporisation occurs.

With engine coolants typically operat-
ing within the 90 °C to 110 °C range and 
coolant concentration levels usually be-
ing 50 %, it can be seen that the pressure 
to cause vaporisation typically occurs be-
tween 50 kPa and just over 100 kPa abso-
lute pressure, with 100 kPa being atmos-
pheric pressure. The graph highlights 
the need for vehicle coolant systems to 
operate at elevated pressures during hot 
running conditions.

Normally the worst-case scenario will 
be when the engine is running hot, with 
the coolant running through the radia-
tor at full flow rate. If there is relatively 
low pressure at the radiator outlet, com-
bined with high coolant temperature, 
the fluid is in danger of vaporising. The 
coolant temperature at the pump inlet is 
lower than that at the engine outlet be-
cause of the temperature gradient across 
the radiator. Ideally, radiators are sized 
to accommodate a sufficient tempera-
ture gradient from the engine outlet, 
when there is minimum airflow, based 
on a high load condition of the engine, 
typical of a hot ambient trailer tow test.

3  Additional Localised  
Pressure Consideration

Within the coolant pump, it is normal for 
a local pressure reduction to occur at the 
entry to the pump impeller. This local 

Figure 1: Typical vapour pressure characteristics for long-life coolant
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pressure reduction is caused by the sud-
den acceleration in the velocity of the 
fluid as it enters the rotating impeller. If 
this local pressure reduction, along with 
the increased temperature of the coolant, 
enables the fluid to reach the vapour pres-
sure point, then fluid vaporisation will 
occur, normally within the passageways 
between the blades of the pump impeller. 
As the fluid pressure increases across the 
diameter of the impeller, the vapour bub-
ble is likely to implode causing localised 
damage to the impeller and to a lesser ex-
tent to the pump housing, Figure 2.

4  Net Positive Suction  
Head Evaluation

By comparing the conditions required to 
prevent the fluid reaching its vapour 
pressure point at the pump inlet and 
contrasting these with conditions that 
are actually available within the cooling 
system, it is possible to determine if a 
margin of safety is available or not. This 
can be determined from the following 
equation for the net positive suction 
head (NPSH):

NPSH = Ps Abs - Pv + V1² / 2g,

where Ps Abs is the absolute pressure 
head of the fluid at the point normally 

considered the pump inlet (m), Pv is the 
vapour pressure head of the fluid at the 
temperature and concentration consid-
ered (m), V1 is the fluid velocity at pump 
inlet (m/s) and pressure head = P / ρ g (m), 
where p is pressure in Pa.

It is normal to determine the NPSH 
for a given speed and flow rate prior to 
vaporisation and term this NPSHr (Net 
positive suction head required). Most 
pump manufacturers are able to provide 
NPSHr curves which indicate the reduc-
tion in total pressure head at individual 
flow conditions at a constant speed, 
based upon tested data, Figure 3.

From the NPSHr against total head 
plot, an NPSHr against flow plot can be 
produced for individual operating speeds 
of the pump.

Given the NPSHr data supplied by the 
pump manufacturer, it is possible to cal-Figure 2: Extreme damage patterns from cavitation within centrifugal pumps

Figure 3: Typical NPSHr curves

Development

MTZ 02I2009 Volume 7042 

Simulation and Calculation

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



culate the NPSHa (Net positive suction 
head available) from the cooling system. 
This involves considering the lowest pres-
sure at the pump inlet connection and 
highest estimated coolant temperature 
possible at the pump inlet, then calculat-
ing the NPSHa. If the NPSHa is greater 
than the NPSHr, then cavitation should 
not occur. However in the author‘s expe-
rience many engine coolant systems 
have a lower NPSHa than the NPSHr at 
the coolant pump.

5  Optimisation of NPSH

Haldex Concentric has developed its own 
in-house design software that can accu-
rately predict NPSHr at the specification 
stage within a pump project. By consider-
ing NPSHa relative to NPSHr up-front, 
this software identifies the potential for 
cavitation and any related problems ear-
ly in the engine design cycle.

5.1  Improvements to NPSHa
Heat rejected into the coolant is a func-
tion of engine load; therefore an extreme 
form of protection could be to de-rate en-
gine power as coolant temperature be-
gins to rise to problematic levels. Clearly 

this would be regarded as undesirable by 
the OE manufacturers, since it limits the 
power capability of the engine. Such an 
approach would also require an addi-
tional control strategy linked to a fluid 
temperature measurement, adding cost 
to the coolant system.

Increasing the pump inlet pressure 
can be achieved by means of the pres-
sure relief setting on the header tank 
cap, but caution is required since this 
has implications for the pressure rating 
of all components within the cooling 
system. It is not always practical to en-
sure a minimum header tank pressure, 
particularly as it is possible to run the 
engine without the cap, thereby reduc-
ing the coolant system pressure to at-
mospheric levels. One possible solution 
would be to provide for a proportion of 
the outlet flow from the coolant pump 
to recirculate back into the pump inlet 
so enabling a ‚supercharge effect‘ which 
boosts pressure at the pump inlet. If this 
is achieved with significant additional 
inlet flow rate but without impeller ge-
ometry changes, then the gain can be 
offset by increases in eye velocity. How-
ever, in practice,the resulting reduction 
in static pressure will dilute the effect of 
the incoming boost pressure. 

As can be seen from Figure 1, increas-
ing the concentration of the engine cool-
ant will cause an increase in NPSHa; 
however this requires the coolant con-
centration to be maintained at these lev-
els throughout the engine life, which 
will be difficult to control due to coolant 
changes at scheduled service intervals 
and occasional top-ups.

5.2  Improvements to NPSHr
The coolant pump designer and the cool-
ant system designer can minimise the 
losses that lead to reductions in pres-
sure, which is particularly important at 
the pump inlet. Simple considerations 
at an early point in the design process 
can make a good contribution, such as 
avoiding sharp bends near the pump in-
let, as they tend to cause unwanted fluid 
rotation at the impeller entry. In addi-
tion, any bends in the system will reduce 
the static pressure through friction loss-
es. This loss will be related to the inlet 
velocity, as shown in Figure 4.

Rapid accelerations or decelerations 
in the pump entry must be avoided, in 
particular sudden expansions or contrac-
tions, as these can lead to significant 
losses, again related to velocity, as illus-
trated in Figure 5. The coolant pump im-
peller, if designed correctly, will be opti-
mised, particularly at the vane leading 
edge to minimise any shock losses as the 
fluid impacts the impeller vane. This is 
achieved by matching the incoming ve-
locity vector with the correct impeller 
vane angle.

Because centrifugal pump impellers 
normally have fixed vanes, the inlet 
blade angle is optimised for a particular 
inlet velocity vector, normally at the de-
sign specification point, which will typi-
cally be peak operating efficiency. It is 
therefore preferable to operate the pump 
as close to its design point as possible, 
since this is normally the point of mini-
mum NPSHr. Operation away from the 
design operating point also leads to recir-
culation flows within the impeller entry 
and exit as shown in Figure 6.

In non-automotive applications, it is 
not unusual to utilise an additional in-
ducer impeller to provide a boost pres-
sure for the main pump impeller. Nor-
mally the inducer would provide an ex-
tension to the main impeller, protruding 
into the pump inlet.

Figure 4: Typical 90º bend 
loss coefficients
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Pump NPSHr in general will follow 
scaling laws for centrifugal pumps, 
which means NPSHr will vary in a 
squared relationship to changes in pump 
speed. This is because higher rotational 
speeds will lead to increased fluid accel-
erations as the fluid contacts leading 
edges of the impeller, resulting in larger 
localised reductions in static pressure. 
For these reasons, the pump designer 
would normally favour low rotational 
speeds to avoid cavitation. However, this 
needs to be balanced with the physical 
packaging constraints of the engine and 
the need to maximise pump efficiency, 
which can often be improved with in-
creasing speed.

5.3  Predicting NPSHr
As is common in centrifugal pump de-
sign practise, empirical data is very im-
portant to correlating mathematical re-
lationships. Haldex Concentric has been 

manufacturing coolant pumps for over 
50 years and so significant data has been 
accumulated to enable accurate model-
ling of the factors that most influence 
the localised static pressure reductions 
at the pump inlet. The in-house devel-
oped software considers the velocity pro-
file both in the pump inlet housing and 
at the impeller inlet which, together 
with empirical loss coefficients, enables 
accurate prediction of NPSHr for all but 
the most extreme geometries. As with all 
empirical relationships, once the geom-
etry departs significantly from the base 
correlation data, the correlation between 
the two becomes less accurate.

Computational fluid dynamics (CFD) 
has advanced greatly in recent years, en-
abling much greater accuracy of even 
the most complicated flow regimes. Hal-
dex Concentric is increasingly utilising 
both CFD and in-house software to refine 
predictions of NPSHr.

5.4  Margin of NPSH Consideration
To ensure that a suitable margin of 
NPSH is achieved on a new engine 
project, the coolant system designer 
should provide data concerning maxi-
mum coolant temperature, coolant 
specification details and the associated 
minimum coolant pressure adjacent to 
the pump inlet. In addition, the hous-
ing or pipework inlet geometry that 
may influence the pump inlet flow con-
ditions needs to be defined. These condi-
tions should be considered at both open 
and closed thermostatic valve condi-
tions. Computational fluid dynamics 
(CFD) may be required to accurately cal-
culate inlet pressure and velocity pro-
file, dependant upon the complexity of 
the coolant system. With this informa-
tion the pump designer can then con-
firm the NPSHa.

The pump designer‘s task is then to 
generate a design scheme to achieve the 
specification flowrate and pressures re-
quired at the specified engine speeds. 
NPSHr would be calculated on the basis 
of either an assumed drive ratio from en-
gine speed or in some cases a defined 
drive ratio from the engine designer. 
With both NPSHa and NPSHr defined, 
the consideration of a suitable margin 
can be made. This consideration should 
be made at all operating speeds, with 
overspeed usually providing the most 
difficult condition.

It should be noted that a significant 
proportion of engines are likely to oper-
ate in negative NPSH margin at some 
point in their operating cycle. This needs 
to be considered relative to the antici-
pated time duration. Coolant pump seals 
will tolerate some degree of dry running; 
however the best form of defence against 
potential problems will always be avoid-
ance of any dry running conditions 
wherever possible.

6  Conclusions

Avoiding cavitation in engine coolant 
pumps is a system design issue that re-
quires close co-operation between the 
pump designer and the coolant system 
designer. Once the system has been de-
veloped, any after-treatments that have 
to be adopted can be both expensive and 
of limited effectiveness.	 ■

Figure 6: Possible 
consequences  
of operation at 
high or low flow 
conditions

Figure 5: Typical expansion 
and contraction loss  
coefficients
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High Temperature Sealings 
for Exhaust Systems  
to Achieve Global Environmental 
Initiatives
Federal-Mogul has developed a special portfolio of High Temperature Alloy (HTA) gaskets, and a 
corresponding High Temperature Coating (HTC). In the most basic sense, the HTA and HTC innova-
tions work by providing material stability at extreme operating temperatures. They enable manu-
facturers of exhaust gas systems to meet the challenges for sealing performance up to 1000 °C 
with a highly durable product.
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1  Background

Over the past decade, vehicle manufac-
turers have strived to reduce combustion 
emissions and significantly improve fuel 
economy. Nearly all governments have 
created, or otherwise adopted, increas-
ingly stringent requirements limiting 
exhaust emissions of CO, NOX, particu-
late matter, and unburned hydrocarbons, 
Figure 1. Additionally, escalating concerns 
of limited natural resources and growing 
levels of atmospheric CO2 have prompted 
increasingly tough legislation to dramat-
ically improve vehicle fuel economy. 

Vehicle manufacturers have ap-
proached this challenge with an exten-
sive portfolio of solutions, like exhaust 
gas recirculation, direct injection, varia-
ble valve timing, turbocharging, higher 
compression ratios and much more. Each 
solution addresses different aspects of 
the combustion process, but the overall 
objective remains the same – increase 
the engine efficiency and clean up the 
exhaust. In this technological evolution, 
combustion pressures and temperatures 
have increased considerably, while more 
components have been integrated into 
the exhaust stream, increasing tempera-
tures are placing higher demands on the 
exhaust system. Turbocharging, in par-
ticular, has changed temperatures in the 
exhaust system from a manageable 
400 °C to over 1000 °C.

While exhaust temperatures have 
soared, it has become equally critical to 
completely seal the exhaust. With al-
lowable emissions approaching levels 
merely 1 % of 1990 requirements, im-
perfect exhaust sealing is no longer tol-

erated. Micro-leakage that would once 
be considered test noise now results in 
serious fines and expense for both man-
ufacturers and consumers. Complicat-
ing this situation, exhaust joints tend 
to be very dynamic interfaces. Physical 
movement of the mating parts and ex-
cessive thermal gradients together en-
sure that a simple static gasket will not 
be sufficient.

The combination of these trends has 
created a sealing challenge that has far 
exceeded traditional sealing solutions. 
Materials that typically seal well general-
ly cannot withstand extreme tempera-
tures. To tackle the challenges of extreme 
temperature, stringent leak require-
ments, and dynamic joint motion, Feder-
al- Mogul Corporation developed a portfo-
lio of High Temperature Alloys (HTA). 
These alloys were designed to maintain 
superior sealing in very high tempera-
ture, highly dynamic environments. 

Providing a metal gasket material was 
only half of the challenge for sealing 
highly dynamic joints. With surface im-
perfections in both the gasket and the 
mating flanges, a pliable coating was al-
so necessary to provide the necessary ex-
haust gas micro-sealing. This coating re-
quired very low friction, to prevent gall-
ing and wear of these highly mobile 
joints. Typically, Molybdenum-based 
coatings had been used for micro-seal-
ing. As temperatures exceed 600 °C, the 
Molybdenum coatings break down, caus-
ing joint wear and leaks. Federal-Mogul’s 
High Temperature Coating (HTC) was de-
signed to work with HTA to provide a 
complete, durable, long term exhaust 
sealing solution, Figure 2.
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2  The Need for  
High Temperature Alloy

As Federal-Mogul has worked with its cus-
tomers to provide HTA solutions, it has 
been clear that certain segments need 
HTA much more urgently than others. 
Manufacturers of commercial vehicle en-
gines, in particular, found that pushing 
turbocharged diesel engines beyond 
220 bar cylinder pressure and the use of 
exhaust gas recirculation resulted in ex-
cessively hot exhaust temperatures. Simi-
larly, automotive customers are discover-
ing that modern variable geometry tur-
bocharging is forcing exhaust tempera-
tures to levels beyond 1000 °C. In both 
cases, Federal-Mogul has been able to pro-
vide HTA solutions that solve high tem-
perature sealing problems and enable 
the exhaust system changes required to 
achieve the engine performance targets.

This trend of increasing exhaust tem-
peratures will likely accelerate. The dom-
inating global automotive strategies are 
downsizing and turbocharging, squeez-
ing tremendous performance out of each 
engine. Boosted engines in the U.S., in 
particular, are expected to grow 65 % an-
nually over the next half decade. Com-
mercial vehicle manufacturers are also 
continuing this trend, with newer en-
gines requiring increased combustion 
pressures and temperatures. 

3  Material Innovation   
High Temperature Alloy

Today’s high-performance automotive 
and truck exhaust gaskets have moved 

well beyond the traditional composite 
exhaust gasket technologies. As emission 
requirements have tightened, gasket de-
sign has evolved from fiber, to graphite, 
then finally into Single-Layer Steel (SLS) 
and Multi-Layer Steel (MLS).

SLS / MLS constructions, used for both 
cylinder head and exhaust gaskets, were 
a significant departure from historic flat 
gaskets. With SLS technology, a thin layer 
of hardened steel is stamped with bead-
shaped embossments.

The bead shape in stainless steel effec-
tively forms a spring. This spring is com-
pressed during joint assembly and pro-
vides the gasket dynamics necessary to 
maintain a tight seal as the mating ex-
haust components bend and flex as a re-
sult of both thermal and mechanical 
stresses. The measured ability of the gas-
ket bead to respond and conform to the 
joint dynamics is known as “recovered 

height,” and is simply the amount of 
spring left in the material after compres-
sion, Figure 3. When a particular joint 
movement exceeds the recovered height 
potential of a single-layer gasket, addi-
tional embossed layers can be stacked 
together to form Multi-Layer Steel via 
springs in series theory.

As exhaust gasket temperatures climb 
above 425 °C, the Single-Layer Steel gas-
ket system runs into difficulty. The high-
er temperature limits the ability of the 
301 Stainless Steel to spring back, reduc-
ing its dynamic sealing performance. To 
some extent, this can be compensated by 
adding more gasket layers, increasing 
the overall spring working potential. 
However, the benefit of added layers is 
offset by added cost and additional leak 
path potential. As exhaust temperatures 
become extreme, stainless steel MLS gas-
kets may not be suitable at all, regardless 

Figure 3: Load deflection/recovery characteristic

Figure 2: High temperature alloy exhaust sealing solution
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of the number of extra layers, due to the 
thermal degradation of the material. 

To address the growing concern over 
increasing exhaust temperatures, Feder-
al-Mogul developed a portfolio of High 
Temperature Alloy (HTA) materials. The 
HTA gaskets alloys were developed to fill 
the broad performance gap between low-
end stainless steel and high-end specialty 
materials. 

HTA gaskets provide several benefits 
for extreme temperature exhaust chal-
lenges. The ability of the alloys to main-
tain high strength under extreme heat 
ensures embossments maintain proper 
spring tension, delivering an effective dy-
namic seal under high pressure and tem-
perature. Specifically, the portfolio of 
HTA products provides:
–	 �200 to 500 % improvement in recov-

ered height, vs. 301 Stainless Steel
–	 �superior sealing and creep resistance 

up to 1000 °C
–	 �potential to reduce the number of ac-

tive gasket layers, reducing complexi-
ty and potential leak paths.

4  Material Development

The engineering of the High Tempera-
ture Alloys required an extensive screen-
ing process where numerous alloy chem-
istries were reviewed for creep resistance 
and thermal stability, Figure 4.

As candidate materials were identi-
fied, they were evaluated and directly 
compared with the typical exhaust seal-
ing material – 301 (full-hard) stainless 

steel. The benchmark for performance 
was established to be the recovered 
height for 301 Stainless Steel at its known 
operating capability – 60 μm.

A laboratory screening test was devel-
oped where standard washers were 
clamped between two hardened pucks, 
acting as the bolted joint flanges. A load 
of 171 kg per centimeter of embossment 
length was applied to the assembly. After 
installing the test specimen, the fixture 
was placed in a preheated furnace at the 
appropriate test temperature for 17 
hours, removed and allowed to cool. The 
residual embossment height on the test 
specimen was measured with a stylus-
type profilometer. The recovered height 
performance of each alloy was plotted 

versus temperature, Figure 5. The metast-
able 300 series alloys, such as 301 and 
316Ti provided good performance up to 
427 °C, due to the presence of transfor-
mation-induced Martensite, but degrad-
ed rapidly as the temperature increased. 

The rapid degradation of the 301 Stain-
less Steel was confirmed by a study of mi-
cro-hardness. As shown in Figure 6, the mi-
cro-hardness of 301 Stainless Steel changes 
significantly after exposure to tempera-
tures above 427 °C, indicating a loss of me-
chanical properties. In the case of exhaust 
sealing performance, this limits the ability 
to provide dynamic recovery and maintain 
adequate contact for proper sealing.

Based on the results from this test, 
and similar evaluations, the high tem-

Figure 4: Alloy screening creep resistance

Figure 5: Lab clamp test – recovered heights
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perature alloy portfolio was defined. Note 
the range of materials and suggested per-
formance capability in the temperature 
ranges as illustrated in the Table. 

A critical accomplishment in the HTA 
development was the definition of an 
entire portfolio of materials, permitting 
material selection based upon the spe-

cific application operating environment. 
The operating temperature at each joint 
drives the HTA grade selection, as tem-
peratures vary considerably in the ex-
haust system, Figure 7. The turbocharger, 
downpipe, exhaust manifold and EGR 
(cold and hot side) all have different 
thermal stresses, and one universal solu-

tion is not always practical. Thus, the 
HTA portfolio enables the engineering 
of the right solution for each exhaust 
system application.

5  Material Innovation   
High Temperature Coating

Solving the challenge of high tempera-
ture material recovery was critical, but 
ultimately only addressed half of the seal-
ing concern. The micro-sealing of an ex-
haust gasket is accomplished by a coating 
applied to the embossed gasket layers. In 
exhaust sealing applications this coating 
is often required to have dual functional-
ity, sealing the surface asperities of the 
mating flanges and reducing the damag-
ing effects of motion through reduced 
friction. At temperatures over 600 °C, tra-
ditional molybdenum-based coatings 
break down and lose functionality, lead-
ing to a loss of sealing function and gall-
ing of the mating flanges. Figure 8 clearly 
illustrates this coating breakdown. Post 
test conditions of the gasket reveal evi-
dence of cast iron material from the ex-
haust flange bonded to the gasket which 

Figure 7: Illustration of exhaust system application environments

Figure 6: 301 SS hardness 
versus temperature

Alloy # Temperature Range

1 425 – 540 °C

2 540 – 650 °C

3 650 – 750 °C

4 750 – 850 °C

5 > 850 °C

Table: High temperature alloy portfolio

Figure 8: Typical failure 
mode – picking
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indicates micro-welding and material 
pull-out during operation. This is further 
indication of coating degradation and 
failure at elevated temperature.

To address the coating concern and 
complement the High Temperature Alloy 
portfolio, Federal-Mogul developed a 
unique High Temperature Coating (HTC). 
This coating is much more stable at ex-
treme temperature than existing prod-
ucts. Additionally, the coating retains its 
film integrity at high temperatures, reduc-
ing the potential for galling of the flanges 
and allowing easy gasket removal.

The high temperature coating (HTC) is 
unlike any coating seen in applications 
before. It is free of molybdenum disulfide 
and it is not elastomer based. The coat-
ing contains a three binder system, 
which helps provide superior perform-

ance over a wide temperature range. The 
filler system was chosen to optimize seal-
ing properties both at ambient and ele-
vated temperatures while maintaining a 
consistent coefficient of friction over a 
range of operating temperatures. 

Specifically, to provide the best possi-
ble coating for extreme temperature ap-
plications, the coating was designed to 
these specifications:
–	 �thermally stable to at least 1000 °C
–	 �effective seal both at ambient and at 

high temperatures
–	 �excellent bond to the new HTA sub-

strates
–	 �resistant to warm water, for applica-

tions where condensation in the ex-
haust system could occur

–	 �water-based and low hazard for the 
environment.

6  High Temperature Coating  
Material Development

The strategy to develop the coating free 
of Molybdenum disulfide was based on 
the fact that the MoS2 will react in a high 
temperature, oxidizing environment to 
form Molybdenum trioxide (MoO3). This 
MoO3 molecule is a highly abrasive mate-
rial and greatly increases the potential 
for bolted joint degradation and sealing 
failure. 

Figure 9 illustrates the effect of this 
MoS2 molecular transformation by a no-
table increase in the coefficient of fric-
tion as temperature increases. The HTC 
coefficient of friction, by contrast, is con-
stant over the temperature range from 
ambient to 700 °C. 

The thermal stability of the HTC coat-
ing was further analyzed using a thermo-
gravimetric analysis (TGA) as shown in 
Figure 10. The HTC demonstrates thermal 
stability up to 1000 °C, while the conven-
tional molybdenum based coatings were 
completely reduced to ash.

7  Conclusion

The dominating trends in the automo-
tive and commercial vehicle industry are 
to improve the efficiency of the combus-
tion process and to clean up the exhaust. 
This is undeniably necessary to meet 
stringent emission and fuel economy re-
quirements. This efficiency trend is gen-
erating increasing exhaust temperatures, 
while the micro-leak can no longer be 
tolerated. Increasing the effectiveness of 
sealed joints in the exhaust system is 
paramount to meeting environmental 
and emissions regulations and to provide 
accurate engine management data. The 
exhaust system thermal and mechanical 
complexity continues to increase; this 
complexity is evolving the design of ex-
haust system sealing solutions to be a 
non-trivial task.

Lower applied loads, increased flange 
movement and distortions, plus tempera-
tures in excess of 850 °C, make it diffi-
cult for traditional exhaust gaskets to 
provide an effective seal. Thus, advanced 
technical solutions, such as the HTA/HTC 
innovation, are required to develop high-
ly robust solutions to this challenging 
technical problem.	 ■ 

Figure 10:  
Thermogravi-
metric analy-
sis of HTC

Figure 9:  
Coefficient 
of friction 
comparison
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Oil Emissions of a SI Engine 
Process Development for 
Measurement and Simulation
The aim of the FVV research project “Oil Vaporization” I to III (FVV No. 902) was to measure the oil emissions using 
thermic and gas-dynamic processes of a combustion engine and subsequent validation of a simulation program. For 
the first time a cylinder-extraction and rapid emission measurement of the vaporized oil residues in the cylinder of a 
SI engine was carried out by Helmut Schmidt University (University of the Federal Armed Forces Hamburg), Technical 
University Hamburg-Harburg and University of Kassel (all Germany). The measurement results obtained made it 
possible to significantly develop the simulation of the piston ring / cylinder oil emissions in this research project.

Research

MTZ 02I2009 Volume 7054 

Emissions

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



1  Introduction

Oil consumption of a combustion engine is generally 
understood as the time-related oil loss from the oil 
cycle and is mostly the result of lubricant oil entering 
the combustion chamber, which can be measured us-
ing a mass balance, Figure 1. The combustion cham-
ber is regarded as an open system in which a mass 
exchange with the surrounding area takes place via 
the inlet (E) and outlet (A) and via the ring packet, 
Table 1. The mass flowing into the combustion cham-
ber via the inlet reveals a proportion of lubricant oil, 
the origin of which could be the ventilation of the 
crankcase, the turbocharger or the valve spindle 
tracks. In the area of the piston ring packet compo-
nents of the lubricant oil are emitted from the lubri-
cation film on the cylinder wall into the combustion 
chamber. A further distinction is made between the 
Gas Flows blow-by (BB) and reverse blow-by (RBB). 
While the reverse blow-by flow transports the gas en-
riched with lubrication oil in the interim ring area 
into the combustion chamber, with the blow-by flow 
transport in the opposite direction takes place. In the 
combustion chamber the lubricant oil vapour con-
centration is further increased by the input of vapor-
ized (V) oil from the cylinder wall and the centrifuga-
tion of oil above the first compression ring.

In the combustion chamber gas all the parts list-
ed in the balance, except for the oil vapor particles 
transported with the blow-by into the crankcase can 
be measured. The measurements were carried out 
with a rapid mass spectrometry gas analysis system 
developed as a result of two FVV research projects [1, 
2] at the Technical University Hamburg-Harburg. 
This system makes it possible to determine the sum 
of the hydrocarbons in the exhaust gas and indeed 
separately according to hydrocarbons, which stem 
from fuel and lubricant oil. The precise assignment 
of the concentrations measured to the individual 
work cycles of the engine allows the correlation to 
the simulation. The priorities of this work were in 
the extraction, the transfer to the mass spectrome-
ter and the time-based assignment of the part taken 
from the cylinder charge.

The simulation technology of the project is based 
on the simulation programs KORI3D and PRO [3, 4 
and 5] developed at University of Kassel. The piston 
ring dynamic simulation KORI3D provides the nec-
essary basic conditions such as the oil quantities in 
the system (lubrication film height cylinder wall) 
and gas flows (blow-by und reverse blow-by) in the 
ring packet.

Next the program PRO uses these results to deter-
mine the oil consumption proportions in the cylin-
der. The thermal evaporation processes are calcu-
lated in the transfer of the lubrication film to the 
combustion chamber as well as the gas-dynamic 
proportions through blow-by.

The Authors

Prof. Dr.-Ing.  
Gunter Knoll 
is the director of the 
Institute for Machine 
Elements of the  
University of Kassel 
(Germany).

Dipl.-Ing.  
Frank Schlerege 
is the head of simu­
lations at the Institute 
for Machine Elements 
of the University of 
Kassel (Germany).

Prof. Dr.-Ing.  
Gerhard Matz 
is the director at the 
Institute of Measure­
ment Technology of 
the Technical Univer­
sity Hamburg-Harburg 
(Germany).

Dipl.-Ing.  
Sven Krause 
is scientific assistant 
at the Institute of 
Measurement Tech­
nology of the Technical 
University Hamburg-
Harburg (Germany).

Prof. Dr.-Ing.  
Wolfgang Thiemann 
is the director of the 
Institute for Auto­
motive and Power 
Train Engineering of 
the Helmut Schmidt 
University/University 
of the Federal Armed 
Forces Hamburg  
(Germany).

Dipl.-Ing.  
Philipp von Hollen 
is scientific assistant 
at the Institute for  
Automotive and Power 
Train Engineering of 
the Helmut Schmidt 
University/University 
of the Federal Armed 
Forces Hamburg  
(Germany).

Dr.-Ing.  
Arnim Robota 
is head of combustion 
engine testing at  
Federal Mogul  
Burscheid GmbH in 
Burscheid (Germany).

MTZ Peer Review
The Seal of Approval  
for scientific articles  
in MTZ.  
Reviewed by experts from research 
and industry.

Received���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �  October 02, 2008
Reviewed�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� � October 28, 2008
Accepted �� �� �� �� �� �� �� �� �� �� �� �� �  November 16, 2008

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



2  Test Bed and Test Sample

For all oil emission measurements a λ = 1 
controlled 2.0-litre four-cylinder SI en-
gine from Volkswagen with a nominal 
power of 62 kW at 4300 rpm speed, which 
had been tested at the Helmut Schmidt 
University Hamburg (Drive Systems Tech-
nology Laboratory), was used. The gas 
enriched with lubricant oil from the 
crankcase was constantly discharged into 
the atmosphere via a separate track into 
a blow-by gas meter and the connection 
with the crankcase on the suction pipe 
side closed. The cylinder wall tempera-
tures were measured at three levels par-
allel to the piston track on the pressure 
and counter-pressure side.

3  Oil Emission Technology

The main component of the equipment 
used to measure oil emissions is the mass 
spectrometer (MS), Figure 2, modified to 
measure lubricant oil (mass-to-charge ra-
tion m/z > 170) [1, 2].

3.1  Gas Transport
The measurement of the oil vapour pro-
portion in the combustion chamber re-
quires continuous gas transport from the 
combustion chamber to the gas analyser. 
A simple direct connection between the 
combustion chamber and the gas analys-
er, as for example has been achieved with 
a capillary, proved to be disadvantageous 
in two respects.

First, there is a pressure-proportional 
mass flow in the capillary from the tran-
sient pressure flow within the combus-
tion chamber, which leads to operating 
pressure in the ions source that exceeds 
the permissible limit. Second, a rapidly 
falling pressure in the cylinder causes 
reverse flow in the capillary. The newly 
developed extraction system of this 
project has none of the disadvantages 
mentioned.

3.2  Construction
The system, Figure 3, consists of a probe 
head, a transfer track and a fore-vacuum 
area. The probe head terminates flush 
with combustion chamber wall and is 
provided with a bore hole that forms the 
first step in the gas extraction system. On 
the way to the mass spectrometer there 

is a series of transfer capillaries (TK), the 
internal diameter of which increases 
progressively.

The restriction capillary (RK), which 
leads to the ion source of the MS, pro-
trudes into the exit area of the transfer 
capillary. The sampling area is located 
between the inlet valve and the spark 
plug of the first cylinder.

3.3  Transfer Time Correction
Depending on pressure and temperature 
within the combustion chamber the gas 
molecules require transfer times of dif-
ferent length to pass through the extrac-

tion system. These running time differ-
ences require a correction of the time 
axis. For this the known carbon dioxide 
concentration CO2 Sim from the cycle pro
cess calculation in the combustion cham-
ber is compared, as required by the com-
bustion cycle from the indexing data, 
with MS measurement CO2 Mess.

A genetic algorithm generates a trans-
fer time correction function S(φ). This is 
applied to the measurement CO2 Mess and 
the difference from the known concen-
trations CO2 Sim minimized in an iterative 
process. If this is minimal, the transfer 
time correction S(φ) is used to assign all 

Figure 1: Balancing the cylinder oil emissions

Abbreviation Meaning Location

E inlet via intake valve(s)

A exhaust via exhaust valve(s)

BB blow-by gasstream into crankcase

RBB reverse blow-by gasstream out of the ring package

V evaporated lubricant-oil from cylinder liner

AS centrifugated lubricant-oil centrifugation of oil above first compression ring

C concentration of mass

​ dm ___ dφ ​ mass stream as a function of degrees of crankangle

X measureable, calculable

Table 1: Nomenclature in Figure 1
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further components measured in this op-
erating point correctly to the time axis.

3.4  Preparation of Measuring Signal
For every operating point the measuring 
signals of the mass spectrometer for oil 
(m/z > 170) and carbon dioxide (m/z = 44) 
recorded and averaged crank angle-tag-
triggered – in the time of 200 cycles. To 
assign the values recorded to the crank-
shaft position the measuring signal ref-
erenced on ITDC according to the meth-
od described earlier is displaced by the 
transfer time. The minimal increase time 
is T10-90 = 2.5 ms.

The calibration of the measuring sys-
tem is done with an appliance that pro-
duces an oil vapour-air mixture of known 
composition. A real process calculation 
provides the mass contained in the com-
bustion chamber consisting of air, fuel 
and residual gas.

4  Testing Program and Results  
of Oil Emission Measurement

To validate the program PRO the engine 
was fitted with selected components and 
measured in its operating area. Within 
the framework of the project compre-
hensive variations of roughness, ring fit-
tings, temperatures and lubricants were 
carried out by means of simulation.

The results of these calculations serv
ed as the selection criterion for the test 
bed components used. The measurement 
was carried out with cylinder crankcase 
with low basic roughness and a piston 
ring packet with low oil wiping action, 
Table 2 and Figure 4. The measurements of 
the oil emissions in the exhaust mani-
fold (APK) and the cylinder measurement 
were carried out in the entire operation 
area of the engine. Load and revolutions 
were varied in 29 operating points that 
cover the entire grid of the test carrier.

4.1  Results of the Exhaust Manifold 
Measurement
The first measurement was that of the 
oil emissions in gas extraction from the 
exhaust gas manifold. In accordance 
with the trial plans set out operating pa-
rameters (operating points, coolant tem-
perature) and important constructional 
elements of the engine (running surfaces 
topography, piston ring packet, lubricant 

oil with various viscosity and evapora-
tion) were varied in two phases. The larg-
est oil emission was investigated in all 
variants at the highest revolution and 

full load. A main effect analysis of the 
measured values produced the effects, 
listed in Table 3, on the performance-spe-
cific oil emissions.

Figure 2: Measuring technique: combustion chamber gas sampling, transfer-line to the mass 
spectrometer, components for analytical determination; digital signal processor (DSP) for the 
data acquisition of the detector signal and crankshaft position (°CA/TDC); mass spectrum of 
the combustion chamber gas with filter adjustment to measure lubricant oil

Figure 3: Cylinder inlet system
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4.2  Results of the Cylinder Measurement
The gas composition of the cylinder was 
analysed with the gas extraction system 
described here. Figure 5 shows oxygen, 

toluene, carbon dioxide and the oil con-
centration. The measured and time-cor-
rected cycles of reaction educts and 
products can reasonably be assigned to 

the work cycles. Figure 6 shows the ef-
fects of load and revolution on the oil 
evaporation in the combustion cham-
ber. With all speed frequencies the load 
variation with increasing revolution 
momentum produces a significant in-
crease of the oil amount evaporated into 
the cylinder per work cycle. With in-
creasing revolution speed more oil, at 
constant load, is emitted per time unit 
into the combustion chamber and ex-
pelled at the fourth cycle.

5  Simulation of the Piston Ring  
Movement and Oil Consumption

The piston-ring dynamic simulation 
KORI3D was developed in the FVV 
projects “Piston Ring Friction” I/II for the 
design of the piston ring with regard to 
friction losses and seal effect and delivers 
both the oil amounts in the system (lu-
bricant oil height cylinder wall) and the 
gas flows (blow-by und reverse blow-by). 
The movement behaviour of the rings 
with respect to the ring groove and cylin-
der wall dependent on internal and ex-
ternal forces is described.

The methodical procedure of the mul-
ti-bodied dynamic model formation and 
coupling with the EHD lubricant film re-
actions of the piston ring/piston groove/
cylinder corresponds in principle to the 
procedure described in Figure 7. The basis 
of a transient calculation of the kinemat-
ics and kinetics of multi-bodied systems 
is the formulation of the Newtonian 
equation of motion. As a result the neces-
sary basic conditions for the lubricant 
gap geometry and for the hydro-dynamic 
speeds can be calculated.

5.1  PRO Cylinder Oil Emission  
Calculation
At the heart of the program system PRO 
developed in a FVV research project is 
the tribological-thermic system of pis-
ton/piston ring/cylinder wall. PRO deliv-
ers, on the basis of residual oil film 
height, the cylinder oil emission of min-
imal gap width and blow-by and/or re-
verse blow-by gas mass flow from the 
KORI3D simulation. The free oil or re-
sidual film height released on the cylin-
der wall of the combustion chamber are 
thus based on optimized formulations 
of the reciprocal oil amounts that pass 

Cylinder Crankcase Value Unit

Description “Fine honing” –

Core roughness depth Rk 0.6 µm

Reduced centre height Rpk 0.1 µm

Reduced groove depth Rvk 1.0 bis 1.5 µm

Honing angle 45 °

Table 2: Characteristic data of cylinder honing

Figure 4:  
Data of the 
ring packet
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between the rings inside the ring move-
ment and oil transportation. The models 
used in PRO record the lubricant oil in-
puts by evaporation from the freely-guid-
ed cylinder wall together with the oil 
evaporation parts transported with the 
gas mass flows (blow-by / reverse blow-by) 
in the area of the piston ring packet. Dur-
ing the combustion, expansion and ex-
pulsion process high combustion cham-
ber gas temperatures and heat transfer 
rates result in the heating of the oil film. 
Both during the combustion process and 
in the exhaust stroke the result is evapo-
ration of the lubricant oil film from the 
freely guided cylinder wall. The evapo-
rated lubricant oil is emitted together 
with the other parts (reverse blow-by) in-
to the combustion.

5.2  Calculation of the Lubricant Film
In PRO the temperature of the lubricant 
film will be calculated starting with the 
temperatures of the combustion cham-
ber, the cylinder and the coolant. The 
oil consumption simulation therefore 
requires the solution of unsteady heat 
conduction equation in the area of heat 
exchange water/cylinder/oil film to in-
vestigate the oil film surface tempera-
ture and, building on that, material 
transition in diffusion and evaporation. 
The oil evaporation rates from the free 
cylinder wall in the combustion cham-
ber depend on the material properties 
of the oil, the pressure and temperature 
on the oil film surface and the gas 
speeds.

A distinction is made between several 
mechanisms of oil consumption. If the 
pressure of the freely guided lubricant 
film surface element falls below the tem-
perature-dependent vapour pressure, a 
certain amount of oil evaporates and 
evaporation enthalpy is release, which 
cools the oil film until a thermal equilib-
rium has set in. If the pressure is higher 
than the vapour pressure, the material 
transfer takes via diffusion place by 
means of material transfer laws. The gas 
mass flow takes part of the oil coating 
into the ring grooves and gaps on the 
ring. The ring-related gas temperature 
from KORI3D with the respective gas 
mass flow in the direction of the crank-
case (blow-by) and of the combustion 
chamber (reverse blow-by) is included in 
a balance of the oil released in the gas.

Factor Unit Stage 1 Stage 2 Main Effect

Oil viscosity mm2 / s 10 14 -0.03

Noack number % 15 7.5 (6) 0.09

Piston ring packet – Type A Type B 0.24

Honing – rough fine 0.22

Heat exchange water 
temperature

°C 80 100 0.06

Mean value oil emission g / kWh 0.58

Table 3: Exhaust manifold measurement, performance-specific oil emission

Figure 5: Running time-corrected measurement results of oxygen, carbon dioxide, toluene 
and oil at the operating point n = 2000 rpm; M = 145 Nm

Figure 6: Effect of the strokes and operating points
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6  Program Validation

The load case co-ordinated calculation 
results of the program system KORI3D 
formed the basis for the validation of the 
program system PRO. In addition to the 
plausibility control of the ring dynamic 

the measured blow-by values were ad-
duced as a co-ordination variable. Based 
on the KORI3D simulation results the 
cylinder wall temperature was adjusted, 
depending on the operating point, to the 
measured temperatures in a second step. 
This happened through the adjustment 

of the heat transfer coefficients (αcylinder) 
of the heat exchange water until the esti-
mated wall temperature agreed with the 
measured values, Figure 8. The green line 
represents the position of the cylinder 
wall temperature sensors, applied on the 
thrust side and anti thrust side. The red 
line is the march of temperature from 
the combustion chamber gas through 
the oil film and cylinder wall to the cool-
ing medium. This temperature results 
from the unsteady thermal conduction 
calculation, with heat transfer coeffi-
cient (α = f(p, ϑ, v, V)) according to the 
equations of Woschni, Hohenberg and 
respecively Huber.

The validation of the stroke- and crank 
angle-dependent oil consumption calcu-
lations was carried out in the entire en-
gine operating map.

The crank angle related characteristic 
data served to test and adjust the con-
sumption mechanisms implemented in 
PRO. For this the quality of the runs and 
the consumption rates were adduced.

The results of the measurement and 
calculation are presented later in tabu-
lar form in the partial and full load area. 
Figure 9 shows the comparison between 
the integral and stroke-related oil con-
sumption from the simulation with the 
characteristic data of the GES. With the 

Figure 7: Simulation of the piston ring dynamic and cylinder oil emissions

Figure 8: PRO model – unsteady heat conduction 
and thermal coordination with temperature  
measurements

Research

MTZ 02I2009 Volume 7060 

Emissions

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



simulation values the oil consumption 
is represented both by evaporation of 
the lubricant film on the cylinder wall 
and as the sum of the evaporation on 
the cylinder wall, impact and reverse 
blow-by. It also shows the stroke depend-
ing mass of oil, emitted in the cylinder. 
The exhaust gas contains the final val-
ues at the end of the power stroke, ITDC 
(ignition top dead center) to BDC (bot-
tom dead center) and the exhaust stroke, 
BDC to TDC (top dead center).

The inflowing fuel-air mix in the in-
take stroke (TDC-BDC) reduces the oil 
concentration that comes from the re-
sidual gas. For this reason no increase 
can be measured by the MS at the place 
of the sample taking in the intake stroke. 
As shown in Figure 9, a significant com-
parison between measurement and simu
lation is possible therefore only in the 
power and respectively the exhaust 
stroke. On the basis of the simulation re-
sults it can be seen clearly that in the 
work cycle the oil consumption is made 
up by evaporation and the reverse-flow-
ing gas. The sole use of the thermal con-
sumption proportion alone delivers to 
small amount at the end of the power 
and exhaust stroke that is too small in 
comparison with the measurement. The 

reverse blow-by also delivers important 
information about the load and speed-
dependent consumption proportion of 
the strokes.

In connection with the validation of 
PRO operating points were calculated in 
the entire engine characteristics map. 
This took place for the test bed configu-
ration used in oil evaporation II on the 
GES system development. In Figure 10 the 
simulation results are compared with 
the characteristic data of GES II in the 
engine characteristics map for 90 °C heat 
exchange water. The comparison shows 
both a high level of agreement in the 
load dependency and a high quantitative 
agreement between simulation and 
measurement.

7  Summary

Knowledge of the temporal and physical 
interrelationship of cylinder oil emis-
sion makes it possible to reduce these 
oil consumption sources. The combina-
tion of measurements and simultane-
ous simulation of oil emission, by means 
of the analysis and program systems de-
veloped in several FVV projects (num-
bers 826/902/M0707), yields important 
information. The investigations were 
carried out by Helmut Schmidt Univer-
sity (University of the Federal Armed 
Forces Hamburg), Technical University 

Figure 9: Time required by cylinder oil consumption, comparison between measurement and 
simulation (full load)

Figure 10: Cylinder oil consumption engine operating map (four cylinders), comparison  
between simulation and measurement (ϑKW = 90 °C)
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Hamburg-Harburg and University of 
Kassel (all Germany). By means of an 
agreed test and simulation program 
measurements on the exhaust chamber 
and cylinder measurements within the 
entire engine characteristics map were 
carried out. The absolutely necessary 
basic gas and thermodynamic condi-
tions were recorded and implemented 
on the trial 2.0-litre SI engine.

With the gas extraction system devel-
oped more detailed information about 
the crank angle related oil concentra-
tions in the cylinder is available. For the 
first time a cylinder extraction, rapid 
emission measurement of the vaporized 
oil components and timely assignment 
of the measured concentrations to the 
individual work strokes on the engine 
in the engine cylinder have been carried 
out. The important key to achieving the 

measurement proved to be the transfer 
time analysis and correction presented 
in combination with the signal calibra-
tion and preparation. In the combus-
tion chamber gas all oil vapour parts 
(except for blow-by) can be measured. 
The biggest effects on the oil emissions 
of this engine are produced by the hon-
ing and piston ring packet. The effect of 
lubricant and cool water is smaller.

A basis for validating the PRO pro-
gram system was the results calculated 
by KORI3D for the piston ring dynamic. 
In addition to the plausibility control of 
the ring dynamic measured blow-by val-
ues were also considered. In PRO the cyl-
inder wall temperature was compared, 
depending on the operating point, with 
the temperatures measured by iterative 
adjustment of the heat transfer coeffi-
cients of the heat exchange water. The 
crank angle-related measurement read-
ings then served to test and adjust the 
consumption mechanisms implement-
ed in the PRO. For this, both the quality 
of the runs and the consumption rates 
were adduced.

A meaningful comparison between 
measurement and simulation is possi-
ble only in the power and exhaust 
stroke. By means of the simulation re-
sults it can be seen clearly that in the 
power stroke the oil consumption is 
made up by evaporation and the re-
verse-flowing gas. The use of the ther-
mal consumption part alone delivers 
an oil emission that is too small in com-
parison with the measurement. The re-
verse blow-by also delivers important 
information about the consumption 
parts of the strokes that are load and 
speed dependent. In the entire engine 
characteristics map a good quantitative 
agreement between measurement and 
simulation is visible.

The rapid metrological recording of 
the cylinder oil emissions by means of 
the gas extraction and mass spectrom-
eter analysis system now available 
makes it possible to allocate the operat-
ing point- and stroke-related oil con-
sumption mechanisms to simulation 
technology. Because of the measure-
ment results obtained it has been pos-
sible to decisively develop the si
mulation chain from KORI3D and PRO 
of the piston ring/cylinder oil emissions 
further.
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