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COVER STORY
 

Thermoelectrics  
in Automobiles

4
In combustion engines, the majority of the energy is converted into 
wasted heat. With a thermoelectric generator, a part of this wasted 
energy can be converted into electric energy. The BMW Group decided 
to develop a prototype vehicle with a Thermoelectric Generator in 
order to investigate the interactions of this technology with the power-
train as well as further fundamental topics.
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04I2009

Dear Reader,

There is no doubt that the economic cri-
sis that we are currently experiencing is 
a global one. But does that also mean the 
end of globalisation, as some are predict-
ing? Unfortunately, people tend to have 
short memories. They would otherwise 
recall that people were already preaching 
the “end of the world as we know it” after 
the collapse of the New Economy and the 
9/11 terrorist attacks. In fact, the recession 
of 2001/2002 was followed by several years 
of prosperous growth, based to a large ex-
tent on emerging economies like China 
and India buying production resources 
in the triad in order to manufacture con-
sumer goods for the whole world.

As a publishing house whose roots go far 
back into the past (the scientific publish-
ing house Springer was founded in 1846, 
and the magazine ATZ in 1898), we tend 
to focus less on short-term events than 
on long-term trends. I believe that the 
growing together of the global economy 
will not be reversible as long as people 
throughout the world continue to strive 
for prosperity. Whether they are at the 
Ganges or the Ural, they do so with the 
same entitlement and the same energy as 
we did decades ago. 

For that reason, we are also launching 
two new international products over the 
next few days. The first is the MTZ refer-
ence work “Gasoline Engine with Direct 
Injection”, the first English-language 
book to be published by Vieweg+Teubner 
(founded, by the way, in 1786). The book 
was written by our publisher, Dr. Rich-
ard van Basshuysen, an acclaimed expert 
in the field of direct injection for diesel 
and spark-ignition engines and one of its 
strongest proponents. The second new 
product is the very first edition of ATZ 
in Chinese, published to mark the Auto 
Shanghai car show. This will allow us to 
reach the growing numbers of Chinese 
car and engine developers – your business 
partners of tomorrow.

I wish you all the best – and hope that, in 
spite of all the talk of crisis, you keep your 
long-term objectives in mind, both profes-
sionally and personally.

Johannes Winterhagen
Frankfurt/Main, 22 February 2009

No End to Globalisation

Johannes Winterhagen
Editor-in-Chief

EDITORIAL
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The Thermoelectric Generator 
from BMW is Making Use of Waste Heat 
Even in a highly efficient, state-of-the-art internal combustion engine, the majority of the energy 
contained in the fuel is converted into wasted heat. With a thermoelectric generator, a part of this 
wasted energy can be converted into electric energy. So far there are no high temperature thermo
electric materials commercially available. The BMW Group decided to develop a prototype vehicle 
with a thermoelectric generator in order to investigate the interactions of this technology with the 
powertrain as well as further fundamental topics. 

Cover Story
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1  BMW Efficient Dynamics

With BMW Efficient Dynamics, the BMW 
Group established a strategy that ensures 
that even in the future, driving pleasure 
and environmental sustainability are no 
contradiction. In the past, reductions 
were achieved by conventional methods 
of improving the powertrain. In order to 
achieve further significant reductions, a 

function-oriented total vehicle approach 
is required.

In order to further reduce CO2 emis-
sions, the BMW Group began as early as 
in the year 2000 to consider all physical 
levers and their interactions with the to-
tal vehicle approach. A systematic proce-
dure with corresponding priorities is a 
prerequisite for new approaches to the 
solution, Figure 1.

The Authors

Dr.-Ing. E.h.  
Johannes Liebl 
is Head of Efficient 
Dynamics at the  
BMW Group in Munich 
(Germany).

Dr.-Ing. Stephan 
Neugebauer 
is Head of Thermal 
Management at the 
BMW Group in Munich 
(Germany).

Dr.-Ing. Andreas Eder 
is Head of Advanced 
Development and Simu­
lation in the Thermal 
Management Depart­
ment at the BMW Group 
in Munich (Germany).

Dr. rer. nat.  
Matthias Linde 
is Project Manager  
for Thermoelectrics in 
the Thermal Manage­
ment Department at 
the BMW Group in 
Munich (Germany).

Dipl.-Phys.  
Boris Mazar 
is a Doctoral Candidate 
in the Thermal Manage­
ment Department 
within the Advanced 
Development and 
Simulation Group at 
the BMW Group in 
Munich (Germany).

Dipl.-Ing.  
Wolfgang Stütz 
is Head of Advanced 
Development of Diesel 
Engines at the BMW 
Group in Steyr (Austria).

Figure 1: Physical levers for CO2 reduction
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What measures are considered for se-
ries production has to be decided by each 
individual car manufacturer. The market 
has a great influence in this respect with 
the realization of the product prices, and 
the chosen measure has to be verified for 
any interactions with the overall vehicle 
energy system. It is important to determine 
where the levers are applied in the func-
tional process chain caused by energy de-
mand, conversion and provision, Figure 2.

1.1  Examples of the  
Efficient Dynamics Strategy
The structured and systematic approach  
was the basis for BMW Efficient Dynam-
ics. The BMW Group has compiled a cus-
tomized package for each model that eve-
ry customer receives with the standard 
equipment of the vehicle, Figure 3.

The consistent basis is the reduction of 
all resistances, such as low rolling resist-

ance and air resistance, in addition to ac-
tive aerodynamics that control the air in-
takes, depending on the cooling require-
ments of the engine or the brakes. Gasoline 
and diesel engines have been equipped 
with high-pressure injection systems. An 
intelligent energy management system 
provides energy only when it is required 
with a high priority. For example, an elec-
tric pump only circulates the coolant when 
cooling is actually necessary. Conventional, 
mechanically driven water pumps, on the 
other hand, are pumping continuously. In 
contrast to hydraulic power steering, elec-
trically operated power steering only de-
mands energy when the driver is actually 
changing direction and not when driving 
in a straight line. If the air-conditioning 
compressor is not being used, it is com-
pletely disconnected from the engine by 
means of a clutch mechanism and does 
not run in idle mode via the belt drive. 

Even in highly efficient engines it is more 
energy-efficient to switch them off com-
pletely when no mechanical energy is re-
quired, e.g. when stopped at traffic lights. 
By intelligently controlling the generator, 
it has further been possible to recover a 
portion of the kinetic energy during decel-
eration of the vehicle.

The products of the BMW Group have 
tailor-made CO2 packages selected from 
this overall package to fit the individual 
model character. CO2 reductions of over 
20 % have been possible. The BMW Group 
has thus been setting the standard in the 
automotive industry for more than two 
years in this respect.

1.2  Customer Orientation
It is not enough, however, to verify these 
measures in the approval test. Eventually, 
it is important to proof the effectiveness of 
the measures during customer driving. Be-
sides the type of road, the driving style, the 
traffic flow and the actual ambient condi-
tions, the energy demanded by auxiliary 
consumer loads is an important factor. In 
order to offer the customers an efficient 
driving experience, the BMW Efficient Dy-
namics concept also offers a gearshift indi-
cator for particularly low CO2 emissions 
and efficient driving routes by means of 
the navigation system. In addition, the cus-
tomer analyses show that the customers 
demand a not inconsiderable quantity of 
electrical energy, depending on the type of 
vehicle, which raises the CO2 emissions. 

On average, customers with a BMW 1-
series car demand 330 W, those with a 
BMW 5-series car demand 750 W and those 
with a BMW 7-series car as much as 1000 W, 
Figure 4. This demand for electricity can 
add to the energy conversion chain with as 
much as one additional l fuel consump-
tion per 100 km in normal customer driv-
ing operation. The standard brake energy 
regeneration system provides a proportion 
of this energy for free. It is the target to 
meet the remaining requirements with 
minimal impact on the environment.

2  Thermal Recuperation

Even in a highly efficient combustion en-
gine of the latest generation a large propor-
tion of the latent energy contained in the 
fuel is converted into unused thermal en-
ergy. The various ways of using and con-Figure 3: BMW 1 series with Efficient Dynamics technology

Figure 2: Systematic approach for CO2 reduction
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verting this thermal energy have been dis-
cussed in detail in various publications 
covering basic principles ([1]). Especifically 
the exhaust gas, with its very high temper-
ature level, represents a considerable re-
source that is only exploited to a very lim-
ited extent today (e.g. in the exhaust gas 
turbocharging or to shorten the engine 
warm-up time). The conversion of thermal 
into mechanical energy (e.g. with a steam 
cycle, see [2]) provides high conversion ef-
ficiencies, however the complexity of vehi-
cle integration is high as well. Due to the 
continually rising demand for electrical 
energy in the car already described in de-
tail, the conversion of this thermal waste 
energy into electrical power is a very inter-
esting step toward further efficiency gains 
of contemporary power trains – in particu-
lar in customer operation.

2.1  Potential Limits for  
Waste Heat Recovery
The efficiency of each conversion of ther-
mal energy is physically limited. These 
limits are described with the 2nd law of 
thermodynamics, which results in the 
Carnot Process as a limiting process of a 
machine for the use of a defined amount 
of heat. From this ideal process you can 
determine what proportion of the availa-
ble thermal energy can theoretically be 
converted, depending on the process tem-
peratures Thot and Tcold:

η = 1 – ​ 
Tcold

 ___ Thot
 ​� Eq. (1)

The exhaust temperatures represent the 
upper limit between 300 °C and 900 °C 
during operation, depending on the load 
requirements. In the European approval 
test NEDC (New European Driving Cycle), 
only low engine loads are demanded on av-
erage. For this reason, the potential limits 
for using the waste heat (i.e. the proportion 
of energy that can be converted from the 
exhaust heat into electrical energy) amount 
30 %. In actual customer operation, addi-
tional higher load requirements are en-

countered. In this case the usable potential 
rises to over 60 %, assuming a coolant tem-
perature of 80 °C as the lower limit. 

The levels of efficiency of the Carnot 
process presented here cannot be fully con-
verted for technical reasons. In order to 
extract the heat from the exhaust system, 
a heat exchanger is required which can op-
erate at an efficiency of about 65 % assum-
ing a backpressure of 30 mbar to be toler-
ated at medium-fast inter-urban cruise (ap-
proximately 130 km/h) and considering 
the package and weight limitations of a 
state-of-the-art vehicle. Considering all 
these losses, only a few percentage points 
for improving the consumption are left 
from the initial 30 to 60 %. If you consider, 
however, that the potential savings are 
doubled, provided the thermal loss energy 
is converted into electricity, as this would 
otherwise have to be generated via the 
crankshaft-drive belt-generator route with 
an efficiency of about 50 %, the potential 
savings become very attractive on further 
consideration. The technical potential 
therefore for this form of use, conversion 
of heat into electricity, is up to 8 %.

A thermoelectric generator is a suitable 
method of converting heat into electrical 
energy in a car. The particular advantage 
is that no moving parts have to be used for 
this solid state energy conversion.

2.2  The Thermoelectric Generator
The conversion of heat into electricity us-
ing a thermoelectric generator (TEG) is 
based on the effect discovered in 1821 by 
Thomas Seebeck. This effect describes the 
generation of an electrical voltage Utherm 
between the contacts of two conducting 
materials, provided that these are exposed 
to a temperature difference ΔT = Thot – Tcold. 
The reversal of the Seebeck effect is known 
as the Peltier effect and describes the crea-
tion of a temperature difference when a 
voltage is applied. The level of the voltage 
that can be generated per degree Kelvin 
for a specific material is described with 
the Seebeck coefficient α [3], Figure 5.

α = Uthermo/ΔT ·� Eq. (2)

Applying the Seebeck coefficient, the di-
mensionless figure of merit ZT of a ther-
moelectric material can be determined 
depending on α, the absolute tempera-
ture T, the electrical resistance ρ, and the 
thermal conductivity κ.

ZT = α 2 T/ρκ� Eq. (3)

This ZT number is a common variable for 
assessing the effectiveness of a thermo

Figure 4: Electrical power demand of a BMW 1, BMW 5 and BMW 7 series

Figure 5: 
Thermo
electrical effect 
and technical 
implementation 
in a module
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electric material at a specific tempera-
ture T and contributes to the evaluation 
of the energy conversion efficiency when 
converting heat.

ηTE = ​ 
(1 + ZT)½ – 1

 ___________  
(1 + ZT)½ + ​ 

Tcold
 ___ Thot
 ​
 ​ · ηCarnot� Eq. (4)

As can be seen from this equation, the ef-
ficiency approaches that of the Carnot ef-
ficiency described above, if the ZT value 
becomes infinitely large. The challenge fac-
ing the development of a high-efficiency 
thermoelectric material, as can be seen in 
the definition for ZT, is to combine the in-
trinsic properties of a good electrical con-
ductivity with a low thermal conductivity. 
The optimum is achieved with semicon-
ductor materials such as Bismuth telluride 
(Bi2Te3) for low temperatures and lead tel-
luride (PbTe), or silicon-germanium (SiGe) 
for higher temperatures, Figure 6.

These semiconductors are so heavily 
doped their transport properties resem-
ble metals. In technical thermoelectric 
devices, p- and n- doped semiconductors 
are paired as one thermoelectric couple, 
Figure 5, and the heat flow drives the free 
electrons (n-doped material) and free 
holes (p-doped material) from the hot to 
the cold side and generate a voltage.

 In the past 40 years thermoelectric gen-
erators have been successfully deployed in 
space travel (for power generation in space 
probes for deep-space missions on which 
sufficient energy can no longer be gener-
ated with solar energy). For the heat source 
a radioactive material has been used which 
provides sufficiently high thermal energy 
for several decades [5].

Until now, the low efficiency of the 
thermoelectric materials with ZT values 

of up to 0,9 have limited the commercial 
use of this technology. Due to new mate-
rial developments in recent years, in par-
ticular through the use of nanotechnolo-
gy, however, it has been possible to in-
crease significantly the performance of 
the thermoelectric modules, Figure 7.

ZT values of up to 1.7 have already 
been reported for individual PbTe-based 
materials [6]. In the development of ma-
terials, it is not only important that these 
materials generally proof a high efficien-
cy, but in addition that they are not dam-
aged by high exhaust gas temperatures 
and the consequent thermal loads. Al-
though there are still no commercially 
available materials for the automotive 
application, the BMW Group has decided 
to develop a prototype car with a ther-
moelectric generator, in order to exam-
ine the interactions of the system with 
the powertrain and other important fun-
damental topics. 

2.3  Vehicle Integration Concept
The integration of a thermoelectric gener-
ator in an exhaust system requires exten-
sive adaptations, depending on the re-
quired electrical recuperation perform-
ance. The boundary condition for the 
overall system is represented here by the 
maximum exhaust backpressure and the 
maximum temperature to which the ther-
moelectric materials can be exposed to.

2.3.1  TEG Design Concept
The TEG prototype of the BMW Group, 
which was assembled at the Institute for 
Vehicle Concepts at the DLR in Stuttgart, 
consists of three hot gas heat exchangers, 
24 Bi2Te3 thermoelectric modules and 
four coolant heat exchangers with an al-
ternately layered construction, Figure 8. 

This layered construction is fixed with a 
pressure of up to 2 MPa using clamps, in 
order to ensure a defined and reproducible 
thermal transfer between the hot exhaust 
side, the thermoelectric modules and the 
cold side. A diffuser at the TEG intake opti-
mizes the thermal transfer by homogeniz-
ing the flow of the exhaust gas.

2.3.2  Integration of the TEG
The multi-plate TEG system was integrated 
as a protoype into the exhaust system of a 
BMW 535i US with automatic transmis-
sion. Due to their material properties, the 
Bi2Te3 thermoelectric modules used can 
only be exposed continuously to a tempera-
ture of about 250 °C. In order not only to 
prevent overheating, but also excessive ex-
haust pressure due to the hot gas heat ex-
changer at high operating loads, a bypass 
was integrated in parallel to the TEG. By 

Figure 6:  
ZT values  
for different 
materials 

Figure 7: History and forecast for the development of material efficiency
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means of two exhaust flaps, one for each 
hot gas path, the exhaust mass flow is opti-
mal divided between the two flows by 
means of an automated control, Figure 9.

The heat sink in this prototype vehicle 
was implemented by means of a separate 
coolant circuit and by two additional radia-
tors installed in the wheelhouse. The de-
coupling of the TEG by means of an auton-
omous coolant circuit permits a reproduc-
ible analysis of the TEG behaviour during 
dynamic test drives.

With this setup a TEG output of up to 
200 W has been achieved at a constant ve-
hicle speed of 130 km/h. At this operating 
point and the corresponding exhaust gas 
temperatures, a temperature of 250 °C is 
achieved at the thermoelectric material. 
As shown in Figure 6, the ZT value of the 
Bi2Te3 material is very low (ZT ≈ 0,4) at this 
temperature, i.e. that already today the 
power output could be significantly raised 
by using a PbTe material.

At the Motor Show Geneva 2009, a 
further developed TEG component was 
demonstrated in a Rolls-Royce concept 
vehicle which exhibited an improvement 

of more than 50 % in power output with 
the application of high temperature 
thermoelectric materials. For this con-
cept, no additional radiators were used 
and the waste heat of the TEG was direct-
ly fed into the main cooling system of 
the vehicle.

Due to the continuing fluctuating 
thermal boundary conditions depending 
on vehicle speed and the corresponding 
coolant temperature, the power output of 
a TEG is highly transient which results in 
significant requirements for the integra-
tion into the 12 V vehicle electric system. 

The electricity feed of the recuperated 
thermal energy into the electric system of 
the vehicle with a nominal voltage of 12 V 
depends on several parameters. These are 
primarily the current voltage level, the 
state-of-charge of the battery or the instan-
taneous usage, the operating point of the 
TEG as well as the properties of the cou-
pling device. The coupling device itself 
can consist of a diode or a DC/DC convert-
er with an appropriate operating strategy 
in order to ensure a maximum power-
point tracking [7].

2.4  Simulation Models
The concept of a thermoelectric generator 
will only be applicable for series produc-
tion in a car provided that the benefit is al-
ways considered in relation to the complex-
ity in the form of volume, weight and costs. 
In addition, an increase of the recovered 
electrical power only results in a reduction 
of fuel consumption if a restrictive increase 
in the exhaust back pressure due to the ex-
haust gas heat exchanger is considered. The 
integration of a thermoelectric generator 
into the powertrain of a car thus offers a 
considerable number of parameters for an 
overall system optimization. Aspects to be 
considered include the position of integra-
tion in the exhaust system, the integration 
in the coolant system, the thermoelectric 
material used and the design of the exhaust 
heat exchanger, Figure 10.

Without the use of a flexible overall 
system simulation, it is impossible to as-
sess and optimize the recuperation con-
cept. Consequently, at the BMW Group in 
the course of the development process, a 
parameterized vehicle model was linked 
to a finite-volume model of a thermoelec-
tric generator [8, 9]. By specifying a speed 
profile, and thus a default load for the 
combustion engine, the vehicle model cal-
culates the thermal boundary conditions 
for the TEG on the basis of the engine 
characteristics. Necessary variables are the 
exhaust temperature and mass flow, as 
well as the coolant temperature and vol-
ume flow that are transferred to the TEG 
model. In the simulation, the thermoelec-
tric generator is divided into control vol-
umes, not only in flow direction, but also 
in all functional layers. By balancing all 
incoming and outgoing thermal fluxes 
for each control volume, the temperature 
matrix is solved, Figure 11.

On the basis of the determined hot 
side temperatures of the thermoelectric 
modules, as well as their conversion effi-
ciency, the recovered electrical power is 
calculated and transferred back to the ve-
hicle model. Further potential for reduc-
ing consumption is obtained by the accel-
erated warm-up of the powertrain. The 
heat flow extracted from the exhaust and 
transferred to the coolant causes the pow-
ertrain to reach its optimum operating 
temperature sooner. The hot gas heat ex-
changer fitted to the exhaust pipe can 
have a disadvantageous effect. The inte-
grated fins cause an increase in the ex-

Figure 8: Design of the BMW Group TEG and location in the exhaust system

Figure 9: Inte-
gration of a 
thermoelectric 
generator into 
the exhaust 
system of a 
BMW 535i US
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haust gas backpressure which has a nega-
tive influence on the engine gas exchange. 
Accordingly, the fuel consumption map 
of the vehicle model is modified depend-
ing on the exhaust gas pressure rise. 

All parts of the overall simulation 
model are validated by separate experi-
ments and thus allow realistic assess-
ments of the potentials. An optimization 
algorithm linked to the simulation tool 
automatically varies the available system 
parameters. In a short processing time, 
therefore, this tool enables the optimiza-
tion of the cost-benefit ratio of a thermo-
electric generator for any type of vehicle. 

2.5  Potential in Driving Cycles  
and Constant Driving Points
By using the overall system simulation, 
the assessment of the fuel saving by using 
a thermoelectric generator in comparison 
with a reference vehicle without thermal 
recuperation can be achieved. The simu-
lated potential consider, as described 

above, the increased weight of the vehicle 
as well as the increased exhaust gas back-
pressure. 

In Figure 12, the potential in fuel con-
sumption reduction of a thermoelectric 

generator for different implementations 
and different driving cycles or operating 
points is shown.

The characteristic figures of the ther-
moelectric material on which Figure 12 
is based vary between ZT = 0,85 and 2,0. 
The feeding of the heat flow into the 
main coolant system permits the use of 
exhaust heat for a faster engine warm-
up. In addition, the influence of exhaust 
pipe insulation for increasing the ex-
haust temperatures and the influence of 
the integration position of the TEG on 
the fuel consumption are shown. The 
“after flange” position is about 20 cm 
behind the catalytic converter, whereas 
“pre-tube” describes a position further 
downstream in front of the middle muf-
fler, Figure 13.

Figure 12 clearly shows that for con-
stant operating points, such as during a 
highway drive, a considerably higher ef-
fect on consumption can be achieved. Us-
ing currently available materials with 
material values of ZT = 0.85, savings of 
abut 5 % can be expected, corresponding 
to a TEG-generated electrical output of 
about 600 W. The higher potentials as 
the ZT value rises are on the condition 
that the electric power generated by the 
TEG is actually required by the customer 
and would have to be provided by the 
conventional alternator if no TEG were 
fitted.

The NEDC started with a cold vehicle 
on the other hand offers, also due to low-
er engine loads, less potential for a sys-
tem using exhaust gas heat in the region 
of 1 % to 2 %. In the US combined cycle 

Figure 10: Relevant parameters of an overall system optimization

Figure 12: Potential consumption savings of a thermoelectric generator for different  
integration solutions; vehicle basis: BMW 530i

Figure 11: Discretization of the 
TEG into control volumes
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driven with higher loads and thus with a 
higher waste heat output, savings in the 
region of 2 % to 2.5 % are possible. 

For cold-started driving cycles, de-
pending on the cooling system integra-
tion, additional reductions of consump-
tion can be achieved by reducing the fric-
tion; during constant speed driving, the 
influence of a faster engine warm-up is 
not applicable. 

As can be seen from Figure 12, the 
thermoelectric generator makes a signif-
icant contribution to reducing fuel con-
sumption, particularly on extra-urban 
roads and on highways, and thus repre-
sents an ideal addition to the BMW brake 
energy regeneration (BER). Figure 14 is 
based on an example of a freeway drive 
with acceleration, constant speed and 
deceleration phases, and the generated 
power of the current TEGs at the proto-
type stage, a forecast of future perform-
ance and the electrical energy generated 
by means of brake energy regeneration 
are shown. It is obvious that the TEG per-
formance is diminishing during the de-

celeration phases, as the engine is oper-
ating in the overrun fuel cut-off mode; 
this is however compensated by the brake 
energy regeneration, i.e. a car with both 
systems recuperates energy at every oper-
ating point: not only when braking, but 
also during acceleration and constant 
speed.

3  Outlook

The future of the thermoelectric genera-
tor depends mainly on the extent to 
which the efficiency of current materials 
demonstrated in the laboratory can be 
further developed so that they can be 
manufactured economically and can also 
withstand the harsh environment of an 
exhaust system. In this respect in particu-
lar, further important developments must 
be made in the joining technology be-
tween the thermoelectric semiconductor 
material and the heat exchanger struc-
ture so that the TEG components can be 
designed more efficiently in future.

Particularly at the exhaust tempera-
tures that occur in gasoline engines, 
thermoelectric materials already offer 
very good recuperation conditions. As 
thermoelectrics is particularly suitable 
for touring cars, integration in diesel-en-
gined vehicles is favorable. Due to the 
lower exhaust temperatures, the poten-
tial of a thermoelectric generator is cor-
respondingly smaller. In order to com-
pensate for this, new integration ap-
proaches must be investigated, and the 
efficiency of the thermoelectric materi-
als at lower temperatures must be in-
creased considerably. 

A further possibility for increasing 
performance in the long term is offered 
by the integration of a thermoelectric 
generator into an underhood catalytic 
converter. Due to the high temperatures 
prevailing there, the boundary condi-
tions for converting heat into electrical 
energy are very favorable. Furthermore, 
additional effects could be exploited here 
through the multifunctionality of the 
TEG component: By applying current to 
the thermoelectric materials, for exam-
ple, the heating of the catalytic converter 
or also local cooling could be supported 
by simply reversing the voltage polarity.
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Figure 14: Thermoelectric generators and brake energy regeneration complement each other 
ideally, as show here in the case of a freeway drive

Figure 13: Exhaust 
system with possible 
integration positions 

of a TEG
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Cylinder Head with 
Integrated Exhaust Manifold 
for Downsizing Concepts
A study by the Ford European Powertrain Research department has shown that there is a 
significant potential to be tapped by using a cylinder head integrated exhaust manifold with 
turbo charged engines. It offers a win-win employment of technology providing improvements 
in the relevant attributes as well as a cost reduction.

Development

MTZ 04I2009 Volume 7012 

Cylinder Head

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

The European Union has defined its CO2 
emissions fleet target for 2015 as 130 g/km. 
From 2012 onwards the emission targets 
will be reduced step by step to meet this. 
The compliance with this limit is the key 
driver in the planning of powertrain port-
folios at the car manufacturers. Important 
steps to achieve the targets are the intro-
duction of new gasoline combustion meth-
ods such as stratified combustion or con-
trolled auto ignition and through the in-
troduction of downsizing for the European 
small and middle class car markets. Impor-
tant for the breakthrough is meeting the 
customer expectations with regards to the 
fuel consumption under real world condi-
tions, fun to drive, NVH and cost. Especially 
for downsizing concepts, where the inten-
sive use of higher load areas is part of the 
concept, fuel enrichment in view of pro-
tecting components of the engine should 
be avoided as well as good transient re-
sponse has to be ensured. Further the sup-
ply of sufficient heat in highly effective 
small car engines will be increasingly dif-
ficult. Put into this perspective the imple-
mentation of the cylinder head integrated 
exhaust manifold has been investigated 
and evaluated in view of the different func-
tional effects and cost.

2  System Description

Key to the construction is the complete 
integration of the conventional external 
exhaust manifold into the aluminium cyl-
inder head. The result of this is a single 
pipe feeding directly into the turbo charg-
er. If necessary this can be made even 
more compact when vehicle package al-
lows it, Figure 1.

In this instance, the overall cylinder 
head turned out to be only 32 mm wider 
and 200 g heavier than the conventional 
head. This is due to the fact that the 
flange area was significantly reduced. To 
be able to meet the durability require-
ments and as a result of high component 
and material temperatures, a totally new 
cooling concept in the cylinder head has 
been developed. This was proved out us-
ing CAE simulation to optimize the 
structure and fluid flow before being 
validated during the subsequent devel-
opment phases on a test rig. 

3  System Effects

3.1  System Cost
Downsizing with the aid of turbo tech-
nology, as well as the future introduction 
of Downspeeding is going to mean 
changed load collectives for the gasoline 
engine. This turns out that a higher per-
centage of time will be spent at higher 
engine loads. In order to realize the most 
of the CO2 potential the stoichiometric 
range at high loads needs to be expanded 
as far as possible, which leads to high 
temperature resistant material choices. 
Gas temperatures for such materials al-
low typically a maximum of 1050 °C. 
This subsequently increases the cost. 
Presently an austenitic steel with up to 
37 % Nickel content is used in both the 
exhaust manifold and the turbo charger. 
The world market price for Nickel has 
risen considerably and was traded at 
around $ 40 per kg. With an average 
weight of 3 to 4 kg, the elimination of an 
external exhaust manifold of an inline 
four cylinder engine creates a cost bene-
fit on material costs alone. On top of this 
comes the elimination of the complicat-
ed and expensive machining of the exter-
nal cast steel exhaust manifold. In com-
parison with this, the integrated exhaust 
manifold incurs a slightly higher cost by 
a potential upgrade to a larger vehicle 
cooler, Table. With respect to Downsizing 
of the gasoline architecture in a vehicle 
environment, the next larger cooling 
pack needs to be selected. That means 
within the same vehicle, the cooling 
pack for diesel engines or from the more 
powerful petrol engines needs to be used. 
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Figure 1: Section through the cylinder head (conventional and with integrated exhaust manifold)
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As a general rule, the coolers usually 
have the same installation dimensions, 
simply increasing the cooler depth.

3.2  Emissions
The comparison of both systems (exter-
nal and internal exhaust manifolds) with 
regards to the port wall surfaces from 
the exhaust valve seats to the entry of 
the turbine/catalyst lead to considerable 
difference. Using a normal four cylinder 
motor the following effects can be seen, 
Figure 2:
–	� a reduction by approximately 30 % of 

the overall surface area up to the tur-
bo. (relevant e.g. for catalyst light-off)

–	� roughly a 50 % increase of the water-
cooled surfaces (relevant for the air 
fuel ratio at higher loads and engine 
warm-up).

The main contributor that influences 
the quick starting of the catalyst conver-
sion (reaching an operating temperature 
of 350 °C on the catalyst surface) is the 
size of the surface area on the exhaust 

side all the way to the catalyst. In rela-
tion to the time frame required to heat 
the catalyst after a cold start it doesn‘t 
make a difference whether the surface is 
water or air cooled. According to results 
from the test rig, which used the same 
base engine but with different cylinder 
heads and the same position of the tur-
bo, the integrated exhaust manifold de-
livered a 20 % reduction in the start time 
of the catalyst, Figure 3.

This results in a solid potential to re-
duce emissions and improve fuel econo-
my after a cold start. Due to the reduced 
total port surface and port lengths with 
the integrated exhaust manifold, signifi-
cantly increased exhaust gas tempera-
tures pre-turbine and catalyst were ob-
served in the first minutes after cold start, 
Figure 4. With increasing warming up 
state of the engine, when those walls that 
are water-cooled stay more and more cool 
in comparison to those that are air-cooled 
from the conventional system, the meas-
ured exhaust gas temperatures are getting 
closer and then equalize at a certain point 
in time (load dependent). Finally when 
the engine is fully up to normal operation 
temperature, the integrated exhaust man-
ifold cylinder head delivers at steady state 
lower exhaust gas temperatures which 
make stoichiometric operation possible 
under all loads.

3.3  Fuel Economy
Through the integration of the exhaust 
manifold into the cylinder head, the en-
gine achieves better fuel economy in the 
warm up phase and also at normal oper-
ating temperature. During the warm up 
phase the quicker catalyst light-off con-
tributes as well as the reduced friction 
because of the added heating to cylinder 

Table: Cost saving on components

 
 
Components In-line 4 Gasoline Turbo

casted steel  manifold +  
mating components = 100 %

case 1 case 2

Case 1: Eliminate 4 into 1 steel cast iron manifold (35 % Nickel) – 95 % –

Smaller heat shield and gasket, less bolts and nuts –   5 % – 5 %

Cylinder head add on +   5 % + 5 %

Next size radiator / fan (if required) + 15 % + 15 %

Case 2: Eliminate 4 into 1 sheet metal manifold – – 65 %

Case 1: �Cost save vs. Steel cast manifold 1050 °C capable 
Engine weight save vs. steel cast manifold 3 kg 

Case 2: �Cost save vs. Steel sheet metal manifold 
Engine weight save vs. steel sheet manifold 1 kg

– 80 %

–

–

– 50 %

Further Potential: Eliminate electrical supplemental PTC heater (– 60 %) (– 60 %)

Figure 3:  
Exhaust gas 
temperature 
pre catalyst  
after cold start

Figure 2:  
Comparison of 
the exhaust side 
port surfaces 
pre turbine 
(CAD model) 
and equivalent 
pipe surface 
schematics
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head structure and coolant. Using the 
NEFZ, (New European Drive Cycle) fuel 
economy improvement between 1 to 2 % 
can be expected dependent on the warm-
up relevant surface design as shown in 
Figure 2.

In the operating points near full load, 
depending on the materials used and 
temperature specs of the turbo housing, 
an improvement on fuel economy up to 
15 % can be achieved. In the conventional 
design, even if the parts are made of heat 
resistant material, the exhaust gas tem-
peratures at high load have to be de-
creased by over fueling significantly to 
avoid overheating and component dam-
age. Typical temperature limit for high 
quality exhaust materials is 1050 °C.

The exhaust port lengths and diameters 
as well as the plenum surfaces represent 
the water cooled surface as a design para
meter and can be optimized e.g. with 1D/ 
3D simulation tools. Important factor is the 
amount which the exhaust gas needs to be 
cooled at full load to allow full stoechomet-
ric Lambda 1 operation as well as the tran-
sient response requirements, Figure 5. This 
system provides a real contribution to de-
creasing the fuel consumption both for 
NEFZ as well as real world operation.

3.4  Warm-up Behavior
The heat input into the cylinder head and 
into the coolant at steady-state operating 
conditions increased approximately 20 % 
for the fully warmed up engine with inte-
grated exhaust manifold. Figure 6 outlines 
the influence of the integrated exhaust 
manifold on the thermal load of the cool-
ant in a part load operating point.

In the cold-start and warm-up phase 
the heat input increases as well. The heat 
flow can be quantified making use of the 
first law of thermodynamics, however the 
internal energy of the water jacket needs 
to be considered. Dyno tests proved that 
the additional usage of exhaust gas heat 
increases the heat input into the coolant 
during the warm-up phase up to 25 %. 
 
​ dU

 ___ dt ​ = mwaterjacket · ccool · ​ 
Tcool-out

 ____ dt  ​ = 

Q· – m·  · ccool · (Tcool-out – Tcool-in)

As previously outlined, this leads to a re-
duction of friction and hence fuel con-
sumption. Furthermore market specific 
supplemental heating devices, e.g. PTC 

heating elements can be deleted or com-
bustion strategies do not have to be modi
fied in order to achieve a quicker cabin 
warm-up. This could lead to further cost 
and fuel consumption reductions.

3.5  System Weight
The integrated manifold prototypes for 
the in-line four-cylinder head have an 
overall system weight advantage of 3 kg in 
comparison with a conventional external 

Figure 4: Exhaust gas temperature during warm-up at 1500 rpm and 1 bar bmep

Figure 5: Exhaust gas 
temperature pre turbine 
at high load

Figure 6: Power break down 
at high load and speed in kW
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steel cast manifold. If compared with an 
external sheet metal exhaust manifold 
design there will be still an advantage of 
1 kg for the engine system.

3.6  Complexity
Besides the elimination of the conven-
tional separate exhaust manifold another 
advantage of the integrated design is the 
significantly reduced number and size of 
mating parts. The required amount of 
high-temperature-resistant studs can be 
reduced dependent on the amount of cyl-
inders and design of the exhaust flange. 
This has not only a positive effect on part 
costs, but has also significant advantages 
in terms of logistics, assembly and service. 
The elimination of threaded holes in the 
cylinder head leads to reduced cycle time 
of modern CNC manufacturing. The gas-
ket from the exhaust hot end to cylinder 
head, which is a remaining single gas dis-
charge is significantly smaller and there-
fore cheaper. Normally conventional ex-
haust manifolds of turbocharged engines 
have to be fitted with complex heat shield-
ing to protect surrounding components 
against significant heat input. Heat shield-
ing in the area of the integrated manifold 
is not necessary due to less heat rejection 
which is relieved by cooling and thermal 
connection to the cylinder head. The gen-
eral heat input into the engine bay and 
thermal requirements on surrounding 
devices accordingly decrease as well. This 
is a further contribution to a reduction of 
cost, complexity and demand of package 
space.

3.7  Full Load Characteristics
The turbocharged four-cylinder engine 
with integrated exhaust manifold that was 

tested showed equal torque and power 
characteristics on the test rig, as well as the 
same low end engine speed where it ini-
tially reached peak torque. The lower gas 
temperature before turbo during steady 
state operation with integrated exhaust 
manifold has no negative impact on tran-
sient behavior after a full load request. The 
potential temperature effect appears com-
pensated by the mentioned reduced heat 
transferring surface and smaller gas vol-
ume before turbine (hardly a smaller vol-
ume can be realized if the turbine is direct-
ly attached to the cylinder head). Similar to 
the situation after cold start, the exhaust 
gas temperature before turbo after a load 
step of an engine at hot running conditions 
is either not or only slightly reduced. Dyno 
measurements of the transient response 
characteristics after a full load request 
showed the same delay to maximum torque 

for both tested configurations according to 
Figure 1, Figure 7. This shows that the inte-
gration of the manifold into the cylinder 
head is the preferred solution compared to 
a water cooled external manifold.

4  Durability

4.1  Methods
The integration of the exhaust ports and 
the plenum area leads to an additional 
heat input into the cylinder head and hen
ce thermo-mechanical stresses which 
could result in local exceptional loads in 
the engine structure. The evaluation of the 
cylinder head design has been performed 
considering the increased load conditions 
applying network simulation methods, 
FEM (Finite Elements Method) and CFD 
(Computational Fluid Dynamics). Figure 8 
shows the workflow of the performed sim-
ulations and their interactions.

4.2  Flow Calculation
CFD methods are commonly used during 
the development process to compute the 
flow as well as the pressure distribution 
in the water jacket of cylinder head and 
block [2]. A first calculation was done 
with constant coolant properties in or-
der to avoid solving the energy equation 
as shown in Figure 9. This is possible be-
cause of the incompressibility of the 
coolant and the thermal decoupling of 
flow and temperature. The cylinder head 
gasket openings were widened to realize 

Figure 7: Transient response after full load request from 1500 rpm and 1 bar bmep

Figure 8: CAE workflow
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sufficient cooling of the extended ex-
haust ports. On the one hand the pres-
sure loss across the engine could be re-
duced and hence the volumetric flow 
rate through the engine increased. On 
the other hand the cooling of thermally 
and mechanically stressed areas as the 
exhaust valve bridges and the turbo-
charger flange has been improved sig-
nificantly by increasing the amount of 
crossflow in the cylinder head. 

In order to determine the tempera-
ture distribution in the cylinder head 
structure the heat input from the ex-
haust gas needs to be known. The crank 
angle resolved flow distribution in the 
combustion chamber as well as in the in-
let and outlet ports is calculated using a 
3-D simulation tool. The resulting aver-
age values for gas side heat transfer coef-
ficient and reference temperature are 
calculated using the following formula:
 
α– = ​  1

 ________ 720 ° KW ​    ∫ 
 720 °KW

   
ø = 0

    α (ø) d ø 

 T
_
 = ​  1

 __________ 720 ° KW · α–  ​     ∫ 
 720 °KW

   
ø = 0

    α (ø) · T (ø) d ø

4.3  Temperature Calculation
As shown in Figure 10 the maximum tem-
perature can be observed in the exhaust 
valve bridge area, due to the heat trans-
ferred from the combustion chamber as 
well as the exhaust ports into the cylin-
der head structure and the heat conduct-
ed from the valves additionally into the 
valve seat area. However, not even in criti
cal operating modes such as rated speed 
and full load, the maximum tempera-
ture limit for the aluminum alloy is ex-
ceeded in any location of the cylinder 
head. Due to the extensive mechanical 
load, the stiffness in the area of the turbo 
flange needs to be high and the tempera-
ture level low.

4.4  Material Fatigue Calculation
Following the calculation of the structure 
temperature distribution the next impor-
tant step is the determination of the ther-
mo-mechanical loads and the prediction 
of the resulting component fatigue life. 
This considers the manufacturing loads 
(casting residual stress and assembly 
loads) as well as the operating loads (ther-
mal stresses and gas and inertia forces). 
Low cycle fatigue (LCF) is caused by plastic 
and creep strain amplitudes which arise 

due to the inhererent temperature gradi-
ents during cyclic heating and cooling of 
the engine. Lower frequency phenomena 
typically occur less than 10000 times over 
the entire component life.

The calculation of high cycle fatigue 
(HCF) simulates the high frequency oper-
ating loads of an engine. For purposes of 
the fatigue calculation, the cylinder head, 
in its assembled environment needs to be 
considered. This means all connection 
points, cylinder head, block, bolts, gaskets 
and the mounting of the turbo to the ex-
haust system. For final evaluation local 
safety factors need to be calculated which 
are based on a combination of local mean 
and amplitude stresses. In the performed 
cylinder head simulation the HCF and 
LCF safety factors were well above 2.5 in 
the entire integrated exhaust manifold 
area and lower but not critical in the cyl-
inder head bolt areas.

5  Outlook

This investigation has shown that the ap-
plication of a cylinder head integrated 
exhaust manifold provides a significant 
win-win step. As well as improving the at-

tributes, it also provides a great scale cost 
reduction especially for the turbo engine 
architecture. This approach can also lead 
to attractive downsizing opportunities for 
the larger vehicle segments. Areas of next 
level research could include testing to see 
whether the degree of integration used 
here can be extended further as well as 
whether this technology can also be ap-
plied in a diesel environment.
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Figure 9: Coolant velocity distribution  
in the cylinder head at 5500 rpm and  
fully opened thermostat

Figure 10: Metal temperature 
distribution in the cylinder 
head at 5500 rpm and full 
load (calculated / measured)
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Aspects of Gasoline Controlled 
Auto Ignition – Development of a 
Controller Concept 
A promising approach to decrease emissions and fuel consumption at the same time for gasoline engines is the 
controlled auto ignition. The complex process is analysed and modelled within the “Collaborate Research 
Centre 686 – model based control of the homogenized low temperature combustion” by the Institute for Com-
bustion Engines and the Institute of Automatic Control at RWTH Aachen University to design a future controller 
concept.
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1  Introduction 

Due to the ongoing discussion on CO2 
limitation, the fuel consumption reduc-
tion is the focus of current gasoline devel-
opment. Therefore, current and future 
emission standards have to be taken into 
account.

In the past, conventional gasoline en-
gines were characterized by throttle con-
trol, cylinder selective port fuel injection, 
multivalve technology and stoichiometric 
combustion in combination with a three-
way catalyst. However, recently, good 
progress has been made in the area of gaso-
line engine development. Different tech-
nologies such as direct injection, downsiz-
ing, turbocharging and throttle-free load 
control with variable valve timing can de-
crease the fuel consumption. New combus-
tion processes like controlled auto ignition 
and homogeneous lean combustion show 
additional fuel consumption potential.

The focus of this paper is on controlled 
auto ignition, which has a high efficiency 
and near zero NOx emissions. Therefore, 
expensive exhaust gas aftertreatment, as 
typically necessary in other lean combus-
tion concepts, can be avoided. The self ig-
nition is realised by extreme high residual 
gas fractions, in a way that the air/fuel 
mixture can ignite during the compres-
sion near top dead centre. In this context, 
the stratification of the mixture and the 
valve timing strategy play a central role to 
achieve a high efficiency. The shown test 
bench data are measured on a single cyl-
inder engine with an electro mechanical 
valve train (EMVT) and the mixture forma-
tion can be switched between internal 
and external [2]. Furthermore numeric 
models will be introduced to get a de-
tailed understanding of the processes in 
the combustion chamber and to design a 
future controller concept.

2  Experimental Investigation

2.1  Steady State Engine Operation
Self-ignition of the fresh cylinder charge is 
introduced due to exceeding the necessary 
thermodynamic state near top dead cen-
tre. This is mainly controlled by EGR rate, 
injection timing and duration as well as 
the mixture stratification of air, EGR and 
fuel. The increased fuel efficiency is a re-
sult of the de-throttling of the engine as 

well as a fast fuel conversion and changed 
material properties. However the opera-
tion range of the controlled auto ignition 
is limited to part load operation. The sta-
bility limitation to low loads and the pres-
sure gradient limitation to high loads 
were presented in [3]. The influence of dif-
ferent EGR strategies on the operation area 
was discussed in [2]. The operation ranges 
for the EGR strategies combustion cham-
ber recirculation (CCR) and exhaust port 
recirculation (EPR) as well as the operation 
range extension to low loads with direct 
injection and to high loads with turbo-
charging are summarized in Figure 1. In 
the NEDC a fuel consumption reduction 
potential up to 40 % can be realised, de-
pending on the vehicle design.

2.2  Transient Engine Operation
The main challenge is a realisation of a 
proper transient operation together with 
an extension of the operation range. 
Therefore the combustion process will be 
analysed and discussed in this paper. 
With the knowledge of this base analysis, 
different engine models for a setup and 
layout of a closed-loop controller will be 
investigated. Figure 2 shows a change in 
operation mode at n = 2000/min and IMEP 
= 3 bar. Similar steps in valve timings, in-
jection duration and injection timing at 
both EGR strategies were used for identifi-
cation of the control path and for the on-
going layout of the controller. Figure 2 
shows that a transient operation is possi-
ble, and simultaneously shows the chal-
lenges for highly transient operations. 
During the mode change from spark igni-
tion to controlled auto ignition an ad-
vanced combustion can be observed, 
which results in an undesirable high peak 
pressure. Such operation conditions have 
to be avoided controller intervention, to 
consider the increased customer comfort 
awareness. 

2.3  Flame Light Measurement
Optical flame diagnostics are an impor-
tant tool to gain insight to the process in 
the combustion chamber and to verify 
numeric simulations with the test bench. 
Figure 3 shows results of flame light meas-
urements for the operation modes CCR 
and EPR in comparison with a conven-
tional spark-ignited combustion process. 
It is to note, that the time intervals of the 
sequence are Δt = 0.8° CA for CCR and 
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EPR, whereas it is prolonged to Δt = 4° 
CA for the spark-ignited combustion. In 
the first image for SI combustion the 
spark can be seen. Starting at this lami-
nar flame kernel, the flame propagates 
turbulent. In the presented flame visual-
isation CCR and EPR are adjusted to a 
comparable combustion rate by individu-
al adjustment of the residual gas content. 
The flame visualisation sequences with a 
UV sensitive intensified high-speed cam-
era shows the simultaneous existence of 
several auto-ignition spots for CCR and 
EPR operation. From these spots the igni-

tion spreads into all spatial directions. 
The propagation velocity locally is small. 
With the short distances between igni-
tion spots it becomes significantly higher 
than the flame propagation of conven-
tional SI combustion.

3  Calculation Methodology

3.1  Combustion Model
For the fundamental analysis of control-
led auto ignition different CAE tools are 
used. The focus of this work is a detailed 

modelling of the combustion system. Us-
ing CFD simulations (Computational 
Fluid Dynamics), one can investigate the 
flow field, injection, mixture formation 
and the distribution of fuel and residual 
gas inside the combustion chamber. Fur-
thermore the calculation of reaction ki-
netics is coupled to the CFD simulation 
[4]. Hereby the auto ignition under en-
gine conditions can be calculated as well 
as the influence on the thermodynamic 
state by the heat release of reaction 
progress during conversion of fuel. Fig-
ure 4 shows the calculation procedure 
schematically.

A combustion model for the detailed 
calculation of gasoline auto ignition not 
only has to reflect the influence of re-
sidual gas mass fraction and air to fuel 
ratio but also the distribution of both. 
For this reason a multi zone reaction ki-
netics approach is chosen. The individual 
n zones are defined in the phase space. A 
classification in up to three dimensions 
is supposable. The mixture can be con-
sidered by residual gas and fuel mass 
fraction. Furthermore a classification by 
temperature is possible. Correlating dis-
tributions of the possible coordinates 
were verified in [3] and [5] for the consid-

Figure 2: Operation mode change as an example of transient engine  
operation

Figure 1: Operation area and schematic valve lift timings of investi-
gated EGR strategies

Figure 3: UV-Flame light emission:  
n = 2000/min, IMEP = 3 bar
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ered operating point. For this reason a 
one dimensional multi zone model is in-
troduced here, which classifies the com-
bustion chamber by fuel mass fraction.

From CFD calculations the informa-
tion of fuel mass fraction Z, residual gas 
mass fraction xR, temperature T, pressure 
p and mass m of all cells are analysed 
and transferred for every zone. The mod-
el calculates the heat release from chem-
ical reactions according to those values. 
Additionally, the mass transport between 
the zones is considered by an attached 
transport model. The heat release is used 
to calculate a burn function and both 
quantities are transferred back to CFD. 
Furthermore the changing material 
properties due to combustion and the 
density as a function of the gas constant 
are committed.

The 3-D CFD calculation delivers de-
tailed information about the thermody-
namic state and the mixture inside the 
combustion chamber. This accompanies 
with the high demand for computational 
cost. The findings from the CFD simula-
tions are used for the formulation of a re-
duced combustion model which is coupled 
interactively to the process design with 1-D 
gas exchange tools. Stationary multi cycle 
simulations as well as the calculation of 
transient operating point changes become 
possible. This tool conduces for the train-
ing of the designed controller and the pre-
liminary design of the valve timings need-
ed for auto ignition operation.

3.2  Model Reduction
The long-term aim of the Collaborative 
Research Centre 686 is to develop a mod-

el-based predictive controller (MPC) 
which is based on a physical pattern. 
This kind of controller internally uses a 
simplified plant model to predict the fu-
ture behaviour of the process to opti-
mise. The integration of physical knowl-
edge in the modelling leads to a better 
general validity of the approach. Howev-
er, an indispensable requirement for 
these models is a numerically low com-
plexity with high detail level to allow a 
good closed loop control on a real-time 
basis. The development of the models 
can occur from two extremes. The first 
alternative is to begin with detailed mod-
els and to bring them to a format which 
is executable on the aim control device.

Outgoing from the real physical proc-
esses 3-D CFD models can be combined 
with models of the combustion kinetics. 
This combination is used for a deeper un-
derstanding of the processes inside the 
engine. However, with simulation times 
of days per cycle they are unwieldy for the 
development of a closed loop control. The 
aim is to reduce these models such that 
the succinct and for the regulation impor-
tant characteristics of the controlled vari-
ables are preserved, while less significant 
details are renounced in favour of the cal-
culation time. The first step in this reduc-
tion chain is from a three-dimensional 
CFD code towards a one-dimensional sim-

ulation in which the combustion is al-
ready represented by mathematical func-
tion of the heat release, Figure 5.

For the controller a model is required 
which is reduced such that within a cy-
cle the model can be calculated on-line, 
balanced with measurements, linearised 
and additionally the actual control algo-
rithm is computed. For the implementa-
tion on a control unit the model must be 
given in a higher programming language 
as for example C.

An artificial neural net (ANN) fulfils 
the described demands of a low numeri-
cal complexity [13]. Already several times 
neural nets were used in engine control. 
Indeed ANNs are mathematically driven 
models which have to be fitted to a meas-
ured input/output behaviour. In contrast 
to the CFD models these models show no 
physically based understanding. Howev-
er, artificial neural nets allow an integra-
tion of physical knowledge and are ex-
tendable concerning this. As soon as a 
reduced partial model of the whole proc-
ess is available, this can be inserted by 
regarding it in the training process.

The first approach for the integration 
of physical models is their use as model 
of the controlled process in the closed 
control loop as a MIL test (model in the 
loop). Here the use of the already reduced 
one-dimensional model is promising, be-

Figure 5: Scheme of the  
interaction of different detail 

levels within the project

Figure 4: Modelling approach of gasoline auto ignition within CFD simulation
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cause the calculation time per cycle is 
within the scope of minutes. The control-
ler can be laid out with the help of the 
detailed model. Because the complexity 
of the model used in the controller is 
limited by the real-time hardware, here 
we have to fall back on the numerically 
easier neural net.

4  Simulation Results

In the following the results of the de-
tailed combustion model with CFD and 
multi zone reaction kinetics and the re-
duced model with attached 1-D gas ex-
change calculation are presented and 
verified by comparison with experimen-
tal data from the considered single cylin-
der research engine.

4.1  CFD Simulation
In Figure 6 the distribution functions of 
relative air/fuel ratio, residual gas mass 
fraction and temperature can be seen to-
gether with the burn functions for both 
residual gas strategies Combustion Cham-
ber Recirculation (CCR) and Exhaust Port 
Recirculation (EPR) at the load point n = 
2000/min, IMEP = 3 bar. The crank angle 
position 10° CA BTDC is shown.

In the considered operation point 
CCR has a bigger relative air to fuel ratio 
with broader distribution. Thereby the 
residual gas mass fraction is reduced ac-
cordingly which leads to a decreased 
temperature level. The noticeable earlier 
and faster combustion can be accounted 
for by stratification effects [2].

By using CFD with coupled reaction 
kinetics the heat release in the engine 

with its influence on pressure and tem-
perature as well as the spatial distribu-
tion of reaction zones in the cylinder can 
be calculated and analysed. In Figure 7 
the zones are shown in which the heat 
release starts. For CCR, a large area be-
neath the exhaust valves is detected 
while for EPR several ignition spots are 
discovered, partially beneath the intake 
valves. Furthermore the calculated com-
bustion functions are shown. As was 
shown in the experiments, the earlier 
and faster combustion of CCR is reflect-
ed. The late phase of combustion occurs 
for both strategies too fast.

4.2  Kinetic Analysis of Different Fuels
Current research works show the big po-
tential of using tailor made fuels in gaso-
line auto ignition engines in the future 
[2, 6]. For this, information regarding the 
auto ignition behaviour of the different 
fuels is necessary. In the following, the 
ignition delay times of several energy 
sources already feasible today are com-
pared. Usage of reaction kinetics shows 
the possibility of a preliminary fuel de-
sign by simulation.

The ignition delay time of fuel depends 
of the present mixture, pressure and espe-
cially the temperature in the considered 
reactor. Figure 8 shows a comparison of the 
ignition delay times of ethanol, iso-oc-
tane, methane and hydrogen for stoichio-
metric mixture, residual gas mass frac-
tion of 50 % and 26 bar pressure as a func-
tion of temperature [7, 8, 9, 10]. 

Additionally the temperature range 
around 1000 K is marked. The distribu-
tion functions of temperature from Fig-
ure 6 show most of the volume fraction in 
the combustion chamber at 10° CA BTDC 
for both residual gas strategies in this 
range. The intersection of the traces of 
ethanol and iso-octane is distinctive. For 
higher temperatures the ignition delay 
time for ethanol decreases more rapid 
than for iso-octane. For lower tempera-
tures iso-octane shows a significantly de-
creased ignition delay time. With these 
properties, ethanol appears as an advan-
tageous fuel for controlled auto ignition. 
At higher loads, the higher residual gas 
temperature is overcompensated with less 
residual gas mass fraction which leads to 
lower temperatures during compression 
and inhibits a fast ignition. Contrary for 
lower loads with increased residual gas 

Figure 6: Distribution functions of relative air/fuel-ratio, residual gas and temperature with 
corresponding burn function of CCR and EPR

Figure 7: Auto  
ignition spots and 
burn functions
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mass fraction and higher temperatures 
during compression the process is stabi-
lized by shorter ignition delay [2]. From 
this point of view hydrogen seems to be 
an appropriate fuel, too for gasoline auto 
ignition. The positive behaviour of the ig-
nition delay trace of ethanol is amplified. 
In contrast, methane has longer ignition 
delay over the whole range and hence 
does not appear as adequate fuel for the 
considered combustion system.

4.3  Reduced Model
The above described CFD model approach 
with interactive coupled reaction kinet-
ics is not appropriated for a controller 
layout due to extreme long simulation 
times. In this part a first reduction step 
to a 1-D gas exchange simulation with 
different combustion models will be 
shown. Figure 9 compares test bench re-
sults of three different combustion mod-
els, which are coupled to a 1-D gas ex-
change simulation. The combustion 
model with one zone shows a relative 
slow burn rate at the combustion start. 
After 20 % mass fraction burned, the fuel 
burn rate increases rapidly and is much 
faster than the thermodynamic analysis 
of the test bench data. This fast combus-
tion exceeds the measured peak pressure 
and peak temperature. However, the 50 % 
mass fraction burned point only slightly 
deviates.

An increase in number of zones to 
four results in a better approach to the 
pressure and temperature trace. For this 
simulation the mass is distributed equal-
ly to all zones. In the combustion trace 

the burn process of each zone can be ob-
served. The highest deviation to the ther-
modynamic analysis is approximately 
10 % and occurs during 20 to 40 % mass 
fraction burned. The rest of the burn 
function trace fits well to the thermody-
namic analysis including the 50 % mass 
fraction burned point, especially if the 
high reduction of the reaction kinetic 
model is taken into account. 

The mass distribution at a further in-
crease to nine zones is based on 3-D CFD 
simulation results. In [2] it is shown, that 
the EGR and A/F ratio distribution can be 
described by mean values and standard 
deviations. With this procedure, gained 
knowledge of the 3-D CFD simulation is 
implemented into the reduced model. 
The increased number of zones smoothes 
the burn function and no single zone 
burn process can be observed. Moreover 
the burn function and the location of 
50 % mass fraction burned show good 
correlation. Only at the end the burn 
rate decreases slightly. Additionally only 
small deviations can be observed in the 
pressure and temperature trace com-
pared to the test bench data.

5  Summary

High efficiency and near zero NOx emis-
sions, which exclude an expansive ex-
haust gas aftertreatment are the main 
motivation for ongoing research on con-
trolled auto ignition. However this sensi-
tive part load combustion process is lim-
ited to high loads and high speeds. The 
first part of this paper deals with experi-
mental results from transient test bench 
investigations. Moreover simulation tools 
were shown, which allow the simulation 
of the complex process in different detail 
levels. The goal of the combustion devel-
opment is to analyse the low tempera-
ture combustion and to model its proc-
ess. The gained knowledge is used for the 
controller layout, which will be used for 
a transient operation, an extension of 
the operation area as well as a stabilisa-
tion of the combustion process.

Based on the steady state investiga-
tions, the control path is identified with 
several transient step response investiga-
tions. These results show that a transient 
operation is possible. Additionally opti-
cal investigations are performed, which 

Figure 9: Results of the 
combustion simulation 

with the coupled 1-D 
gas exchange model  
and reaction kinetic

Figure 8: Ignition delay times of different fuels as function of time
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are used for a correlation of the CFD results and moreo-
ver confirm the fast combustion of the controlled auto 
ignition.

A coupled CFD model with reaction kinetic is present-
ed to calculate the combustion and to identify the ther-
modynamic boundary conditions and stratification ef-
fects of the auto ignition. Both EGR strategies are suc-
cessfully simulated and visualized. Based on these results 
a reduced combustion model is developed, which is cou-
pled with a 1-D gas exchange simulation. This coupling 
allows a multi-cycle simulation in an appropriate time 
frame and can be used for future train of the controller 
or for a valve train layout. 
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Cylinder Deactivation for Valve 
Trains with Roller Finger Follower

Cylinder deactivation increases efficiency of gasoline engines without negative effects in terms of exhaust gas 
emissions or driving dynamics. In particular, the advantageous cost/benefit ratio and great affinity to technologies 
currently used in gasoline engines support cylinder deactivation as the right path in meeting future market 
demands. The design and function of cylinder deactivation for valve trains with roller finger follower will be 
explained and examined with regard to functional aspects, such as stiffness, mass, and kinematic behavior. Based 
on initial results, design and production characteristics of this new technology are evaluated and technical control 
interactions in engine applications are presented by Mahle.
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1  Introduction

Cylinder deactivation is a suitable meas-
ure, based on a cost-benefit ratio, partic-
ularly for gasoline engines with greater 
and even numbers of cylinders, for re-
ducing fuel consumption without nega-
tively affecting driving dynamics and ex-
haust gas emissions. The potential of 
cylinder deactivation for fuel consump-
tion reduction can be seen in Figure 1. 
The data result from a driving cycle sim-
ulation – in this case, the “New European 
Driving Cycle” (NEDC) – which was per-
formed on two vehicles, a sedan with an 
eight-cylinder engine and an SUV with a 
six-cylinder engine. Compared to an en-
gine without cylinder deactivation, an 
11 % reduction in fuel consumption is 
possible. When rating the values, it must 
be considered that the cylinder deactiva-
tion is activated only from the 2nd gear 
on, in a range from 1200 to 3500 rpm.

The advantage in fuel consumption 
with cylinder deactivation results sub-
stantially from shifting the operating 
points into a better engine efficiency 
range. If the engine is operated in the 
lower half of the engine operating map, 
half of the cylinders can be shut off. In 
order to ensure the same amount of 
torque, load of fired cylinders must be 
increased. This is accompanied by intake 
dethrottling, improved combustion con-
ditions and residual gas tolerance as well 

as reduced valve train friction, which in-
crease engine efficiency at this operat-
ing point. 

Cylinder deactivation is in competi-
tion with other measures for reducing 
fuel consumption, such as stratified 
gasoline direct injection. In order to im-
plement stratified charge operation, in-
jectors with piezo technology and an 
cost-intensive exhaust gas aftertreat-
ment using a DeNOx catalytic converter 
or SCR technology are required. These 
costly components can be avoided with 
cylinder deactivation. Furthermore, 
with cylinder deactivation there are no 
requirements for fuel quality and thus 
ensures worldwide application of the 
same engine concept. 

2  Function of the Switchable Lever

The main component of the switchable 
roller finger follower consists of two 
partial levers, Figure 2. The partial lever 
on the HLA side, which is supported on 
the hydraulic lash adjuster (HLA), is con-
nected by the roller pin to the valve-side 
partial lever, which rests on the valve. 
The axis of the roller pin is also the com-
mon axis of rotation for both partial le-
vers. The lost motion spring moves both 
partial levers back to the starting posi-
tion after each lever collapse motion 
(zero lift of the valve). The coupling bolt, 

Figure 1: Potential for fuel consumption reduction using cylinder deactivation
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which is guided in the HLA-side partial 
lever, provides the locking and unlock-
ing function.

In the locked position, the partial le-
vers cannot rotate relative to each other. 
The switchable lever takes on the func-
tion of a typical roller finger follower 
and the full valve lift is provided, Figure 
2. In this position, the coupling bolt 
blocks both switching grooves in the 
HLA-side partial lever, so that the switch-
ing lugs on the valve-side partial lever 
rest on the coupling bolt.

In the unlocked position, the cou-
pling bolt releases the switching grooves 
in the HLA-side lever. The valve-side par-
tial lever can swing through during cam 
lift. No valve lift is provided, Figure 2.

The concept of the switchable lever 
has the advantage that there is a roller 

contact between the cam and the lever in 
both operating modes. In contradiction 
to other valve deactivation systems using 
sliding actuation, the friction losses re-
main at typically low level of roller fin-
ger followers. Switching between the op-
erating modes is done by shifting the 
coupling bolt against the coupling bolt 
spring with oil pressure. Through the 
HLA gallery and the oil injection bore of 
the HLA the oil flows into the lever and 
to the coupling bolt, Figure 3. The oil pres-
sure level is controlled by a solenoid 
valve. When the solenoid valve is off, the 
oil pressure is regulated at a relative val-
ue of about 0.7 bar, to ensure the func-
tion of the HLA. The coupling bolt spring 
thus holds the coupling bolt in the 
locked position. At suitable partial load 
engine operating points and an oil pump 

pressure level of more than 1.5 bar (rela-
tive), the solenoid valve can be actuated 
and the oil pump pressure is applied to 
the HLA gallery. The oil pressure force on 
the coupling bolt exceeds the force of the 
spring and pushes the coupling bolt into 
the unlocked position.

3  Design and Computation

A V6 engine is used as an experimental 
platform for the development of the 
switchable lever. For this cylinder ar-
rangement, one cylinder bank is shut off. 
Experience and results from develop-
ment can be applied to other engine 
variants, in which only individual cylin-
ders per bank are deactivated.

Prior to designing the switchable le-
ver, an analysis of the original valve 
train kinematics is performed. The con-
tact point movement between the 
switchable lever and the valve stem 
takes place in one direction in normal 
valve trains. In this switchable valve 
train, the contact point moves in the op-
posite direction in case deactivation is 
enabled. For both load cases, it must be 
ensured that the switchable lever never 
slides off the valve.

Using the new kinematics, which 
meets the requirements of the valve 
train, the design is detailled. Boundary 
conditions are package constraints, lever 
rigidity, mass inertia relative to the max-
imum rpm, and durability.

The loads and stresses are checked us-
ing FEM and MBS analyses. The stiffness 
of the last prototype, for example, was 
increased by 35 % in the individual de-
sign iterations.

4  Switching Strategy  
and Switching Tests

The switching strategy depends on the 
time that the coupling bolt requires to 
move from the locked to the unlocked 
position, called shift time in this context. 
The time available for this motion, called 
maximum shift time here, must also be 
considered. The maximum available 
time is prescribed by the base circle of 
the cam contour and the camshaft phase, 
and thus depends on the rotational 
speed. 

Figure 2: Exploded view of the lever components, switchable lever in both functional states 
(activated and deactivated valve lift)

Figure 3: Illustration of the oil circuit for switching
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The test for determining the shift 
time was carried out for different oil 
pump pressures and temperatures. An 
example for the unlocking phase (deacti-
vation of valve lift) is shown in Figure 4. In 
off position, the solenoid valve regulates 
the oil pressure in the HLA gallery to 
0.7 bar (relative) whereas the oil pump 
pressure is 4.5 bar (relative). After the 
current signal (start signal) for the sole-
noid valve, oil pressure increase can be 
detected in the HLA gallery and at the 
coupling bolt. Simultaneously, a slight 
drop of the oil pressure supply feed oc-
curs above the solenoid valve. After a re-
action time of about 9 ms and a pressure 
rise to about 1.1 bar (relative), the cou-
pling bolt motion starts. The time in 
which the coupling bolt is in motion is 
defined as the shift time.

These measurements result in a char-
acteristic map of the reaction time and 
shift time relative to the oil pump pres-
sure and temperature. In order to ensure 
reliable switching, the switching time 
must be lower than the maximum avail-
able shift time. The response time can be 
maintained in the electronic control 
unit and therefore does not need to be 
included in the maximum switching 
time.

If the measured shift times are plot-
ted against the rpm, the result is the dia-
gram shown in Figure 5 (right). The higher 
the rpm, the shorter the shift time, as 
the oil pump pressure in the engine in-
creases. If a safety time is added to the 
measured shift times, then the result is a 
required shift time curve over rpm 
(shown in green in Figure 5). The curve 
for the maximum available shift time 
must be greater than the switching time 
curve in order to allow switching.

When determining the switching 
strategy, the number of solenoid valves, 
and thus the maximum shift time, the 
following boundary conditions must be 
covered:
–	� cylinder firing sequence: Every other 

cylinder must be switched off
–	� unlocking (deactivate valve lift): 

Switch off exhaust valve before intake 
valve, so that the exhaust gas is con-
tained in the combustion chamber; 
This ensures that the cylinders do not 
cool down and the overpressure in 
the combustion chamber presses the 
valves against their seats

–	� locking (activate valve lift): Engage ex-
haust valve before intake valve, so that 
the exhaust gas contained in the cyl-
inder is first expelled into the exhaust 
system before fresh air is drawn in.

Using the example of a V6 engine, the 
switching strategy with two solenoid 
valves is explained. In this engine design, 
due to the firing order, one entire bank 
(three cylinders) is shut off. The black bars 
in Figure 5 show the event duration of in-
dividual valve lifts. If the start of the shift 
time is placed in the initial stroke of the 
intake valve of the first cylinder, then the 
result is a maximum shift time of 414° 
crank angle for the first switched exhaust 
valve (1st cylinder). Converted to millisec-
onds, a curve for the maximum shift time 

over rpm results (blue line in Figure 5). Us-
ing this switching strategy, a range of 
about 1000 rpm to 4000 rpm is possible, 
as the maximum shift time in this range 
exceeds the required shift time. The lower 
limit (here 1000 rpm) is determined by 
the oil pump pressure level. An oil pres-
sure of about 1.5 bar (relative) is needed in 
order to allow switching.

5  Motored Test of Cylinder Head

Using the described switching strategy, 
switching tests were performed on a mo-
tored cylinder head. Oil flow rate, oil 
pressure, and oil temperature were set 
according to the engine operating map. 

Figure 4: Shift time of the coupling bolt and oil pressure curve  
(90 °C oil temperature; 4.5 bar relative oil pump pressure)

Figure 5: Switching strategy with two solenoid valves 
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Oil pressure was measured upstream 
and downstream of the solenoid valves. 

In addition to switching function tests, 
an angle range for the actuation of the so-
lenoid valve for each rpm is determined 
which enables successful on/off switching 
of the valve lifts. Therefore the actuation 
signal is shifted by discrete camshaft an-
gles, until successful deactivation of the 
valve lift can be detected. This provides 
the minimum angle limit for switching. 
The actuation signal is shifted further, un-
til the deactivation is no longer success-
ful, i.e., the valve lift can still be seen. The 
range between the minimum and maxi-
mum angle represents the control signal 
window for successful switching opera-
tion. For an oil temperature of 90 °C over 
rpm, the control signal window test re-
sults are shown in Figure 6. The control 
signal window range reaches values be-
tween 280° crank angle at 1000 rpm and 
80° crank angle at 4200 rpm. This leads to 
a safety margin of 40° crank angle, if an 
average value is selected for possible 
switching at 90 °C oil temperature. 

Activation of the valve lifts, in gener-
al, shows smaller control signal windows 
than deactivation. Overall, the tests at 
90 °C oil temperature result in success-
ful deactivation and activation up to 
4000 rpm. Lower oil temperatures in-
crease the shift time of the coupling bolt 
due to higher oil viscosity, and reduce 
the width of the control signal window.

6  Summary

Pressure on engine manufacturers to in-
troduce technologies for fuel consump-
tion reduction is enhancing. One sensi-
ble technology for gasoline engines is 
cylinder deactivation and offers con-
sumption improvements of up to 11 %.

The advantages of the Mahle system 
are its favorable price/performance ra-
tio and the potential for simple applica-
tion of the system in proven engine de-
signs. Other than the switchable lever 
and solenoid valves, no additional com-
ponents or additional oil circuit are 
needed.

The entire development process, 
from kinematic design, design, FEM and 
MBS analysis, to prototype building, 
quality inspection, and testing has been 
performed for a V6 engine. The bound-
ary conditions for planned series pro-
duction have also been considered for 
the current design. The steps indicated 
are contained in a development guide-
line that allows rapid and reliable adap-
tation of the switchable lever to other 
engines.

The article explains both the back-
grounds of possible switching strategies 
and the successful switching function 
and limits by test results. The system is 
an attractive way to reduce CO2 emis-
sions and is being systematically adapt-
ed for other engines.	 ■

Figure 6: Control signal window over rpm at 90 °C oil temperature
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Variable Valve Timing 
Complementing Hybrid-EGR 
at Diesel Engines
To understand the benefits of the Atkinson cycle added to a two-stage boosting system including Hybrid-EGR, 
engine simulations were carried out by BorgWarner. The possible valve curves were determined by a real variable 
valve timing device consisting of two concentric camshafts with an integrated cam phaser. The results promise a 
higher degree of freedom in tradeoffs between fuel economy, NOx emission and Particulate Matters (PM).
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1  Introduction

The diesel engine is facing a trade-off be-
tween emission regulation and cost in-
crease. Compared to the gasoline engine, 
where healthy cost/benefit ratios of ex-
haust aftertreatment systems have gener-
ated a reasonable atmosphere in the de-
velopment processes and technology ap-
proaches, the diesel engine emissions, es-
pecially those for NOx, are subject of both 
engine internal measures as well as exten-
sive aftertreatment concepts. Besides high 
pressure exhaust gas recirculation (HP 
EGR), low pressure exhaust gas recircula-
tion (LP-EGR) [2-7] has recently been intro-
duced to the market [3, 11]. In addition, 
efficient boosting components like vari
able turbine geometry (VTG) and regulat-
ed two-stage turbo charging are state of 
the art. Diesel particulate filters (DPF) and 
diesel oxidation catalysts (DOC) are man-
datory aftertreatment components.

To meet Euro 6 emission regulation 
targets, lean NOx traps (LNT) or selective 
catalytic reduction systems (SCR) are be-
ing considered depending on the vehicle 
size in the aftertreatment environment. 
Today, the most favourable boosting-EGR 
combination consists of a two-stage boost
ing system with a Hybrid-EGR (HP and LP 
EGR) loop. In a simplified scenario, ex-
pensive NOx aftertreatment systems like 
LNT and especially SCR provide excellent 
results within rational development and 
application timeframes, whereas engine 
internal measures combine aspects of 
driveability, performance and controlla-
bility, but drive up the development ef-
fort and provide a high level of uncer-
tainty to the decision makers. Both solu-
tions, for example to meet Euro 6, are 
therefore in a competition in terms of 
time, budgets and success. 

While the application of NOx after-
treatment will lead quickly and safely to 
successful Euro 6 vehicles, it’s more diffi-
cult and riskier to introduce engine re-
lated measures. On the other hand en-
gine related measures are more cost effec-
tive. One possible scenario is that exhaust 
aftertreatment systems for NOx removal 
will penetrate the market but later, once 
understood, investigated and tested, en-
gine related concepts might dominate. It 
has been suggested [21] that a two-stage, 
boosted, Hybrid-EGR equipped engine 
will meet the targets without NOx reduc-

tion equipment for a broad vehicle fleet. 
This seems to be possible in combination 
with high performance fuel injection sys-
tems [8, 22]. The contribution of late in-
take valve closing (LIVC), also called At-
kinson Cycle, to emission concepts has 
been investigated. To maintain perform-
ance, improved turbo charging is neces-
sary and NOx can be lowered down by 
30 % without any disadvantage in fuel 
economy [9]. Nevertheless, the combina-
tion of Hybrid-EGR, turbo charging and 
LIVC has only been partially investigated. 
Sometimes results are focused on com-
bustion in single cylinder engine (SCE) 
tests, in other cases EGR has been neglect-
ed, or – based on engine displacement – 
full load operation had priority.

This paper deals with the complex 
question, in how far the application of 
variable valve actuation (VVA), especially 
LIVC, may add benefits to emissions, per-
formance or fuel economy of modern 
diesel engines. A well calibrated simula-
tion model including detailed properties 
of today’s and future breathing systems 
was used.

2  Concept Selection  
of Variable Valve Timing

Engine related investigations to under-
stand variable valve trains are often run 
with fully variable concepts. The entire 
potential can therefore be explored. 
Transferring the investigative results to 
new products is sometimes difficult, es-
pecially to find the best and most cost 
effective product solution.

Therefore a different approach was 
used. Looking sideward to the gasoline 
engine where cam phasers have been used 
successfully during the past 20 years, then 
adding two concentric camshafts, a new 
VVA concept has been developed, Table. 
The first, left column in the Table explains 
the objective, the second column focuses 
on the method the third column on the 
required variable valve train functionali-
ty. The Table also shows that the new vari-
able duration control (VDC) concept can 
be applied to the exhaust as well as the 
intake side. It can also be understood the 
new VDC concept can perform eleven out 
of sixteen useful functions.

In Figure 1 the new product is illustrat-
ed in a 3D view. The two concentric cams 

The Authors

Dr.-Ing. Olaf Weber 
is responsible for  
Engine Systems at 
BorgWarner in Auburn 
Hills, Michigan (USA).

Dipl.-Ing.  
Volker Jörgl 
represents Diesel Sys-
tems at BorgWarner  
in Kirchheimbolanden 
(Germany).

Dipl-Ing.  
Wolfgang Bullmer 
leads Engineering, 
Product Management 
and Business Develop-
ment at BorgWarner  
MorseTec in Ithaca, 
New York (USA).

Steve Wyatt, M.Sc. 
is responsible for New 
Components and Sys-
tems at BorgWarner 
MorseTec in Ithaca, 
New York (USA). 

MTZ 04I2009 Volume 70 33 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



are attached to a cam phaser. One of the 
intake lobes (red) is mounted on the in-
ner shaft which itself is actuated by the 
cam phaser. The other intake lobe in this 
example is attached to the outer cam and 
is not actuated during the operation. The 
price/performance ratio can be seen in 
Figure 2. An average performance factor is 
being determined by the fact that VDC 
meets eleven out of sixten different func-
tionalities shown in the Table. The system 
cost factor of course is rather low because 

robust, approved and rather simple tech-
nologies from the gasoline engine side 
are used. The fully variable VVA option of 
course shows the best performance but is 
the most expensive solution by far.

Referring to the situation in the litera-
ture, it was decided to start the variable 
valve actuation study with the Atkinson 
cycle, Figure 3. In other studies, which are 
not shown here, early intake valve clos-
ing influence and a symmetrical variable 
overlap between exhaust and inlet valve 

for highly transient operation to control 
internal EGR has been investigated. The 
VDC concept can be exercised on differ-
ent levels of complexity. VDC Type I, 
shown in Figure 4, is limited to actuating 
only one inlet valve so the area below the 
valve curves remains unchanged. VDC 
Type II, made possible through an addi-
tional sub component, can actuate both 
intake lobes and, due to that fact, enlarg-
es the area under the valve curves. Con-
sidering high air velocities in the gap be-

BorgWarner VDC* potential on diesel engines

Goal Method VVA functionality
VDC location

Intake Exhaust

Reduced NOx / Smoke

Lower process temperature through red. eff. CR EIVC or LIVC ❍

Vary swirl Variable Intake valve Lift

Use Internal EGR to reduce peak process temp. EEVC + LIVO or 2nd valve actuation event ❍ ❍

Improved fuel economy
Higher volumetric efficiency optimized valve timing + lift curve ❍ ❍

Cylinder cut out Valve deactivation

Transient performance shut off of internal EGR or Miller / Atkinson instantly EEVC + LIVO ❍

Engine cranking* Reduce cranking torque (fluctuations) EIVC or LIVC ❍

Engine shut off* Reduce torque (fluctuations) EIVC or LIVC ❍

Effective after treatment  
Regeneration

Reduce air flow through red. volumetric efficiency EIVC or LIVC ❍

Increase exhaust gas temperature EEVO ❍

Cold starting / idling Increase effective CR Optimized IVC ❍

Engine warm up** Use Internal EGR to increase exhaust temperature EEVC + LIVO or 2nd valve actuation event ❍ ❍

Combustion stability Control ignition delay / heat release (cylinder spec.) EIVC or LIVC (cylinder specific)

Faster Catalyst light off Increase exhaust gas temperatures EEVO ❍

Increased low end torque Recharge the cylinder with exhaust gas 2nd exhaust valve actuation event during intake

Engine braking Use engine as compressor only EVO at TDC (additional decompression hump)

   Possible with VDC family� *Variable Duration Control

Table: Diesel engines and their potential using variable valve trains

Figure 1: 3-D view of the variable duration 
control (VDC) concept Figure 2: Cost/performance trade-off for different valve timing systems
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tween valve and seat, VDC Type II is of 
course the more promising solution. The 
piston pushes out air into the intake port 
and especially at very late intake valve 
closing timing throttling occurs at low 
valve lift. This results in a higher tempera
ture in the cylinder which is not desired 
because it is contradictory to the Atkin-
son effect. Large engines with low engine 
speeds and rather large intake areas will 
require only Type I. Type II might be pre-
ferred for engines with an engine dis-
placement smaller than 2.0 l and engine 
speeds higher than 1500 rpm. All the in-
vestigations described below were there-
fore carried out with VDC Type II to cap-
ture all advantages.

3  Full Breathing System Investigation

3.1  System Selection
Two-stage boosting and Hybrid-EGR-sys-
tems are in the process of penetrating the 
market. The addition of LIVC requires 
even higher boost pressures which led to 
the decision that single stage systems 
would not be investigated. Regulated two-
stage turbo charging (R2S), Figure 5, top, 
and variable turbine geometry two-stage 
turbo charging (V2S), where the high 

pressure turbine regulating valve is re-
placed by a VTG, are the starting points of 
the simulation. The selected EGR-system 
consist of both cooled LP-EGR and HP-EGR 
circuits, Figure 5, bottom, to be as com-
petitive as possible, although the result-
ing complexity is quite high. To keep EGR 
temperatures low, therefore creating a 
tough competitive environment for VDC, 
both EGR-loops were equipped with the 
best conceivable cooling components. 

3.2  Boosting System and  
Late Intake Valve Closing
Both the R2S and the V2S were compared 
directly, Figure 6, in an LIVC sweep by 
maintaining the engine speed, load and 
air/fuel ratio. With increasing LIVC the 
required boost pressure increases and 
the exhaust gas energy demand of the 
turbine rises, which can be seen in the 
decreasing turbine bypass mass ratios, 
Figure 6, bottom. The overall turbine ef-
ficiency includes the losses induced by 

Figure 3: Identified preferred valve timing strategies

Figure 4: 
Variable dura-
tion control 
(VDC), work-
ing principle

Figure 5: Considered breathing system configurations
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the bypass flow, increases, Figure 6, top. 
Higher required boost pressures would 
therefore not necessarily cause higher 
fuel consumption, if they allow more 
efficient use of the boosting system. The 
VTG version starts with much higher ef-

ficiencies but of course is inferior when 
the high pressure turbine bypass valve of 
the R2S system is closed. The fixed geom-
etry turbines (FG), used in the R2S sys-
tem, have superior efficiency throughout 
their flow range used. The full flow range 

is needed at crank angle LIVC of more 
than 70°.

It has to be stated that the Brake Spe-
cific Fuel Consumption (BSFC) can be 
kept constant although the absolute 
boost pressure, the pressure drop in the 
piping and the throttling in the valve 
seat area increase the pressure losses. 
Nevertheless the pumping losses are 
lower due to higher efficiencies of the 
boosting system. It is just important to 
achieve a suitable turbo matching.

3.3  LIVC and Hybrid-EGR in Concert
To visualize the influence of both Hy-
brid-EGR and LIVC, the air system appli-
cation plots (ASAP) used in [1] were en-
hanced, Figure 7. The solid blue field sym-
bolizes the possible operating range 
when engine load, speed and EGR rate 
are being held constant. The split be-
tween HP- and LP-EGR is variable as well 
as the boost pressure and air fuel ratio. 
The left border is limited by the HP-EGR 
rate, which lowers the flow through the 
compressor. The right border is described 
by the LP-EGR rate which maintains the 
compressor flow. The top border is limit-
ed by the maximum boost pressure pos-
sible and the bottom border by the air/
fuel ratio of one, which can certainly be 
seen as a combustion limit. If LIVC is ap-
plied to the engine, the compressor flow 
decreases due to the smaller effective en-
gine displacement and the entire blue 
field moves to the left (blue shaded).

Figure 8, top, shows the results for the 
air/fuel ratio at constant engine speed, 
load and EGR-rate for the large FG high 
pressure turbine described in Figure 6. 
Keeping the load constant, the effective 
engine downsizing by LIVC leads to lower 
air/fuel ratios and a limited area of possi-
ble operation. The resulting combustion 
chamber temperature at 50° before top 
dead centre (TDC) can be seen in Figure 8, 
bottom. It is significantly lower by 60 K 
compared to that obtained with the 
standard valve timing. This just confirms 
literature data. Both NOx reduction meas-
ures, Hybrid-EGR as well as LIVC, need a 
highly performing boost system which 
provides enough energy to take advan-
tage of their functionalities. In case of the 
EGR the turbocharger has to pump more 
EGR to keep the air to fuel ratio and en-
gine load constant. Using LIVC, the boost 
pressure has to be higher to compensate 

Figure 6: Marriage between turbo charging and variable valve timing

Figure 7: Engine operating points documented in the compressor map under consideration of 
Hybrid-EGR, turbine bypass valve and late intake valve closing
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for the air mass loss to the intake port. To 
compare both strategies, the operation 
point described above was now run ap-
plying EGR rates higher than 20 %, but 
without LIVC. The result can be seen in 
Figure 9. Compared to Figure 8, the trend 
is the same. Of course the temperatures 
are higher compared to the LIVC opera-
tion. As a side result it is obvious that low 
pressure EGR is not worthwhile to apply 
in this kind of case because there is 
enough exhaust energy available in front 
of the turbine. It’s also obvious that the 
performance limit of the turbocharger is 
reached at an EGR rate of 26 %. This is 
equivalent to a 20 % EGR rate and a LIVC 
time of 50° seen in Figure 8.

Both operating strategies can be com-
pared in diagrams. The top of Figure 10 
shows the result where the BSFC was kept 
constant. We then can see the tempera-
ture advantage of 60 K in case of LIVC. On 
the other hand we have a higher oxygen 

concentration in the combustion cham-
ber by 1 % point. This leads, in combina-
tion with other parameters, to a higher 

NOx concentration compared to the non 
LIVC case with a higher EGR rate of 26 %. 
The bottom of Figure 10 has been created 
under consideration of the same NOx 
emission. In this case the BSFC has been 
lowered by 3.5 %, which can only be ex-
plained by a more efficient gas exchange. 
At very similar oxygen concentrations in 
the combustion chamber the air fuel ra-
tio is lower. Engine tests will have to prove 
the emission benefits of this additional 
freedom in the NOx-PM trade-off.

4  Outlook

It is now very important to understand 
in how far PCCI combustion concepts un-
der the help of late intake valve closing 
and EGR can be used in a wider range of 
the engine map. A possible broader load 
range enabled by LIVC to run PCCI is en
abled by the lower temperature before 
the first injection occurs. But it is un-
clear, in how far an optimization of EGR 
and fuel ratio could be used for a NOx op-
timization with respectable acoustic re-
sults. Latest publications are promising 
[22]. Nevertheless, the most important 
prerequisite, a robust, cost effective de-
signed component for LIVC, is variable 
duration control (VDC).

In the future, functionalities like fast 
transient internal EGR, an exhaust tem-
perature control by variable exhaust 
valve closing or the control of the effec-
tive compression ratio to improve the 
cold start behaviour will be investigated.

Figure 8: Air/fuel ratio and air temperature before start of injection, considering EGR-split and 
intake valve closing timing, at 3000 RPM and 15 bar BMEP

Figure 9: In cylinder temperature ASAP, considering EGR-rates and EGR-split at standard 
intake valve closing timing, at 3000 RPM and 15 bar BMEP
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Figure 10: LIVC potential in the EGR environment
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Gasoline Engines are the answer 
to the challenges of future
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technik bewegt.
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Two-stroke/Four-stroke 
Multicylinder Gasoline Engine for 
Downsizing Applications
Following the great public interest aroused by the „2/4-sight“ concept and the successful completion of the 
fundamental investigations on the testbed, Ricardo is now starting work on the „2/4-car“ project. This project aims to 
prove the combinability of two- and four-stroke operation in a single internal combustion engine within a demonstrator 
vehicle. The additional degree of freedom of the engine operating mode opens the potential for downsizing beyond 
conventional technical limits, enabling a competitive CO2/cost trade-off compared to future diesel powertrains. 
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1  The Origins of the  
„2/4-sight“ Engine

The end of the 1980’s saw the start of 
work with the Flagship single cylinder 
engine, with which successful work was 
carried out to investigate poppet valve 
controlled two-stroke operation [1]. Since 
then several years have passed, in which 
fuel consumption and CO2 emissions 
control have become ever more impor-
tant sales factors. Following this trend, 
several downsizing concepts now enjoy 
market success, achieving fuel consump-
tion benefits by means of an engine with 
reduced displacement.

The „2/4-sight“ concept marks a step to 
increase the fuel economy potential of 
downsizing still further, by combining 
two- and four-stroke operation in the same 
engine. The appropriate juxtaposition of 
two- and four-stroke regimes allows the 
engine capacity to be reduced further 
whilst retaining the original level of drive-
ability. This has now been made possible 
by the maturity of variable valvetrain 
technology, improved boosting possibili-
ties and in particular through the 
progress made in IC engine control.

2  Two-stroke Operation  
with Poppet Valves

For an IC engine using poppet valves to 
control gas exchange, combustion cham-
ber scavenging can be achieved by the 
use of compressed intake air (boosting). 
In this way, the provision of fresh air for 
the next combustion cycle is combined 
with the displacement from the cylinder 
of the spent gases from the last. If gas ex-
change takes place by this process, then 
a two-stroke operating cycle can be real-
ised with a valvetrain driven by a cam-
shaft. Figure 1 illustrates this point for 
the case of the „2/4-sight“ concept. The 
main difference from conventional four-
stroke engine operation is that a work-
ing cycle is completed once every revolu-
tion of the crankshaft. In the ideal case 
at low engine speeds, the result is a dou-
bling of the achievable torques. This 
opens up significant potential for down-
sizing, in which reductions in fuel con-
sumption can be achieved through the 
use of a reduced cylinder capacity in con-
junction with boosting.

3  Downsizing

Downsizing is regarded as a proven ap-
proach to the reduction of vehicle fuel 
consumption. As long as the same vehicle 
performance can be achieved with a 
smaller engine, then economy benefits 
result from a combination of reduced in-
ternal friction and more frequent opera-
tion at higher efficiencies. In order to 
compensate for the reduced displace-
ment, compression of the intake air is also 
carried out.

The conventional approach to down-
sizing using direct injection and turbo-
charging has a number of limitations, as 
shown in the Table. These constraints 
limit the maximum downsizing to 
around 30 %, whereas the 2/4 concept 
has a number of fundamental advantag-
es and can extend the degree of downsiz-
ing to around 50 %. This leads to an im-
provement in European drive cycle CO2 
of 10 to 15 % compared to today’s down-
sized engines and 25 to 30 % compared 
to today’s port fuel injection naturally 
aspirated engines.

Another approach to downsizing is 
through hybridisation of the powertrain. 
In this case, a reduction in engine dis-
placement is enabled by the use of an elec-
tric motor to compensate for the resulting 
torque deficit. In this case too, the same 
mechanical and thermodynamic restric-
tions limit the scaling-down of the engine. 
Both approaches find a lower limit that is 
finally determined by the knock resist-
ance of the gasoline fuel in use.

4  The „2/4-sight“ Engine Concept

Due to the knock limit, in gasoline en-
gines with extreme downsizing by a high 

Figure 1: Comparison between four-stroke and two-stroke operation in the „2/4 sight“ engine
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degree of boosting, there exists a conflict 
between the joint objectives of thermal 
efficiency improvements and the achiev-
able torque at low engine speeds. One 
route to the resolution of this conflict 
would be to overcome the technical ob-
stacle posed by the knock limit by using 
two-stroke operation at high load. The 
way in which the „2/4-sight“ concept 
makes this possible is described in the 
following text.

The „2/4-sight“ engine is a multi-cylin-
der internal combustion engine with gaso-
line direct injection that can be run in ei-
ther two- or four-stroke operation. In addi-
tion, it is possible to change between oper-
ating modes whilst the engine is running. 
The requirements of two-stroke operation 
are a significant influence on the inlet sys-
tem configuration, as seen in Figure 2.

The use of turbocharging with after-
cooling that is typical of four-stroke 
downsized applications is supplement-
ed by a mechanical supercharger con-
nected in series. The supercharger is 
necessary to provide a positive pressure 
difference between inlet and exhaust 
ports required to scavenge the cylinder 
in two-stroke mode. The engine could be 
purely supercharged, but this approach 
would not give as good fuel economy in 
four stroke mode as using the turbo-
charger. 

Depending on the operating point, 
airflow is guided via the compressor or 
direct to the turbocharger by a control-
led bypass. The differences in valve tim-
ing required between two- and four-
stroke operation are realised by a variable 
valvetrain. The connection in series of 
compressor, turbocharger and charge air 
cooler makes it possible to realise all op-
erating strategies currently in use with 

gasoline DI concepts. The „2/4-sight“ con-
cept is therefore based exclusively on 
components that are already found in 
production applications. The 2/4-sight 
Engine is conceived in such a way that 
during the relevant certification cycles 
only four stroke operation occurs. The 
2/4-sight engine is conceived in such way 
that during the relevant certification cy-
cles only four stroke operation occurs 
which, if stoichiometric, would require 
only three-way catalyst aftertreatment. 
Ricardo expects nevertheless, that off-cy-
cle emission concerns would require an 
LNT for the lean engine operation which 
occurs in two stroke mode.

4.1  The Experimental Engine
The experimental engine is based on a 
2.1 l six cylinder engine, one cylinder 
bank of which is not used. The experi-
mental engine carries a cylinder head 
that is derived from that of the Flagship 
engine, allowing valve-controlled opera-
tion of the engine in both two- and four-
stroke modes using direct injection. The 
inlet ports are vertically oriented to pro-
mote efficient scavenging [2]. The switch-
ing and control algorithms for changing 
operation mode are implemented in a 
rapid prototyping control unit. This ex-
changes information with the main en-
gine control unit and a valve control 
unit, the details of both of which are de-
scribed in more detail subsequently.

Figure 2: Configuration of airpath system

Table: Limiting factors of conventional downsizing

Limiting Factor Negative Impact 2/4 Concept Advantage

Compression 
ratio

Indicated efficiency

For the same specific torque output, two- stroke 
operation gives lower cylinder pressure and 
temperature, enabling 1.5 to 2 ratios higher 
compression ratio

Maximum  
cylinder  
pressure

High structural loads lead 
to increased weight. In-
creased bearing sizes lead 
to increased friction and 
lower brake efficiency

For the same specific torque output, two-stroke 
operation gives significantly lower maximum 
cylinder pressure

High rates  
of pressure rise

NVH

For the same specific torque output, two-stroke 
operation gives lower rates of pressure rise due to 
lower charge mass per cycle and lower maximum 
cylinder pressure

High peak  
to mean  
torque output

NVH
Two-stroke operation gives reduced torque ripple 
due to double the firing frequency with smaller 
crankshaft inputs at each firing stroke

Low speed 
torque

Driveability
Two-stroke operation gives 150 Nm/l swept vol-
ume at 1000/min, which compares to typicaly  
100 Nm/l for four-stroke DI turbocharged engines 
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The experimental engine is equipped 
with an external boosting system. Figure 3 
shows the „2/4-sight“ engine with mount-
ed hydraulic pressure feed.

For the development of suitable strat-
egies for switching between engine oper-
ating modes, separate maps for two- and 
four-stroke operation are calibrated and 
stored in the engine control unit. In two-
stroke mode on the testbed, the external 
boosting system is used for scavenging of 
the active cylinders. 

4.2  Valve Actuation in  
Two- and Four-stroke Operation
The requirement for different settings of 
valve timing and lift in two- and four-
stroke operation necessitates a variable 
valvetrain. For the realisation of the typi-
cal lift curves for each mode shown in 
Figure 4, suitable variable valvetrain op-
tions are pure mechanical, electro-me-
chanical or electro-hydraulic.

Variable valve actuation on the exper-
imental engine is implemented using an 
electro-hydraulic valvetrain developed by 
Ricardo. Figure 5 shows the signal flow 
path for this system.

Each of the active cylinders in the en-
gine is equipped with two inlet and ex-
haust valves, which can be operated inde-
pendently. The engine control unit (ECU) 
transmits the opening and closing time 
and the target valve lift curve to a valve 
control unit (VCU). The VCU then actu-
ates the servo control valves appropri-
ately. The current valve position is being 
fed back to close the control loop. The 

complexity of the valvetrain is offset by 
its advantages of a wide range of varia-
tion of valve timing and programmable 

valve lift curves. The system makes it eas-
ily possible to react to differences in the 
measured valve timing from the targets 
derived by gas exchange simulation. 

4.3  Combustion Chamber and Air Path
As seen in Figure 4, the available time 
for gas exchange in two-stroke mode is 
significantly shorter than that in four-
stroke mode. For direct injection this 
shortens the time duration available for 
mixture preparation. Two fundamental 
challenges result from this that are not 
present in normal four-stroke operation: 
a sufficient supply of fresh air for the 
following working cycle and good mix-
ture preparation. In order to guarantee 
this for over a wide operating range, the 
air path to and from the cylinder must 
be designed appropriately. Considering 
the requirement of sufficient scaveng-
ing efficiency in two-stroke mode of at 
least 85 %, a requirement to reduce the 

Figure 3: „2/4 sight“ engine fitted with electro-hydraulic valvetrain

Figure 4: Difference between two and four-stroke valve characteristics
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tendency for auto-ignition, 3D CFD sim-
ulations led to the cylinder head design 
shown in Figure 6.

In general for two-stroke engines, 
high engine speeds and low scavenging 
efficiencies give rise to an increased 
probability of knock and other auto-ig-
nition phenomena. For the „2/4-sight“ 
engine, a number of design measures 
were taken to counteract this. The up-
per, exhaust valves shown in the cylin-
der head in Figure 6 are larger than the 
inlet valves, achieving reduced flow 
losses on the exhaust side. In addition, 
each of the inlet ports opposite is fitted 
with an inlet valve shroud, which helps 
to prevent large-scale outflow of inlet 
air through the exhaust ports at low 
valve lift. This simple measure brings 
about a significant increase in scaveng-
ing efficiency across the entire engine 
operating map. The mixture prepara-
tion in two- and four-stroke operation is 
also supported by the high tumble in-
cylinder flow regime.

An example output from a CFD study 
of the scavenging process made using 
the Ricardo „VECTIS“ code is shown in 
Figure 7. The results show that the in-cyl-
inder flow is well organised and the for-
mation of the reverse tumble scavenge 
loop can be seen clearly. Some short-
circuiting is observed, but the predomi-
nant inlet flow is confined to the non-
exhaust side cylinder wall as desired. At 
this condition scavenging efficiency is 
90.5 %. At higher speeds it becomes 
more challenging to maintain the tar-
get scavenging efficiency, and this is a 
key factor limiting poppet valve two-
stroke performance at engine speeds 
above 4500/min.

5  Operating Strategy of the  
„2/4-sight“ Engine

The „2/4-sight“ engine is of particular 
interest for downsizing applications 
because high values of torque can be 
naturally achieved particularly at low 
engine speeds. Figure 8 shows the com-
posite map of achievable two- and four-
stroke operation ranges. The simulated 
value of maximum torque for two-
stroke mode was confirmed by meas-
urements on the test engine. Two-
stroke operation drives the require-
ment for a variable valvetrain and se-
quential boosting with charge air cool-
ing. These features can be used to best 
advantage in four-stroke operation, be-
cause the „2/4-sight“ concept permits a 
wide range of gasoline DI strategies. 

One possible operation strategy can 
be derived from overlaying the two dif-
ferent engine maps. The decision, in 

which mode the engine should run is de-
pendent on the driver demand and the 
current operating point.

Up to an engine speed of 4500 rpm, 
the maximum torque is higher in two-
stroke mode than in four-stroke mode. 
For the experimental engine, the achiev-
able specific torque at 1000 rpm is 150 
Nm/l, compared to 90 Nm/l for four-
stroke operation.

A natural switching point between 
the two operation modes falls at 4500 
rpm, since here the achievable torque 
values are identical. Driver demands for 
high loads in the speed range up to 4000 
rpm can be served by a switch into two-
stroke mode. 

In order to realise the operation strat-
egy described, it is important that switch-
ing between two- and four-stroke modes 
takes place sufficiently smoothly. Three 
types of operating mode switch can be 
defined, as illustrated in Figure 8. In the 

Figure 7: CFD simulation of two-stroke scavenging process

Figure 6: Closeup of combustion chamber designFigure 5: Schematic overview of electrohydraulic valve control
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case of operating mode transitions 1 and 
2, the situation is one of mode switching 
under varying engine torque. These types 
of transition dominate in transient driv-

ing behaviour. A transition of type 3 
takes place when a change of mode takes 
place but torque remains constant. This 
type of transition is made if it is advanta-
geous from the point of view of fuel con-
sumption or emissions.

Figure 9 shows test data from the 2/4-
sight experimental engine for a switch 
from four-stroke to two-stroke operation 
at an engine speed of 1500 rpm. For this 
test the fuel quantity per injection was 
held constant. The result is an increase 
in produced torque. The operating mode 
transition shown was initiated as a reac-
tion to a manual change in the throttle 
angle from 6° to 15° (ramp time = 2 s). 
The change of valve timing from four-
stroke to two-stroke settings gives rise to 
pressure fluctuations in the inlet system, 
which are caused by the propagation of 
pressure waves through the inlet system 
of the test installation. These pressure 
waves must be accounted for in the cal-
culation of available air for each cylin-
der, in order to avoid misfire due to ex-

cessively rich or lean mixtures. It has 
been observed that the transition be-
tween the two operating modes can be 
positively influenced by the use of no 
pre-defined cylinder switching order. In 
this case the transition of the first cylin-
der takes place selectively on the basis of 
the relevant air pressure upstream the 
inlet port with other cylinders following 
in firing order. The adaptation and devel-
opment of such switching strategies can 
be carried out effectively with the rapid 
prototyping system employed. 

6  The 2/4-car Programme

The successfully completed „2/4-sight“ 
programme has confirmed its potential 
for integration into a vehicle. Based on 
the acquired test data, vehicle simula-
tion has shown that the CO2 savings that 
can be realised with the „2/4-sight“ con-
cept are competitive with future diesel 
powertrains in terms of a CO2/cost trade-
off. To demonstrate this in a vehicle, the 
„2/4-car“ programme was kicked off in 
October 2008, with the declared aim of 
integrating the „2/4-sight“ concept de-
scribed here into a vehicle. The layout of 
the inlet system will correspond to that 
shown in Figure 2. In contrast to the „2/4-
sight“ experimental engine, the valve-
train employed will be a Ricardo-devel-
oped mechanically variable system. Cur-
rently, further investigations are under-
way with the experimental engine in or-
der to develop the operating strategy. At 
the end of the programme, a fully-func-
tional demonstrator vehicle will be 
shown to the public, whose original 4.2 l 
engine will be replaced by a 2.1 l unit. 
The vehicle performance characteristics 
will be maintained by a suitable combi-
nation of two- and four-stroke operation, 
while the downsizing potential achieved 
by the „2/4-sight“ concept will be utilised 
to realise a level of reduction in CO2 emis-
sions that lies beyond current downsiz-
ing applications.

References
[1]	 Stokes, J.; Hundleby, G E.; Lake, T.: Development 

Experience of a Poppet-valved Two-stroke Flagship 
Engine. SAE 920778

[2]	 Hundleby, G E.: Two Strokes Engines. Ricardo 
Group. European Patent Application 89305979.0, 
publication No.0349149A2 published 3 Jan 1990

Figure 8: Two- and four-stroke engine operation maps

Figure 9: Transient torque response during engine operation with mode switch

Acknowledgements

The authors would like to acknowledge the 
contribution of the project partners of both 
the 2/4 Sight and 2/4 Car programmes:
2/4 Sight
–	 UK Department of Trade and Industry
–	 Denso Sales UK Ltd
–	 University of Brighton
–	 Brunel University
2/4 Car
–	� UK Department for Business, Enterprise 

and Regulatory Reform (BERR) through 
the Technology Strategy Board

–	 Jaguar Cars plc
–	 Denso Sales UK Ltd
–	 University of Brighton

MTZ 04I2009 Volume 70 45 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



Less Wear and Oil Consumption 
through Helical Slide Honing 
of Engines by Deutz
Within the scope of continuous development for the Deutz 2012 engines (4 l and 6 l engines) and Tier 3 
emissions standards, new developments are required with regard to achieving a new maximum power 
requirement of 178 kW at 2100 rpm and a higher EGR rate via cooled exhaust gas recirculation. Without 
implementing engine design changes, the new Tier III constraints are expected to lead to higher wear in 
the cylinder unit (cylinder bore, piston, piston rings). Together with Deutz, Nagel found a solution for the expected 
cylinder unit wear on the existing engine, which not only eliminates the potential future wear problem, but also 
contributes to the important economic considerations of oil consumption and maintenance intervals. 
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1  The New Engine from Deutz  
for Tractor Application

The TCD 2012 L04/6-4V engine, Title Figure, 
was developed within the scope of Tier 3 
Standards for a tractor application using 
a Deutz Common Rail injection system 
and an e-EGR (water-cooled external 
EGR). Table 1 shows the technical data of 
the engine with a high specific power for 
Tier 3 engines. The liner-less cylinder 
unit must be redefined in order for the 
engine to reliably meet the high de-
mands of service life, oil consumption, 
blow-by and exhaust emissions.

2  The Cylinder Unit

2.1  Piston Rings 
Federal-Mogul piston rings are used for op-
timizing the piston ring assembly for the 
TCD 2012 L06-4V engine. The running sur-

face of the piston rings is coated with GDC 
on the keystone ring of the 1st groove. This 
is a hard chrome layer with ultrafine em-
bedded diamond particles characterized 
by high wear and scuff resistance, and low 
cylinder surface wear [1]. The coating is a 
further development of the well proven 
CKS coating (chrome ceramic) of the basic 
engine. The tapered rings of the 2nd 
groove are made of a high resistant cast 
iron alloy and are uncoated. The two-part 
oil rings, which are also made of cast iron, 
have chrome-plated surfaces.

2.2  Pistons
A spray oil-cooled aluminium piston 
without a cooling gallery is being intro-
duced with an enlarged compression 
height for reducing the bowl edge stress 
in the bolt axis. In order for the compres-
sion height to be increased, the connect-
ing rod length must be shortened. This 
leads to an increased lateral force. The 

Table 1: Technical data of the TCD 2012 L06-4V and TCD2012L04-4V
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Motor data
Motor types

TCD2012 L06-4V TCD2012 L04-4V

Mechanical data Unit

Number of cylinders Qty. 6 4

Valves/cylinder Qty. 4 4

Bore mm 101 101

Stroke mm 126 126

Cylinder volume l 6,06 4,04

Performance features

Power kW 178 113

Rated speed rpm 2100 2100

Mean effective pressure (rated 
power)

bar 16,8 16,0

Torque (Md max) Nm 1070 657

Speed (Md max.) rpm 1450 1500

Mean effective pressure (Md 
max) 

bar 21,9 20,8

Fuel consumption (rated power) g/kWh 213 217

Fuel consumption (best point) g/kWh 202 202

Mean piston speed  
(rated power) 

m/s 8,82 8,82

Engine output per liter kW/l 29,4 28,0

Special characteristics

Exhaust gas recirculation  external external

Injection system
 Deutz-Common-Rail Deutz-Common-Rail 

bar 1400 1400
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small top land clearance should be car-
ried over by the basic engine. 

2.3  Cylinder Surface
The cylinder bore running surface is the 
parent block cast iron material (liner-
less) and has previously been plateau 
honed. Plateau honing was accomplished 
in three honing stages using ceramic 
honing ledges at Deutz. As a result of the 
considerably increased external EGR rate 
and power, the following problems had 
to be addressed, Figure 1: 
–	� Cylinder bore polishing: Due to the 

formation of hard oil-carbons, the 
honing structure in the middle area 
of the cylinder is eroded.

–	� Top ring reversal bore wear: This is 
caused by the transition from hydro-
dynamic friction in the mixed friction 
area between the piston rings and the 
cylinder at TDC (top dead center) dur-
ing the combustion cycle. 

3  Option for Reducing Cylinder Wear

The cylinder surface should be adapted to 
the increased demands with regard to 
wear. The options will be described in the 
following sections.

3.1  Surface Hardening and Coating
As there are only a few material alterna-
tives to the GG25 crankcase material for 
the linerless Deutz engines, potential opti-
mization options that do not affect chang-
es to the base material are listed in Table 2.

3.2  Cooling of the Cylinder  
in the Reversal Zone 
Through additional cooling of the cylinder 
in the upper reversal zone, a lack of lubri-

cation due to oil film evaporation in the 
hot (upper) zone could be prevented. On 
the 2012 engine model, the thickness of 
the crankcase cover plate is reduced from 
50 mm to 15 mm in the land area between 
the cylinders so the temperature in the re-
versal zone is drastically reduced.

3.3  Surface Topography
The material itself remains unchanged 
with the modified surface topography. 
The wear reduction is mainly achieved in 
two ways, which are interrelated:
–	� reduction of the run-in wear by in-

creasing the material contact area
–	� reduction in friction by means of im-

proved lubrication in the critical 
zones. 

3.3.1  Slide Honing 
As a result of significant progress in the 
development and application of special-
ized honing abrasives (mainly of dia-
mond composition), slide honing can 
generate a surface very close to the „ideal 
plateau“, Figure 2.

The „ideal plateau“ is close to being 
realized with slide honing. Especially 
considering that a reduction in the Rpk 

and Rk values beyond what is practical in 
a production process is of no further ad-
vantage: Even an extremely smooth, “ide-
al plateau” is roughened again to a small 
degree after a short running time by the 
piston ring and the particles contained 
in the oil (such as oil carbons or chips).

It is important to note, that with the 
optimized diamond tools of the slide hon-
ing, a very small valley width can be 
achieved, even in combination with the 
required high Rvk values. These narrow 
grooves are significant smaller than the 
surface structure of other honing proc-
esses. This formation of frequent, but nar-
row and sufficiently deep structured val-
leys, reduces friction and wear in the criti-
cal area of boundary/mixed friction. Fur-
thermore, this results in a thin oil film 
and therefore less oil consumption. This 
has been confirmed in production with 
more than thirty applications in use [2].

3.3.2  Helical Slide Honing
An even more consistent way of reducing 
wear while maintaining low oil con-
sumption was reached by a further proc-
ess development, which allows for an 
optimized, steep honing angle (140°) in 
series production. A typical (< 50°) hon-

Figure 1: 
Wear features 
of the cylinder 
surface

Table 2: Surface hardening and coating for bushless engine (parent bore)

 Inductive hardening Laser hardening
 Thermal spray coating 
(wire/powder methods)

Strain-hardening  
by lapping

Advan-
tages

Cost effective
Reduced tendency to microcrack, 

Less deformation

Wear-proof  
Friction-favorable 

(depending on method)
Low investment cost

Disad- 
vantages

Danger of microcrack forma-
tion (surface breakouts) and 
macrocracks (great deforma-

tion) after treatment

Expensive 
Reduced hardening depth than 

with inductive hardening

Expensive process 
Little knowledge regarding coating 

adhesion on motors operated for long 
periods and under extreme conditions 

High production cost
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ing angle promotes the floating of the 
piston ring with increasing piston speed 
(at least in theory). However, the actual 
problem zones for increased wear and 
friction are the reversal zones of the pis-
ton when piston speed approaches zero; 
i.e. areas with limited or no existing hy-
drodynamics. 

3.3.3  UV Laser Exposure Treatment 
With this process, the entire piston run-
ning surface is treated with UV laser expo-
sure. The laser exposure produces a mate-
rial modification on the cylinder surface 
with improved sliding properties, Table 3. 
This change allows for less oil consump-
tion and still has a relatively fine surface Figure 2: Comparison between conventional plateau honing and slide honing

Table 3: Comparison table of the various cylinder surface treatments

Honing types
Inductive 
hardening

Laser  
hardening

Honing  
lapping

Plateau  
honing

Slide  
honing

Helical slide 
honing

 UV laser 
treatment

Structured 
area [mm]

20 20
entire length 
of cylinder

entire length 
of cylinder

entire length 
of cylinder

entire length 
of cylinder

entire length 
of cylinder

Work steps

Step 1
Inductive 
hardening

Laser harden-
ing

Step 2 Coaxial honing
Coaxial hon-

ing
Pre-honing Pre-honing Pre-honing Pre-honing Pre-honing

Step 3 Honing Honing Lapping Honing Honing Honing Honing

Step 4 Finish-honing Finish-honing Finish-honing
Finish- 
honing

Finish-honing Finish-honing

Step 5 UV lasering

Surface parameters

Honing  
angle [°]

33 33 35 33 40 - 60 140 - 150 45

Rz [µm] 7 7 7,5 7 2,8 2,9 4,99

Rpk [µm] 0,4 0,4 0,8 0,4 0,08 0,1 0,99

Rk [µm] 1,5 1,5 2 1,5 0,33 0,5 1,42

Rvk [µm] 2 2 1,3 2 1,03 1,8 1,05

Topography

Evaluation

Costs + - - ++ ++ ++ -

Proximity  
to current 
standards

+++ - + +++ +++ +++ +

Process  
reliability

+++ - + +++ +++ +++ +

Chances  
of success

+++ ++ ++ - + +++ +++
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with low wear and friction and high op-
erational reliability. This method has 
been used successfully for several years in 
automobile diesel engines with high spe-
cific power. However, due to economical 
reasons and the complex technology in-
volved, it is not possible to carry out an 
engine running surface overhaul in all 
countries of deployment. Therefore, this 
process is no longer being pursued for the 
Deutz application. 

3.3.4  Definition of the  
Cylinder Surface for Testing
After thorough consideration of the pos-
sible cylinder surface treatments availa-
ble, Table 3, Deutz chose helical slide 
honing instead of conventional plateau 
honing as used before. Helical slide hon-
ing has many proven advantages and can 
be readily adapted to most production 
processes in use worldwide.

4  Engine Testing

4.1  Cylinder Wear: Plateau Honing 
Versus Helical Slide Honed Surfaces 
To investigate the effect of the chosen hone 
process on wear of the cylinder unit sur-
faces, an engine block was plateau honed 
with the production process in cylinders 1, 
3, and 5 and helical slide honed in cylin-
ders 2, 4, and 6 at Nagel. The roughness 
values of the different honing processes 
were determined at Federal-Mogul Bursc-
heid using a white light interferometer. 

The engine was assembled with pro-
duction parts and tested in a Deutz full-
load continuous run for 500 h. After 
completion of the test, the cylinder wear 
was measured at Federal-Mogul. The 
wear of the piston rings was also deter-
mined. Figure 3 shows the cylinder wear 
in the reversal zone, averaged over the 
circumference, as well as the associated 
running surface wear of the piston rings 
from the 1st groove. 

Clearly evident is the reduced cylin-
der wear (40 % less) of the helical slide 
honed surface as compared to the pla-

teau honed surface. Piston ring wear, due 
to the GDC coating, which is known to 
be extremely wear-resistant, there is only 
a slight difference between the two hon-
ing methods. 

4.2  Cylinder Wear After 3000 h  
(Helical Slide Honed)
To confirm the previous positive results, 
a engine was subject to an additional 
3000 h run test and the cylinder wear 
measured. The measured wear was much 
lower than permissible limits (specified 
by Deutz per 1000 hours of run time) and 
significantly less than the plateau honed 
version of the base engine.

To graphically depict the extent of the 
wear distribution of the cylinder run-
ning surface, the measured wear values 
are shown as isolines in the diagram in 
Figure 4. It is clearly illustrated that no-
where in the cylinder is the wear higher 
than 15 µm. As known from the wear 
evaluations of many diesel engines, this 
measurement is also indicative of the in-
fluence of the injection spray on cylinder 
wear. In the region of injection spray, the 
lubrication film is partially washed from 
the cylinder wall, increasing cylinder 
surface wear. 

To document the optical impression 
and to check for the formation of bore 
polishing, a picture of the cylinder sur-
face was taken by means of a scanner, 
Figure 5.

Figure 3: Cylinder and piston ring wear with plateau and helical slide honing

Figure 4:  
Isolines for 
the top ring  
reversal bore 
wear after 
3000 h  
(helical slide 
honed)

Development

MTZ 04I2009 Volume 7050 

Tribology

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



After cylinder scanning, it can be seen 
that the cylinders have no bore polishing 
over the entire circumference and 
through the piston stroke, despite a nar-
row topland clearance. Honing valleys 
are still visible throughout the bore and 
the honing angle of 140°, typical of heli-
cal slide honing, is also clearly visible. 

Lube oil consumption and blowby be-
haviour during the relevant engine oper-
ating conditions have been investigated 
using the Deutz endurance cycle test 
run. In the diagram, Figure 6, the results 
of the 3000 hour continuous run of a 
helical slide honed surface are compared 
with a 1500 hour of a plateau honed sur-
face. The increased initial oil consump-
tion measured is due to the measuring 
equipment and not attributed to either 

honing quality. Over the test run time, 
helical slide honing is shown to have 
consistently lower oil consumption than 
the plateau honed surface due to the re-
duced core roughness depths and valley 
widths. No significant difference in blow-
by behavior is noted between either 
honed surface. 

In high and low idle running, a reduc-
tion of unburned oil in the exhaust sys-
tem (slobber) could be observed for heli-
cal slide honing as compared to plateau 
honing. Helical slide honing, with its 
steeper honing angle, leads to a limita-
tion in the oil film thickness at higher 
speeds, and therefore reduces oil con-
sumption.

The piston shown in Figure 7 exhibits 
very low oil-carbon build-up on the top 

land for the amount of run time and 
therefore has less of a tendency to create 
bore polishing. The increase in the later-
al force also leads to a good wear pattern 
on the piston skirt with minimal wear 
for this long run time. 

5  Discussion and Summary 

The decision for helical slide honing was 
confirmed in the engine tests by:
–	� clear reduction in wear in the reversal 

zone by 40 % as compared to standard 
plateau honing (complying with the 
Deutz limit for 3000 hours of run 
time)

–	� no wear due to formation of bore pol-
ishing

–	� consistently low oil consumption over 
the entire engine run time 

–	� reduction of oil slobber.
With the further engine development 
the requirement for the reduction of 
wear, oil consumption and friction will 
increase. Deutz will be well prepared for 
the Tier IV emissions levels with a helical 
slide honing process. For future research, 
UV laser exposure treatments could be 
potentially beneficial.
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Piston Pin in Mixed Friction Contact 
Elasto-hydrodynamic Simulation Theory 
for Support Analysis
Within the framework of the research project No. 868 of the FVV research association Verbrennungskraftmaschinen 
e. V. (Combustion Vehicles Reg.) a user-friendly numerically stable simulation tool was developed by Stuttgart Univer-
sity and Kassel University. The tool was validated by experiments, and offers designers and developers the possibility 
of system analysis and optimization of piston pin bearings. Non-linear elasto-hydrodynamic processes were included 
at the same time in the dynamically loaded bearing contacts of piston/piston pin and piston pin/connecting rod, with 
the reciprocal effects.
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1  Introduction

Clearly rising combustion chamber pres­
sure, downsizing and an increased spe­
cific performance density of new motor 
concepts lead to increased load on the 
bearing in the crank drive. This is particu­
larly the case for tribological and me­
chanical loads on the piston pin bearing, 
the height of which is important in 
terms of function and life-span.

The solutions currently in use for a re­
liable design of the piston pin bearing are 
marked by comprehensive, frequently em­
pirically acquired experience values of 
the manufacturers and seem to be no 
longer sufficient, because the incidents of 
damage in the piston hub and the small 
connecting rod eye are on the increase. A 
complete forecast for the design of this 
bearing system is no longer possible with 
simulation procedure currently available.

In terms of mechanics the dynamic 
system behaviour of the piston pin bear­
ing leads to the scientific problem of the 
multi-body dynamically coupled ele­
ments, connecting rod, piston, piston 
pin and cylinder liner with elastic prop­
erties, local inertia effects and non-linear 
load transmission mechanisms, which 
are determined by elasto-hydrodynamic 
(EHD) effects, in which there may be tem­
porary mixed friction conditions. Simu­
lation techniques for a reliable design of 
the piston pin bearing therefore require 
a realistic image of the relevant influenc­
ing variables. This is the case in particu­
lar of retroactive and reciprocal effects of 
piston boss, piston pin and small con­
necting rod eye with respect to bearing 
deformation, mixed friction behaviour 
and piston pin movement.

2  Research Goal and Execution

The core aim of this research project is a 
simulation programme verified by ex­
perimental studies on a combustion en­
gine for a reliable design and optimiza­
tion of the piston pin bearing. The theo­
retical work is based on the programme 
system Pimo3D developed in a previous 
project to calculate the piston-cylinder 
dynamic [3]. The extension of the multi-
body system (MBS) systematic on the con­
necting rod and the introduction of the 
double-sided EHD contact between pis­

ton pin and small connecting rod eye are 
important development stages. The im­
plementation of a local mixed friction 
model in the pin bearing of the piston 
and connecting rod side is a further suc­
cess. The aim is to consider the friction 
torque balance to calculate the pin rota­
tion movement and its effect on the load 
bearing behaviour in the bearings.

The experimental studies are based 
on two objectives. One, they provide in­
put variables for the calculation and 
serve to validate the results. Two, they 
provide relevant information about the 
tribological behaviour of the piston pin 
bearing using different geometric vari­
ants with regard to piston pins and form 
drilling of the piston hub at various stag­
es of operation.

3  Model Building of the  
Simulation Programme Pimo3D

The construction of a simulation model 
for the structural or elasto-hydrodynamic 
system analysis of the crank drive is car­
ried out with the main focus on the cal­
culation of the piston pin movement. The 
pin displacement and rotation is deter­
mined principally by the formation of 
the hydrodynamic lubricant film and the 
solid body contact in the pin bearings 
and the associated frictional torques. The 
tribological contact situation in turn can 
be represented only allowing for the 
structural dynamic of connecting rod, 
piston pin and piston as well as the crank 
dynamic mass forces.

3.1  Multi-Body Dynamic  
Model Design of the Crank Drive
The multi-body dynamic model construc­
tion of the crank drive is necessary to as­
certain the resulting forces and torques 
of the crank drive components and their 
movement state. The crank drive of the 
model construction under consideration 
is made up of the crank pin mounted 
counter to the bottom, connecting rod, 
and piston pin, piston and cylinder liner. 
The crank, connecting rod and piston 
pin move in the oscillation level of the 
crank drive; the crank drive can also slide 
in the piston pin axis direction. The cyl­
inder liner is spatially fixed.

The MBS bodies are defined by masses, 
inertia moments, gravity and pin joint 
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bearing. The fixed body accelerations cal­
culated by means of the MBS algorithm 
[1] provide the local inertia forces be­
cause of the crank drive dynamic, which 
in turn represent an important deter­
mining factor in the simulation defor­
mation of the elastic bodies.

3.2  Tribological Model Design  
of the Bearings
The load bearing pressure build-up in fric­
tion bearings is made up of an overlaying 
of two bearing pressure components:
–	� EHD-bearing pressure build-up in the 

lubricant film
–	� Solid body contact pressure between 

the surface roughnesses of the fric­
tion surfaces.

3.2.1  Elastohydrodynamics
The hydrodynamic bearing pressure be­
tween rough elastic friction surfaces is 
defined by the complete Reynolds differ­
ential equation for the rough surfaces, 
see Eq. (1):

​ ∂ ___ ∂xi

 ​ ​[ ϕ p
ij ​ 

 h
_

3
 ___ 

12η ​ ​ 
∂p

_

 ___ ∂xj

 ​ ]​ = 
� Eq. (1)
uΣ

i ​ 
∂h

_

 ___ ∂xi

 ​ + ​ ∂h
_

 ___ ∂t ​ + uΔ
i σσ Δ ​ 

∂ϕ s
ij
 ___ ∂xj

 ​�

It describes the connection between the 
movement state of rough friction surfac­
es and the hydrodynamic bearing pres­
sure that is produced as a result. The 
elasticity and the contouring or wear of 
the friction surfaces goes into the bear­
ing pressure build-up via the sinc-func­
tion, which is aligned at each moment.

The pressure flow tensor ϕ p
ij and the 

shear flow tensor ϕ s
ij contain the influ­

ence of the surface roughnesses on the 
hydrodynamics pressure build-up. They 
are ascertained either via a numerical 
flow simulation on the basis of measured 
(where appropriate run-in) surface rough­
nesses or via synthetically produced 
roughnesses [4].

3.2.2  Roughness Contact
With small lubricant cracks as a result 
of high load and/or low slippage or ex­
trusion speeds (or low lubricant filling 
state) the roughness points come into 
contact and, in addition to hydrodynam­
ic bearing pressure build-up, local solid 
body contact develops. The connection 
between nominal crack width and the 
pressure build-up through roughness 
contact is ascertained like the flow ten­
sors through numerical flow simula­
tion. The discretized roughness pairing 
is compacted to a prescribed nominal 
crack width, allowing for the deforma­
tion of the roughness points, and the lo­
cal solid body contact pressure deposited 
in a corresponding engine operating 
map. In this way run-in or worn surface 
structures can be analysed, Figure 1. This 
operating map is then evaluated during 
the real EHD simulation in each time 
step [4].

The mixed friction model used in the 
developed simulation programme is the 
result of an overlay of the hydrodynamic 
fluid friction (made up of friction parts 
through shearing and extrusion) and 
solid body contact friction, see Eq. (2):

FRe ib = ∫η ​ U __ 
h
 ​ + ​ h __ 2 ​ ​ 

∂p
 ___ ∂x ​ dA + μc ∫pc dA� Eq. (2)

                                            
�                        Hydrodynamic           SolidBodyContact

While the fluid friction part can be reli­
ably calculated, because it depends only 
on crack width, viscosity and movement 
state, the solid body friction part can be 
calculated only via a Coulomb friction 
value μc from the contact pressure. Be­
cause in the current state of technology 
such friction values cannot be calculat­
ed, the friction value has to be ascer­
tained from experimental studies and 
specified in the simulation as input vari­
able.

3.3  Friction Torque  
Determined Pin Rotation
The torque balance in the piston pin is 
determined by the mixed friction torque 
in the connecting rod eye and in the pis­
ton boss as well as (to a lesser extent) in 
the rotation inertia of the piston pin. As 
a result of the different solid body con­
tact states in both bearings, the piston 
pin may stick and slip changeably from 
time to time in relation to piston and 
connecting rod. This alternation be­
tween stick and slip makes demands in 
the numerical implementation, because 
in the transition phase between both 
states strongly fluctuating solid body 
friction torque may occur. To solve this 
problem a stable transition algorithm 
was developed in the simulation pro­
gramme that was able to bring about 
stick and slip states in the piston pin 
bearing.

3.4  Structural-Dynamic  
Model Design of the Bodies
The calculation of the structural defor­
mation of the elastic bodies can be done 
by solving the Newtonian movement 
equation in each time step and integrat­
ing the accelerations and bearing posi­
tions. The indirect integration of the 
knot-related acceleration in the present 
case is not practicable because of the 
high freedom-degree number of the 
FEM nets of engine components used in 
industry. A mixed static-modal reduc­
tion scheme is therefore used in the 
present simulation programme to re­
duce the number of integration free­
dom-degrees without losing the struc­
tural information necessary for the 
loading [2].

Figure 2: Total model Pimo3D

Figure 1: Contact pressure simulation to ascertain contact pressure-engine operating maps
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3.5  Pimo3D Total Model
The total model of the programme sys­
tem Pimo3D is shown in Figure 2. It in­
cludes the crank drive from the crank to 
the cylinder liner, where the connecting 
rod, piston pin, piston and cylinder are 
depicted as elastic bodies. Lubricant 
films and mixed friction are taken into 
consideration in the tribological pair­
ings piston/cylinder and piston pin/con­
necting rod. In the tribological pairings 
the local contact surface geometries can 
be recorded as overlay of production con­
tour, thermal distortion and, where ap­
propriate, wear-and-tear.

The local and global elastic deforma­
tion of the crank drive components is al­
so included in the calculation, such as 
temporally and spatially changing filling 
state efficiency in the lubricant films. 
The coupling of the partial complexes, 
multi-body dynamics, friction surface tri­
bology and structural dynamics, occurs 
via a gradually controlled step size inte­
gration scheme that is especially aligned 
to rigid differential equations and thus 
has a high numerical stability and com­
putational time efficiency.

4  Experimental Validation

The experimental studies are carried 
out exclusively on a full engine and not 
an externally motorized test bed, be­
cause only in this way can marginal 
conditions, such as piston and connect­
ing rod temperatures, load-dependent 
and thermal deformations of the bear­
ing components, connecting rod, piston 
pin and piston as well as lubricant sup­
ply of the bearing positions be realisti­
cally depicted. A supercharged direct 
injection four-cylinder diesel engine of 
the series OM646 (Daimler AG) was used 
as the test carrier. All measurement var­
iables were recorded synchronically on 
one cylinder.

To validate the simulation results the 
piston pin movement was investigated 
relative to the piston whereat movement 
components in axial and radial direc­
tions and the pin rotation were recorded. 
In addition a non-contact route measur­
ing system was used, the distance sensors 
of which work according to the eddy cur­
rent loss principle. In addition, mixed 
friction contact of the piston pin with 

the connecting rod eye and piston boss is 
detected via an electric voltage measure­
ment. To record these measurement vari­
ables a connecting rod- and piston-proof 
application of the sensors is necessary, 
the measurement value transmission of 
which is realized, grid-bound, via a pin-
joint gear aligned with the test carrier.

4.1  Radial Movement of the Piston Pin
To determine the radial piston pin move­
ment the distance sensors were imple­
mented in the piston boss. In this way 
the relative movement between the pis­
ton boss and the piston pin, which re­
sults from both the bearing play and 
the dynamic components deformation, 
was recorded. The application of the 

four sensors (total) was done in pairs on 
two levels and set at 90° so that the 
movement components in the stroke 
and lateral directions were recorded. 
With the positioning on two levels the 
quality of the bearing play, structural 
deformation and contact surface distor­
tions were verified.

Figure 3 shows a comparison between 
calculation and measurement of the ra­
dial piston pin movement, as examples, 
at two operating points via a four-cycle 
working period: 1000 rpm trailing throt­
tle and 3000 rpm full load, where in the 
experimental results ten individual work­
ing periods are shown superimposed on 
each other. The comparison shows a high 
level of agreement.

Figure 3: Comparison of radial relative movement in stroke and lateral direction

Figure 4: Measuring principle for recording the piston spin rotation movement
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4.2  Rotation Movement  
of the Piston Pin
The recording of the rotation movement 
of the piston pin, Figure 4, is recorded on 
the front surface at the pin end on a lin­
early rising spiral course eroded on the 
surface, where the rising depicts a meas­
ure for the rotation angle. Rigidity and 
deformation properties of the piston pin 
thus continue to be unaffected. The sen­
sor application is on a bar, which is 
screwed onto the piston eye. An addition­
al reference sensor serves to compensate 
for the radial and axial movement and 
component deformation that overlay the 
real measuring signal of the rotation. 

Figure 5 shows the comparison between 
the simulated and measured pin rotation 
at 1000 rpm trailing throttle, and lubri­
cant full bore in the piston and connect­
ing rod-side bearing positions. In addi­
tion, the rotation movement of the small 
connecting rod eye is shown for the pur­
pose of orientation. In the area of BDC 
(before TDCF) up to TDC the pin sticks on 
the piston (no pin rotation), followed by a 
brief rotation of the pin with that of the 
connecting rod eye by approximately 5° 
counter to the crankshaft rotation direc­
tion. The comparison of measurement 
and simulation shows for this operating 
point a high level of agreement.

The comparison of the pin rotation 
at 1000 rpm, full load at full bore is 
shown left in Figure 6. The pin rotation 
shows the same tendency in the simula­
tion as in the measurement, but the 
amount of rotation is clearly smaller. 
An occasional reduction of the lubri­
cant filling state in the connecting rod 
bearing leads to higher mixed friction 
in the connecting rod bearing and thus 
to an increased pin rotation that corre­
sponds to the rotation measured (right 
in Figure 6).

4.3  Mixed Friction Contact Detection
The measuring procedure designed for 
contact detection is based on the elec­
tric conductivity between the friction 
partners, connecting rod, piston pin 
and piston. As in Figure 7 an electric cir­
cuit is produced via the bearing bush on 
the connecting rod, the piston pin, pis­
ton and piston-rings to the cylinder lin­
er and/or crankcase. The bearings, con­
necting rod/piston pin and piston pin/
piston, function according to contact as 
switches.

A prerequisite for implementing this 
measuring principle is the electric isola­
tion of the bearing bush in the small con­
necting rod eye from the connecting rod 
bar. This function is performed by an 
oxide-ceramic intermediate layer. 

Because of the electric series connec­
tion of the two contact pairings, con­
necting rod/piston pin and piston pin/
piston, this measuring principle makes 
it possible to detect the following fric­
tion states:

Figure 6: Comparison of the pin rotation at 1000 rpm, full load with lubricant full bore and temporally variable partial bore in the bearings

Figure 5: Comparison of the pin rotation at 1000 rpm, trailing throttle with lubricant full bore  
in the bearings
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–	� electric circuit closed: mixed friction 
in both bearings

–	� electric circuit open: hydrodynamics 
in both or in one of the two bearing 
positions.

To compare the mixed friction states in 
measurement and simulation the simu­
lated contact pressure course in both pin 
bearing positions is contrasted with the 
measured contact voltage signal. Agree­
ment in measure and simulation occurs 
when both calculated contact pressure 
courses are unevenly zero when the con­
tact voltage is broken.

Figure 8 shows the comparison between 
the calculated solid body contact pres­
sures and the measured contact voltage 
signal for the operating points 1000 rpm, 
trailing throttle, and 3000 rpm, full load. 
In the two bearings a full bore state of the 
lubricant was assumed. In the pointed 
lower area mixed friction contact appears 
in the simulation in both contact points 
and simultaneously the contact voltage 
breaks down. There is thus a high level of 
agreement with regard to the simulta­
neous appearance of mixed friction in 
both pin bearing positions.

A further comparison of the mixed 
friction states is shown in Figure 9, left dia­
gram, for the operating point 3000 rpm, 
trailing throttle at full bore. The measur­
ing signals show clearly more mixed fric­
tion phases in both bearings than the 
simulation. In the piston boss the simu­
lation shows a lot of mixed friction, but 

in the connecting rod eye there is hardly 
any mixed friction. The comparison indi­
cates that at this operating point in the 
measurement a partial bore state in the 
connecting rod eye must have occurred. 

In a further simulation run therefore the 
lubricant filling state in the connecting 
rod eye is clearly reduced. The calculated 
result is shown in the right diagram of 
Figure 9. Via the partial bore, mixed fric­

Figure 7: Measuring principle 
to detect mixed friction

Figure 8: Mixed friction comparison at 1000 rpm, trailing throttle and 3000 rpm, full load with 
lubricant full bore in the bearing positions

Figure 9: Mixed friction comparison at 3000 rpm, trailing throttle, dragging with lubricant full 
bore and temporally variable partial bore in the bearing positions

MTZ 04I2009 Volume 70 59 

ResearchBearing

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



tion states appear with greater frequen­
cy, so that a high level of agreement be­
tween measurement and simulation 
could be achieved.

5  Summary

The final result of this FVV research 
project No. 868, worked out at Stuttgart 
University and Kassel University, is a user-
friendly software package for the design 
and optimization of the piston pin bear­
ing with respect to tribological and struc­
tural processes. The calculation of the 
journal and thrust development in the 
elastic tribological pairings piston/cylin­
der, piston/piston pin and piston pin/con­
necting rod was made considering mixed 
friction conditions and temporally chang­
ing lubricant filling states. The torque 
friction-determined pin rotation was de­
termined by taking the change between 
static and tribological friction in both 
pin bearings into account.

The validation of the simulation re­
sults by the experimental investigations 
shows in the radial piston pin rotations 
qualitatively and quantitatively a high 
level of agreement. Comparing the cal­
culated and measured mixed friction 
contact states and the piston pin rota­
tion it was also possible to achieve a 
high level of agreement, whereby the as­
sumption of partially temporally chang­
ing lubricant part filling states in the 
bearings was necessary. Altogether the 
comparisons of the pin rotation move­
ment show a strong dependency on the 

bearing parameters of warming-up con­
tour, lubricant filling state and solid 
body friction value. Thermal distortions 
can easily be considered in the simula­
tion because they are comparatively 
easy to measure. The partial filling 
states assumed in the calculation under 
undefined oil supply conditions and 
solid body friction values are difficult to 
measure and simulate and have to be 
given at the current development stage 
as marginal conditions.
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