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Dear Reader,

For a year now, we have been publishing 
the English-language version of ATZ 
as an e-magazine. We have been very 
pleased with the positive response and 
grateful for your loyalty and for any sug-
gestions on how we can make the maga-
zine even better for you. 

I often find that top managers say that 
they have hardly any time to read. As 
understandable as this may be in times 
of crisis, I would maintain that now, of 
all times, it is more important than ever 
to take some time out to read. Speed is 
essential for putting out fires, but it is 
less helpful for developing a strategy to 
reduce the risk of a fire. On the contrary, 
many fires are caused by carelessness, 
almost always a side-effect of hastiness.  

There are, however, also areas in which 
printed paper has significant disadvan-
tages compared to electronic media –  
especially when you are in a hurry and 
need to look up a reference quickly.  
Today, ATZonline.com already offers you 

a much better service – free of charge – 
than we are able to provide with the 
printed version. 

You can find the very latest, constantly 
updated business news and, as a new 
service, a greatly expanded calendar of 
events. For example, you can research 
events on individual topics, view the 
complete programme via the links and 
even register online.

Johannes Winterhagen
Wiesbaden, 26 January 2009
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Ford’s New 3.5 l V6 Gasoline Engine  
Downsizing with “EcoBoost”
Ford banded a new motor technology as “EcoBoost”. It applies direct fuel injection and turbocharging to gasoline 
engines and provides a major improvement in fuel economy via engine downsizing, combined with improved 
 performance. The first Ford engine with this technology is the 3.5 l V6 EcoBoost in the 2010 Lincoln MKS luxury 
sedan. Combustion, fuel, boost, and power conversion systems are discussed in detail with emphasis on the 
 efficiency and value of these systems. Engine level fuel economy and performance are discussed, and compared 
to conventional gasoline engines.
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1  Introduction

In 2006 Ford introduced the 3.5 l V6 Du
ratec engine, and applied it across a wide 
range of makes and models. The engine 
has received excellent reviews from both 
consumers and media. Subsequent intro
ductions from this family included the 
3.7 l V6 Duratec in 2008, and most recent
ly the 3.5 l V6 EcoBoost for 2009.

Common design elements of the en
gine family are a 60 degree bank angle 
with 106 mm bore spacing, aluminum 
cylinder head and block castings, and 
double overhead cams with variable in
take cam timing, Table. In order to op
timize the functional attributes of the 
EcoBoost engine, adjustments were made 
in compression ratio, cam timing, fuel 
type, and maximum engine speed. In 
 addition, design changes were made in 
virtually all primary and secondary 
 engine systems, including combustion, 
fuel, intake, exhaust, power conversion, 
cooling, lubrication, positive crankcase 
ventilation, sealing, and valvetrain. These 
changes resulted in approximately 75 
new or redesigned components, Figure 1. 

Common functional objectives of all 
versions include:
– 10 year / 150,000 mile durability
– Best in class acoustics
– PZEV emissions capability.
Whereas the 3.5 l and 3.7 l engines are port 
fuel injected and naturally aspirated and 

rated at 198 and 206 kW respectively, the 
new Motor is direct fuel injected and twin 
turbocharged and rated at 265 kW and 
350 lbft of torque. This article describes 
the engine developments made to provide 
the great customer driving experience of a 
larger engine, while preserving the fuel 
economy of a smaller architecture.

2  Effects on Fuel Economy  
and Performance

Earlier research [1, 2] has identified that 
the combined use of turbocharging, di
rect fuel injection, and variable cam tim
ing is particularly advantageous:
–  significantly improved power and 

torque relative to naturallyaspirated, 
port fuel injected engines

–  improved low speed steady state and 
transient torque relative to turbocharg
ed, port fuel injected engines; this is 
due to improved volumetric efficien
cy, improved residual scavenging

–  consistent realworld fuel economy 
benefit, regardless of drive cycle rela
tive to turbocharged, port fuel inject
ed engines; this is due to improved 
knock resistance enabling higher 
compression ratio, and a wider λ = 1 
operating range 

–  stop/start capability due to improved 
transient fuel control with direct in
jection.
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Specification 3.5L V6 EcoBoost 3.5L V6 Duratec

Bore (mm) 92.5 92.5

Stroke (mm) 86.7 86.7

Bank Angle (deg) 60 60

Bore Spacing (mm) 106 106

Compression ratio 10.0:1 10.3:1

Intake Duration (deg) 236 248

Intake valve opening (deg BtDC) 40 (full adv) 40 (full adv)

Intake valve Closing (deg ABDC) 16 (full adv) 28 (full adv)

Exhaust Duration (deg) 236 248

Exhaust valve opening (deg BBDC) 46 58

Exhaust valve Closing (deg AtDC)  10 10

Fuel recommendation (roN) 95 91

Maximum Engine Speed (rPM) 6300 6700

Maximum Cylinder Pressure (bar) 100 (3 sigma) 93 (3 sigma)

Table: Specification of EcoBoost versus Duratec engine
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In combination, these advantages en
able significant engine downsizing with 
a resulting improvement of fuel econo
my by up to 20 %.

3  Engine Attributes

The previously noted functional advan
tages of turbocharged, direct fuel inject
ed engines led to the following top level 
program objectives:
–  power of 254 kW at 5650 rpm, com

petitive with premium V8’s
–  torque of 340 lbft from 2000 to 

4000 rpm, better than premium V8’s
–  fuel consumption equal to the 3.5 l 

V6 Duratec, and much better than 
premium V8’s regardless of drive cy
cle.

The 3.5 l V6 EcoBoost engine achieves 265  
kW from 5250 to 5650 rpm, Figure 2, and 
350 lbft from 1500 rpm to 5250 rpm; this 
represents an 88 % increase at 2000 rpm 
and 40 % increase at 4500 rpm relative to 
the 3.5 l V6 Duratec engine. The broad, 
flat torque curve of the EcoBoost is torque 
limited in this application; future applica
tions could offer higher output. The new 
engine also has a larger stoichiometric op
erating range than the Duratec engine, 
ensuring consistent realworld fuel econo
my benefit.

The partload fuel consumption of the 
turbo engine, Figure 3, is equivalent to the 
Duratec naturally aspirated engine. The 
7 speed/load points shown are the most 
heavily weighted points in typical custom
er drive cycles. The engine with EcoBoost 
technique delivers slightly improved fuel 

consumption at some points, and slightly 
degraded at the other points; these differ
ences are largely related to changed dilu
tion tolerance and resultant cam timing 
at each point. Relative to competitive and 
aspirational vehicles with V8 engines,  
Figure �, the EcoBoost delivers superior fuel 
economy and competitive performance. 

�  Combustion System

The combustion system consists of the in
take and exhaust ports, combustion 
chamber surface, piston dome surface, 
and fuel injector spray specification, 
 Figure 5 and Figure 6. The design and devel
opment of the combustion system uti
lized a threelevel methodology success
fully demonstrated on prior turbocharged, 
direct fuel injected engine research pro
grams within Ford:
–  Ford’s Multidimensional Engine Sim

ulation (MESIM) CFD code, incorporat
ing industryleading fuel spray, mix
ing, and combustion models

–  a singlecylinder optical engine labo
ratory

–  a single / multicylinder thermodyna
mic engine laboratory. 

This threelevel methodology allowed 
early, rapid, and costeffective combus
tion system design and development, 
thereby supporting high confidence 
multicylinder engine builds early in the 
program for further engine systems and 
vehicle systems development.

To address the significant challenges 
associated with turbocharged direct fuel 
injected combustion [3, 4], the following 
objectives were adopted:

Figure 1: Complete 3.5 l V6 EcoBoost engine assembly

Figure 3: EcoBoost and Duratec part-load fuel consumptionFigure 2: EcoBoost and Duratec: full-load output and air/fuel ratio
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–  stable operation, high exhaust heat 
flux, and minimum emissions under 
split injection, cold start operating 
conditions

–  complete air/fuel mixing under early 
injection, cold start operating condi
tions 

–  complete air/fuel mixing under early 
injection, low speed, full load operat
ing conditions

–  fast burn rate under early injection, 
full load operating conditions (thus 
enabling maximum compression ra
tio and minimum fuel enrichment)

–  minimum fuel/cylinder impingement 
and fuel/oil dilution under all operat
ing conditions

In order to deliver the most costeffective 
combustion system, these objectives were 
to be achieved without additional charge 
motion, fuel system, or air system assist 
devices.

Given the above objectives and within 
the architectural confines of the 3.5 l V6 
Duratec engine family, the 3.5 l V6 Eco
Boost combustion system was optimized 
through approximately 50 “MESIM” CFD 
iterations of the intake and exhaust ports, 
combustion chamber surface, piston 
dome surface, and fuel injector spray 
specification. High confidence outputs 
from the MESIM CFD were translated to 
less than 10 singlecylinder engine itera
tions, and finally less than 5 multicylin

der engine iterations over the duration of 
the program. 

Through this methodology, the com
bustion system achieved the program ob
jectives:
–  under split injection, cold start operat

ing conditions, IMEP fluctuations of 
0.32 bar, heat flux of 7200 W/L, and  
020 s feedgas emissions supporting 
PZEV emissions

–  under early injection, cold start and 
also under early injection, low speed, 
full load operating conditions, air/fuel 
mixing comparable to PFI engines 
(0.2 % O2 emissions)

–  under early injection, full load operat
ing conditions, burn rate sufficient to 
enable a 10.0:1 compression ratio and 
to avoid low speed fuel enrichment 

–  under all operating conditions, unde
tectable fuel/cylinder impingement 
and fuel/oil dilution comparable to 
other direct fuel injected engines (ap
proximately 5 % dilution).

5  Fuel System 

The fuel system consists of the high pres
sure fuel pump and mounting pedestal, 
high pressure fuel line assembly, fuel 
rails, and fuel injectors, Figure 7. The high 
pressure fuel pump is a stainless steel, 
single piston, demand delivery design. 
The pump is secured to the cylinder head 
through the lefthand cam cover by a die 
cast aluminium mounting pedestal, re

Figure �: EcoBoost fuel economy and power versus competition

Figure 5: Combustion system Figure 6: Combustion system with fuel injection spray
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placing two conventional cam caps from 
the base engine. The pump is actuated by 
the lefthand intake camshaft via a 
4.4 mm lift / four lobe cam and associat
ed roller follower; the follower is oil pres
sure fed through the pedestal. The above 
fuel pump and drive configuration yields 
1.125 cc fuel delivery per cam revolution, 
sufficient to support engine full rated 
output. The high pressure fuel line assem
bly is an extruded stainless steel, roboti
cally formed and brazed design which 
connects the high pressure fuel pump to 
the fuel rails. The assembly is secured to 
the respective fuel system components by 
compression fittings and to the lefthand 
cylinder head by a stamped bracket. The 
fuel rails are also an extruded stainless 
steel, robotically brazed design; the left
hand rail includes an integrated pressure 
sensor which supports the high pressure 
fuel pump demand delivery function. The 
rails are secured to the cylinder heads by 
six stamped brackets per rail, and capture 
the respective injectors by three stamped 
injector cups per rail.

The fuel injectors are a stainless steel, 
six hole, solenoid actuated design. The in
jectors are mechanically oriented and pre
loaded to the respective cylinder heads to 
ensure consistent spray orientation. The 
injectors are sealed by a low temperature 
capable, Silicone oring to the fuel rail 
and a high temperature capable Teflon 
compression ring to the cylinder head. 
The above configuration yields 22.5 cc fu
el delivery per injector per second, suffi
cient to support engine full rated output. 

In addition to the spray specification, 
CAE methods were employed through

out the design process to ensure compo
nent and system durability at engine full 
rated output; these included hydraulic 
system simulation to ensure minimum 
pressure pulsation, maximum frequency 
separation, and minimum fuel vapori
zation (under hot soak conditions). Ad
ditionally, experimental measurements 
were made to ensure acceptability of 
other critical characteristics, including 
injector deposit resistance and pumping/ 
vibration force fatigue resistance.

6  Boost System

The boost system consists of the intake 
manifold, exhaust manifolds, twin paral
lel turbochargers, low and high pressure 
air systems, and airtoair intercooler. The 
intake manifold is a cast aluminium, sin
gle plenum design with an integrated 
coolant crossover, coolant outlet, and 
coolant inlet / thermostat housing assem
bly. The intake manifold features a 65 mm 
electronic throttle body, TMAP sensor, 
boost control solenoid, and spigots for va
pour purge, heater core, crankcase venti
lation, and brake vacuum. The integrated 
functional elements and high feature 
density enabled the intake manifold to be 
used across all EcoBoost applications as a 
singular design, thereby representing a 
costeffective solution to a traditionally 
application specific component.

The exhaust manifolds are a stamped 
stainless steel, airgapped dual wall, ro
botically welded design. The inner wall 
material is a 309 stainless steel / 1.5 mm 
wall thickness, while the outer wall ma

terial is a 441 stainless steel (18 CrCb) / 
2.0 mm wall thickness; the inner and 
outer walls are separated by a 3.4 mm air
gap. The 309 stainless steel inner was se
lected to match the 950 deg C maximum 
exhaust gas temperature, while the 441 
stainless steel outer was selected to match 
to the approximately 100 deg C airgap 
reduction, to minimize the system ther
mal expansion, and to minimize the sys
tem cost (i.e. less than 1 % Ni content). 
The exhaust manifold flange at the cyl
inder head is a 1008 low carbon steel 
(300 deg C max material temp), while the 
flange at the turbocharger is a 439 wrought 
stainless steel (750 deg C max material 
temp); the 439 stainless was also selected 
for good weldability.

CAE methods were employed through
out the design process to ensure compo
nent and system durability at engine full 
rated output; these included thermal / 
mechanical fatigue simulation of the 
complete exhaust system (cylinder head 
interface, exhaust manifold, turbocharg
er, catalyst, support brackets, and gas
kets). Measurements verified other criti
cal characteristics, including material 
temperatures and thermal expansion 
vectors. Although the development of an 
airgap dual wall design was more com
plex than a cast design, it was found to 
be more cost effective. Likewise, although 
the right and lefthand exhaust mani
folds were unique, they shared four of six 
inner wall stampings, Figure 8.

The twin parallel turbochargers, Figure 9, 
are of conventional design. Although the 
right and lefthand turbochargers have 
unique castings, the rotating assemblies 
are identical. The compressor wheel is a 
TiAl alloy, 49 mm diameter, and the tur
bine wheel is an Inconel alloy, 41 mm di
ameter. The maximum speed of the rotat
ing assembly is 205,000 rpm. CAE methods 
were employed to select the thermody
namic match to ensure maximum low 
speed boost response and minimum high 
speed backpressure. The turbine housing 
casting is a D5S NiResist cast iron alloy, 
which was selected to match the 950 deg C 
maximum exhaust gas temperature at 
minimum system cost. Normal boost con
trol is via an electronic solenoid valve 
which modulates the wastegate actuators, 
while overboost control is via a pair of elec
tronic antisurge valves connecting the low 
and high pressure air systems. 

Figure 7: Fuel 
system
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7  Power Conversion System

The power conversion system consists of 
the crankshaft, pistons, connecting rods, 
and cylinder block. The crankshaft is a 
forged steel, fully counterweighted design. 
The material is a high tensile strength, mi
croalloy forged steel for enhanced durabil
ity. The connecting rod pin journal diam
eters are 56.0 mm in diameter and 
22.0 mm in width, while the main bearing 
journal diameters are 67.5 mm in diameter 
and 26.0 mm in width. The crankshaft de
sign was revised from the base engine to 
include optimized geometry for improved 
fatigue strength and optimized counter
weighting for improved balance capability. 
Additionally, the pin journal fillet rolling 
loads were revised from the base engine to 
variable rolling, and also increased in mag
nitude to improve the fatigue strength. 

The pistons are gravity fed, permanent 
mold aluminium castings, Figure 10. The 
material is a hypereutectic AlSi alloy for 
enhanced durability. The piston design 
was revised from the base engine to in
clude:

–  a fully machined dome with direct in
jection bowl and valve clearance pock
ets, thereby requiring unique right 
and left bank pistons

–  an anodized top ring groove
–  a revised pin boss, the latter two for 

enhanced durability. The piston pin 
was revised to a full floating configu
ration with increased wall thickness. 
The pistons have a mass of 377 grams, 
while the piston pins have a mass of 
127 grams; these reciprocating mass
es are tightly controlled to eliminate 
the pin end weight pad on the con
necting rod. The upper compression 
ring was revised to include a slightly 
increased tension and a revised face 
coating for enhanced durability, while 
the lower compression ring and oil 
control assembly are carryover from 
the base engine. 

The cylinder block is a die cast, deep 
skirt, open deck design. The material is a 
proprietary Al alloy for enhanced dura
bility. The cylinder block design was re
vised to include:
–  bulkhead style piston cooling squirt 

jet machining
–  deleted crankcase breather windows 

for improved fatigue strength
–  additional bosses for turbocharger 

support and oil return. Finite Element 
Analysis was employed throughout 
the design process to ensure compo
nent and system durability at engine 
full rated output, complemented by 
experimental measurements of other 
critical characteristics, such as bore 
distortion, bore wear, and metal tem
peratures.

8  Summary

Ford Motor Company has developed Tur
bo DI gasoline engines, branded as Eco
Boost, to deliver improved fuel consump
tion with funtodrive. In this article, 
fundamentals of this technique for fuel 
economy and deployment plans are re
viewed. The specifications, performance, 
and fuel economy of the 3.5 l V6 EcoBoost 
engine are summarized. Finally, objec
tives and design choices for the combus
tion system, fuel system, boost system, 
and power conversion system are dis
cussed.

Ford anticipates widespread demand 
for, and therefore widespread impact of 
the new engine technique. Ford is there
fore actively researching technologies 
that will further enhance EcoBoost.
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Emission Technologies  
from BMW for Future Emission  
Legislation Worldwide
Exhaust emission legislation is being tightened worldwide, with the added complication of different 
regulations in Europe, the USA and Japan, demanding not only the continuing development of exist-
ing technologies, but also the use of new systems, especially in the area of exhaust gas treatment 
for diesel engines. To meet the various boundary conditions, therefore, the engine development 
department of the BMW Group has developed different emission technologies that are best able to 
resolve this conflict of aims. With the maintenance-free particle filter system, NOx storage catalyst 
and the SCR system, BMW has developed a modular emission system which not only retains the 
virtues of the BMW diesel drivetrains, but also permits the successful deployment of these diesel 
engines in the USA and Canada.
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1  Introduction

Over recent years, the diesel engine has 
been able to build on its leading position 
as a powertrain for cars, especially in the 
mid and upper range segments. Excellent 
performance combined with low fuel con-
sumption and associated long range have 
resulted in this sustained trend towards 
diesel in Europe. In combination with the 
„EfficientDynamics“ measures [1], this de-
velopment has led to a significant reduc-
tion of CO2 emissions in the vehicle fleet. 
In addition to the continuous improve-
ments to these important customer-rele-
vant properties, harmful emissions have 
been drastically reduced at the same time. 
Thanks to the universal implementation 
of maintenance-free particle filter, for ex-
ample, it has been possible to cut particle 
emissions by 99 %. 

The development of the emission lim-
its in Europe and the USA is represented 
in Figure 1, which shows the step by step 
reduction of the particle and NOx emis-
sions. Even more stringent NOx limit val-
ues now represent the main challenge. 
Apart from the different limit values in 
use around the world, there are also ma-
jor differences in the quality of available 
fuel which have a considerable influence 
on the technical solutions. Designers 

therefore face the challenge of designing 
a customized solution for each respective 
market which, apart from the functional 
aspects, also takes into account the vari-
ous boundary conditions in these mar-
kets. In addition, the systems must be 
adaptable across a broad range of vehi-
cles, extending in the case of BMW Group 
from the Models Mini to the X5. Conse-
quently, the obvious task is to develop a 
technology kit, from which the ideal so-
lution for the car and market can be cre-
ated to suit the respective requirements. 

2  Internal Modifications in the Engine

In order to comply with the quoted emission 
limit value stages, internal modifications re-
main an important factor in the overall re-
duction of emissions. The key modification 
measures are described below.

2.1  Optimizations of the Air System 
The optimization of the air system is an 
essential prerequisite for reducing the raw 
emissions, while at the same time meet-
ing the typical demands for BMW with re-
gard to dynamic performance and com-
fort. The exhaust gas recirculation (EGR) 
and the boost pressure are the key varia-
bles here. The modifications to the air sys-
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Figure 1: Emissions limit overview in the EU and USA
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tem are aimed at reducing the average 
level of emissions and the dispersion of 
the individual exhaust gas components. 

The following components were modi-
fied with the introduction of EU5:
– electrical EGR valve
– pressure sensor in the exhaust manifold
– temperature sensor after the EGR valve
– enlarged EGR cooler for heavy vehicles.

Due to the additional sensors and im-
proved actuators, the dynamic behaviour 
of the air system can be recorded more 
precisely, while closed-loop control oper-
ations are possible with a higher level of 
quality. These properties are the basis for 
a series of motor control functions for 
improving the behaviour of the air sys-
tem. By way of example, two of these 
functions are considered in detail below.

2.1.1  EGR Rate Regulation
With the implementation of the EU5 ex-
haust standard, the reference variable of 
the EGR control of the air mass was con-
verted to the ratio of exhaust mass flow 
to fresh air mass, which is also termed 
the EGR rate. This made it possible to re-
duce the influence of the distribution of 
sensors or components – such as the air 
mass meter, the volumetric efficiency or 
the boost pressure sensor – on the NOx 
emissions. Furthermore, a special con-
troller structure in the engine control 
unit enabled high EGR rates to be set in 
steady-state points, yet without falling 
below the minimum air mass values in 
the case of transient load states. This 
means that it is possible to accelerate 
with moderate particulate emissions, 
high dynamics and low NOx emissions. 

2.1.2  Learning Function for Boost  
Pressure Control 
With the aid of the rate regulation, the 
ratio of the fresh-air/exhaust-air mixture 
reaching the engine can be preset. If dis-
persions now occur when it comes to 
charging the engine, then the oxygen 
volume per operating cycle in the cylin-
der can be significantly increased or re-
duced at a constant AGR rate. This modi-
fied quantity of oxygen can result in un-
wanted effects such as increased emis-
sions or ignition delay. 

The charging of the engine is influ-
enced essentially by the available boost 
pressure. For this reason, a procedure 
was developed on the introduction of 
the EU5 exhaust gas stage which mini-
mizes the distribution of the boost pres-
sure and thus also minimizes the charg-
ing. 

This means it is also possible to re-
strict considerably the effects of different 
exhaust gas turbocharger settings, geo-
metric distributions in the field of the 
air intake and changes over the life-span 
of the engine. 

Figure 2 shows a schematic arrange-
ment of the sensors and actuators as well 
as the control functions implemented in 
the engine control. By physically model-
ling the air system it is possible, in addi-
tion to the values recorded directly by 
sensors, to calculate other variables rele-
vant to the open- and closed-loop control 
and for monitoring [2]. 

The default values for the air system 
are the EGR rate and the boost pressure. 
With the aid of the physical model of the 
engine, the EGR rate is converted into a 
setpoint fresh-air mass. With the aid of 
the modelled charging air mass, conclu-
sions can be drawn about any necessary 
EGR air mass. Using a model of the EGR 
valve, this is converted into a forward 
control of the electrical EGR valve. Errors 
in the forward control are additionally 
compensated by a higher-level EGR rate 
regulator. 

The boost pressure is now specified 
independently of the AGR rate. With the 
aid of a model, the required boost pres-
sure can be used to determine an actua-
tor position of the turbocharger with 
variable geometry. This model was deter-
mined and verified on individual design 
engines on the test bench and in cars. It 
may deviate from the actual conditions 
in the vehicle due to distribution of com-
ponents or life-cycle effects. For this rea-

Figure 2: Air system and control structure in the engine control unit

Figure 3: Effect  
of high-pressure 
and low-pressure 
EGR
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son, a learning function is superimposed 
on the forward control. Compared to the 
closed loop control of the boost pressure 
also used in sub-areas, this has the ad-
vantage that, even in dynamic processes, 
a suitable correction of the forward con-
trol value can be performed. 

The learning function is activated in 
constant operating points depending on 
various parameters such as engine speed, 
fuel injection rate, coolant temperature 
and EGR rate. When the learning func-
tion is active, the control deviation of the 
boost pressure is determined and entered 
in a learning characteristic map by 
means of an evaluation filter. The evalua-
tion filter changes its properties depend-
ing on the age of the engine. In a new 
engine, the error in the boost pressure is 
quickly learned in order to record devia-
tions due to component distributions 
and turbochargers with different set-
tings. During the life of the engine, 
switches are then made to slower evalua-
tion filters. This enables changes to the 
system to be compensated over the 
lifespan, while on the other hand the sys-
tem is robustly protected against tran-
sient disturbances that would otherwise 
corrupt the learning result. 

2.1.3  Low-pressure Exhaust Gas  
Recirculation
In addition to the measures mentioned 
above, a further improvement of EGR sys-
tem performance is necessary for the 
emission control of heavier vehicles ac-
cording to Tier 2 Bin5, in order to cut the 
NOx raw emission level accordingly. To 
do this, a low-pressure EGR system was 
also investigated, in which the exhaust 
gas is not extracted until after particle 
filter and fed into the fresh-air before the 
compressor. This version delivered the 
greatest potential for reducing nitrogen 
oxide, especially in the case of high-load 
operating points, Figure 3. The positive ef-
fect on the fuel consumption is due, on 
the one hand, to the operating point off-
set of the exhaust gas turbocharger and, 
on the other hand, to the lack of throt-
tling, which would be necessary in order 
to achieve the scavenging gradient be-
cause of the use of fixed geometry charg-
ers in multi-stage turbocharging in the 
X5 xDrive35d.

2.2  Optimization of Combustion 
The essential challenge in attaining the 
EU5 exhaust gas standard is the reliable 
compliance with the NOx limit values us-

ing internal engine modifications. As a 
result of the optimizations in the air sys-
tem described in the section above, it 
was possible to raise the EGR rate signifi-
cantly. The resulting increase in the par-
ticulate mass was compensated on the 
one hand by the use of new injection 
nozzles, optimized in terms of carbon-
particular emissions, and on the other 
hand by increasing the injection pres-
sure. Due to the increased injection pres-
sure, it is possible to achieve an improved 
jet preparation and thus demonstrate 
improved EGR compatibility. In addition, 
the combustion peak is moved to the late 
position, which also results in a reduc-
tion of the NOx emissions and of the 
combustion noise. At the top of Figure 4 
the EGR rates and the injection pressures 
of the EU4 and EU5 application of the 
four-cylinder engine are compared for 
some fixed points. Using the modifica-
tions described, it was possible to reduce 
the NOx emission by the values shown at 
the bottom of Figure 4 compared to the 
EU4 application at the same degree of 
combustion efficiency.

3  Exhaust Gas Treatment

Apart from the internal engine modifica-
tions, further development of the exist-
ing exhaust gas treatment technology is 
essential, in order to comply with the US 
and EU6 limits, in particular for the NOx 
exhaust gas component. The technolo-
gies used for this – the NOx storage cata-
lyst (NSC) and the Selective Catalytic Re-
duction (SCR) – are described below.

3.1  Mode of Operation of the NOx  
Storage Catalyst
The nitrogen oxides generated during 
lean operation are stored as nitrates in 
the storage catalyst. As a part exists in 
the form of NO, this must first be oxi-
dized to NO2. In cyclic rich operation 
phases (Lambda < 1), in which sufficient 
reduction agent (H2, CO and HC) is made 
available for a low oxygen concentration 
(< 1 %), this is reduced. The stored ni-
trates and the reduction agent react to 
form N2, H2O and CO2. The typical operat-
ing range of an NSC is between 150 °C 
and 500 °C and thus covers a wide en-
gine-map range of a diesel engine almost 
all the way to full load [3].

Figure 4: Comparison of EGR-rates EU4 / EU5
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3.1.1  Close-coupled NSC System
In the development of the NSC system the 
following objectives had to be ensured:
– modular solution to a basic model [4] 

with specified package and ready-to-
use application

– same customer properties as the basic 
model with regard to driving perform-
ance and comfort

– low system complexity
– fast readiness of system after engine 

start
– low exhaust gas counter-pressure.
Under the above specifications a engine-
level concept was implemented. The oxi-
dation catalyst of the basic application is 
replaced here by an NOx storage catalyst 
of the same size. In addition to storing 
the NOx this also performs the catalytic 
tasks of HC and CO reduction. The NSC 
volume is just under 2 l, the diesel parti-
cle filter (DPF) is dimensioned at almost 
4 l as in the basic application. As addi-
tional sensors, a second lambda probe is 
required after the particle filter and a 
temperature sensor after the NSC. The 
Lambda probe, the exhaust gas pressure 
sensor and the temperature sensor ahead 
of the NSC are already present in the ba-
sic model, Figure 5. An additional temper-
ature sensor is required after the high-
pressure EGR cooler in order to meet the 
more stringent requirements of the EGR 
measurement in rich operation. A com-
bined fresh-air mass and exhaust gas re-
circulation rate control by means of 
high-pressure EGR valve and throttle 
valve is applied.

3.1.2  Switching Between Lean/Rich  
Operating Modes 
A challenge for the application of an NSC 
in the diesel engine is represented by the 
rich operation mode (Lambda < 1) for the 
regular regeneration of the NSC (DeNOx 
phase). To achieve this, the fresh air mass 
is severely throttled and the exhaust gas 
enriched accordingly by further injection 
of fuel. The periodic switchovers should 
take place regardless of the engine speed 
and without being acoustically notice-
able. This should not cause any apprecia-
ble rise in fuel consumption. For a suc-
cessful DeNOx phase, the exhaust gas com-
ponents and the oxygen concentration 
are to be strictly observed. This is ensured 
by means of a Lambda controller integrat-

ed into the engine electronics. The rich 
operating range extends across a window 
of engine speeds from 900 to 3000 rpm 
which are frequently used by diesel en-
gines and a torque range up to just below 
full power. The necessity of a DeNOx phase 
is determined with the aid of a raw NOx 
model and an NSC loading model, which 
are stored in the engine control unit. By 
means of an operating mode coordinator 
the engine changes from lean to rich 
mode and is operated under-stoichiomet-
rically until a termination condition oc-
curs. Such a condition could be the depar-
ture from the approved operating range 
described above, the existence of excessive 
NSC component temperatures, for which 
thermal blowout of NO2 or in extreme 
cases, thermal damage of the NSC can oc-
cur or, on the other hand, a complete dis-
charge of the NSC. The latter is recognized 
by the “rich breakthrough” after the NSC 
(Lambda switches from 1 to less than 1) by 
means of the additional Lambda probe 
after the particle filter. It is therefore com-
pletely normal for the complete discharge 
of the NSC to require several short rich 
phases with a duration of a few, but no 
more than 10 s. In the NEDC this results 
in one, two or three rich phases, in order 
to achieve the EU6 NOx limit of 0.08 g/km 
at an EU5 raw emission level, Figure 6. The 
two lambda probes can additionally be 
used for NSC component diagnosis. The 
area that is enclosed between the two 
lambda signals in the rich mode corre-
lates to the degree of efficiency of the 
component. By continuously observing 

Figure 5: Engine-level NSC and DPF

Figure 6: NSC results in the European driving cycle
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this property over the entire engine 
lifespan, any damage to the component 
can be detected, so that no NOx sensor is 
required for diagnostic purposes.

3.1.3  Desulphurization of the NSC
Over the life-span of the vehicle, the sul-
phur contained in diesel fuel results in 
sulphur contamination of the NSC. The 
sulphur is stored as barium sulphate in 
the NSC, but at the temperatures nor-
mally used in lean operation, however, 
can no longer be removed by means of 
rich phases. A discharge of the sulphur is 
only possible at temperatures in excess of 
580 °C. As a loss of efficiency is essential-
ly only detectable after the engine has 
covered several thousand kilometers, it is 
sufficient to combine a desulphurization 
with the cyclically occurring particle fil-
ter regeneration. The duration of the rich 
pulse is set in such a way that the desul-
phurzation process does not produce the 
foul smelling H2S, nor will the tempera-
ture in the component during and after 
the rich phase result in thermal aging or 
damage. In the engine control unit there-
fore, a sulphur charging and discharging 
model is implemented on the one hand 
and a predicted temperature calculation 
model is implemented on the other. 
Thanks to the low desulphurization tem-
perature in comparison with earlier NSC 
coatings and to more highly developed 
engine control software, it has been pos-
sible to significantly improve the aging 
of the NSC, thus enabling it to be used 
over the entire life of the vehicle.

3.2  Method of Operation  
of the SCR System
In comparison with the storage catalyst, 
the SCR system is a continuously operat-
ing DeNOx system, in which a urea aque-
ous solution is injected directly into the 
exhaust flow as a reduction agent. By 
means of thermolysis and hydrolysis, this 
creates the actual reduction agent ammo-
nia (NH3). The NH3 and NOx react in the 
SCR catalyst, finally producing nitrogen 
and water. The SCR dosing module is posi-
tioned as close as possible to the diesel 
particle filter, as there are higher temper-
atures here than under the floorpan, 
which facilitate vaporization of the inject-
ed aqueous urea solution. Due to the rela-
tively short mixing path between the in-
jection and the SCR catalyst, the use of a 

mixer is necessary. The function of the 
mixer is of crucial importance to the even 
distribution of NH3 ahead of the SCR cata-
lyst and thus has a direct influence on the 
achievable degree of efficiency. Figure 7 
shows how this has been significantly im-
proved through the optimization of the 
mixer design. When designing the mixer, 
special effort was taken to ensure that all 
drops of spray hit the mixer structure. 
The drops of spray hit the inclined blades 
and are broken up so that they can vapor-
ize more easily. By conduction of heat in 
the large blade surfaces, the local cooling 
of the mixer is reduced and this also aids 
vaporization of the reduction agent. Small 

blades are fitted to the back of the mixer 
to ensure additional turbulent kinetic en-
ergy, thereby improving mixing efficien-
cy. This design prevents wisps of NH3 in 
the exhaust gas and rules out false meas-
urements of the NOx sensor located down-
stream.

3.3  Influence of NO2/NOx Ratio 
The reduction of the nitrogen oxide in the 
SCR catalyst depends essentially on the 
temperature, space velocity and the NO2/
NOx ratio. The working range of maxi-
mum conversion is between 200 °C and 
300 °C exhaust and catalyst temperature. 
Figure 8 shows the degrees of efficiency of 

Figure 7: Ammonia distribution ahead of SCR catalytic converter

Figure 8: NO2/NOx-ratio effect on SCR efficiency 
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the nitrogen oxide reduction dependent 
on temperature and NO2 quota. In addi-
tion, the three reactions in the SCR cata-
lyst are listed, which are classified by their 
speed into very fast, fast and slow SCR re-
actions. The reaction of the nitrogen ox-
ide to form nitrogen and water is at its 
fastest with an NO2/NOx ratio of 50 %, and 
at its slowest with an exclusive reduction 
of NO2. At the same time, consumption of 
the reduction agent rises with NO2 ratios 
of more than 50 %. Accordingly, the coat-

ing selected for the oxidation catalyst and 
particle filter is of key importance. These 
oxidizers connected in series must ensure 
good oxidation of the hydrocarbons and 
the carbon monoxide and should ideally 
set a NO2/NOx ratio before the SCR catalyst 
of 50 %. In order to keep below the very 
demanding NOx limit values according to 
Tier 2 Bin5, a coating that is very resistant 
to aging is accordingly required. In addi-
tion, a fast light-off of all catalysts as well 
as exhaust gas free from hydrocarbons – 

in order that these do not accumulate in 
the zeoliths of the SCR catalyst – are nec-
essary for the operation of the SCR system 
with optimum efficiency.

3.4  Application and Results  
of the FTP75 Test
Figure 9 shows the results of the applica-
tion in the FTP75. As this test starts at 
room temperature, fast heating of the en-
tire exhaust treatment system is decisive. 
For this reason, a fast heating strategy is 
used at the start, which is mapped in the 
control unit. As soon as the SCR catalyst 
temperature has reached 200 °C, the dos-
ing of AdBlue commences. The degree of 
efficiency of the DeNOx system is over 90 
% in the test unit, whereas in the second 
phase it reaches almost 100 %.

4  Implementation of the Emission 
Concepts in the Car

Depending on the vehicle weight, engine 
and not least the target market, the tech-
nologies described above can now be 
used in different combinations. Figure 10 
shows three examples for Euro 5 and 6 
and US Tier 2 Bin5.

To meet the EU5 limit value stage, the 
described internal engine modifications 
are implemented. These can be imple-
mented step by step, depending on the 

Figure 9: SCR system results in the FTP75

Figure 10:  
BMW emission  
technology kit 
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vehicle weight, or are scalable as in the case of 
the EGR cooling. The example of the 118d 
shows that the performance data of the engine 
as well as the fuel consumption remain un-
changed compared to the EU4 version despite 
the reduced emissions.

The 330d is the first diesel car to meet the 
EU6 limit value stage. In this concept, not only 
the internal engine measures, but also the de-
scribed NOx storage catalysts are used. It was 
possible to compensate for the low additional 
consumption required as a matter of principle 
due to additional measures, so that here too 
the fuel consumption remains unchanged 
compared to the EU5 version also offered.

Compliance with the US Tier 2 Bin5 limit 
value stage demands the use of an SCR system 
as well as internal measures in the engine, es-
pecially in heavier vehicles. The X5 xDrive35d 
and the 335d equipped with this solution per-
mits the entry of BMW diesel cars into the US 
market.

5  Summary

Due to the continuing development of existing 
technologies in combination with new devel-
opments in exhaust gas treatment, BMW has 
already managed to comply with the demand-
ing EU6 and Tier 2 Bin5 limit value stages. Us-
ing the modular conception presented here, 
optimum adaptation of the technology used to 
the various requirements, in terms of both the 
legislation and the vehicle is possible. With the 
introduction of the SCR technology, the foun-
dation has been laid for the market entry in all 
50 states of the USA and in Canada, and thus 
the way prepared for a further expansion of 
diesel drivetrains. In combination with the 
 „EfficientDynamics“ measures to reduce fuel 
consumption the new emission technology as-
sure the future of diesel engines as sustainable 
drivetrain.
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Optimization of 
SCR Systems by Integration 
of Mixture Elements
Efficient SCR systems require an optimal reductant conditioning and a uniform NH3 distribution. 
This can only be achieved by the choice and the optimization of the appropriate mixing device. 
A novel, at Tenneco developed two-stage mixer provides a very good mixing performance at a 
comparatively low pressure loss. For a rapid and cost efficient system optimization, Tenneco 
uses the CFD simulation in combination with a high resolution measuring procedure for the deter-
mination of the local NH3 concentration. 
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1  Introduction

Future vehicle emission limits such as 
EU6 and Tier 2 Bin5 require again a signi
ficant reduction of pollutant emissions, 
especially for nitrogen oxides (NOx). At 
the same time, a decrease in fuel con
sumption and thereby CO2 emission is re
quired. Current engines offer high power 
in combination with low fuel consump
tion and consequently low CO2 emis
sions. However this in combination with 
increased nitrogen oxide emissions. Thus, 
the demanding NOx limitations are not 
achievable only by the improvements to 
the engine, they require an additional 
exhaust gas aftertreatment, the most 
promising is the SCR technology. 

2  SCR Technology

NOx reduction via the SCR principle is 
achieved using ammonia or ammonia 
constituent substances. Known since the 
end of the seventies, this technique is suc
cessfully adapted for power station appli
cations, in which pure ammonia is used 
as reductant. Ammonia though is dan
gerous and inappropriate for mobile ap
plications. In the automotive sector the 
Selective Catalytic Reduction with 32.5 % 
hydrous urea is used. In this case, the 
aqueous urea solution is injected into the 
exhaust gas system, vaporized and con
verted to ammonia through thermolysis 

and hydrolysis, Eq. (1a) to (1c). In the SCR 
catalyst this ammonia reduces selectively 
the nitrogen oxides into nitrogen and wa
ter, Eq. (2a) to (2c). The fastest reaction is 
in accordance with Eq. (2b), where NO 
and NO2 exist in equal parts. Conversion 
rates up to 100 % can be reached with an 
optimal layout of the SCR system. Even at 
temperatures down to 250 °C conversion 
rates of over 85 % can be achieved.

The big advantage of this technology 
is the high efficiency over a wide tem
perature range and the high selectivity. 
The disadvantage is the need to carry a 
second fluid, which increases weight 
and package requirements. Furthermore 
the additional efforts for the injection, 
conditioning and distribution of the 
urea have to be taken into considera
tion.

The injection and conditioning of the 
reductant is essential for the SCR con
verter, the main parameters are:
–  position and orientation of the injec

tor have an impact to the droplet trans
portation and distribution in the gas 
flow and therefore on the accumula
tion of deposits

–  the spray angle influences the distri
bution in the pipe

–  droplet size and droplet diameter distri
bution: the smaller the droplets are, the 
shorter the required vaporization time 
the better the distribution in the flow

–  mixing pipe and geometry
–  decomposition of urea to ammonia, 

Eq. (1a) to (1c)
–  uniform distribution of ammonia on 

the SCR catalyst. 
A complete vaporization should be 
achieved ahead of the SCR catalyst itself, 
otherwise this process will happen in the 
converter and precious catalyst volume 
can be lost for the proper SCR reaction 
itself and the system efficiency decreases. 
Furthermore a nonuniform distribution 
and NH3 slip can occur. Ammonia slip 
must be avoided, due its toxic and acid 
nature. Moreover, even small concentra
tions can lead to an unpleasant smell.

Another important criterion is the 
avoidance of deposits of urea and urea sec
ondary products such as Biuret, Cyanuric 
Acid and Cyamelid:
–  deposits can influence the flow con

ditions inside the whole mixing 
length and therefore also the urea 
conditioning

–  settled urea is not available for the 
SCR reaction, thus decreasing the 
conversion rate

–  the removal of deposits requires high
er temperatures and leads to the re
lease of ammonia. 

Table 1 gives an overview of the key param
eters. Due to these influences the develop
ment requires an analytical approach and 
the appropriate development tools.

3  Tools for SCR System Development

Measuring the average values behind the 
SCR catalyst on an engine bench gives 
only an answer, whether a certain emis
sion target will be fulfilled or not.

For a detailed evaluation and the opti
mization of the system, the measurement 
of the local NH3 concentration is required. 
Therefore a procedure and a testrig were 
developed, that allows the characteriza
tion of the SCR system under real condi
tions. In parallel, the CFD modeling was 
developed further.

Table 1: Parameters for the  
SCR system development

Engine

– exhaust gas massflow
– exhaust gas temperature
– nox-emission

Exhaust system

– catalyst volume & space velocity
–  Inlet geometry & flow distribution
–  mixing length & -geometry  

(e. g. bendings, dents)
– no / no2-ratio (depending on DoC)

Dosing system & -valve

–  position and orientation in the  
exhaust system

– spray angle
– droplet size & size distribution
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3.1  CFD Modeling
The commercial software suite „STAR
CD“ is used to describe and predict the 
behaviour of injected reactant droplets. 
Fully coupled EulerLagrange TwoPhase 
flow calculations are conducted with in
terphase momentumheat and mass 
transfer. The result is the interaction of 
the spray with the flow as well as the tra
jectories of the evaporating droplets and 
information on the temperature and con
centration distribution. 

For these types of applications the re
acting surface is an important measure. 
Therefore special care has to be taken in 
modeling the characteristics of the 
 nozzle. Due to the fact that small drop
lets behave differently in the gas flow 
than bigger droplets, the Tenneco ap
proach is to divide the measured droplet 
size spectrum in many numerical class
es, whilst maintaining the Sauter Mean 
Diameter. The characteristic of the nozzle 
is modeled accurately in respect to 
number, configuration and shape of the 
spray. This is done by userdefined sub
routines, which enables a rapid transfer 
to different projects without any errors.

Due to the multitude of possible phe
nomena, dropletwall interaction is a 
challenge, as under certain circumstanc
es deposits may occur which might con

siderably disturb the proper function of 
the system.

3.2  Procedure for Urea  
Distribution Measurement
For the determination of the local reduct
ant concentration, a testrig with Roots 
Compressors and electrical heaters is 
available to reproduce the real conditions 
of an engine. For heavy duty applications 
with higher mass flows a gas burner will 
be used. A gas dosing unit is installed for 
the adjustment of the exact concentra
tion of the nitrogen oxide. For the local 
concentration measurement, an XY table 
allows the fully automated scanning of 
the complete cross section behind the 
SCR catalyst. Based on the measured local 
values, the test bench software will create 
a concentration distribution profile. The 
sampling will take place directly behind 
the catalyst outlet face via a sampling 
pipe and heated hoses to the CLD. The de
termination of the local NH3 concentra
tion is based on the measurement of the 
local NOx conversion, which requires two 
separate measurements, one without and 
one with urea injection, Figure 1. Based on 
Eq. (3) and Eq. (2a) to (2c) the local ammo
nia concentration can be determined.

As assessment criterion for the reduct
ant distribution the NH3 uniformity index 

(NH3 UI) is used, the definition is analog to 
the flow uniformity index introduced by 
Tenneco in 1993. The smaller the total de
viation of the measured local concentra
tion is in relation to the average value, the 
better is the reductant uniformity. The 
maximum achievable value is 1.0, Eq. (4).

Figure 1 shows the experimental test 
setup in the flow lab and the result from a 
measurement in comparison with the CFD 
calculation. Both distributions show good 
agreement with respect to homogeneity 
and the location of maxima and minima.

The advantages of flow lab measure
ment are: 
–  measurements under real conditions 

possible (mass flow, temperature, NOx 
concentration)

–  lower testing time and costs in com
parison with the engine bench test

–  quick measurement and rapid results: 
approximately 45 min for one operating 
point (based on a resolution of 150 meas
uring segments behind the catalyst)

–  a high resolution shows local minima 
and maxima, e.g. ammonia slip; with a 
low resolution measurement & interpo
lation, local peaks could be overlooked

–  good repeatability due to an exact ad
justment of the parameters, on an en
gine bench fluctuations caused by ex
ternal circumstances are possible.

Figure 1: Test rig and NOx concentration 
measurement w/o and with urea injection, 

NH3 distribution in comparison  
with the CFD calculation
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4  Mixer Development

In most passenger car applications the 
package boundaries for SCR system inte
gration are difficult, an adequate mixing 
length or the ideal injector position can
not be realized.

These circumstances require the use 
of a mixing device which has to be ad
justed and optimized to the specific ap
plication. Furthermore, it has to fulfill 
various requirements, Table 2.

Main functions of the mixer are:
–  atomization: The mixer is acting as a 

collision surface, the droplet break 
up on impact. Smaller droplets will 
evaporate quicker due to the better 
surface to volume ratio

–  evaporation: The hot mixer surface 
helps to evaporate and decompose the 
reductant

–  mixing: An even reductant distribu
tion requires macroscopic mixing.

Different mixing devices were tested in 
the flow lab. An abstract is shown in 
 Figure 2. Without mixer the distribution 
is inadequate, with the wire mesh mixer 
the results improve but there is no mac
roscopic mixing. The blade mixer “sym 
B6” causes a macroscopic mixing and 
shows a better distribution. Due to the 
small surface of the blades, the condi
tioning of the urea is not optimal. The 
results of the baseline and the swirl mix
ers show an increased homogeneity of 
ammonia. The best results can be ob
tained with a two stage reductant condi
tioning.

An additional fact which has to be 
considered is, that the spray position of 
the injector valve and therefore the mix
er impingement can vary depending on 
the mass flow and temperature, Figure 3. 
To avoid the jet shooting through the 
mixer at some operating points, it is nec
essary to design a mixer with a dense 
structure, e.g. through increasing the 
mixer blade angle. The disadvantage of 
this modification is the associated in
crease in pressure loss.

Tenneco has developed a novel two
stage mixing device, which compensates 
the mass flow depending spray position 
by a premixing zone and ensures an ex
cellent conditioning and an equal distri
bution. At low load operation points, 
the injected reductant is hitting the 
mixer in the bottom area, Figure 4 center 
left. The lower surface will deflect a part 
of the exhaust gas and reductant to the 
middle. 

In the shown example this effect will 
be enhanced by the main mixer. At high 
loads the urea spray will hit the pre
mixer in the upper area. Figure 4 center 
right. The blades of the premixer de

flect the urea into the center. The mac
roscopic mixing is performed by the 
main mixing device. The choice of the 
main mixing element and principle is 
related to the specific application. CFD 
calculations, Figure 3, and the results of 
the measurements, Figure 4, show a ho
mogeneous distribution of the ammo
nia independent of the exhaust gas 
mass flow.

The premixing device leads to a mini
mal additional pressure drop, on the 
other hand, the deflection surface angle 
of the main mixer can be flattened and 
in total the pressure value is lower.

The individual adjustment of the 
mixer to the boundary conditions can 
be realized by the optimization of the 
parameters such as the blade angle, the 
orientation or the distance between in
jector and mixer as shown in Figure 5. A 
length reduction leads to a better homo
geneity in all three operating points. 

Finally Figure 6 shows the achieved 
NH3 homogeneity plotted against the 
pressure loss of different mixing devices. 
Compared to the other mixing elements 
tested, the twostage mixer shows with 

Figure 2: NH3 uniformity measurement for different mixers

Figure 3: CFD simulation of droplet injection, evaporation and reductant distribution

– Atomization

– evaporation

– mixing

– no deposits or clogging

– low pressure loss

–  Simple manufacturability &  
integration in the system

– low costs

–  Durability  
(thermomechanics & vibration)

– no / low acoustic impact 

Table 2: Requirements of a mixing element
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an uniformity index of over 0.95 a very 
high performance. With smaller blade 
angles the ammonia distribution de
clines a little bit but the pressure loss 
decreases significantly.

5  Conclusion

Effective SCR systems require an optimal 
reductant conditioning and distribution 
as well as prevention of deposits and am

monia slip. Together with CFD Simula
tion, the high resolution measurement 
of the local concentration under labora
tory conditions is a fast, competitive and 
reproducible method for the optimiza
tion of a SCR system.

With the Integration of a twostage 
mixing element an optimal NH3 distribu
tion with the lowest possible increase of 
back pressure can be accomplished.

Especially for passenger car applica
tions with tight package constraints, 
short mixing length and complex pipe 
geometries, mass flow and temperature 
related spray behaviour, the twostage 
mixer concept demonstrated a high per
formance.

The development tools presented in 
this paper and the twostage mixer are 
important elements for SCR system opti
mization, which can also be applied to 
different tasks, for example HC injection 
for active filter regeneration. ■

Figure 4: Function of two-stage mixer and comparison to the baseline mixer 
in different operating points 

Figure 5: NH3 distribution related to the distance between injector and  
mixer

Figure 6: NH3 uniformity versus the pressure loss for different mixing elements
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Mazda’s LNT 
Catalytic Characteristics of the  
New Shape Support Material
The new shape ceria-based support material for a lean Nitrogen oxide (NOx) trap catalyst 
(LNT) was developed by Mazda. It has a unique shape that each fine particle of raw material 
is formed into hollow sphere. Samples of platinum loaded powder catalysts were obtained 
with either the hollow sphere ceria-based material or two kinds of the conventional shape one 
and their catalytic activities were evaluated with the synthetic gas. The characterisation 
 results indicate that the hollow sphere ceria-based material had high thermal stability [1].
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1  Introduction 

For the reduction of NOx emissions from 
a diesel engine, it is effective to apply a 
lean NOx trap (LNT) catalyst to the after-
treatment system [2, 3]. In order to com-
ply with the emission regulation becom-
ing stricter worldwide, it is required to 
improve the performance and the dura-
bility of LNT catalysts [4]. In the LNT 
catalyst, NOx is adsorbed as the nitrates 
of NOx storage materials (for example, 
alkaline earth oxide) during the lean 
air/fuel (A/F) operation. Then the ad-
sorbed NOx is released and reduced to 
Nitrogen (N2) and Oxygen (O2) by the re-
ductant agents such as Carbon monox-
ide (CO), Hydrogen (H2) and Hydrocar-
bon (HC) during the periodic rich A/F 
operation. It is important to reduce NOx 
during not only lean but also rich A/F 
condition. To promote efficiently the 
NOx reductive reaction is contributing 
to the reduction of NOx emissions dur-
ing the rich operation [4]. It is one of the 
keys promoting this reaction to improve 
the thermal stability of the support ma-
terials, on which the precious metals 
and NOx storage materials are loaded in 
the formulation of the LNT catalyst. It 
was reported to be effective for the im-
provement of LNT’s performances to 
load a certain amount of ceria material 
as one of the support materials [5]. 

In this study, as one approach to im-
prove the thermal stability of ceria mate-
rial, the new shape ceria-based material 
has been developed and its catalytic char-
acteristics were studied. The feature of 
this new ceria-based material is that each 
fine particle of raw material is formed 
into hollow sphere, Figure 1. The catalytic 
activity of the hollow sphere ceria-based 
material was evaluated on a powder 
model catalyst and its characteristics 
were investigated by Transmission Elec-
tron Microscope (TEM), X-Ray diffraction 
(XRD) and BET.

2  Experimental 

2.1  Specimen Preparation 
Three kinds of the ceria-based mixed ox-
ide powder with the same composition 
(Ce0.19Zr0.81O2) are prepared. One is 
the hollow sphere material, and the oth-
ers are the conventional shape materi-
als. They are listed in the Table, which 
refers to the sample labelling, the shape 
of the materials, and the preparation 
method, respectively. Two samples with 
conventional shape were prepared by 
either the co-precipitation method or 
the spray pyrolysis. Although the hol-
low sphere particle was also basically 
prepared using the same spray pyrolysis 
apparatus, its specific preparation con-
dition was controlled to form hollow 
sphere shape. 

Powder catalysts were prepared by 
wet impregnation of the ceria-based 
mixed oxide powders with a platinum 
(Pt) aqueous solution. The impregnated 
powders were dried at 150 °C and then 
calcined in air at 500 °C for 2 h. The Pt 
loading amount of the powder catalysts 
was 1 wt%. 

The fresh powder catalysts were 
aged in air at 750 °C for 24 h, referred 
to as the oxidation pre-treatment. The 
aged catalysts were then loaded in a 
quartz reactor, and reduced in 2.2 % 
CO balanced with helium gas at 600 °C 
for 10 min and cooled to room tempera-
ture, referred to as the reduction pre-
treatment. 

2.2  Characterisation 
The catalytic studies can be characterised 
as follows: 
−  Powder shapes: The powder shape was 

observed with TEM. The voltage was 
300 keV.

−  Crystal structure: Crystal structural 
information of the powder was ob-
tained from the XRD tests. The X-ray 
diffractometer was operated by using 

Table: List of the powders
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Sample label Shape Preparation method

Conventional particle Conventional Co-precipitation

Fine particle Conventional Spray pyrolysis

Hollow sphere particle Hollow sphere Spray pyrolysis

MtZ 03I2009 volume 70 25 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



Cu-Kα radiation accelerating voltage 
of 50 kV with the current of 240 mA. 

–  Specific surface area: The surface area 
of the powder catalysts was measured 
by BET surface analysis procedure 
with nitrogen adsorption. 

−  Micropore distribution: The micropore 
distribution data of the powder catalysts 
was collected by the volumetric gas ad-
sorption method using nitrogen gas.

2.3  Catalytic Activity 

2.3.1  Catalytic Performance
CO oxidation performance of the powder 
catalysts are evaluated with a fixed bed 
reactor. The powder catalyst was heated 
at a rate of 20 °C/min in 1 % CO and 0.5 % 
O2 balanced with helium gas; the CO 
conversion efficiency was measured. The 
temperature at which the conversion ef-
ficiency of CO reached to 50 % was meas-
ured and called as CO_T50 (°C).

2.3.2  Oxygen Release Characteristics
The oxygen release characteristic was 
evaluated with the temperature pro-
grammed reduction (TPR). The powder 
catalyst was loaded in a quartz reactor. It 
was heated from room temperature to 
600 °C at 20 °C/min under flowing 2.2 % 

CO balanced with helium gas. The flow 
rate was 100 ml/min. The generated Car-
bon dioxide (CO2) was measured by the 
mass spectroscopy.

3  Results and Discussion 

3.1  Properties of the  
Mixed Oxide Materials 
Figure 1 shows the TEM images of the as-
prepared powders. As for the convention-
al particle and fine particle, Figure 2 left 
and middle, each primary particle is ag-
gregating shape. By contrast, in the TEM 

image of the hollow sphere particle, Fig-
ure 2 right, there is the sphere particle 
with the diameter of approximately 
500 nm. It was made up of a lot of pri-
mary particles. The shell thickness of 
this hollow sphere particle is thought to 
be about 20 nm. 

The primary particle diameter of the 
conventional particle was about 10 nm 
to 15 nm, Figure 2 left. In case of the 
fine particle and the hollow sphere par-
ticle, it was about 5 nm to 10 nm, Figure 
2 middle and right. The two powders 
prepared by the spray pyrolysis had 
smaller primary particle size than the 
powder prepared by co-precipitation 
method. 

3.2  Investigation of Catalytic  
Performances of the Powder Catalysts 
A LNT catalyst is exposed to both oxida-
tion and reduction atmosphere in the 
exhaust system. Therefore, the three 
powder catalysts were evaluated after 
both reduction and oxidation pre-treat-
ment. First, CO conversion performance 
tests of the powder catalysts, which are 
aged in air at 750 °C for 24 h, were per-
formed after the oxidation pre-treat-
ment. Figure 2 left shows the CO conver-
sion efficiency as a function of tempera-
ture. CO_T50, the temperature at which 
the CO conversion reached to 50 %, was 
lower in the order of Pt/hollow sphere 
particle, Pt/fine particle, Pt/convention-
al particle. 

The aged catalysts were also evaluat-
ed after the reduction pre-treatment, 
and the results are displayed in Figure 2 
right. The order of CO_T50 was the same 
as that after the oxidation pre-treat-
ment. Thus, the Pt/hollow sphere parti-

Figure 1: Left: TEM image of the fresh conventional particle; middle: TEM image of the fresh 
fine particle; right: TEM image of the fresh hollow sphere particle

Figure 2: Left: CO conversion profiles of the aged powder catalysts during the CO oxidation 
performance test after the oxidation pre-treatment; right: CO conversion profiles of the aged 
powder catalysts during the CO oxidation performances test after the reduction pre-treatment

Figure 3: Left: Temperature programmed reduction profiles of the aged powder catalysts 
 after the oxidation pre-treatment; right: Temperature programmed reduction profiles of the 
aged powder catalysts after the reduction pre-treatment
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cle had the lowest CO_T50 indicating 
the highest CO oxidation performance 
at the temperatures of 300 °C or lower 
after both the oxidation and the reduc-
tion pre-treatment.

All powders were the ceria-based ma-
terial, so they have the oxygen storage 
capacity (OSC), that ceria adsorb excess 
oxygen under lean A/F conditions and 
release the stored oxygen under rich 
conditions. To access the oxygen release 
characteristics, CO-TPR was carried out 
after either oxidation or reduction pre-
treatment. Figure 3 shows respectively 
the TPR profiles of the aged catalysts af-
ter each pre-treatment as a function of 
temperature. At both pre-conditions, Pt/
hollow sphere particle highest oxygen 
capacity below 300 °C among the cata-
lysts. It was thought that more released 
oxygen contributed to promote CO oxi-
dation reaction at the temperatures of 
300 °C or lower after both the oxidation 
and the reduction pre-treatment.

3.3  Characterisation of the  
Powder Catalysts 
Figure 4 shows TEM images of the each 
powder catalyst after aging treatment 
in air at 750 °C for 24 h. The primary 
particle diameter of Pt/conventional 
particle, Pt/fine particle, and Pt/hollow 
sphere particle is approximately 20 nm 
to 30 nm, 10 nm to 20 nm and 10 nm to 
15 nm, respectively. While Pt/conven-
tional particle and Pt/fine particle be-
came much larger after the aging treat-
ment, Pt/hollow sphere particle was 
maintained to be the smallest among 
the catalysts.

Figure 5 left shows the BET surface 
area of the powder catalysts before and 

after aging. At the fresh condition, the 
all catalysts had almost the similar sur-
face area. On the contrary, the surface 
area after the aging was higher in the 
order of Pt/hollow sphere particle, Pt/
fine particle, Pt/conventional particle. It 
also means that the decreasing rate of 
Pt/hollow sphere particle was smallest 
among the catalysts. Additionally, it was 
found the order of the surface area was 
same as that of CO_T50 after both the 
pre-treatment, which was described 
above.

Figure 5 right shows the micropore 
distribution of the aged catalysts. The 
pore diameter for Pt/hollow sphere parti-
cle ranged from 2 nm to 130 nm. This 
distribution range was the widest among 
the catalysts.

Particularly, its pore volume at the 
diameter ranging from 2 nm to 20 nm 
was the highest among the catalyst. 
From the TEM results, it was thought 
that these were due to the clearance be-
tween the primary particles. It was as-
sumed that the sintering of the primary 
particle in Pt/hollow sphere particle was 
reduced compared with the others. 

These results suggested that Pt/hollow 
sphere particle had the highest thermal 
stability among the catalysts. It is thought 
that its higher thermal stability was one 
of the reasons contributing to the better 
CO oxidation performance.

4  Conclusion 

The new ceria-based hollow sphere mate-
rial had been developed, and its catalytic 
performances had been investigated as 
Pt supported catalyst. The following re-
sults were obtained. 
−  Pt/ceria-based hollow sphere material 

had higher CO oxidation performance 
and oxygen storage capacity at the tem-
peratures of 300 °C or lower than Pt/con-
ventional shape ceria-based materials.

−  The primary particles for the Pt/ceria-
based hollow sphere were maintained 
approximately 5 nm to 10 nm in diam-
eter, and its surface area was higher 
than the Pt/conventional shape ceria-
based materials after aging treatment 
in air at 750 °C for 24 h.

−  Pt/ceria-based hollow sphere material 
had the pores ranging from 2 nm to 
130 nm, which was the wider range 
distribution compared with Pt/con-
ventional shape ceria-based materials.
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State of Development 
of Laser Ignition
A holistic optimization of combustion engines with the aim of conserving resources has to include an improvement 
of the ignition mechanism as well. In the field of spark-ignition combustion engines the development of laser-in-
duced ignition systems is advanced worldwide. This article of the Bayreuth Engine Research Center (BERC) gives 
an overview of the current development status and future trends in the field of laser ignition.

1  Introduction

No matter whether the motivation for 
the reduction of fuel consumption and 
the emission lies in the restricted re-
sources, human health or the conserva-
tion of the environment it is without 
doubt that both issues are the main goals 
in the traffic sector. In this context the 
optimization and control of the combus-
tion itself is one main step to reach that 
goal.

A promising option to influence the 
burning rates offers laser-induced igni-
tion. A laser beam is focused at a point of 
the combustion chamber leading to a so-
called optical breakdown. As a result of 
multiphoton-ionisation a luminous and 
very hot plasma is generated where highly 
reactive radicals are formed and extremely 
high temperatures and pressures prevail. 
For such a breakdown photon densities in 
the range of approximately 1029/cm2s are 
needed. This corresponds to a laser output 

of about 100 GW/cm2. Starting from this 
plasma kernel, in which temperatures of 
105 to 106 K prevail, a pressurewave propa-
gates through the mixture at supersonic 
speed and heats it. It also may cause a 
weak ionization of the molecules. In com-
bination with the effects of the pressure-
wave, heat conduction and convection 
from the plasma kernel and diffusion of 
the radicals finally trigger the ignition of 
the mixture around the plasma kernel [1]. 
The advantages of this type of ignition are 
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manifold. Ignition due to a laser enables a 
completely free choice of the place of igni-
tion. This is a decisive advantage particu-
larly with modern concepts of SI engine 
combustion [2]. Due to the opportunity of 
an ignition away from the cylinder walls, 
energy loss and wear can be reduced. 
Moreover, laser-induced ignition is able to 
ignite leaner mixtures compared to a con-
ventional spark plug. Particularly aspect 
that makes laser ignition attractive for the 
application in stationary gas engines in 
terms of fuel saving. 

2  Fundamental Studies on Laser Ignition

The principle of laser ignition described 
here is known for a long time and thus 
many contributions of various groups of 
researchers can be found in literature, the 
basic research still represents a crucial 
part in this area. Whereas earlier studies 
focused on feasibility studies, the determi-
nation of the minimum ignition energies 
of various fuels, and the necessary quali-
ties of the laser beam, recent studies go a 
step further [3, 4]. In a project a depart-
ment of the Bayreuth Engine Research 
Center (BERC), for example, investigates 
the controlled influence of spatially or 
temporally separated multipoint ignitions 
on the combustion process [5]. In this con-
text fundamental research is made in ho-
mogeneous hydrogen/air and methane/air 
mixtures to study the potential of this fur-
ther degree of freedom for ignition. 

Figure 1 shows a principle sketch of a 
spatial dual ignition. Data of the em-
ployed laser is outlined in the Table. The 
detected combustion time of different 
compositions of mixtures of methane 
and air is compared in Figure 2. It can be 
seen that by means of laser ignition us-
ing multiple points the combustion time 
can be further reduced.

For the potential of laser ignition in 
basic is promising, one main goal is to de-
velop laser systems with sufficient power 
densities and acceptable size and price. 
The laser plug of the company CTR devel-
oped in cooperation with AVL List-GmbH 
is now disposable in a second-generation 
and was designed for use in internal com-
bustion engines [6]. 

3  Status of Laser Ignition  
for Engine Applications

Based on the above mentioned basic re-
search in stationary combustion cham-
bers, the first laser-fired single-cylinder 
engine was already put into operation 
about five years ago. It was a collabora-
tion between the University of Vienna 
and the company AVL. The results of 
these initial investigations confirmed 
the expectations that had been set in the 
potential of laser ignition. It was actually 
possible to ignite very lean mixtures and, 
consequently, realize higher exhaust gas 
recirculation rates [2]. The laser ignition 
also showed little interference due to 
high flow speed and turbulence that 
may lead to flame quenching in conven-
tional ignition systems. Moreover, there 
were advantages concerning fuel con-
sumption and the HC emissions. Mean-
while numerous research groups around 
the globe deal with this issue. They apply 
laser ignition to both gasoline engines 
and stationary gas engines.

In the field of stationary gas engines, 
for example, investigations carried out by 
the Argonne National Laboratory showed 
that the flame propagation speed in the 
combustion chamber increases for all stag-
es of combustion initiated by laser igni-
tion [7]. The increased combustion speed 
leads to a faster and more intense conver-
sion of the fuel mixture and entails a sig-
nificant reduction of the consumption in 
conjunction with a leaner mixture. In ad-
dition very low cycle-to-cycle fluctuations 

could be achieved. This group gave an ac-
count of reduction of NOx emissions by 
70 % at constant efficiency respectively an 
efficiency gain of 3 % at constant NOx 
emissions. Similar results were obtained 
by a project of the company GE Jenbacher 
and the Institute for Photonics at the Tech-
nical University of Vienna [8]. The applica-
tion of laser-induced ignition in gasoline 
engines mainly takes place in direct injec-
tion engines. However, there are still inves-

Figure 1: Experimental setup  
for the application of the  

spatially separated dual-ignition  
at a combustion chamber

mtZ 03I2009 volume 70 29 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



tigations studying homogeneous opera-
tions. Mullet et al. published results con-
cerning the influence of beam energy, 
quality and focal dimensions on the igni-
tion control in internal combustion en-
gines in homogeneous operation [9]. This 
work was focussed on the effects of differ-
ent beam qualities and thus focal diame-
ters and lengths on flame propagation 
and stability of combustion. It showed 
that the influence of the intensity distri-
bution over the laser cross section and fo-
cus properties is relatively low compared 
to the actual beam size and the intensity 
fluctuations between individual pulses. 
Furthermore it could be shown that the 
laser ignition entails much lower cycle 
fluctuations than the conventional spark 
ignition. In the field of direct injection en-
gines recent studies of a group of BMW AG 
confirm these results [10]. In these studies, 
laser ignition was applied both in homo-
geneous and in stratified operation of a 
spray-guided combustion concept. It was 
shown again, that the ignition speed in-

creases when using a laser as a source of 
ignition compared to an inductive spark 
plug. However, there were problems with 
misfire in stratified operation which oc-
curred due to the short life time of the la-
ser-induced plasma in comparison to the 
spark of a conventional plug. Similar stud-
ies on direct-injection gasoline engines 
were also made by the TU Vienna and its 
cooperation partners [2].

Despite the existing problems of pollu-
tion of the optics by combustion chamber 
deposits and the still high costs of laser ig-
nition systems, during the last years a 
number of patents has appeared who ei-
ther deal with laser ignition systems or 
with strategies of ignition. This large 
number of patents and the successful ap-
plication of laser ignition on close-to-pro-
duction engines clearly show the potential 
of this technique. Series technology, how-
ever, can only be realized if the laser igni-
tion consistently goes on with the develop-
ment of new laser systems regarding higher 
robustness and last but not least low costs.

4  Summary

Due to the promising potential for con-
sumption and emission reduction that re-
sults from the laser ignition, there is great 
interest in developing this technology. The 
large number of patents in this area and 
the activity of numerous research groups 
in this area demonstrates this very clearly. 
Meanwhile this technology is advanced so 
far, that first laser ignition systems for the 
engine sector are commercially available. 
Such systems have been successfully im-
plemented in stationary gas engines as 
well as in smaller gasoline engines. Espe-
cially in the field of new combustion proc-
esses, such as the direct-injection gasoline 
concepts, the various prospects of laser ig-
nition are obvious. If the costs for the ap-
plied laser systems can be further reduced, 
laser ignition might become a real alterna-
tive to conventional spark ignition for 
some applications.
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Figure 2: Combus-
tion time of vari-
ous mixtures of 
methane and air 
for laser-induced 
single and dual-
point-ignition

Table: Technical data of the laser

Property Value Unit

type nd:YAG solid state laser

pumping Flashlamp

manufacturer new Wave Research

model Solo pIv

Wavelength 532 nm

maximum pulse energy 100 mJ

pulse length 6 ns

Beam diameter 5 mm
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Space Ignition Method 
Using Microwave Radiation
Highest efficiency in fuel consumption – a target the Micro Wave Ignition AG faced by devel-
oping its new microwave ignition of combustion engines. This space ignition method can be 
utilised to save up to 30 % fuel consumption and prevents up to 80 % of pollutant emissions.
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1  Introduction

For over 100 years now, the spark plug 
has been the centrepiece of conventional 
ignition technologies for gasoline en-
gines as it generates a spark that triggers 
combustion from a compressed air/fuel 
mix. Thus far, many sources of this ener-
gy potential have remained untapped. 
Engineers at Micro Wave Ignition (MWI) 
AG have developed a technology that has 
picked up on the idle energy potential 
and, in doing so, is now able to replace 
the previous standard ignition methods 
in the long term. This innovation relies 
on a system where microwave radiation 
is used for the ignition of combustion en-
gines, Figure 1. The space ignition method 
can be utilised to save up to 30 % fuel 
consumption and prevents up to 80 % of 
pollutant emissions. With this process, 
engines can operate on an extremely 
lean mix (Lambda = 1.5 to 3). The technol-
ogy can be applied in all classic gasoline 
engines and diesel engines if required. In 
addition to conventional fluels, heavy 
oils such as rape oil, palm oil, jatropah 
oil, soya oil and other oil types from re-
newable raw materials can be ignited.

2  Prevention of the Laminar  
Combustion Phase by Implementing 
the Space Ignition Method

The combustion process in engines in-
corporating conventional ignition tech-
nology starts directly after ignition has 
taken place with an initial, very incom-
plete and therefore inefficient laminar 
combustion phase, in which a flame 
front forms and then spreads very slowly 
in all directions. The flame front reaches 
a dispersion speed of 20 cm/s during this 
phase. This initial flame development 
phase produces, on the one hand, the 
majority of pollutants and, on the other 
hand, unnecessary lost heat. This part of 
fuel energy, however, cannot be used for 
mechanical operation; the efficient, tur-
bulent combustion phase only starts to 
act at a later point in time. Flame turbu-
lences seen today develop much more 
quickly and spread at a flame speed of 
between 200 m/s and 300 m/s. 

These well-known technical processes 
led to the basic consideration to engineer 
the combustion process such that the 
laminar phase is reduced or even elimi-
nated completely. Based on the works of 
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Figure 1: The microwave ignition provides a real ground-breaking space ignition method in 
opposition to conventional ignition technologies
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Borghi, it can now be envisaged that, in 
the entire combustion chamber, only 
those processes are allowed to take place 
which are already known in the burning 
process development with conventional 
ignition during the turbulent phase [1]. 
This is made possible by virtue of a 
pulsed, space-specific supply of micro-
wave energy, which now gives us a con-
cept for the first genuine space ignition 
method, Figure 2. 

3  Faster and Complete Combustion

The applied space ignition method al-
lows a considerably more effective fuel 

application by omitting the inefficient 
laminar combustion phase. This means 
fuel consumption can be drastically re-
duced. The homogeneous distribution of 
several ignition spots in the entire com-
bustion chamber can be used to make 
combustion considerably faster than is 
possible with conventional spark plug 
ignition, which is started with detailed 
control, Figure 3. With the MWI method, 
the absorbing capacity of certain hydro-
carbons is utilised. These hydrocarbons 
are split or cracked and trigger a radical 
chain reaction. Its high efficiency allows 
this type of space ignition method, 
which works using the pulsed entry of 
microwave energy, to use considerably 

leaner fuel mixtures. Whilst classic spark 
ignition already attains the absolute up-
per limit when a value of Lambda = 1.35 
is reached, the MWI method can be used 
to successfully ignite fuel mixtures in 
the Lambda = 1.5 to 1.8 range. As a conse-
quence, the combustion process is more 
complete by virtue of the leaner air/fuel 
mixtures utilised, and this is accompa-
nied by a clear reduction in the residues 
containing pollutants.

4  Theoretical Principles  
of Microwave Ignition

Initial theoretical considerations on the 
acting mechanisms in MWI technology 
are taken into account further below. 
The description explains the initiation of 
electromagnetic radiation through the 
generation of self-supporting oscillations 
in a system through the influence of ex-
ternal electromagnetic radiation. The 
possible impacts of an externally-acting 
electromagnetic field upon an atomic or 
molecular system can generally be limit-
ed to the two following cases:
–  stimulated emission or absorption of 

the electromagnetic radiation
–  induction of electric and magnetic 

moments.
Stimulated emission or absorption of 
electromagnetic radiation occurs if the 
frequency ω of the electromagnetic radi-
ation corresponds with the splitting of 
the atomic or molecular energy level, so 
that the equation ħω = ∆E is fulfilled. 
The reaction of an electron or a group of 
electrons to an electromagnetic field 
causes a magnetic moment. Although, 
when looked at separately, individual 
electrons generate a magnetic field by 
spinning and by their rotation around 
the core, two electrons in the outer shell 
can generate a resulting magnetic mo-
ment of zero with the presence of coun-
ter spin. At the same time, chemical com-
pounds generated by atoms by virtue of 
electron sharing do not show a magnetic 
moment for the same (split) electrons. As 
a result, electrons that initiate chemical 
bonds (under normal conditions) do not 
display any mutual reaction to electro-
magnetic fields (EMF), since the resulting 
magnetic moment is zero – as can be 
verified in an electron spin resonance 
(ESR) experiment. A population inver-

Figure 2: The inefficient laminar combustion phase can be nearly eliminated by MWI technology

Figure 3: Ho-
mogeneous 
distribution 
of several  
ignition spots 
in the entire 
combustion 
chamber
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sion can be utilised to generate stimulat-
ed electromagnetic radiation. The aniso-
tropic electromagnetic parameters are 
the relative permittivity, conduction ca-
pacity or thermal EMF.

While electromagnetic stimulation of 
unpaired electrons is a widely known 
phenomenon and the basis for methods 
such as the previously mentioned ESR 
experiment, the stimulation of chemical 
bonds can be viewed as the basis for MWI 
technology, because MWI technology 
represents an instrument for influenc-
ing chemical bonds using an electromag-
netic field or an electromagnetic wave 
with vector potential Ā and for cracking 
bonds in hydrocarbons. Electromagnetic 
fields or waves with a suitable vector po-
tential Ā can be generated with distrib-
uted parameters using a self-supporting 
oscillation system which works within a 
superposition of mode conditions. Under 
these conditions, electric and magnetic 
moments are induced into the chemical 
bonding electrons and the symmetry of 
the resulting wave function of these 
chemical bonds is changed. An effect of 
this type leads to the stimulation of the 
chemical bondings.

Above a certain energy level, the 
chemical bonds are broken up by fuel 
constituents, thus setting off the radical 
chain reaction. An extensive theory on 
the quantum-mechanical processes that 
describes the ignition process extensively 
has not yet been developed in full. How-
ever, technical procedures on the accel-
eration of chemical processes – with sur-
prisingly low excitation energy in the 
classic sense – are known as a result of 
practical experiments on the interaction 
of electromagnetic radiation and hydro-
carbons [2]. The excitation of certain hy-
drocarbons with certain frequencies and 
pulse trains is therefore beneficial, be-
cause the excited polar-like molecules 
show characteristic resonant frequen-
cies. This enables these frequencies to 
crack the selected hydrocarbons using 
particularly low excitation levels. After a 
cold “ignition“ of the air/fuel mix 
through pulsed microwave radiation in 
the entire combustion chamber, certain 
processes are run through that are al-
ready known from the burning process 
development using conventional igni-
tion (turbulent phase). Chemical com-
bustion reactions are processed in multi-

layered, complex forms. An example of 
this is the reaction between methane 
(CH4) and oxygen (O2), which is normally 
explained by the following (very) much 
simplified reaction equation:

CH4 + 2O2 ⇒ CO2 + 2H2O

In actual fact, however, the combustion 
process is like a chain of individual reac-
tions:

CH4 + O ⇒ CH3 + OH

CH4 + H ⇒ CH3 + H2

CH4 + OH ⇒ CH3 + H2O...

It is important to make sure that the 
thermal release of energy caused by 
chemical reactions is in excess of the 
heat dissipation, and the resulting heat 
continues to accelerate the exothermal 
reactions. The timing of the “cold natu-
ral ignition“ can be influenced by con-
trolling the pulsed microwave energy 
supply. With MWI technology, it is not 
the entire fuel mix that is ignited, but 
rather approx. three percent of the fuel 
quantity – depending on the fuel compo-
sition – is cracked per firing stroke for 
ignition purposes. Frequency selection 
can be used to concentrate the entry of 
energy onto selected hydrocarbons. Fast-
er combustion can be expected as a re-
sult of the low fuel quantity during igni-
tion, but this combustion process is not 
explosive.

5  Benefits of the MWI Technology

MWI technology utilises the energy po-
tential that was practically thrown away 
in previous ignition methods. This gives 
the innovative technology considerable 
advantages compared to conventional 
ignition methods – especially when one 
considers the current demands on the 
engine industry and, above all, the car 
industry in terms of reducing consump-
tion and emissions:
–  the option of being able to reliably ig-

nite lean mixtures using MWI tech-
nology has rendered enriching the 
(spark-plug friendly) air/fuel levels for 
igniting the combustion as no longer 
necessary

–  MWI combustion is, in contrast to 
conventional combustion, much less 
dependent upon the burning rate in 
the form of diffusion flames, as it is a 
space ignition method

–  this space ignition method allows 
faster and therefore colder combus-
tion, which increases efficiency while 
simultaneously reducing the fuel con-
sumption and the concentration lev-
els of poisonous combustion residue

–  the microwave ignition system is main-
tenance-free and resistant to wear

–  the operating costs for cooling sys-
tems, catalytic converters and soot 
filters are considerably reduced.

6  Summary and Perspectives

From previously calculated and meas-
ured performance parameters it is safe to 
say that the following results can be 
achieved when MWI technology is imple-
mented successfully:
–  up to 30 % lower fuel consumption for 

the same engine performance
–  up to 30 % fewer CO2 emissions
–  up to 80 % fewer poisonous combus-

tion residues such as CO, SOX, NOX, 
HC.

Thus, an important step has been taken 
in achieving the development of a low-
emission engine. A prototype for the 
large-size engine sector is currently be-
ing developed in collaboration with Neu-
en Maschinenbau, Halberstadt, which 
means the previous series of practical 
tests for MWI technology has been con-
tinued. In the long term, it is intended 
that this technology become established 
in the large-size engine, car engine and 
aeroplane engine markets. Its introduc-
tion on to the market will take approxi-
mately 10 years due to the high require-
ments to be met particularly by series 
production in the automobile sector. It 
should then be possible to not only in-
stall MWI technology in new engines, 
but to also introduce it in old engines.
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Lower Emissions 
with DLC Coatings 
Frictional Behaviour 
within Valve Train

With vehicle production growing annu-
ally and pressure on manufacturers to 
reduce vehicle emissions, innovative 
methods will have to be found to make 
engines more efficient. The PSA Group 
has set up with Bekaert a cooperative 
test programme to measure the impact 
of Diamond-like Carbon (DLC) coatings 
on the frictional behaviour of certain 
components within the valve train of a 
production engine. 

DeVelopmenT

mTZ 03I2009 Volume 7036 

Friction

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 is the largest ve
hicle producing region in the world, ac
counting for more than 17 million pas
senger cars in 2007, or 32 % of the global 
passenger car market. With the increase 
in the world’s population, the number 
of cars on the road is set to increase 
yearonyear until a suitable, alternative 
mode of transport can be found. As that 
development is still many years away, 
the demand for conventional internal 
combustionengined passenger vehicles 
can be expected to continue to grow. 

Faced with this inevitability, the Eu
ropean Commission (EC) has developed 
a programme of Carbon dioxide (CO2) 
vehicle emission reduction which mo
tor manufacturers must adhere to, and 
failure to meet these emission limits 
will attract financial penalties in the  
future. In order therefore to avoid the 
possibility of incurring such fines, man
ufacturers are working feverishly to
wards making their vehicles evermore 
fuel efficient. 

In 2007, global passenger car sales in 
the Peugeot Citroën (PSA) Group rose to 
2.99 million units, of which the Europe
an market accounted for almost half, 
and projected sales for 2008 are expected 
to rise by a further 5 %. Although global 
production of motor vehicles is soft right 
now, the annual production is still ex
pected to exceed 3 % every year up to 
2013. PSA global vehicle sales in 2010 are 
expected to top 4.0 million units, failing 
to meet the EC’s strict CO2 emissions tar
gets is not an option, as the financial 
penalties would be substantial. These 
penalties would be progressive and al
though it is proposed that they would 
not come into effect before 2015, emis
sions targets of 130 g/km already agreed 
come into effect in 2012. However, as 
from 2015 the penalties for emissions ex
ceeding these agreed levels would 
amount to 95 euros per gram per vehicle 
(European Commission proposal on re
ducing CO2 emissions from passenger 
cars, September 2008). 

Besides the potential financial impact 
for the market, the carbuying public to

Figure 1: Test results 

The Author

Mark Boghe
is product market 
manager Automotive 
and Racing worldwide 
at Bekaert in Zulte 
(Belgium).

mTZ 03I2009 Volume 70 37 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



day is fast becoming a very well informed 
group and if certain manufacturers are 
not being seen to meet the buyer’s own 
perceived environmental expectations, 
that company runs the risk of losing that 
allimportant purchase. However, the 
PSA Group is well positioned, as for the 
second year in a row, the Group sold one 
million vehicles emitting less than 140 g/
km CO2 and with 750,000 emitting less 
than 130 g/km CO2. More than 200,000 
vehicles were sold which emitted less 
than 110 g/km CO2 (essentially made up 
of Citroën C1 and Peugeot 107 sales), rep
resenting 55.7 % of the market for this 
class of vehicles in Europe.

2  Component Testing

Advances in engine component coatings 
made by Bekaert, who have been work
ing in the field for many years, attracted 
the attentions of the PSA Group. Twen
tyfour months ago, a cooperative test 
programme was set up between these 
two companies to measure the impact 
of DLC coatings on the frictional behav
iour of certain components within the 
valve train of a production engine. For 
this purpose, certain components with
in the valve train were coated with 
Bekaert’s “Dylyn Plus”, a member of the 
company’s DLC family of coatings. “Dy
lyn Plus” is specifically aimed at high
volume automotive applications and 

most of the properties of this product 
can be precisely tuned to match the cus
tomer’s needs. 

Working with the test engine, a four
cylinder 1.6 l petrol engine from PSA’s 
current engine range, Bekaert prepared 
certain components within the valve 
train assembly by coating these with “Dy
lyn Plus”. Run on an electrically driven 
test rig, the tests were executed over a 
wide temperature range (20 °C to 120 °C) 
in order to study the behaviour in differ
ent conditions and to quantify these re
sults. 

The first test was conducted on an en
gine using hydraulic tappets, and this 
was followed in 2008 by a similar test 
but this time using mechanical tappets. 
In the tests featuring the engine with hy
draulic tappets, H3 refers to those tap
pets in which the top of the tappet was 
coated and the camshaft against which 
it was running was tribo finished. 

In the test engine using mechanical 
tappets, M1 refers to an uncoated tappet 
used as the reference component, while 
the M2 tappets were DLC coated on the 
top and ran against a tribo finished cam
shaft. All of these tests were performed 
at different controlled engine tempera
tures, the results being measured at 
20 °C, 50 °C, 80 °C and 120 °C where 
20 °C is considered to be a normal start
up engine temperature while 80 °C to 
120 °C is the normal working tempera
ture for an engine. 

3  Test Analysis and Observation

In Figure 1, the red bar (M1) represents a 
normal mechanical tappet system in a 
current engine and the blue bar (M2) is 
where the tappets have been coated. M1 
is an uncoated mechanical tappet with
out modification, M2 is the same me
chanical tappets but DLC coated on the 
top, and running against a tribo finished 
camshaft. 

For instance at 20 °C and 700 rpm (X
axis), the torque needed to drive the valve 
train (Yaxis) for M1 is 4.63 Nm and for 
M2 it is 3.5 Nm – which shows a distinct 
difference between the normal system 
and the potential system with the coated 
tappets. At 700 rpm, the reduction in 
torque required to turn the system falls 
from 4.6 Nm to 3.5 Nm, a saving of 24 % 
in engine efficiency, Figure 2. 

Therefore one can say that in the low 
rpm range, the energy needed can be 
reduced (or the friction losses be mini
mised) by around 24 %, but this impact 
reduces as the engine revolutions in
crease at this temperature. This is a pat
tern that is repeated through all tem
peratures tested. At lower rpm levels, 
the tribological system is not yet in a 
fully hydrodynamic state and therefore 
friction levels are higher and the impact 
of the coating is more important. The ef
ficiency saving is therefore greatest in 
the lower rpm range when the oil film 
is thicker. 

Figure 2: Friction reduction  
at different temperatures for 
mechanical tappets
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Observing the results at 700 rpm and 
at 50 °C and beyond, gives one an idea of 
how this system would behave in startup 
conditions after the engine has already 
run, which also confirms that there are 
no negative effects on the valve train un
der these starting conditions. 

In fact the gain is even more pro
nounced for the higher temperatures and 
the explanation for this is that at 20 °C, 
the viscosity of oil is very high, but as the 
engine heats up, the oil becomes less vis
cous. At 20 °C the oil has a higher resist
ance to flow (high viscosity) and this ex
plains why good lubrication is observed 
throughout the whole rpm range at this 
temperature. There is an impact on the 
coating but nevertheless the environment 
contains rather viscous oil, which ensures 
presence of the oil film between the parts. 
But at 120 °C it can be seen that at 
700 rpm, the M1 component reading goes 
from 5.67 Nm down to 3.68 Nm thereby 
showing a reduction in torque of about 
33 % (at normal an engine operating tem
perature of 120 °C) which compares to 
only 24 % at low temperature. This differ
ence is essentially due to the oil getting 
thinner at the higher temperature. 

The percentage gains in torque reduc
tion were plotted and the red bar here 
shows the greatest gains for mechanical 
tappets at all temperatures tested and at 
all engine revolution control breaks. Fig
ure 2 takes the reduction in friction and 
translates it into gain in torque efficiency 
(or reduction in actual torque required). 
Therefore, overall at low rpm, the gain is 

more important or more pronounced 
than at high rpm. 

Also, if one compares the higher tem
peratures the gains are more important 
for the engine, but at low rpm at lower 
temperatures this is not negligible ei
ther. As most urban journeys are not very 
long, most of the driving is done at lower 
revs and over a shorter distance, during 
which time engine friction is at its high
est. On engine start up, there is an im
mediate 20 % gain as soon as the engine 
gets into working temperature at low 
rpms, which at idle is 700 rpm, and this 
moves up to over 30 % at normal operat
ing temperatures. This means that in a 
typical urban cycle, where most drivers 
do not exceed 3000 rpm (the typical ur
ban range is 700 rpm to 2800 rpm), one 
can expect a reduction of between 25 % 
to 35 % in friction losses. 

4  Test Summary

Estimates by PSA are that this would 
translate into a fuel consumption re
duction of between 1 % to 2 % in the 
overall consumption. This might not 
sound like a lot, but for a small engine 
it translates into a saving of somewhere 
between 2 g/km and 3 g/km of CO2 
which is important. 

When this saving is multiplied by 
the number of cars on the road, this 
brings the justification for the experi
ment sharply into perspective. Another 
factor which plays a big role in this 

equation, are the vehicle emission lim
its that have been set by the European 
Commission. By 2015, a penalty of 95 
euros is applied for every gram above 
the limit set by the EC, so that is when 
every gram starts to count.

In Figure 3, it can be seen that for 
both uncoated mechanical and hydrau
lic tappets, the level of torque required 
to turn the camshafts is higher than for 
the coated equivalents. This graph 
shows the results of an engine at nor
mal operating temperature (120 °C) and 
the lower torque levels required in each 
case, applies across the entire rev range 
of the test.

5  Conclusion

Indicators in the market show that the 
benefits of DLC valve train coatings 
would be felt mostly in smaller petrol 
engined cars, as in small cars at least, 
the trend is going to be towards petrol 
rather than diesel engines. The reason 
for this swing is due to the particulate 
filters needed in a diesel system and 
combined with Nitrogen oxide emis
sions; this will discourage much more 
development in smaller engined diesel 
cars especially as it increases the overall 
cost of those engines significantly. Sev
eral motor manufacturers are even de
veloping threecylinder petrol engines 
for their city cars.

As for the Bekaert/PSA project, one 
could expect to see the DLC coatings ap
plied to the valve train system in produc
tion as early as 2011. ■

Figure 3: Summarised graph 
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Acoustic Design of Rolling 
Bearings in Cranktrains
The fuel consumption of combustion engines is significantly influenced by engine friction as well as the  
efficiency of the charge cycle and combustion. Substituting the plain bearings, which are normally used as the 
main crankshaft bearings, with rolling bearings offers a significant potential for friction reduction, but simultane-
ously poses high requirements for an acoustically optimized design. Within the FVV (German Research Asso-
ciation for Combustion Engines) research project No. 881 “Acoustics of Rolling Bearing Bedded Crankshafts“, 
undertaken by the Institute for Combustion Engines (VKA) at RWTH Aachen University (Germany), the acoustics 
of rolling bearings used as crankshaft bearings was investigated and a simulation methodology was developed 
for calculating and analyzing the acoustic behavior of rolling bearing layouts in cranktrains.
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1  Introduction

The mechanical losses in combustion en-
gines have a significant influence on fuel 
consumption. When analyzing these 
losses, it becomes clear that, in addition 
to the piston unit, the main and conrod 
bearings are the biggest individual com-
ponents contributing to friction losses, 
Figure 1, left. The high losses from the 
crankshaft assembly result mainly from 
the normally used plain bearings [1, 2].

Changing the crankshaft main bear-
ings from plain to rolling bearings offers 
significant potential for friction reduc-
tion. In addition to less bearing friction, 
there are also less friction losses in the 
oil pump, as the latter can usually be re-
duced in size because of the lower lubri-
cant requirements of the rolling bearings 
[1]. The potential for friction reduction is 
particularly evident at lower tempera-
tures and correspondingly higher lubri-
cant viscosity, Figure 1, right.

In addition to the stated potentials for 
friction reduction and thus for fuel con-
sumption reduction, there are also chal-
lenges inherent in the use of rolling 
bearings in combustion engines which 
concern the areas of acoustics, durabili-
ty, production and assembly in particu-
lar. The widespread use of rolling bear-
ings in crankshaft assemblies has until 
now been prevented not only by durabil-
ity requirements but also by the acoustic 
disadvantages. What needs to be taken 
into account in this respect is not only 
the often unfavorable acoustic emission 
transfer behavior, because this is more 
direct, but also the additional noise gen-

erated by the rolling bearing due to the 
rolling body dynamics. The acoustic risks 
that arise from the use of rolling bear-
ings must therefore be countered by an 
appropriate design of the crankshaft as-
sembly and mounting, as well as the 
neighboring crankcase structures.

In the context of the research project a 
simulation methodology, based on cou-
pled multi-body simulations (MBS) and 
finite-element analysis (FEA) simulations 
and a mapping-based rolling bearing ap-
proach, was developed to enable calcula-
tion and analysis of the acoustic behavior 
of rolling bearing layouts in cranktrains 
and for use in early development phases 
for acoustically optimized design.

2  Experimental Investigations

Acoustic measurements were imple-
mented on a test engine with a hybrid 
crankshaft bearing layout to quantify 
the acoustic influence of rolling bear-
ings in the crankshaft group and to ana-
lyze the sensitivities.

2.1  Test Engine
The test engine was an air-cooled direct 
injection single-cylinder diesel engine 
from Motorenfabrik Hatz GmbH & Co. 
KG, where the standard hybrid crank-
shaft bearings consist of a combination 
of plain bearing on the front side and a 
flywheel-sided grooved ball bearing. The 
conrod bearing is designed as a conven-
tional plain bearing. Figure 2 shows a 
cross-section of the test engine with the 
hybrid crankshaft bearing layout.
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Figure 1: Mechanical losses in petrol engines with plain bearings (left); reduction of friction mean  
effective pressure when using rolling bearings (right) [1, 2]
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2.2  Influence of Bearing  
Configuration
To specify the influence of the crank-
shaft bearing concept on the acoustics, 
various bearing configurations were in-
vestigated. First of all, the standard hy-
brid crankshaft bearing layout with the 
flywheel-sided grooved ball bearing was 
measured before the grooved ball bear-
ing was consecutively replaced by a swiv-
el ball bearing and then a needle / angu-
lar ball bearing. In addition to the hybrid 
bearing variants, a plain bearing crank-
shaft setup with a second plain bearing 
replacing the rolling bearing was also in-
vestigated. 

In all variants, the plain bearing on 
the front side remained unchanged. The 
bearing specifications and the influence 
of the investigated bearing variants on 
the airborne noise emission can be seen 
in Table 1 and Figure 3. The sound pres-
sure in farfield was compared for run-
ups from 1500 to 3500 rpm under mo-
tored conditions and full load opera-
tion.

When comparing the investigated 
bearing variants, it could be seen that 
the plain bearing setup had advantages 
from the acoustic aspect compared to 
the three hybrid bearing layouts with 
rolling bearings on one side. The plain 
bearing configuration clearly evidenced 
the lowest sound pressure level across 
the entire speed range both in motored 
and full load operation. As expected, the 
greatest level differences were found un-
der motored conditions where mechani-
cal noise dominated. Compared to the 
loudest hybrid bearing configuration, 
differences of up to 5 dB(A) were reached. 
The plain bearing configuration also re-
presented the best variant acoustically 
with regards to noise characteristics 
(evaluation of noise irritation).

In comparison to the hybrid bearing 
variants, the standard configuration 
with grooved ball bearings was proven 
to be acoustically advantageous. This ap-
plied both to the level of the sound pres-
sure and the noise characteristics. The 
acoustic advantage of the grooved ball 
bearing was shown most clearly under 
motored conditions. Compared to the 
needle / angular ball bearing, the level 
reached was up to 1.8 dB(A) lower, while 
the level compared to the swivel ball 
bearing was up to 2.2 dB(A) lower.

Figure 2: Hybrid crankshaft bearing layout – combination of plain and grooved ball bearing [3]

Table 1: Bearing specifications of the three bearing types grooved ball bearing, swivel ball 
bearing and needle / angular ball bearing

Figure 3: Airborne noise emission for the different bearing types
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2.3  Sensitivity Analyses

2.3.1  Influence of Rolling Bearing 
 Clearance
The clearance of the standard grooved 
ball bearing was varied to quantify the 
clearance influence. For comparison rea-
sons, an identical grooved ball bearing, 
differing only in the reduced bearing 
clearance from the standard bearing was 
measured (reduction of radial/axial clear-
ance by approximately 70 or 50 %). The 
bearing specifications and the acoustic 
improvement potential of the investigat-
ed clearance reductions can be seen in 
Table 2 and Figure 4.

The observed clearance reduction of 
the rolling bearing had a very positive 
effect on the acoustics and led in both 
motored and full load operation to a sig-
nificant level reduction in sound pres-
sure, which increased even further at 
higher speeds. Under motored condi-
tions, level differences of up to 3 dB(A) 
were achieved. Despite this experimen-
tally proven acoustic improvement po-
tential, it must be noted that the acous-
tic optimization must always be evalu-
ated against the background of durabil-
ity-relevant requirements. Each applica-
tion case must therefore be investigated 
to see whether a clearance reduction can 
be implemented with regards to bearing 
durability.

2.3.2  Influence of Rolling Bearing 
 Lubrication Conditions
In addition to the investigation of bear-
ing clearance influence, further sensitiv-
ity analyses were carried out, amongst 
others on the influence of the lubricant 
viscosity and the lubricant supply of the 
rolling bearing, Figure 5.

During the experimental investiga-
tion, it was shown that the observed re-
duction of oil viscosity from SAE 40 
(standard) to SAE 10W (approximately bi-
section of reduction in viscosity in rele-
vant temperature range) had no signifi-
cant influence on the emitted airborne 
noise. In addition, the influence of an ex-
ternal oil supply to the rolling bearing 
(via an oil bore in the bearing outer race) 
was investigated together with the stand-
ard oil-mist lubrication. While no signifi-
cant level differences in sound pressure 
were noted for the grooved ball bearing, 
the needle / angular ball bearing evi-

Table 2: Bearing specifications of the two variations standard rolling bearing and clearance 
reduced rolling bearing

Figure 4: Influence of the clearance reduction on the airborne noise emission

Figure 5: Influence of lubrication conditions on airborne noise emission

MTZ 03I2009 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
.



denced a marked sensitivity. With the 
additional oil supply, the sound pressure 
level could be significantly reduced 
across the entire speed range for the lat-
ter configuration, which indicates that 
the needle / angular ball bearing was not 
optimally lubricated in the case of oil-
mist lubrication alone.

3  Simulation

3.1  Simulation Methodology
Coupled MBS and FEA simulations were 
used for in-depth investigation of the 
noise generation and transmission path, 
comprising excitation, structural noise 
transfer and airborne noise emission. 
The representation of the rolling bearing 
transfer behaviour was implemented by 
means of a mapping-based bearing ap-
proach developed and verified within 
this research project. The simulation 
methodology is shown in diagrammatic 
form in Figure 6.

3.1.1  Excitation Simulation via MBS
The excitation simulation was based on 
a MBS model of the cranktrain devel-
oped in the commercial software FEV 
Virtual Engine. Input variables for the 
simulation were experimentally deter-
mined cylinder pressure curves (time 
signals). The result of the cranktrain 
simulation were the excitation forces 
from the cranktrain dynamics, in par-
ticular the bearing reaction forces of the 
crankshaft, which were then used as the 
basis for the subsequent simulation of 
the dynamic structural transfer behav-
iour, Figure 6.

To take into account component elas-
ticity, the crankshaft, cylinder crank-
case and fly wheel components were 
implemented as flexible structures in 
the model. The quality of the subse-
quent simulations was highly depend-
ent on the adequate modelling of the 
crankshaft bearings. A hydrodynamic 
bearing element from the element li-
brary of the MBS program was used for 
the plain bearing as this element re-
solved the Reynolds equations for each 
simulation step on the basis of the bear-
ing dimensions, oil viscosity, tempera-
ture and the bearing clearance [4]. As 
the MBS programs available on the mar-
ket do not provide any elements for 

modelling rolling bearings, a mapping-
based approach for representing the 
rolling bearing transfer behaviour with-
in MBS models was developed. Based on 
a multi-dimensional bearing stiffness 
mapping (taking into account the axial, 
radial and angular displacement of the 
bearing), the bearing reaction forces 
and torques were determined in rela-
tionship to the deflection between the 
inner and outer races of the bearing and 
then input back into the model at the 
position of the bearing, Figure 7.

Using the above-mentioned rolling 
bearing approach, it was therefore pos-
sible to model different rolling bearings 
by implementing appropriate bearing 
stiffness mappings in the MBS model. 
The mappings included via a subroutine 
in the MBS program were kindly provid-
ed by Schaeffler KG.

3.1.2  Simulation of the  
Transfer Behaviour via FEA
The structural response of the engine 
structure to the previously determined 

Figure 6: Simulation methodology

Figure 7: Bearing stiffness mapping of the rolling bearings
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excitation forces was determined in a 
FEA simulation. A modal analysis was 
carried out in the first step of the simu-
lation in order to calculate the eigen-
modes of the engine structure up to a 
limit frequency of 3.5 kHz and verify 
them using reference measurements 
(impact tests). In the second step, the ex-
citation forces derived from the MBS 
cranktrain simulation (main bearing re-
action forces, piston liner forces and gas 
forces) were input at the corresponding 
points of the FEA model of the engine in 
the correct phase and direction. The re-
sult of this “forced response” simulation 
carried out in the time domain was the 
structural response, which could be con-
verted into the corresponding airborne 
noise emission (sound field intensity), 
taking into account the noise emission 
level.

3.2  Simulation Results
The acoustic behaviour of the test engine 
was calculated experimentally, using the 
above-described simulation methodol-
ogy, with a basic configuration and the 
two hybrid bearing variations described 
above. Speed run-ups were also evaluated 
under full load analogous to the meas-
urements. Figure 8 compares the results 
of simulation and measurements for the 
basic configuration with a grooved ball 
bearing on one side.

As can be seen in Figure 8, there is a 
good correlation between the sound 
pressure measured in farfield and the 
calculated airborne noise emission, de-
scribed by the surface velocity level, tak-
ing into account the noise emission lev-
el. However, it must be taken into consid-
eration that the simulation only calcu-
lated the sound emission of the engine 
structure alone, without added compo-
nents, while the measurements record-
ed the airborne sound emission of the 
complete aggregate. Despite this limita-
tion, the essential level increases in 
measured airborne sound were well re-
presented in the simulation. An example 

of this is the resonance phenomena at 
approximately 1250 Hz, which is clearly 
recognizable in the measurements and 
simulations, and which is due to the lat-
eral bending of the engine as can be seen 
in the calculated modal analysis of the 
engine structure.

In addition to the basic variant, the 
sound emissions of the hybrid bearing 
variants with swivel ball bearing or nee-
dle / angular ball bearing replacing the 
grooved ball bearing were also calculat-
ed. The same trend statements as in the 
measurements resulted; in the simula-
tion the grooved ball bearing was shown 
to be the best rolling bearing acousti-
cally, followed by the swivel ball bearing 
and the needle / angular ball bearing.

3.3  Sensitivity Analyses Calculations
Sensitivity analyses calculations were 
implemented on the basis of the verified 
simulation model. The aim followed 
here was to indicate acoustic improve-
ment potentials with regards to the de-
sign of the crankshaft bearing and the 
neighboring components, crankshaft 
and cylinder crankcase. Figure 9 shows 
an overview of the implemented sensi-
tivity analyses.

Figure 10 shows a selection of the prov-
en calculated improvement potentials. 
All simulations were based on full load 
run-ups. As is clear from the calculated 
sensitivity analyses, the investigated in-
crease in crankshaft stiffness indicates a 
great potential for acoustic optimization. 
The surface mobility, used here as a pa-
rameter for sound emission, can be sig-
nificantly reduced across the entire speed 

Figure 8: Comparison of simulation vs. measurement results

Figure 9: Overview of implemented sensitivity analyses
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range, particularly at higher speeds. In-
versely, a reduction in stiffness is corre-
spondingly disadvantageous to the acous-
tics (not shown here).

Another possibility of acoustic opti-
mization lies in the use of a steel “imped-
ance ring”, which is set between the roll-
ing bearing outer race and bearing sup-
port, Figure 10, top left. The aim here is 
to positively influence the input imped-
ance between bearing and crankcase, 
and therefore to reduce the structure-
borne noise transmission into the crank-
case. As proven in the simulations, the 
overall level can be reduced slightly, at 
approximately constant levels across the 
whole speed range when the impedance 
ring is used.

One approach concerning the acous-
tic optimization of the rolling bearing 
consists of increasing the internal bear-
ing damping as this improvement poten-
tial has been theoretically proven here. 
A possibility of realizing increased damp-
ing lies in increasing the lubricant sup-
ply; however this must be evaluated with 

respect to possible increased bearing 
friction. In addition, clearance reduc-
tion offers another significant improve-
ment potential as was proven by the 
measurements.

4  Summary

The fuel consumption of combustion en-
gines is influenced to a significant de-
gree by engine friction. Substituting the 
plain bearings, which are normally used 
as the main crankshaft bearings, with 
rolling bearings offers significant poten-
tial for friction reduction, but simultane-
ously poses greater requirements for an 
acoustically optimized design.

Within the FVV research project No. 
881 “Acoustics of Rolling Bearing Bedded 
Crankshafts”, a simulation methodology, 
based on coupled MBS and FEA simula-
tions and a mapping-based rolling bear-
ing approach, was developed by the Insti-
tute for Combustion Engines (VKA) at 
RWTH Aachen University (Germany), to 

enable calculation and analysis of the 
acoustic behavior of rolling bearing lay-
outs in cranktrains. The quality of the 
simulation method was verified by refer-
ence measurements.

Based on calculated sensitivity analy-
ses, acoustic improvement potentials were 
determined in the area of the rolling bear-
ing, crankshaft and crankcase. The calcu-
lation methods presented here for acous-
tic simulation and analysis are therefore 
suitable for collecting valuable informa-
tion about the acoustic balancing of roll-
ing bearings and engines early on in the 
process of product development and, in 
this manner, provide an important contri-
bution for acoustically-optimized rolling 
bearing layouts in cranktrains.
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Large Eddy Simulation 
for a DI Gasoline Engine 
Characterization of Cyclic Fluctuations 
of Flow and Mixing
Severe emission standards require innovative mixture formation concepts. The present work focuses on the 
 characterization of cycle-to-cycle fluctuations of the flow field as well as the mixture preparation in a direct injection 
(DI) gasoline engine. For this purpose a realistic four-stroke engine with variable charge motion system has been 
investigated using the large eddy simulation (LES). The work was done at the Institute of Energy and Powerplant 
Technology (EKT), Technical University of Darmstadt (Germany), during the FVV research project No. 896.
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1  Introduction

More and more severe emission stand-
ards necessitate immense efforts to de-
velop innovative engine concepts. Direct-
injection spark-ignition (DISI) engines 
have a large potential to reduce emissions 
and specific fuel consumption [1]. In part 
load they can be operated in stratified 
charge mode which combines the advan-
tages of reduced pumping losses and lean 
combustion. In full load the in-cylinder 
charge is cooled by fuel evaporation [2]. 
However, especially engines operating 
with an air guided concept, are very sen-
sitive to cycle-to-cycle variations of the 
flow and mixing field. These fluctuations 
result in variations of the indicated mean 
effective pressure and hence work out-
put. In the worst case they can lead to 
combustion failures leading to a total loss 
of the energy stored in the cylinder and 
to the ejection of unburned hydrocar-
bons in the environment. Consequently a 
greater understanding of the in-cylinder 
flow, spray injection, fuel-air mixing and 
combustion is needed in order to control 
and optimize this crucial process.

Cyclic fluctuations have been studied 
extensively in the past. However the 
mechanisms leading to cyclic variability 
can not always easily be accessed experi-
mentally [8, 15]. 3D simulations of inter-
nal combustion engines (ICE) are mostly 
based on statistical Reynolds-averaged-
 Navier-Stokes approaches (RANS) that are 
not able to predict cycle-to-cycle varia-
tions. For illustration Figure 1 shows the 
comparison of instantaneous velocity 
profiles in an ICE from the large eddy 
simulation (LES) (a) and RANS (b). Results 
are shown for 50 (LES) and 10 (RANS) en-
gine cycles, respectively. Haworth [3] ar-

gued that low to moderate Reynolds 
numbers make the engine an attractive 
candidate for investigations based on LES. 
Indeed it has been shown very recently 
that LES is a powerful tool to predict un-
steady effects occurring in ICE [4–7].

The configuration, numerical method 
and mathematical models are briefly de-
scribed in the following. The discussion 
of the results is firstly done for the pulled 
engine in Section 3 and considering in-
jection and multi-phase flow in Section 
4. The main findings are summarized in 
the final section of the article.

2  Configuration and Numerical Model

The configuration investigated in this 
work, see Figure 2, represents a four stroke 
direct spray injection engine with vari-
able charge motion (VCM) system which 
has been investigated by Pischinger et al. 
[8]. It is a realistic IC-engine with four 
canted valves, an asymmetric cylinder 
head and an asymmetric piston bowl. The 
valve lift curves are shown in Figure 2 (c). 
Further parameters of the engine are pro-
vided in Table 1.

The computational geometry shown 
in Figure 2 (b) has been meshed with ap-
proximately 320,000 control volumes. 
This provides a mesh resolution of rough-
ly 1.0 mm. No-slip velocity boundary con-
ditions have been applied at all walls, 
mean atmospheric pressure has been 
prescribed at the intake and exhaust 
port. In order to gather a sufficient 
number of statistical samples a paralleli-
zation strategy based on the variation of 
initial conditions has been used. Starting 
from an initial perturbation ten consecu-
tive engine cycles have been run on five 
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individual processors resulting altogeth-
er in 50 individual realizations of the 
full motored engine cycle. This results in 
an estimated statistical error for mean 
velocity and its standard deviation of 5 % 
respectively 10 % [7].

The KIVA-3V software [9] used within 
this work has found widespread applica-
tions for the simulation of ICE flows 
mainly using the statistical RANS ap-
proach but more recently also in the con-
text of LES [6, 7, 10–12]. KIVA-3V solves the 
unsteady equations of motion of a turbu-
lent, chemically reactive mixture of ideal 
gases, coupled to the equations for a sin-
gle component, vaporizing fuel spray. 
The code has been extended by the stand-
ard Smagorinsky model [13]. The so-called 
DDM (discrete droplet model) with La-
grangian, computational particles that 
represent parcels of spray droplets with 
uniform properties was applied for the 
spray description. The spray and fluid in-
teractions are accounted for by means of 
a number of submodels, which are de-
scribed in detail in the literature [9].

3  LES of the Flow Field  
in a Pulled Engine

In this section cycle-to-cycle fluctuations 
of the flow field will be analysed in an 
pulled engine. To this end the instanta-

neous velocity field is decomposed into a 
mean cycle averaged part and a fluctuat-
ing part and the standard deviation, de-
noted henceforth as root mean square 
(RMS), of a quantity will be considered as 
a measure for cyclic fluctuations. The in-
teraction of flow and mixing will be dis-
cussed subsequently in Section 4.

The charge motion during intake 
stroke is governed by the negative pres-
sure resulting from the descending pis-
ton. Once the intake valve opens a flow 
with local peak absolute value at the or-
der of 200 m/s passes through the intake 
ports. At this operating point the vari-

able charge motion system closes the 
lower part of the intake port leading to 
an intake jet towards the cylinder head 
forming a pronounced normal tumble 
motion, Figure 3.

Figure 4 (a) and (d) depict a contour plot 
of the in-cylinder flow field at CA = 105° 
shortly before maximum valve lift, to-
gether with velocity profiles for 50 con-
secutive engine cycles along the centre 
line z = 0.05 m, as well as their corre-
sponding mean value. At the exhaust side 
of the combustion chamber, close to the 
tip of the intake jet, the velocity magni-
tude is 3 times higher compared to the 

Figure 2: (a) Configuration of the test engine with variable tumble system [8]; (b) engine geometry of the test engine as it was simulated with KIVA-3V;  
(c) valve-lift curves

Bore
[mm]

Stroke
[mm]

Crankshaft rota-
tional speed [rpm]

Intake valve,  
opening [°]

Intake valve,  
closure [°]

Exhaust valve, 
opening [°]

Exhaust valve,  
closure [°]

85 85 2000 -24 240 480 744

Table 1: Parameters of the test engine

Figure 3: Mean velocity flow field averaged over 
50 engine cycles in the cross section y = 0.018 m 
during intake stroke at CA = 105°
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intake side. These high velocities are ac-
companied by the highest absolute values 
of velocity fluctuations of up to 19 m/s as 
can be seen in Figure 4 (b) and (e). Anoth-
er Urms peak can be observed at the center 
of the incipient tumble flow at (x; z) = 
(0.0; 0.06), see Figure 4 (b). The relative 
strength Urms/Umean of velocity fluctua-
tions is shown in the left part of Figure 4. 
The highest normalised values of velocity 
standard deviation occur in the corners 
of the combustion chamber where the 
flow is first deflected along the liner, 
then along the piston, again along the 
liner and finally along the roof of the 
combustion chamber. Note that cyclic 
variations reach values up to 50 % of the 
mean flow velocity.

The flow field during compression 
stroke (CA = 255°) shows a pronounced 
tumble flow, Figure 5, with the vortex 
center located at the center of the com-
bustion chamber. CA = 15° after intake 
valve closure the peak velocity, that 
means the tip of the intake jet has moved 
from the exhaust to the intake side, see 
left part of Figure 5. Cycle-to-cycle vari-
ations are more homogeneous (see Figure 
5 (b) and (e)) with maximum 6 m/s devi-
ation from mean velocity. First and sec-
ond velocity moments are roughly 3 
times smaller compared to the intake 

stroke. However, the normalized stand-
ard velocity deviation reaches values of 
Urms/Umean ≈ 0.4, comparable to the induc-
tion process. Local maxima occur again in 
the regions of flow turn and at the center 
of tumble motion (see Figure 5 (c) and (f)).

Expansion and exhaust stroke would 
look quite differently under realistic con-
ditions including combustion and are 
hence not discussed further.

The control of the in-cylinder charge 
motion plays a key role in air-guided 
combustion systems. It is mostly gener-
ated during intake stroke. The cylinder 
head and piston bowl design assist to 
maintain charge motion during com-
pression stroke. In the following (normal) 
tumble TY is defined as charge motion 
around an axis of rotation parallel to the 
crankshaft. For swirl SZ the axis of rota-
tion is parallel to the cylinder axis and 
for cross tumble TX the axis of rotation is 
formed by the vector product of the 
former two. It is generally believed that 
during compression stroke conservation 
of angular momentum increases tumble 
motion, but only up to a compression ra-
tio of roughly 3.0 [14].

Indeed a tumble spin up can be ob-
served in Figure 6, before the organized 
motion becomes unstable and results in 
a production of turbulence which coun-
teracts the decaying trend of turbulent 
kinetic energy (TKE) observed in Figure 6 
(c). High turbulence levels increase the 
flame speed and improve combustion 
quality at part load and in local lean and 
rich regions. Since the intake ports are 

Figure 4: (a) Vector plot and velocity magnitude in the cross section of the combustion  
chamber at CA = 105°, averaged over 50 engine cycles; (b) standard deviation of velocity;  
(c) standard deviation of velocity normalised with local mean velocity; (d) instantaneous  
velocity profiles at z = 0.05 m for each individual cycle together with mean velocity profile;  
(e) instantaneous and mean standard deviation Urms profiles; (f) profile of Urms/Umean 
 averaged over 50 engine cycles

Figure 5: (a) Vector plot and velocity magnitude in the cross section of the combustion  
chamber at CA = 255°, averaged over 50 engine cycles; (b) standard deviation of velocity;  
(c) standard deviation of velocity normalised with local mean velocity; (d) instantaneous  
velocity profiles at z = 0.05 m for each individual cycle together with mean velocity profile;  
(e) instantaneous and mean standard deviation Urms profiles; (f) profile of Urms/Umean averaged 
over 50 engine cycles
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symmetric, mean swirl level SZ and mean 
cross tumble (which is not shown here) 
are nearly zero. Cyclic variations of TX, TY 
and SZ are at the order of 0.1 as depicted in 
Figure 6 (a) and (b). Another way of look-
ing at charge motion is the cylinder aver-
aged kinetic energy shown in Figure 6 (e). 
Note the phase lag between kinetic ener-
gy and turbulent kinetic energy, which 
are transformed from one (KE) into the 
other (TKE). Figure 6 (d) shows the cyclic 
variations of TKE expressed in terms of 
the standard deviation of turbulent ki-
netic energy normalized with its mean 
value. Relative cylinder averaged TKE 
variations are strongest around intake 
maximum opening point (MOP), decay 
close to zero at intake valve closure and 
then increase towards a second maxi-
mum roughly located at firing top dead 
center (DC).

In order to get a feeling for the magni-
tude of cyclic fluctuations relative to 
mean charge motion let us focus finally 
on the square root of the ratio of mean 
turbulent kinetic energy divided by mean 
kinetic energy. At gas exchange top dead 

centre (TDC) the value of (TKEmean/KEmean)
0.5 

is relatively high due to the very small 
value of kinetic energy at this instant in 
time. The value decreases with increasing 
flow velocity until turbulence production 
starts. Then (TKEmean/KEmean)0.5 increases 
again and reaches a constant level of 
roughly 0.5 during compression stroke as 
shown in Figure 6 (f). This result is remark-
able because it shows the high intensity of 
cyclic fluctuations. Further this number 
is important for determining the required 
number of independent samples for an 
acceptable statistical analysis [6, 7].

4  LES of the Mixture Formation

It is well known that variations in global 
charge motion typically result in vari-
ations in turbulent kinetic energy, which 
in turn affect burn duration and ignition 
delay. Of course the mixture preparation 
as well as the stoichiometry influence 
combustion as well. In this section the ef-
fect of the cycle-to-cycle variations on the 
air-fuel mixing and relative air-fuel ratio 

close to the ignition point will be investi-
gated. The initial field of each cycle of 
the single-phase flow simulations has 
been stored and used as a starting condi-
tion for the two-phase flow results dis-
cussed in this Section. Since there is no 
combustion involved each injection has 
been started from a fresh but different 
single-phase flow field realization in or-
der to guarantee proper flow field and 
thermodynamical conditions at intake 
TDC. Injection parameters applied are 
provided in Table 2.

Figure 7 presents contour plots (a)–(c), 
cyclic variations (d)–(f) and standard devi-
ation (g)–(i) of velocity for single-phase 
flow (left column) and two-phase flow at 
CA = 315° (middle column (b), (e) and (h)). 
The mixing field is shown in Figure 7 (c), 
(f) and (i). The profiles were obtained along 
the white line marked „A“ (see Figure 7 (c)). 
The differences between the single-phase 
flow and the fuel spray injection case are 
well visible. At the end of the compression 
stroke the velocity flow field in the com-
bustion chamber for the undisturbed case 
is determined by a pronounced tumble 
motion. The flow structure for two-phase 
flow in this stage is considerably different 
and represents a superposition of the tum-
ble flow and the fuel spray jet. Cyclic veloc-
ity fluctuations result in the cycle-to-cycle 
variations of mass fraction as depicted in 
Figure 7 (c). It has to be mentioned that 
the outlier curves for the single-phase flow 
(Figure 7 (d)) correspond to the outlier 
curves for the two-phase flow (Figure 7 (e) 
and (f)). More general there is a high cor-
relation between velocity and mass frac-
tion cyclic fluctuations as can be seen in 
Figure 7 (h) and (i).

The normalized standard velocity de-
viation reaches the highest values at the 
center of the tumble motion (see Figure 7 
(g)). In the case of two-phase flow the 
highest value of the standard deviation of 
velocity is observed at the tip of the fuel 
spray jet as shown in Figure 7 (h). At the 
time when the fuel jet reaches the center 
of tumble motion, there is a significant 

Figure 6: Profiles of globally averaged charge motion for consecutive engine cycles together 
with mean value; (a) normal tumble motion and (b) Swirl; (c) cycle averaged value of TKE;  
(d) standard deviation of TKE normalised with its mean value; (e) cycle averaged kinetic  
energy (KE); (f) cycle averaged value of (TKEmean/KEmean)

0.5

PGas [bar] TGas [K] PInj [bar] TInj [K] Fuel
Start of  

injection [°]
Duration [ms] Cone [°] DCone [°]

5 573 60 363 C8h18 293.4 2.01 40 12

Table 2: Parameters of injection
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increase of cycle-to-cycle variations. Tak-
ing into account the fact that the center 
of in-cylinder charge motion is located 
near the spark plug at ignition time, the 
cyclic fluctuations of velocity and mass 
fraction achieve their maximum values 
exactly in this most critical region.

5  Conclusions

Using Large Eddy Simulation (LES), flow 
field and charge motion in a direct-injec-
tion gasoline engine have been discussed 
in detail by the Institute of Energy and 
Powerplant Technology (EKT), Technical 
University of Darmstadt (Germany), dur-
ing the FVV research project No. 896. First 
and second order phase averaged velocity 
moments have been extracted from 50 
consecutive engine cycles. The absolute 
value of cyclic velocity fluctuations is 
highest at the end of the intake stroke 
and then decreases during compression 
stroke. Peak velocity fluctuations can be 
found at the tip of the intake jet, at the 
exhaust side of the liner, and at the cent-
er of tumble motion, reaching values of 

nearly 50 % of the flows mean velocity.
In the case of two-phase flow the flow 

field in the combustion chamber is de-
fined by a superposition of in-cylinder 
charge motion and injected fuel spray jet. 
A very high correlation has been found 
between velocity and mass fraction cyclic 
fluctuations showing that both phenom-
ena are directly linked to each other. 
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