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Dear Reader, 

I returned from the IAA Commercial Vehi-
cles in Hannover full of enthusiasm. En-
thusiastic about the positive mood in that 
section of our industry that was hit most 
severely by the crisis. But also enthusias-
tic about the many meetings with engi-
neers who refuse to be disheartened by 
the huge challenges they are facing. 

The commercial vehicle sector is a particu-
larly tough and competitive industry. Pur-
chasing decisions are generally made on a 
rational basis, and it is almost impossible 
to conceal technical weaknesses behind a 
design or a famous brand. Competition in 
the growth markets is essentially charac-
terised by higher market shares of the do-
mestic manufacturers there. Already today, 
of the world’s five biggest manufacturers 
of heavy trucks, three are Chinese and one 
is Indian. And the growing requirements 
regarding low-CO

2 powertrains are more 
difficult to fulfil because the focus for 
commercial vehicles has always been on 
minimising fuel consumption – after all, it 
is this that determines the running costs 
for the operator. 

So why am I nevertheless optimistic? 
Because it also became clear at the IAA 
just how great the technological lead of 
the Europeans, both manufacturers and 
suppliers, actually is. This applies not on-
ly but in particular to engine technology. 
It is therefore by no means unreasonable 
for the head of MAN, Dr. Georg Pachta-
Reyhofen, to announce that he intends to 
significantly expand the company’s busi-
ness selling industrial engines. And in the 
field of hybridisation, especially for urban 
buses and distribution vehicles, German 
companies like Daimler are clearly a 
length ahead. 

Whether and to what extent European 
high-tech commercial vehicles will be 
successful on the developing markets in 
Asia one day will depend to a considera-
ble degree on whether greater affluence 
will also result in higher demands for 
product quality. Internal combustion 
engines, whether electrified or not, may 
then become a similar export hit to our 
machine tools today.

Not all of this can be applied to passenger 
car powertrain technology. But our opti-
mism, based on our faith in European en-
gineering expertise, certainly can.  

Johannes Winterhagen, Editor-in-Chief
Frankfurt/Main, 23 September 2010

OPTIMISM
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With the voluntary commitment that the ACEA has made for itself in 2008, fuel consumption and CO2 emissions 

of vehicles have become the focus of politics and customers. With its Efficient Dynamics strategy, BMW has 

developed CO2 technologies at an early stage, which has led to results that are below the agreed values. In 

turbocharged engines the gas exchange design takes on a significant role for CO2 reduction.

Reduction of CO2 emissions 
with gas exchange

CoveR Story  Gas Exchange
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Requirements

In 2005, it already became apparent that the requirements for 
CO2 reduction and emissions limits would become the same in 
all markets. Because there are very different qualities of fuel in 
the individual markets, consistent implementation of the strati-
fied lean-burn technology for spark-ignition engines is only pos-
sible with great efforts and a new strategy was required.

This development was aided by the ideal combination of 
turbocharging and direct injection with central injector position, 
which on the one hand includes an increase in power and torque 
and on the other hand – almost in contrast – includes downsiz-
ing as a means of reducing fuel consumption. Combined with 
Valvetronic, a technology that was already introduced in 2001 
and has therefore been established for a number of years, this 
TVDI system provides potential for CO

2 emissions that is compa-
rable to that of lean-burn technology. At the same time, a con-
ventional exhaust gas treatment for worldwide use has been 
made possible.

Effects of the gas exchange design

Whilst the gas exchange design for naturally aspirated engines is 
primarily useful to achieve high specific power outputs, it takes 
on a significant role for CO2 reduction in turbocharged engines. 
High torque at low revs contribute to high specific loads, due to 
the high gearing that is possible as a result of relocated operating 
points; this is significant for CO2 reduction. The high demands 
placed on BMW drivetrains in terms of power and response require 
corresponding measures to ensure that boost is generated very 
well, even at the basic design stage.

At the same time, the gas exchange design also has indirect 
repercussions on the CO2 emissions of the internal combustion 
engine. In ❶ the interactions between the exchange gas design 
and parameters relevant to the combustion process are shown. 
The picture makes it clear how pressure losses before and after 
the compressor influence the behavior of the engine under full 
load due to the intake manifold temperature set by the charge air 
cooler and the exhaust back-pressure, which thus has an effect 

Dr.-Ing. Claus Reulein
is Manager Powertrain Development 

Gasoline Engines CAE Gas Exchange 
at the BMW Group in Munich  

(Germany).

Dr.-Ing. Christian Schwarz
is Department Manager Powertrain 

Development Gasoline Engines  
Thermodynamics and Exhaust  
System at the BMW Group in  

Munich (Germany).

autHorS

❶	Interactions in turbocharged gasoline engines 
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on fuel consumption, specific torque and 
specific power. 

The result of a balanced design is an 
exhaust gas temperature that is manage-
able in terms of cost and a compression 
ratio that is as high as possible, which then 
contributes to great potential for CO2 
emissions in the fuel consumption cycle. 
When combined with fully variable valve 
operation (Valvetronic), a high compres-
sion ratio is of particular significance, 
because the potential can be increased 
considerably as a result of improved com-
bustion quality using phasing and mask-
ing. Under full load, the tendency to 
knock or pre-ignition with very high pres-
sure peaks in the combustion chamber, 
can be considerably reduced by an opti-
mized gas exchange as a result of this, 
there are also benefits to the degree of 
effectiveness due to beneficial 50 % mass 
fraction burned properties and little need 
for enrichment. Not least, an exhaust 
back pressure that is as low as possible 
with a corresponding reduction of gas 
exchange work contributes significantly to 
reduced CO

2 emissions.
All in all, an optimum gas exchange 

design can considerably reduce the gap 
between the customer’s fuel consump-
tion and the official fuel cycle consump-
tion, which leads to the downsizing 
approach being better accepted by the 

customer. However, this optimization 
must be holistic and without compro-
mise; otherwise it will not achieve its 
objective. We will now go into the meas-
ures taken and methods used at BMW in 
more detail below.

❷ shows an overview of all gas ex
change components and shows the poten-
tial for optimization for each individual 
component. The air intake system has, as 
it does with a naturally aspirated engine, 
significant potential for improving low end 
torque (LET) and power through low 
losses in pressure; however the conflict of 
objectives between the existing package 
and acoustic requirements must be taken 
into account as well as the requirements of 
the different operating conditions and addi-
tional requirements that result from emis-
sions requirements (such as HC fleece for 
Zero Evap). The high sensitivity of a 
charged spark-ignition engine to the state 
of the compressor makes 3D CFD optimi-
zation absolutely necessary. This applies in 
particular for a flow into the compressor 
that is as free of pre-swirling as possible, 
which is usually difficult to implement due 
to packaging requirements.

As already described in ①, the inter-
cooler with a spark-ignition engine contri
butes considerably to good overall engine 
characteristics, especially in relation to 
other conditions for combustion. Here, 

the conflict of objectives between a loss of 
pressure and possible recooling rates must 
be solved as a basis for optimum combus-
tion. Particular attention must be paid to 
the design decision of whether to have a 
direct or indirect intercooler. There are 
different advantages for either design, 
depending on the packaging and cooling 
capacity available.

With the intake manifold, which plays 
a subordinate role in a turbocharged en
gine, the main focus is an even distribu-
tion between the cylinders in terms of 
providing blow-by and tank ventilation. 
The pipe length setup required for natu-
rally-aspirated engines to exploit the 
dynamic effects of gas are rather counter-
productive for turbo engines.

Due to the high degree of filling with a 
turbo engine, the cylinder head is of con-
siderable importance due the correspond-
ing design of the inlet valves. If it is pos-
sible to create a sufficient level of charge 
motion, both the formation of the mix 
and the combustion can be significantly 
improved. This leads to an earlier 50 % 
MFB and thus to lower exhaust gas tem-
peratures and lower fuel consumption 
under full load. As a result of this, the 
gap between cycle fuel consumption and 
customer fuel consumption can be 
reduced considerably. If it is possible to 
implement long exhaust valve timing in 

❷	Gas exchange components and assemblies 

CoveR Story  Gas Exchange
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conjunction with optimized flow separa-
tion in the exhaust gases, fuel consump-
tion under part-load can be reduced 
using the existing potential of Valvetronic 
by a further 2 %, without a reduction of 
low end torque potential.

In doing so, charge motion measures 
also play a decisive role with low valve 
lift via phasing and masking as well as an 
optimization of the intake and exhaust 
valve diameters and ports. 

The design of the exhaust manifold 
plays a decisive role for the overall 
optimization of the gas exchange design. 
The use of exhaust gas dynamics by 
means of CFD-optimized pipe cross-
sections and routings is of equal sig
nificance to consistent flow separation. 
To also be able to avoid the disadvan-
tages of a turbocharged engine (heat 
sink) when setting up emissions charac-
teristics, the surface/volume relation-
ships and the flow through the waste 
gate must be optimized using CFD 
calculations.

Turbocharger Design

The most significant component for a 
CO2-optimized design of the engine is the 
turbocharger. With the compressor, the 
main focus is a very good degree of effec-
tiveness over a wide range of the com-
pressor map. The here from resulting low 
requirement for compressor power makes 
good low end torque characteristics possi-
ble with good potential for engine power 
at the same time. It is primarily the inter-

action between the compressor housing 
and the compressor wheel where the flow 
is optimized using 3D CFD optimisation. 
Thus, a recirculation valve connection 
that is not optimal may cost up to three 
percentage points in effectiveness.

The same applies for the turbine design 
as well as the compressor design. In addi-
tion to the flow of turbines in conjunction 
with the manifold and its construction 
shape that has already been mentioned, 
the main focus here is on increasing the 
degree of effectiveness. The separation of 
gas flows, which is very important for gas 
exchange, is made possible in four, six and 
eight cylinder engines by the use of a twin-
flow design (twin-scroll technology). As a 
result of this, there is a gap in the crank-
shaft angle of at least 240° between con-
secutive gas exchange events. All meas-
ures lead to a considerable reduction of 
exhaust back pressure with positive effects 
in relation to fuel consumption under full 
load and under part load as well as man-
ageability of combustion in the low end 
torque area and the nominal power output 
area. Inertia torque that is as low as possi-
ble due to a small wheel diameter or a spe
cially chosen material improves the spin-
up time and is a prerequisite for the amount 
of downsizing being accepted, due to out-
standing response characteristics.

With the rear exhaust system, there is a 
conflict of objectives between packaging, 
emissions requirements, acoustics and 
costs in terms of minimizing back-pres-
sure. In the process, 1D and primarily 3D 
CFD calculations have become indispen-

sable in the development process. As the 
degree of engine charging increases, over-
all optimization becomes ever more 
important, because the back pressure that 
appears at the exhaust valve and thus the 
emissions-related exhaust back pressure 
is determined by multiplying the rear 
exhaust back-pressure by the turbine 
pressure ratio. This is – as already 
described – of great importance for part 
load and full load, as well as response 
characteristics.

Adoption and effects  
in serial application

The BMW Efficient Dynamics concept 
combines a significant reduction in CO2 
due to downsizing with very good dynamic 
properties, despite higher gearing. These 
characteristics can only be implemented 
by means of a consistent gas exchange 
design with no compromises using twin-
scroll technology, as a result of which a 
wide spread between high specific output 
of up to 100 kW/l and low end torque of 
up to 200 Nm/l at revs under 1300 rpm is 
made possible.

This technology has now been consist-
ently implemented in a wide range of BMW 
engines (V8, in-line six and in-line four). As 
a result of the use of twin-scroll turbines, it 
is possible, as shown in ❸, to increase the 
required time to create boost by over 40 % 
in comparison to conventional turbines. 

What is particularly impressive is its 
application in a V8 for the M engines in 
the X5M and X6M, where an exhaust 

3	BMW Group twinscroll applications 
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manifold covering the rows of cylinders is 
used in the V of the motor to keep even 
firing intervals of 360° of crankshaft angle 
in the individual flows of the twin-scroll 

turbocharger. Only in this way can the 
optimum gas exchange be achieved.

❹ shows, using a four cylinder engine 
as an example, the twin-scroll effect in 

comparison to a monoscroll turbine. The 
monoscroll turbine shows four smaller 
pulses with relatively little gas dynamics. 
However, the interaction of exhaust 

5	Turbocharger matching process at BMW 

4	Functionality of twinscroll turbines as example of a four cylinder engine 

CoveR Story  Gas Exchange
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pulses with the same camshaft timing 
due to a flushing slope leads to a signifi-
cant amount of exhaust gas being pushed 
back into the cylinder due to the pressure 
wave of the next cylinder to be ignited. 
This leads to a considerable increase in 
residual gas in the cylinder and makes it 
impossible to operate the motor with 
high torque at low revs. To weaken the 
effect, a considerably reduced exhaust 
valve timing is required for the low end 
torque area only. If the engine is to show 
high specific power outputs, variable 
switching of the timing is required.

With the twin-scroll turbine, the 180° 
crankshaft angle only influences the cylin-
ders that are to be subsequently ignited to 
a small degree, due to a leakage of the 
two separated flows when they meet in 
the turbine wheel. However, this course of 
pressure does not have a detrimental 
impact on the residual gas characteristics. 
In addition, the considerably increased 
dynamic properties of the two flows that 
are separated by a 360° crankshaft angle 
is evident. This all leads to the positive 
effect on transient characteristics that is 
described in ③. 

❺ shows a simplified illustration of the 
individual process steps when evaluating 

and designing the turbochargers. The re
quirement for the highest dynamic prop-
erties requires a design where all details 
of the compressor and turbine are opti-
mized. In addition to the optimizations 
that have already been mentioned, an ini-
tial calculation of the parameters is made 
using 3D CFD calculations, based on CAD 
data from the compressor and turbine 
housings and the geometries of the rotor 
disc. The precision of the calculation for 
engine-related areas is approximately 2 %. 
The 3D calculation also make predictions 
for the parameters possible; these cannot 
be measured on the test bench.

With this data, both stationary and 
transient characteristics can be forecast 
with sufficient precision using 1D CFD 
calculation. In the process, the twin-
scroll effect is portrayed by a special 
process in the 1D calculation exactly as 
it would be in reality; a comparison 
between measurement and calculation 
in the lower section shows this impres-
sively, using an inline six engine with 
twin-scroll technology (Twin Power 
Turbo) as an example.

❻ shows, in the right section, the inter-
action of the full variable valve lift control 
with the twin-scroll turbocharger using the 

full-load acceleration described in ③ as an 
example. As a result of consistent optimi-
zation of valve lift with transient driving 
maneuvers, naturally aspirated full-load 
was increased considerably. This leads to 
a further considerable reduction of the time 
taken to achieve the maximum torque; 
approximately 0.5 s. This effect on full 
load can only be achieved in combination 
with twin-scroll turbocharging, Valvetronic 
and direct injection. All in all, this tech-
nology provides the prerequisites to reduce 
fuel consumption significantly around the 
world, as the diagram on the left section 
of the picture shows impressively, using 
the 5 Series GT as an example. It is thus 
possible to achieve an improvement of 
acceleration from 80 to 120 km/h by ap
proximately 0.5 s and reduce fuel con-
sumption, in conjunction with an eight 
speed gearbox, by 19 % in comparison to 
a naturally aspirated V8 engine with the 
same power.

❻	Functional results for the BMW 3 l six cylinder Twin Power engine 
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A promising approach to decrease fuel consumption in spark-ignition engines involves supercharging with an 

exhaust-gas turbocharger, by way of which load point shifting and / or longer transmission ratios can be shown. 

Direct injection provides additional benefits, when combined with exhaust-gas turbocharging and the use of 

devices for manipulating the phasing of inlet and exhaust control times. On account of the many degrees of 

freedom this mode of operation offers, the use of computational simulations to design the gas exchange is 

extremely advantageous, to reduce both time and expense during development. To this end, the effects of 

scavenging in a turbo SI engine at full load were thoroughly examined at the Institute for Internal Combustion 

Engines and Automotive Engineering (IVK) with the aid of a comprehensive development toolkit.

Transient Simulation 
with Scavenging in the 
Turbo Spark-Ignition Engine
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Principles of Scavenging

In a turbocharged SI engine, scavenging 
can be applied in dethrottled operation as 
soon as the boosting system provides suf-
ficient boost pressure. To achieve this, a 
positive scavenging gradient must occur 
during the valve overlap phase. This pro-
vides the possibility of expelling the work-
ing gas directly from the intact tract into 
the exhaust tract, in a process known as 
“scavenging.” In direct-injection SI engines, 
this method can be used to particular ad
vantage, since here a transfer of fuel into 
the outlet duct can be prevented by 
choosing an appropriate injection point. 
The required positive scavenging gradient 
is strongly influenced by gas-dynamic 
effects, particularly the exhaust pulse, on 
account of the intermittent operation of 
the internal combustion engine. In 
engines with exhaust-gas turbocharging, 
this effect is especially pronounced during 
pulse turbocharging, since here the 
exhaust gas backpressure increases only 
momentarily and can therefore be consid-
erably lower than the pressure in the 
intake tract in the overlap phase. The 
effect of the positive scavenging gradient 
on a four-cylinder SI engine with a conven-
tional boosting system and a single-scroll 
turbine is shown in ❶. It is apparent that 
a positive pressure gradient exists over 
large areas during the overlap phase. This 
enables a significant mass flow to be 
“scavenged” directly from the intake tract 
to the exhaust tract.

Through this effect, in addition to an 
increase in the fresh air content due to 
residual-gas reduction, a decrease in 

charge temperature is also achieved, 
thereby lessening the knock tendency. 
This in turn makes it possible to use ear-
lier ignition points with commensurately 
positive effects on the efficiency level. If 
fresh air is passed through the combustion 
chamber without taking part in the com-
bustion process, the global air/fuel ratio 
differs from the air/fuel ratio in the cylin-
der during combustion. And if a rich air/
fuel mixture is necessary at full load to re
duce the knock tendency, a globally stoi-
chiometric air/fuel ratio can still be shown 
via scavenging. If the not yet completely 
oxidized exhaust gases in the “rich” com-
bustion process react with fresh scaveng
ed air prior to the turbine, an increase in 
the exhaust-gas enthalpy available to the 
turbine can be achieved. Overall, the effects 
of scavenging mean that responsiveness is 
improved at low rpms and a higher maxi-
mum torque can be achieved at lower rpms, 
thereby mitigating the major shortcom-
ings of a supercharged SI engine.

Simulation Models

Combustion with scavenging in an SI 
engine is simulated using a combination of 
a quasidimensional combustion model and 
a knock model, which have been in
tegrated into a commercial 1D flow-simula-
tion software application by Gamma Tech-
nologies [2]. The simulation environment 
of the high pressure process with the corre-
sponding calorics [3,4] for the high pres-
sure simulation was presented in [1]. The 
quasidimensional entrainment combustion 
model [1,2] used takes into account the 
effects of cylinder geometry, residual gas, 
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❶	Scavenging during the valve overlap phase in cylinder 1
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turbulence, and mixture composition, thus 
providing a nearly complete description of 
SI engine combustion. Basic parameters 
were adjusted to the corresponding models 
on the basis of measuring data. The influ-
ence of the knock tendency is simulated 
using an innovative approach that takes 
into account the influence of turbulence 
and hot spots on the autoignition status; 
this was likewise compared against meas-
uring data. To simulate gas dynamics, a 1D 
flow model calibrated over large areas is 
used. The engine model including combus-
tion is integrated into a whole vehicle 
model to allow simulation of transient 
acceleration procedures. This ensures feed-
back between real driving operation and 
the boundary conditions of the flow simu-
lation and hence also combustion. The 
basic data of the combined engine and 
vehicle model are presented in ❷. To simu-
late the scavenging effects, a simulation of 
the complete gas dynamics and combus-
tion of each individual working cycle dur-
ing the entire acceleration process is car-
ried out. Also represented is an anti-knock 
controller that provides ignition timing 
alteration when the autoignition threshold 
is exceeded, thus giving a realistic simula-
tion of the knock limit. The engine model 
used is coupled with an exhaust-gas turbo-
charger with no flow separation.

Stationary Simulation  
of Scavenging

Overall, the engine concept uses a stoichio-
metric air/fuel mixture, provided a richer 
mixture is not required to protect the com
ponents. The specific fuel consumption in 
the operating range of the simulated engine 
is represented in ❸. ❹ shows eleven sta-
tionary full-load operating points (1000 to 
6000 rpm, Δn = 500 min rpm) on the com-
pressor efficiency map. For each operating 
point, the combinations of reduced mass 
flow and pressure ratio occurring during a 
working cycle are shown (in green), along 
with their mean values (in white). 

In ❺, the valve overlap times appropri-
ately placed on the characteristic map and 
the resulting trapping ratio are illustrated. 
The trapping ratio is defined as the avail
able trapped fresh mixture during the 
combustion divided by the supplied fresh 
charge per cycle. Scavenging produces a 
significant reduction in hot residual mass, 
thereby sharply decreasing the knock ten-

Value Unit

Number of cylinders 4 [-]

Displacement 1597 cm3

Bore 74.1 mm

Stroke 92.6 mm

Maximum power output 140 kW

Maximum torque 305 Nm

Compression ratio 10 : 1 [-]

Turbine temperature limit 950 °C

Vehicle weight, incl. driver 1540 kg

cW*A 0.564 m2

❷	Basic simulation model data

❸	Consumption map of the simulation model under consideration

❹	Compressor map at full load
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dency. This allows for a drastic increase in 
maximum torque in the low rpm range. 
The figure also shows the 50 % burn point 
that occurs when a constant knock ten-
dency is regulated. The positive influence 
of the significantly reduced residual mass 
is particularly apparent at the 50 % burn 
points. At very low speed, scavenging is 
very difficult to implement in a four-cylin-
der engine with a single-scroll turbine, 
since an exhaust pulse occurs directly in 
the overlap phase on account of the 
geometry-dependent operating times. 
Given the present exhaust geometry, this 
cannot be prevented by manipulating the 
valve timing; for this reason, valve tim-
ings with no valve overlap were chosen at 
1000 rpm. In the engine under investiga-
tion, scavenging is possible up to approxi-
mately 2500 rpm. Beyond this, its use is 
essentially limited by two effects. 
:: The efficiency of the boosting system is 

decreased by the boost-pressure limit-
ing via the wastegate during blow-off, 
which necessitates a higher average 
exhaust pressure as the engine speed 
increases in order to achieve the same 
boost pressure. 

:: In addition, when examined based on the 
crank angle, the exhaust pulse becomes 
longer as the engine speed increases; this 
decreases the scavenging window and as 
a result, a reliable application of scaveng-
ing is no longer possible.

The pressure profiles upstream of the 
intake valve and downstream of the 
exhaust valve are shown in ❻ for speeds 
between 1000 rpm and 3000 rpm with the 
valve timing used. It must be noted in 
regard to this representation that each 
exhaust pulse is heavily determined by 
the exhaust valve timing.

Transient Simulation  
of Scavenging

Scavenging for performance improvement 
is generally implemented in the vehicle’s 
acceleration phases. A purely stationary 
examination of scavenging is therefore 
impractical, as control and application 
influences cannot be meaningfully repro-
duced in a stationary model. Therefore, in 
addition to the stationary observation, 
non-stationary engine operation with a 
virtual vehicle will be examined to simu-
late scavenging. In principle, transient 
simulations can be performed with map-
based engine models, with mean-value 
models of the internal combustion engine, 
or with complete transient gas dynamics. 
A calculation with purely map-based 
engine models is not useful for turbo-

charged engines, as the boosting system 
response cannot be reproduced. While it 
is possible to show this response using 
mean-value models, the scavenging phe-
nomenon cannot be reliably reproduced 
even in these models. For this reason, at 
IVK [5], scavenging simulations are car-
ried out with complete examination of the 
non-stationary gas dynamics. In this case, 
basic functions of the ECU, such as lambda 
control, wastegate control, and anti-knock 
control, but above all the manipulation of 
the valve overlap, must be reproduced in 
a transient-capable fashion. The simulation 
computing time increases significantly with 
this type of simulation. However, for the 
sudden load increases shown below, the 
computing time is still less than 60 min-
utes on a standard PC. When defining the 
set-point values for the phase adjusters 

❺	Burn point, residual mass, trapping ratio, and valve overlap in the scavenging area

❻	Gas dy-
namics of cyl-
inder 1 at full 
load; overlap 
phase shown
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(variable valve train), it must be kept in 
mind that if a sufficient boost pressure 
has not yet built up, the residual mass 
may increase if a significant valve overlap 
is used. This has an extremely negative 
effect on the knock tendency. If the valve 
overlap is not chosen until just after a suf-
ficient boost pressure for scavenging has 
been built up, the result is an extremely 
sudden increase in engine torque. This 
can lead to problems with driveability and 
control. In addition, the transition range 
between a negative and positive scaveng-
ing gradient is quite narrow and difficult 
to determine in real driving due to a wide 
range of boundary conditions. Thus an 
ideal control of the phase adjusters is not 
possible in real applications. For this rea-
son, a small negative scavenging gradient 
due to the valve overlap was tacitly 
accepted for the transient simulations in 
order to achieve the most realistic simula-
tion results possible.

Acceleration 60–100 km / h

To illustrate the effect of scavenging, an 
acceleration simulation from 60 km/h to 
100 km/h in fifth gear will be examined 
below. A simulation with fixed valve tim-
ing and no valve overlap (without VVT) 
will be compared against a simulation 
with the variable valve timing (with VVT) 
presented. The maximum boost pressure 
was adapted in such a way that no critical 
states were achieved as a result of the 

increased knock tendency without valve 
overlap. In addition, in order to maintain 
the same compression ratio, an accelera-
tion enrichment was applied to ensure 
that sufficient engine torque could be 
made available. Because no thermal con-
vergence occurs in transient simulations, 
the simulation results are dependent on 
the chosen starting conditions. Therefore, 
for the simulations presented, constant-
speed driving for 12 seconds was simu-
lated at the initial speed before the sud-
den load increase. For dethrottling at low 
loads, optimized timing for the generation 

of internal EGR is used during the simula-
tion with a variable valve train, with nega-
tive effects initially in a sudden load 
increase. The characteristic of the brake 
mean effective pressure, the boost pres-
sure, and the engine speed in the acceler-
ation phase with and without a variable 
valve train is shown in ❼. It is evident 
that with VVT the initial full-load torque 
is slightly lower at first due to the residual 
gas in the intake manifold. The subse-
quent increase in brake mean effective 
pressure at the beginning occurs somewhat 
more slowly due to the partially negative 
scavenging gradient and the globally stoi-
chiometric concept, resulting in a lower 
boost pressure as well as engine speed 
increase. As soon as there is sufficient 
boost pressure and clear scavenging 
effects come into play – in accordance 
with the valve timing – the brake mean 
effective pressure with VVT increases very 
rapidly over the brake mean effective 
pressure with constant timing and 
achieves significantly higher maximum 
values, thus accomplishing shorter accel-
eration times overall.

The residual mass fraction and specific 
consumption during the acceleration pro
cess are shown in ❽. The residual gas 
initially present in the intake manifold 
during the sudden load increase can be 
discerned. A relevant advantage in con
sumption at low loads is achieved by de
throttling via internal EGR. Up to approxi-
mately three seconds after the sudden load 

❼	Brake mean effective pressure, boost pressure, and engine speed during the acceleration process

❽	Residual mass and specific fuel consumption during the acceleration process
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increase, when the residual mass is still 
quite high, no significant advantages in 
consumption are achieved by not enrich-
ing the mixture during acceleration. The 
disadvantage in consumption that should 
result from the acceleration enrichment is 
compensated in this area by a diminished 
knock tendency. As soon as the residual 
mass decreases, however, this results in 
significant advantages in consumption 
due to the stoichiometric concept with 
scavenging.

In ❾, the point at which fresh air be
comes available in the exhaust tract as a 
result scavenging is discernible based on 

the trapping ratio. The vehicle speed char-
acteristic is also shown. The shorter accel-
eration time (approximately 1 second) with 
the use of VVT is clearly discernible.

In the concept presented here, an accel-
eration enrichment was not used when a 
variable valve train (VVT) was used. A rich 
air/fuel mixture for combustion is only 
provided to protect the turbine or on 
account of scavenging. The air/fuel ratio 
during combustion and the 50 % burn 
points resulting from the knock controller 
are shown in ❿. The chosen acceleration 
enrichment without VVT is clearly dis-
cernible. It is also apparent, in looking at 

the 50 % burn points, that similar ignition 
timings can be achieved by means of 
engine operation with scavenging – 
despite a significantly higher brake mean 
effective pressure and a lean air/fuel ratio.

Summary

Quasidimensional simulation models 
combined with 1D flow simulation open 
up the possibility of reproducing complex 
combustion processes and comparing 
engine concepts. In combination with a 
vehicle model, the interactions between 
gas dynamics, combustion, and vehicle 
response can be reproduced. This infor-
mation can then be used to make predic-
tions relating to accelerating performance, 
fuel consumption, and driveability.
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Reducing Particulate Emissions 
New Challenge for Spark-ignition 
engines with direct injection 
As exhaust-emission legislation tightens across the globe, a general reduction in the particulate-matter limit 

value for spark-ignition direct-injection engines is for the first time being combined with plans to introduce a 

limit on the particle number for spark-ignition engines. This is pushing the reduction of particulate emissions  

further into the focus of developers. IAV (Ingenieurgesellschaft Auto und Verkehr) has analyzed the various 

influences at play and extended its production-level calibration process to cover particulate emissions, confirming 

this process on the basis of a mass-production concept.

Industry Emissions
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Motivation

Aimed at improving air quality – particularly in city centers – 
legislation has been in place for quite a while to limit particulate 
emissions in the diesel-engine segment. A major milestone has 
been the introduction of the diesel particulate filter, drastically 
reducing the particle number (PN) and particulate matter (PM) 
emitted for diesel concepts.

In the past, however, only marginal attention has been paid to 
particulate emissions from spark-ignition engines. Some of today’s 
laws on exhaust emissions from spark-ignition engines already 
provide for restrictions on particulate matter [1]. Future legisla-
tion must be expected to cover far stricter criteria, particularly 
also in relation to particle number emitted, ❶.

Particle Formation

Mechanisms of particle formation are basically familiar in profes-
sional circles [2, 3]. This article focuses less on the chemical 
principles underlying the way in which particles are formed but 
rather on the principles that actively influence their formation.

Particles essentially result from incomplete combustion and 
poor mixture formation, with excessively high fuel concentra-
tions occurring locally in the combustion chamber. In particular, 
fuel wetting cold combustion-chamber walls is responsible for 
intensive particle formation which is why the main focus of 
measures to reduce particulate emissions must rest on cold 
engine operation. In addition to optimizing combustion-chamber 
and injection geometry, the parameters of charge cycle, with 
valve timing and any applicable valve lift, as well as the injection 
parameters must be selected so as to avoid wall wetting as far as 
possible and to optimize assistance for fuel vaporization and dis-
tribution [4].

Measurement Technique for Counting Particles

IAV simultaneously used two DMS500 systems from Cambustion 
Ltd. operating on the basis of electrical mobility classification, 
and one APC489 system from AVL on the basis of condensation 
particle counting.

It should be realized that counting particles in exhaust gas of 
just a few millionths of a millimeter in size by and large pushes 
the limits of the instruments that can be viably produced with 
today’s technical capabilities. Reliable results can only be obtain
ed by averaging a large number of measurements. This method 
ensures statistical certainty. In addition, it evens out the cycle-
stage related behavior of the engine with its associated particle-
number fluctuations.

Test Setup and Reducing Particulate Emissions 

The investigations were conducted on a supercharged four-cylin-
der direct-injection spark-ignition engine. They did not involve 
varying the combustion-chamber shape, injectors, injector posi-
tion or other hardware components. For the purpose of this 
study, the test specimen was operated on an air-conditioned 
dynamic engine test bench with exhaust and particulate emission 
measuring facilities. In addition, NEDC exhaust-emission tests 
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were carried out with a vehicle running 
on an exhaust-emission roller dynamome-
ter. These were broken down into several 
parts in line with IAV’s calibration process 
adapted on the particulate side – starting 
with a steady-state part at operating tem-
perature for basic calibration, a forced-
cooled steady-state part with coolant at a 
temperature of 20 °C for calibrating the 
catalyst heating phase and a dynamic part 
applying the complete NEDC cycle with 
associated variable conditioning. Adapted 
DoE methods were used for each of the two 
steady-state optimization processes [5].

For the purpose of collectively con
firming all of the findings gathered from 
individual investigations, NEDC exhaust-

emission tests were conducted on a vehi-
cle running on an exhaust-emission roller 
dynamometer with optimized data. 

All investigations provided the capabil-
ity of influencing the ECU parameters, 
with fuel pressure, overall injection timing 
and injection splitting being instrumental 
and varied for optimizing particulate 
emission. The purpose of these analyses 
was to reduce particulate emissions with-
out any negative influence on fuel con-
sumption, classic emissions as well as 
engine smoothness and drivability. In 
addition to this, four different fuels con-
taining differing amounts of ethanol were 
examined with the aim of identifying the 
influence of fuel specially.

Influence of Fuel

Different fuel qualities have a major influ-
ence on particulate emissions from spark-
ignition DI engines. In addition to the 
chemical composition of fuels, character-
ized by their basic formulation as well as 
different additives, the ethanol component 
has a marked influence on particulate 
emission. An elevated ethanol component 
produces a far higher supply of OH radi-
cals during the combustion phase, result-
ing in increased particle oxidation and 
ultimately in a lower level of particulate 
emission.

For the purpose of the investigations, 
previously analyzed fuels were used in 
filling-station quality; the E20 blend was 
produced for the measurements. For an 
optimum particle result, each fuel requires 
an adapted set of ECU parameters with 
changed injection timing over those for 
specification 98 RON fuel, ❷. Despite the 
additional 30 % injection volume coming 
from E85 and resultant increase in the 
duration of injection, E85 produces clear 
benefits through adjusting injection tim-
ing. The formulation of 98 RON versus 95 
RON fuel is also shown to have an effect 
that cannot be influenced by calibration 
methods. All other investigations were 
carried out using the fuel specified for the 
engine used.

Fuel Pressure

Particularly in the case of direct-injection 
engines, the best possible preparation of 
the air/fuel mixture provides the basis for 
optimum combustion. With defined engine 
hardware, i.e., without the possibility of 
varying components or geometries, partic-
ulate emissions can be reduced across a 
scatter band from 20 % to 50 % (depend-
ing on fuel grade and boundary system 
condition) by significantly raising fuel pres-
sure while at the same time optimizing the 
start of injection (SOI).

Injection Timing and Splitting

Optimizing the mixture formation process 
involved, varying injection pressure while 
adjusting the parameters that define injec-
tion timing. Doing so, the angle at the 
start of injection is optimized in a way 
that minimizes fuel wetting the piston 
head or combustion-chamber wall. Given 

❶	Particulate limit 
values

❷	Particulate concentration in relation to angle at start of injection
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the underlying concept, a further advan-
tage can be gained by splitting the injec-
tion quantity into a rapid succession of 
several partial quantities per work cycle. 
As a result of the interaction of injection 
timing, charge motion and combustion-
chamber geometry, particularly in the 
case of a cold engine, this significantly 
reduces particulate emission. A typical 
load point was selected for the purpose of 
investigating the optimum injection 
parameters in relation to catalyst heating 
and optimized using DoE on a steady-
state cold engine operating at lambda=1 
with constant engine timing of 10 °ATDC. 
In this context, the single, dual as well as 
triple-stage injection was modelled within 
the test space in terms of partial quanti-
ties and injection timing.

It was shown that the splitting during 
the catalyst heating phase provides vari-
ous benefits. In addition to stable com-
bustion with a variation coefficient suita-
ble for practical use, low exhaust-gas 
emissions as well as reduced consump-
tion, it was possible to achieve a signifi-
cant reduction in particulate emissions. 
Shown in ❸, the results of particle-
optimized parameters must be seen in 
relation to general exhaust-emission cali-
bration in production concepts.

Changes in Size and Mode

Electric mobility classification not only 
provides the capability of determining the 
pure particle number but also of making 
statements on size distribution and on the 
two particulate modes occurring in the 
exhaust gas. Volatile particles are ascribed 
to the nucleation mode that is not evalu-
ated conforming to the Particle Measure-
ment Program (PMP) in emission legisla-
tion. Non-volatile particles are ascribed to 
the accumulation mode that is evaluated 
in conformity with PMP.

The quantitative change of particle con-
centration by varying the SOI is presented 
in ❹. Here, it can be seen that in spite of 
concentrations varying, both the ratio of 
nucleation mode and accumulation mode 
as well as spread remains virtually un
changed in both modes.

Low engine temperature has a dispro
portionately strong influence on particle 
concentration and affects the ratio of both 
modes into the operating temperature 
range. Engine lambda, engine speed and 

load also affect mode ratio. The investiga-
tions revealed no appropriate way of using 
calibration-based methods for achieving 
any qualitative changes in size distribution.

Effects of the Exhaust System

Depending on the sampling point, identi-
cal untreated particulate emissions produce 
different results both in terms of particle 
concentration as well as in the distribu-
tion of modes, ❺. In particular, the close-
coupled catalyst gives rise to a sharp 
reduction in the nucleation mode. Particu-
late reduction then tails off further down 
the exhaust system. The rear muffler no 
longer produces any measurable reduc-
tion range (23 to 2500 nm) evaluated in 
conformity with PMP. As part of further 

investigations, reference measurements 
were conducted on catalysts and empty 
casings without monoliths. Measuring the 
differences between the sampling point 
upstream and downstream of the catalyst 
returned a mean reduction of approxi-
mately 20 % from the catalysts as well as 
the empty casing.

This shows that the catalysts examined 
produce no identifiable chemical effect in 
relation to reducing particulate emission, 
❻. This is confirmed by the experience 
that compared with new catalysts, ones 
that have aged have no appreciable 
influence on the particle result. In other 
words, timing and temperature are suffi-
cient at the hot end to oxidize particles 
under the conditions prevailing in the 
exhaust-gas mass flow.  

❸	Multiple injection catalyst heating load point (1300 rpm, 50 % relative load)

❹	Size spread on varying start of injection
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Overall Implementation  
in a Vehicle

In keeping with IAV’s calibration process 
adapted to optimizing particulate emis-
sion, the individual findings gathered 
from the various sub-investigations were 
evaluated, brought together in an opti-
mized overall dataset and, following pre-
cision optimization, examined in exhaust-
emission tests on a vehicle. These meas-
ures were shown to produce a positive 
effect, particularly in the familiar prob-
lem zones, cold starting/catalyst heating, 
drive-off cycles and high vehicle speed. 
The NEDC revealed a 65 % reduction in 
the particle number. A reduction in the 
particle number was associated with lower 
particulate matter in all exhaust-gas 

cycles. Further examination of these data 
in the FTP75 showed a reduction in par-
ticulate matter by 50 %.

Summary and Outlook

The stages planned across the globe in 
future to limit particulate emission demand 
hardware modifications in a number of 
engine concepts and sweeping optimiza-
tion of calibration in all of them. 

The various influences fuel grades are 
shown to have are primarily the result of 
fuel-formulation weighting and oxygen 
content. Each examined variation of 
injection parameters or fuel generally de
mands an adjustment to the start of 
injection in ECU data. Increasing fuel 
pressure leads to a considerable fall in 

the particle number. Splitting the injected 
fuel quantity into separate injection 
events while adjusting timing not only 
enhances mixture preparation but also 
produces a reduction in the particle 
number. The greatest reduction is 
achieved by switching from single to 
dual injection.

A newly aligned, model-based process 
for optimizing particulate emission has 
enabled IAV to achieve a significant 
reduction in the particle number on a con-
cept engine. This puts the company in an 
ideal position to resolve the challenges 
encountered in developing tomorrow’s 
production vehicles.
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❻	Influence of catalyst in NEDC
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Reduction of particulate number 
emissions through calibration methods
The ever-stricter emission limits for passenger cars are continually posing new challenges for engine develop-

ment. The European Union with the introduction of Euro 5 has for the first time a gasoline emission standard 

for particulate mass, with Euro 6 in addition to particulate mass there will be a limit for the particulate number. 

AVL has investigated the possibilities of reducing internal engine particulate emissions, developed concepts for 

future emissions and tested the potential for the reduction of particulates by calibration methods.
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Challenge

The limitation of particulate emissions requires not only a rethink 
to the principles of the basic thermodynamic interpretation of the 
modern gasoline engine but also additional instrumentation. To 
achieve stable emission results for production, new calibration 
strategies will be necessary. AVL has investigated the possibilities 
of reducing internal engine particulate emissions and developed 
strategies for future emission concepts. The proposed limits for 
Particulate matter (PM) for Euro 5 currently does not require a 
high amount of additional calibration effort in order to reach the 
targets. The challenge is to meet the proposed Euro 6 targets with 
the current production gasoline engines with respect to particu-
late number. This technically raises the question of whether, to 
achieve the future limits, it is necessary to use exhaust gas treat-
ment with a particulate filter (PF), or that it is possible to reduce 
the particulate emissions from the engine as required with inter-
nal engine changes, more specifically calibration changes. So, 
while public debate on fine particulate emissions has not yet 
considered the gasoline engine, and to avoid any extra costs for 
additional components for exhaust gas treatment, there exists 
within the car manufacturers a strong motivation to achieve the 
particulate limits by purely internal engine measures. The Euro 6 
limit is not yet decided. The value for particulate number (PN) of 
gasoline engines will be decided in 2011. Within the following dis-
cussion, the Euro 6 diesel limit with 6.0 x1011 particulates/km 
will serve as a benchmark against which the results will be 
compared.

Comparing Contemporary Techniques  
for levels of particulate numbers 

Only diesels with an after treatment of a diesel particulate filter 
(DPF) can reach the Euro 6 PN limit for diesel vehicles. When 
comparing the market, and techniques for passenger car engines, 
gasoline engines with external mixture formation show a 
comparable level of particulates as diesel engines with a DPF, but 
gasoline engines with internal mixture formation are by factors of 
3 to 10 over this limit. For this reason the report refers to only 
direct injection gasoline engines.

Calibration Strategy for Euro 4 and Euro 5

A rich mixture in the local combustion zone, by the direct injec-
tion of fuel into the combustion chamber is in Euro 4 and Euro 5 
calibrations part of the emission strategy. The deliberate stratifi-
cation by double injection is a design criterion for the catalytic 
converter to achieve efficient rapid light-off behavior; this is real-
ized with late ignition angles and achieves the lowest possible 
raw emissions. This proven combustion system leads to a stable 
emission concept with low misfire occurrences during catalyst 
heating idle speed, the resulting particulates are due to this 
adverse operating point.

Particulate Formation

Sooty combustion is the result of inadequate treatment of the air-
fuel mixture. Low fuel atomization or rather fuel droplets on cold 
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combustion chamber walls are the main 
causes of high particulate concentrations. 
Unlike a gasoline engine with port injec-
tion there is little time to homogenize  
and vaporize the injected fuel in the DI 
engine. This homogenization depends  
on the interaction of the atomization of 
injected fuel with the air charge move-
ment due to tumble. To achieve a good 
mixture, the highest possible level of fuel 
atomization is required, this depends 
largely on the quality and design of the 
injector.

Euro 6 Injector

The location of the injector has to be 
decided; a decision between the side and 
central installation position hast to be 
made. The side mounting position is said 
to be a wall-guided system and the cen-
tral installation position leads to an air 
guided mixture formation. Both systems, 
with regard to particulate formation, face 
the same challenges, namely the preven-
tion of wall wetting while optimizing the 
spray quality. 

The injector is defined by:
:: Number and shape of the injection holes
:: spray pattern, position of the holes to 

each other and injection angle
:: stationary flow rate Q

stat [g/min]
:: minimal injection time
:: production methods.
As further design criteria, the injector will 
not only be designed to meet performance, 
fuel, oil dilution, and the gaseous emis-
sions, but also particulates. The Euro 6 
compatible injector must meet high stand-
ards regarding quality spray whilst avoid-
ing interactions of the injected fuel jets. 
Too high penetration depth leads inevit
ably to wall wetting and thus to the risk 
of oil dilution and/or particulate formation. 
On the other hand too low fuel pressure 
leads to fuel droplets and to particulate 
formation. Current studies show that the 
optimization of the injector can contribute 
significantly to the reduction of particu-
late number (PN), ❶. An optimized com-
bustion spray pattern can be achieved by 
the injector method of manufacture, ①, or 
by optimization of specific steps with 
which the particulate emissions are signif-

icantly reduced. The piezo injector in a 
central installation position achieves good 
results for particulates; it operates well 
with a high fuel injection pressure and 
multiple injections, but at high cost and 
only works for a central injection position.

Measurement techniques  
and Methods

For a successful Euro 6 production calibra
tion, the methodology and the measuring 
system used during the combustion devel-
opment must be considered together, ❷. 
The particulate measurement supports the 
development process and visualizes the 
particulate effects.

In thermodynamic engine development 
phase, the transparent engine [1, 2] is used 
to evaluate the mixture formation in stand
ardized tests using visual measurement 
equipment to optimize the combustion and 
component layout. Standardized methodol-
ogy for cold-start and catalyst heating are 
developed in parallel on the transparent 
engine and the engine test bed (“Virtual 
Vehicle Engine Testbed”, VVETB), ❸.

❶	Effect of injector and injection strategy 
on the particulate number 

❷	Development cycle and measurement 
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Additionally simulating the emission 
test cycle on the engine testbed investigat-
ing the cold dynamics and warm up 
behavior, using specific measurement 
tools such as “Particulate counter” [3], 
“Microsoot Sensor” and “Emission 
Bench” are carried out. The VVETB has 
established itself as an ideal test environ-
ment for the PN optimization, where the 
benefits of faster control and engine con-
ditioning can be used, ②. Furthermore; 
the VVETB can easily simulate hybrid 
drive systems and be used to optimize the 
particulate emissions. During the thermo-
dynamic phase, the layout of the basic 
design of the engine completed so that the 
potential for a successful Euro 6 calibra-
tion is high. 

Calibration Opportunities for 
Reducing Particulate Emissions

To illustrate the possibilities for calibra-
tion, a production 1.6 l turbo engine with 
gasoline direct injection was used, it 
already complied to Euro 4 standards. In 
the reference measurements over the 
NEDC, It reached a PN value of 2.5 x1012 
to 3x1012 particulates/km, which corre-
sponds to approximately 350 % to 450 % 
of the Euro 6 limit values for diesel vehi-
cles. From this level it would mean that 
the particulate number for gasoline 
engines, with direct injection must be 
reduced by 80 % to 90 %, to reach the 
limit for diesel. For calibration, this means 
that the following functions are to be re-
calibrated, ❹:
:: cold start: 10 % reduction
:: catalyst heating: 10 % reduction
:: cold dynamic, starting a cold engine: 

60 % reduction
:: stationary and dynamic effects in hot 

engine: 20 % reduction.
The functions in the ECU software must 
now be, with the knowledge of the above-
mentioned mechanisms, calibrated and 
optimized further for the reduction of par-
ticulate formation. The key features were 
modified and the following explains the 
calibration quality that was achieved.

Cold Start

A better engine start under all possible 
environmental conditions such as cold, 
hot and altitude with different fuel quali-
ties is the prime objective of each produc-

tion calibration. Up to now, the start cali-
bration for the emission start was only 
with respect to stable and misfire free 

engine speed acceleration, but in the 
future, the optimization effort has to con-
sider the particulate emissions. The very 

Test environment Measurement 
equipment

Method / Test 
procedure

Task

Transparent Laser technology
Indicating system
Emissions AVL DIX
Visio technology

Cold start
Catalyst heating  
(AVL-CHIT@1200rpm)
Part load/Full load

Component predefinition
Strategy predefinition
Qualitatively mixture 
evaluation

Engine test bed Indicating system
Emissions (bench)
Particulate Counter
Micro soot sensor
Opacimeter
(Visio technology on 
demand)

Catalyst heating  
(AVL-CHIT@1200rpm)
Part load

Component predefinition
Target catalogue  
evaluation
Pre calibration

Dynamic engine 
test bed  
(AVL-VVETB)

Indicating technology
Emission (Bench)
Particulate Counter
Microsoot Sensor
Opacity
(Visio technology on 
demand)

Catalyst heating 
Dynamics and load
Emission cycle  
simulation

Component predefinition
Target catalogue  
evaluation
Simulation of emission 
tests
Pre calibration
Robustness evaluation

Vehicle Fast FID
Particulate Counter

Cold start
Cold start warm-up

Optimization
Evaluation
Refined calibration

Chassis dyno CVS
Particulate Counter
Micro Soot Sensor

MVEG, ...
FTP, ...
Special tests
Cold start warm-up

Optimization
Statistics
Refined calibration

❸	Test environment, methods and application 

Calibration work 
package

Mechanism of Particu-
late accruement

Calibration action Particulate 
influencing hardware

Cold start Insufficient mixture  
preparation
Droplet accruement
Wall wetting

High pressure start
Multiple injection
Optimised injection 
settings

Piston geometry
Injector 
High pressure pump
Volume of fuel rail 
Geometry of combustion 
chamber 
Fast recognition wheel 
pattern

Catalyst heating Insufficient mixture  
preparation
Wrong injection timing 
Wall wetting
Stratification effects

PN optimised injection 
strategy 
Multiple injection
Rail pressure
Camshaft position
Ignition angle

Piston geometry
Injector 
High pressure pump
Geometry of combustion 
chamber 
Camshaft

Cold dynamic Insufficient mixture  
preparation
Wrong injection timing
Wall wetting
Stratification effects
Too rich air/fuel ratio 

Dynamic calibration of 
injection settings 
Multiple injection
Rail pressure
Camshaft position
Ignition angle

Piston geometry
Injector
High pressure pump
Geometry of combustion 
chamber 
Camshaft

Steady state and 
dynamic effects 
at hot engine

Insufficient mixture  
preparation
Wrong injection timing
Wall wetting
Stratification effects
To rich air/fuel ratio

Steady state injection 
strategy 
Multiple injection
Rail pressure

Piston geometry
Injector 
High pressure pump
Geometry of combustion 
chamber 
Switchable water pump

❹	Influence of calibration and hardware on particulate results
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first start injection has to be of the highest 
quality for mixture formation. In princi-
ple, it is important to start with as high as 
possible fuel rail pressure and with an 
optimized injection strategy so that in the 
combustion chamber there is minimal 
wall wetting against the cold combustion 
chamber walls. Wall wetting can be 
largely prevented by an intelligent injec-
tion strategy (e.g. multiple injections). To 
avoid having a longer start time due to a 
delayed injection, a matching of injection 
hardware is recommended.

Catalyst Heating

In catalyst heating mode a late ignition 
angle causes much of the combustion 
energy to dissipate as heat in the 
exhaust, causing the combustion cham-
ber to heat up slowly. Fuel droplets, 
which at this stage come into contact 
with the cold combustion chamber walls, 
cannot evaporate completely, thus  
leading to high particulate emissions. 
The same principles are applied here as 
in the start criteria, keep the fuel in sus-

pension and to provide the highest possi-
ble ignitable mixture at the spark plug. 
For this type of engine layout there are 
currently two different injection strate-
gies for catalyst heating with double 
injection. For Euro 5 applications, the 
wall-guided system with later second 
injection position (70° KW to 40° KW 
before TDC) has been established, in 
future specifically Euro 6 it may become 
necessary, to advance the second injec-
tion and thereby reduce the particulate 
concentration. With an earlier second 

❺	 Glass engine results: 
Euro 4 standard engine optimized 
to Euro 6 engine 

❻	PN results in the NEDC: Euro 4 standard engine 
optimized to Euro 6 engine 
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injection less fuel reaches the cold pis-
ton, by reflection of the fuel injection off 
the rear of the piston bowl an additional 
atomization of the fuel can be achieved. 
This calls for an intelligent choice of pis-
ton geometry. Injection timing, number 
of injections, ①, fuel rail pressure and 
distribution factors need to be modified 
accordingly for Euro 6. There are more 
than two injections necessary. The trans-
parent engine and catalyst heating test 
(AVL ChIT @ 1200rpm) predefine the 
injection parameters on the engine test 
bed with an optimized DOE method, ❺. 

Drive-away with a Cold Engine 

Load and speed transients in the NEDC 
contribute to approximately 60 % of the 
overall PN emissions, a large proportion 
arise during driving of the first three hills 
of the test cycle, within the first 200 s of 
the test, ❻. In the subsequent hills, the 
PN curve flattens off significantly, an 
effect of the warmer combustion cham-
ber. During acceleration of the engine, a 
high load is required; at this point, the 
particulate raw emissions are the high-
est. The mechanisms are similar to the 
start and catalyst heating; the calibration 
challenge is to optimize the particulate 
emissions while not sacrificing the other 
emissions or driveability of the engine 
during transient operation. Calibration 
possibilities within transient operation 
can also incorporate multi-injection strat-
egies as well as a combination of fast 
engine warm up methods, for example 
the use of a switchable electric water 
pump. 

Stationary and dynamic effects 
in a warm engine 

In the EUDC (extra urban drive cycle of 
the NEDC), there are higher vehicle speeds 
and longer acceleration phases than dur-
ing the city cycle. The above-described 
mechanisms for particulate formation are 
engine operating conditions, however, when 
the engine is warm these have only a 
reduced influence, so calibration methods 
used during cold operation for PN reduc-
tion are not necessarily fully required. 
However, it is also worth finding the opti-
mal injection strategy for the calibration 
and implementing these injection parame-
ters into the engine calibration.

SUMMARY 

In comparison to the Euro 4 starting point, 
gasoline engines without the use of a PF 
can, with calibration methods, demon-
strate clear improvements to the particulate 
emissions but only when the optimal com-
ponents for the calibration are considered. 
The engine must be designed for Euro 6 
with the optimum thermodynamic layout 
in mind, utilizing the test environments 
and instrumentation available, such as 
transparent engine, Particulate Counter or 
Microsoot Sensor. These are necessary and 
in combination with calibration and new 
methodology, is the basis for a successful 
calibration. Within the ECU new function-
ality and strategies for cold start, catalyst 
heating, dynamic and warm-up must be 
developed. A large proportion of the partic-
ulate number emissions can be reduced 
with an Euro 4 system by means of intel
ligent calibration strategy, further clear 
improvement can be achieved with opti-
mized engine technology and an optimized 
combustion process.
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Intake module with indirect 
integrated charge air cooler
Within a common project of Behr and Mann+Hummel a comparison between direct and indirect charge air 

cooling integrated in the intake manifold was carried out by vehicle measurements in the wind tunnel. In 

comparison with the series-production solution based on direct charge air cooling, a prototype intake module 

(intake manifold with integrated indirect charge air cooler) significantly reduced charge air pressure loss, 

provided a highly uniform temperature distribution in the runners, and reduced the charge air volume between 

the compressor and point of entry into the engine.
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Layouts of charge air coolers

The current debate on the need to reduce CO2 emissions will lead 
to a noticeable increase in the proportion of turbocharged engines 
in the next few years, with a clear trend towards “downsizing”. 
More efficient combustion at all operating points and higher boost 
pressures require further enhancements in charge air cooling and 
intake systems. The current state of the art for charge air coolers 
(CAC) is direct CACs, as an air-cooling device that is installed in 
the vehicle front end. However, indirect CAC technology is also 
gaining ground. This type of CAC, which can be located virtually 
anywhere in the engine compartment, uses a cooling medium 
that is re-cooled via an air-coolant cooler (known as a low-tem-
perature radiator, or LTR). While the additional heat exchanger 
and secondary cooling circuit increase the complexity of the cool-
ing system, this approach offers some very attractive advantages 
in comparison with direct charge air cooling.
:: An indirect CAC can be a very compact unit, allowing installa-

tion close to the engine. This substantially shortens the dis-
tance between the compressor and CAC, and between the CAC 
and the engine.

:: Significantly lower charge air pressure losses increase volumet-
ric efficiency.

:: Significantly reduced charge air volumes between the compres-
sor and engine inlet improve the engine response. 

:: The more compact size of an LTR in comparison with a direct 
CAC of equivalent performance makes more package space 
available in the front end.

These advantages can be further leveraged by integrating the 
indirect CAC directly in the intake manifold, rather than fitting it 
as an add-on component between the compressor and the throt-
tle body. The circuit diagrams and designs of the coolers for the 
various types of cooling system are shown in ❶.

In the past Behr and Mann+Hummel were involved in joint 
advanced engineering projects with an automaker for the devel-
opment of a charge air cooling system integrated in the intake 
manifold. In 2008 another joint collaboration project was started 
to compare a series-production direct charge air cooling system 
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with indirect charge air cooling. The tests 
were mainly focused on thermodynamic 
and flow comparisons between the two 
charge air cooling variants. A deliberate 
decision was made not to adapt the engine 
control system for indirect charge air cool-
ing. The benefits of an indirect charge air 
cooling system directly integrated in the 
intake manifold are described and quanti-
fied in the remainder of this paper. 

Initial situation and back-
ground to the comparison

Since Behr and Mann+Hummel are 
series-production suppliers of the engine 
cooling module and intake manifold for 
the VW Passat 2.0 l TFSI, it was a logical 
decision to use this vehicle as the basis 
for the comparison between direct and 
indirect CAC. 

The transverse 147-kW TFSI engine has 
a turbocharger on the exhaust manifold 
before the firewall, with the intake mani-
fold placed on the opposite side of the en
gine, near the engine cooling module, ❷ 
(a). The compressor output of the turbo-
charger exits via a rubber elbow into an 
aluminum pipe, which is connected via a 
rubber hose to the full-surface charge air 
cooler located in the front end before the 
engine radiator. From the CAC, the air is 
delivered through a rubber hose, plastic 
pipe, rubber elbow, and the centrally located 
throttle body into the intake manifold.

For the conversion to indirect charge air 
cooling, along with the integration of the 

CAC in the intake manifold it was also 
necessary to carry out a complete recon-
figuration of the charge air ducts except 
the series-production aluminum charge 
air duct. 

Design concept selection 

The prototype was developed on the basis 
of extensive packaging analyses, CAD 
models of several concept variants, and 
flow simulations. Replacing the 32-mm-
deep series-production charge air cooler 
in the front end with a 16-mm-deep LTR 
meant that the engine cooling module 

could be moved further forward, thereby 
increasing the intake manifold package 
space, ② (b). The centrally positioned 
throttle body in the production vehicle 
was moved to the side to achieve a more 
favorable lateral flow to the CAC and a 
uniform temperature distribution in the 
runners. A comparison of the stationary 
simulation results for the two throttle body 
positions, ❸ shows the thermodynamic 
advantages of lateral inflow, with a very 
uniform temperature distribution at the 
charge air cooler outlet for the prototype 
geometry. Further non-stationary simula-
tions incorporating the firing order also 
confirmed a favorable evenness of air mass 
and temperature distribution between 
individual cylinders, ③ (below).

Charge air cooler and low-
temperature coolant circuit

The direct charge air cooler was replaced 
with a separate low-temperature (LT) 
coolant circuit, comprising an LTR, an 
indirect CAC integrated in the intake 
manifold, ① (c), a surge tank, and an 
electric water pump. Advance design cal-
culations for the LTR core were carried 
out with a one-dimensional cooling sys-
tem simulation, so that together with the 
integrated CAC it is equivalent to the 
direct CAC in terms of cooling perform-
ance. The design chosen for the integrated 
indirect CAC was a cross counter-flow 
cooler with a fin-and-tube matrix, charac-

❷	Installation comparison for direct and indirect charge air cooling 

❸	Flow simulation for intake manifold with integrated charge air cooler – top: temperature distribution at inlet, 
in middle, and at outlet of integrated charge air cooler for middle and lateral flow into cooler; bottom: path line 
snapshots with temperatures for non-stationary simulation
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terized by a very uniform charge air tem-
perature distribution in the outlet cross 
section, and also low charge air pressure 
losses, very compact dimensions, and 
considerable flexibility.

Air ducting through  
the indirect system and  
intake manifold

In the indirect charge air cooler, ② (b), 
the air leaves the series-production alumi-
num duct via a new PA6 charge air duct 
designed to the available package space. 
The air flow then passes through the 
throttle body located at one side of the 
intake manifold into the plenum, into the 
integrated cooler, and then into the run-
ners of the intake manifold. 

For reasons related to the mounting 
location and assembly operation, the in
take manifold was designed as two sepa-
rate parts, ❹. The first part contains the 
intake manifold runners, bellmouths, and 
cylinder-head flange of the series-produc-
tion intake manifold. A fiberglass-rein-
forced PA6 housing was made using a sili-
cone cast process for the new prototype 
with integrated CAC. A decision was 
made to insert the cooler into the side of 
the intake manifold to minimize the 
flange surface area, the number of bolting 
points, and the sealing length. The cooler 
was assembled into the manifold with a 
rubber grommet on the opposite side of 
the mounting flange. A high priority was 
given to the internal seal between cooler 
and inside wall of the housing in order to 
minimize bypass flow, which could lead 

to an uneven temperature distribution 
between individual cylinders. Four tie-
bolts were fitted to reduce any expanding 
of the housing under high boost pres-
sures, the charge air leakage around the 
cooler, and to improve burst strength. 

Because the new intake manifold con-
cept is heavier than the series-production 
version, it requires a stiffer bracket to 
reduce the vibration load. Vibration test 
bench measurements showed that the 
acceleration at the throttle body could be 
reduced to the same level as the series-
production manifold. The shorter duct 
lengths of charge air ducts and the smaller 

size of the charge air cooler integrated in 
the intake manifold reduced the charge air 
volume (compressor outlet to cylinder 
head inlet) by approximately 30 % in com-
parison with the series-production design. 
A reduction of up to 50 % could be possi-
ble in transversal mounted engines if the 
entire system was redesigned.

Vehicle measurement results

To provide the basis for comparable and 
reproducible measurement results for the 
cooling system in real-life vehicle condi-
tions, the vehicle was first measured in 
the Behr wind tunnel in the series-produc-
tion version with direct CAC. Afterwards, 
the conversion to charge air cooling inte-
grated in the intake manifold was carried 
out, and a second set of wind tunnel 
measurements was generated. For that 
purpose, the vehicle was fitted with pres-
sure sensors along the charge air line from 
the air filter to the intake manifold, and 
with low-pressure indication in the intake 
manifold and exhaust manifold. Tempera-
ture sensors were applied to the cores in 
the engine cooling module, the runners, 
the exhaust line, and at the inlet and out-
let (six sensors in each case) of the inte-
grated CAC. The wind tunnel measure-
ment results are shown in ❺:

The vehicle could be driven with the 
same power output without any change to 

❹	Intake manifold prototype 
with indirect charge air cooler

❺	Wind tunnel results for full load conditions
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the engine control system. There were sig-
nificant advantages in terms of charge air 
pressure losses. The pressure loss from the 
compressor to the runners was reduced 
by 80 %. The required boost pressure was 
reduced by up to 0.2 bar. This advantage 
can be used either to boost power (i.e. 
higher intake manifold pressure) or to 
improve response through the use of a 
smaller turbocharger. 

The temperature sensors in the runners 
displayed excellent evenness of distribu-
tion (temperature difference < 1.3 K), 
with a temperature up to 5 K lower than 
in the series-production system. The tem-
perature difference directly behind the 
cooler between the six measurement 
points placed at the outlet was less than 
1K. This led to an improvement in knock-
ing behavior, creating the possibility for 
consumption-reducing optimization of 
ignition timing. 

Outlook: compact cooling 
design concept for higher 
power requirements

Highly supercharged small engines with a 
small cylinder displacement volume and 
high-performance engines will prompt a 
demand for higher power ratings for charge 
air cooling. In both cases, improvements 
to overall cooling systems in terms of 
package space requirements, cost, and 
weight can be achieved by moving to a 
new “cascade cooling” system. This 
involves indirect cooling of the charge air 
in two stages:
:: a first charge air cooler is used to extract 

heat using coolant from the high-tem-
perature (HT) engine cooling circuit

:: a second LT coolant-cooled CAC then 

brings the charge air temperature down 
to the required end value.

Cascade charge air cooling reduces the 
thermal requirement on the LT circuit, 
allowing the use of smaller LT pumps, 
which may not even require automatic 
control, and is therefore less expensive.

For small engines, the use of cascaded 
HT-LT charge air cooling could provide 
the basis for more compact indirect charge 
air coolers integrated in the intake mani-
fold. The main factor determining the 
cooling performance of the charge air 
cooler is the air-side flow length through 
the cooler, which therefore has to remain 
constant. Placing the HT and LT cooler 
cores one upon the other and reducing 
the cross-section area of the coolers results 
in a U-shaped through-flow configuration 
in the cooler on the charge air side, which 
is very compact and has only very slightly 
increased charge air pressure losses. One 
particularly promising option is the com-
bination of a charge air cooler with a 
U-flow configuration with a rotary valve, 
❻. The three different switching control 
options allow adjustment of the charge air 
temperature over a very wide range: 
:: full-load mode: flow through both the 

HT CAC and the LT CAC, ⑥ (a)
:: partial load mode: the HT CAC is bypass

ed (to prevent the charge air being heat
ed by the hotter coolant) and the charge 
air is cooled only in the LT CAC, ⑥ (b)

:: during the engine warm-up phase, both 
coolers are bypassed, ⑥ (c), which is 
made particularly easy by the U-shaped 
arrangement of the coolers.

High-pressure exhaust gas recirculation 
can be restricted with the rotary valve. A 
cutout function for diesel engines can be 
provided with an additional rubberized 

flap, ⑥ (d), which could for example be 
activated via a simple mechanism by the 
rotary valve. 

This combination of U-flow HT and LT 
CACs and a rotary valve provides the 
basis for a very light, compact, and cost-
effective charge air cooling system.

Summary

Vehicle measurements were carried out to 
compare direct charge air cooling with indi-
rect charge air cooling integrated in the 
intake manifold. First, measurements on the 
series-production vehicle with direct charge 
air cooling were performed. Afterwards, the 
air path, cooling module in the front end, 
and the intake manifold were redesigned 
using a variety of CAE methods, in order to 
create an indirect charge air cooling system 
integrated in the intake manifold. In a direct 
comparison with the series-production solu-
tion, the changeover to indirect charge air 
cooling integrated in the intake manifold 
resulted in lower charge air pressure losses 
up to 80 %, a very uniform temperature dis-
tribution in the runners (< 1.3 K), and a 
reduction of approximately 30 % in the 
charge air volume between the compressor 
and engine inlet.

For future highly charged and high-per-
formance engines, the changeover to cas-
caded indirect charge air cooling is likely 
to offer further advantages in terms of 
package space and system costs. A design 
concept has been presented for a cooler 
unit with a U-shaped flow configuration 
on the charge air side, which in combina-
tion with a rotary valve would lead to an 
extremely compact and powerful intake 
module allowing demand-oriented charge 
air cooling.

❻	Principal swichting options of U-flow 
HT- and LT-charge air cooling with rotary valve 
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Hybrid coolant pump with 
electric and mechanical drive 
The new hybrid coolant pump from BorgWarner combines the advantages of electrically and 

mechanically driven pumps in a single system. In electric mode, the pump can be flexibly 

controlled, while in mechanical mode it operates with a high efficiency. Extensive simulation 

by BorgWarner has demonstrated the potential of the hybrid pump for achieving further 

improvements in fuel economy.
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Variable coolant pumps 
increase efficiency

Thermal Management of combustion 
engines becomes more and more important 
due to the rising demand to reduce CO2 
emissions. Improved cooling circuit compo­
nents, especially variable coolant pumps 
allow the reduction of parasitic losses from 
auxiliary components and also the control­
ling of the engine temperature for best 
engine efficiency. To evaluate different sys­
tem and component concepts with regard 
to their influence on fuel consumption, 
simulation offers a wide range of oppor­
tunities, [1, 2].

Hybrid Coolant Pump Concept

A key direction of thermal engine 
management is variability of cooling com­
ponents. Variable coolant pumps can adapt 
the coolant flow to the requirements of an 
engine. The simplest version of a variable 
pump is the on-off pump, which improves 
fuel consumption during engine warm up. 
Pumps of this type are already in series 
production. Fully variable electric pumps 
offer much more potential for effective 
thermal management, allow cooling after 
engine stop and support start stop appli­
cations. They are also in series produc­
tion. The main issue for this kind of pump 
is the limitation of the electric power in 
the usual 12 / 24 V automotive electrical 
system and the poor efficiency at high 
pump loads.

A hybrid coolant pump (HCP) featuring 
both mechanical and electrical drives com­
bines the advantages of all other pump 
concepts such as: cooling after engine stop, 
compatibility to start-stop systems, control 
of pump power in engine part load for effi­
ciency and low power consumption at high 
engine loads due to the highly efficient 
direct mechanic drive.

Cooling System Requirements

Current coolant pumps often require up to 
2 kW driving power at full load. Pressure 
loss optimized coolant circuits might help 
to reduce the pump power but on the 
other hand additional cooling functions or 
new engine layouts, e. g. LP-EGR systems 
on gasoline engines, add new thermal load 
to the cooling circuit as well as water-cooled 
exhaust manifolds and turbine housings, 

[3, 4, 5]. Such concepts also require after-
cooling after engine stop. In addition, 
powertrain electrification leads to new 
requirements for vehicle cooling systems. 

By investigations of BorgWarner on var­
ious vehicle types and driving cycles it 
was found out that a conventional cool­
ant pump operates primarily in two 
prominent load ranges: one at rather low 
load and the other at high load. Based on 
these considerations the HCP concept was 
developed to handle the low power opera­
tion area with electrical drive and the high 
power operation mode with mechanical 
drive. This approach offers high variability 
in the low to mid power area and an effi­
cient drive at high power requirements.

Functional Concept

The standard coolant pump for a 
3.0-l-V6-diesel engine for a light duty 
truck was chosen as a base system. The 
sizing and power of the HCP was defined 
to fit the base system with a speed range 
from 0 to 7000 rpm and a maximum 
driving power of up to 2 kW. In electrical 
mode the speed can be set to zero or 
adapted to the required coolant flow. In 
the mechanical mode, which is also the 
fail safe mode, the speed depends 
directly on the engine speed. 

The main components of the HCP are 
shown in ❶. The shaft (blue) carries the 
impeller wheel from the original pump. 
The housing to adapt the pump to the en­
gine (grey) has the same dimensions as 
the original part. In electric mode the 
e-motor, consisting of rotor and stator 
(red), powers the impeller as the solenoid 
(red) is actuated and the dry friction 
clutch is opened against the clutch spring. 
In mechanic mode the solenoid is turned 
off, the clutch is engaged and so the outer 
pump housing (yellow) which also carries 
the pulley is connected to the pump shaft. 
The e-motor is disabled, so almost no elec­
trical losses occur, and the shaft rotates 
synchronous to the crank speed (according 
to the belt ratio). 

It was high priority during the develop­
ment to maintain the relevant package 
envelope of a conventional pump and to 
keep the cost below a fully electric pump. 
Package and interface design of the HCP 
are very close to the reference pump so a 
replacement of the reference pump to the 
HCP on the target engine was possible 
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without any further changes. The cost 
could be kept low because of the smaller 
size e-motor and the simplified yet effec­
tive clutch mechanism.

Operation Strategy and 
Parameters

The general switching strategy is shown 
in ❷ where impeller speed is plotted ver­
sus engine speed. The pump characteris­
tics can be described as follows: 
:: Mode 1: Pump is stopped for cold start 

and engine warm up. 

:: Mode 2: Main electric operation area. 
Pump speed can be set independent 
from engine speed with potential for 
optimized thermal management. The 
upper limit of this range is given by 
the maximum power output of the 
e-motor (an important design parame­
ter) which is not a fixed value due to 
the range of flow resistance of the 
cooling circuit and the changing cool­
ant viscosity over temperature. 

:: Mode 3: From a certain pump power on 
the mechanical mode is more effective 
than the electrical mode. This upper 

limit for main electric area is given by 
the mechanical drive curve with a fixed 
belt ratio, represented in ② by the thick 
black line (No. 3). The gap between both 
modes is linked to the efficiency chain 
difference. In the mechanical mode, 
only the belt friction and the bearing 
friction have to be taken into account 
while in electric mode, the alternator 
and e-motor efficiency have to be added 
to the chain. The gap (represented by 
the arrows) is to be avoided by the 
switching strategy.

:: Mode 4: If required for low engine speeds, 
the pump power in electrical mode can 
be set above the limit for mechanical 
power. This function can support pas­
senger compartment heating and pro­
vides additional degree of freedom for 
the pulley ratio.

:: Mode 5: At engine stop, the pump can 
run with variable speed on electric mode 
for after-cooling.

A main driver for the cost and the package 
is the e-motor size. There are practical lim­
its for the sizing. If the size is too small, 
the fully variable range of the pump opera­
tion map is very small. For cabin heating at 
low engine speed it is necessary that the 
electrical drive is able to provide enough 
coolant flow at the cold start condition 
when the thermostat is closed and the 
coolant viscosity is relatively high. Another 
requirement is related to providing high 
enough coolant flow after engine stop. If 
the e-motor is too big, a negative impact 
on the package requirements and compo­
nent cost must be expected. 

The definition of the mechanical 
driving area depends on the efficiency 
chain of both the electrical and mechani­
cal sides. If the total efficiency chain 
between impeller and crank is taken into 
account, the overall efficiency of the 
electric drive is usually lower. The use of 
starter generators and recuperation of 
brake energy improves the efficiency in 
the board net and can increase the area 
of electric driving. 

In addition to the mechanical design 
parameters the switching strategy needs 
to be optimized. The pump is operated by 
a pump controller which can be a sepa­
rate module or is part of the ECU. In any 
case the pump needs to be added to the 
overall thermal management of the engine 
(if existing) to ensure a proper interaction 
of the components. 

❶	Layout of the HCP

❷	Pump operation characteristics
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Simulation Environment

The evaluation of the HCP in the cooling 
circuit environment is carried out with a 
simulation model which was developed 
using the software “GT-Suite” from 
Gamma Technologies Inc. The model is 
described in detail in [2]. It consists of sub 
models for the vehicle, cooling circuit, 
front-end cooling package and engine with 
a simplified oil circuit. The engine model 
is actually a mean value model which 
uses a neural network analysis to reduce 
simulation duration. The engine load is 
defined by the cycle and the vehicle driv­
ing resistance. The vehicle model is a light 

duty delivery truck. The air-coolant inter­
face at the front-end is modeled in a quasi 
3-D environment. All models are coupled 
and, therefore, allow realistic feedback 
from one subsystem to another. The over­
all model structure is shown in ❸.

In contrast to the non variable pump 
to the HCP requires a controller which 
calculates the pump speed as a function 
of the thermal engine condition. The fan 
is driven by the crankshaft speed control­
led by a viscous clutch. The HCP simula­
tion model consists of a controller part 
which calculates the required pump speed 
and a second part which decides what 
mode should be used. 

Parameter Optimization

The US06 emission test cycle, ❹, was cho­
sen to compare results of the HCP. With 
an average speed of 77.3 kph and a maxi­
mum speed of 129 kph, it is fairly aggres­
sive. For the performance evaluation, two 
initial temperature conditions are consid­
ered: cycle start conditions where all tem­
peratures are set to 25 °C and a fully warmed 
up condition where the metal, coolant and 
oil temperatures are all set to 85 °C.

As previously described the power of 
the e-motor is one of the most important 
design parameters for the pump with the 
pressure loss in the cooling system as an 
important factor. Simulations were carried 
out with e-motor sizes from 150 to 350 W. 
The results show that a pump power of 
200 W is the optimal setup under the 
given boundary conditions. Such a small 
e-motor size is also very beneficial for the 
package envelope and the cost of the 
HCP. The pump characteristic is shown in 
④. It can be seen that the switch from 
electric to mechanical mode occurs three 
times. The first and the third switch are 
made because the limiting pump speed 
was reached whereas the second switch 
was demanded by the controller due to 
efficiency reasons. 

With a payload of 1000 kg the average 
power (or work) of the pump rises but 
there is no more frequent switching. In 
the warm start case the average power 
rises further but again not more than 
three switches occur. So even for this case 
the 200 W e-motor power is sufficient. It 
should be investigated, however, whether 
this power is also sufficient for fast pas­
senger compartment heating (mode 4). 

Cycle Evaluation and 
Benchmark

To evaluate the benefits, the HCP was 
compared to a belt driven mechanical 
pump (MP) in the US06 cycle at the two 
different starting temperatures, ❺, and 
1000 kg additional vehicle load. 

One of the main advantages of the HCP 
can be seen when the average power con­
sumption of the pumps is compared. With 
an average of 0.22 kW the HCP consumes 
significantly less power than the MCP 
with 0.49 kW. Just this decrease in para­
sitic losses already leads to a fuel con­
sumption benefit of 0.7 % in the cycle. In 

❸	Model structure

❹	Vehicle speed (bottom) and results of the simulation with a 200 W E-motor (top) for the US06 emission cycle
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reality lower friction losses and less in­
jected fuel due to the faster heating up of 
the engine add a major saving potential 
to this. In the warm case the HCP shows 
very good results with 0.31 kW compared 
to 0.49 kW of the MCP.

Summary and Outlook

The Hybrid Coolant Pump (HCP) com­
bines the benefits of fully electric and 
mechanical pump concepts with a cost 
target below the fully electric version. 
The small package envelope of the HCP 
often allows the replacement of a con­
ventional pump by the HCP without any 
further modifications to the target 
engine. Comprehensive simulation efforts 
resulted in optimized parameter setting 
and showed significant potential for fuel 
consumption reduction in the whole 
engine map, especially during engine 
warm-up. In addition the HCP supports 
start-stop operation and after-cooling 
after engine stop. To gain the full bene­
fits the HCP needs to be embedded in a 
comprehensive thermal management 
approach of the whole vehicle. 
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The new generation of the 
Audi 3.0 l V6 TDI engine
 

The new 3.0 l V6 TDI engine with four valves per cylinder, piezo injectors, common rail fuel injection system, 

turbocharging with variable turbine geometry (VTG), swirl action control and dual coolant circuit with intelligent 

thermal management and integrated exhaust gas recirculation (EGR) cooling develops – depending on the 

intended application – between 150 kW and 184 kW and has a maximum torque of between 400 Nm and 

550 Nm. It complies with Euro 5 exhaust emission limits and has very low CO2 emissions. In the following 

thermodynamics, application and exhaust emission control of the new engine are described. The first part of  

the article in MTZ 10 already depicted the design and the mechanics of the new engine.

Part 2 – Thermodynamics, application 
and exhaust emission control
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Modular construction

The new second-generation 3.0 l V6 TDI 
engine is a further systematic development 
of Audi’s successful diesel strategy. A high 
standard of refinement is combined with 
sporty performance, but the strictest 
exhaust emission limits are also complied 
with and extremely low fuel consumption 
figures are achieved: these were the main 
development objectives for the new-gener-
ation V6 TDI engine, ❶. 

Since the Audi V6 TDI engine is suit
able for a wide range of applications in 
various vehicle categories, great value was 
attached during its development to modu-
lar construction and an identical parts 
strategy, in order to achieve maximum 
synergy between the various applications 
and have an optimally configured engine 
available for each of them, ❷. The basic 
engine is always the same, but by choos-
ing between two camshaft patterns, three 
turbocharger settings and two fuel injec-
tion systems it can be given the thermo-
dynamic characteristics that yield the best 

results in each case, ❸. Further details of 
the components used and their specific 
characteristics are given below.

Piezo common rail system

All versions of the second-generation V6 
TDI are equipped with piezo common rail 
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❶	Technical data of the second-generation V6 TDI

Displacement 2.967 l

Stroke / bore 91.4 mm / 83 mm

Firing order 1 – 4 – 3 – 6 – 2 – 5

Compression 
ratio

16.8:1

Fuel injection 
system

Bosch CRS 3.18 / 
CRS 3.20

Turbocharger
HTT GT2056 / GT2260 
with VTG and electronic 
adjuster

Nominal power 
output

150 – 184 kW

Nominal torque 400 – 550 Nm

Emission category EU 5

❷	Full load V6 TDI 
2nd generation
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systems from Bosch. In each case the 
“CP4.2” two-plunger pump with a stroke 
of 5.625 mm is used, whether the maxi-
mum rail pressure is 1800 bar or 2000 bar. 
Common to all applications are forged 
rails of reduced length and volume com-
pared with the earlier versions. 

The engine versions for the A7 and A8 
use a piezo injector system with a maxi-
mum rail pressure of 1800 bar in conjunc-
tion with a hydraulic flow rate of 
350 ml/30 s; these values represent the 
optimal compromise between technical 
complexity and hydraulic performance.

Low throttling losses in the intake sys-
tem, charge air flow path and exhaust 
system on new-generation Audi vehicles 
are preconditions for the required power 
outputs of 176/180 or 184 kW and tor-
ques of 500 or 550 Nm to be reached. 

For use in the Audi Q7 a piezo injector 
system with a maximum rail pressure 
level of 2000 bar was chosen; this permits 
injectors with a hydraulic flow rate of 
300 ml/30 s to be used.

The reduced nozzle flow improves mix-
ture formation and enables even a vehicle 
in the Q7’s category to achieve extremely 
low emission and fuel consumption values 
(EU5 with 195 g/km CO

2 in the NEDC) in 
conjunction with a maximum power out
put of 176 kW and 550 Nm torque. 

The new “efficiency” version of the V6 
TDI, which takes the place of the first-
generation 2.7 TDI, achieves outstanding 
fuel consumption figures. This new ver-
sion makes use of the shared basic engine 
from the modular V6 TDI system with a 
displacement of 3.0 l. It was decided that 
discontinuing the 2.7 TDI would increase 
synergies in the identical parts strategy 

and during the engine’s development 
phase, without the need to sacrifice the qual
ities of the 2.7 TDI. This good take off be
haviour for which this engine was known 
has been achieved on the 3.0 l efficiency 
engine as well, by the choice of optimal 
settings for the lower-powered version.

This new next-generation V6 TDI also 
uses the 2000-bar fuel injection system. 
The reduced exhaust valve opening period 
chosen for this engine has the advantage 
of permitting a higher level of usable 
expansion work and thus assuring higher 
efficiency. The optimal spray pattern from 
the injector operating at 2000 bar injec-
tion pressure ensures excellent full-load 
fuel consumption figures right up to high 
engine speeds. In the same way, the small 

amount of swirl needed at part load 
means that the swirl flap does not have to 
be operated so frequently; this reduces 
the throttling effect on the engine’s intake 
side and boosts part-load efficiency.

Turbocharging system

The turbochargers for these engines, ❹, 
are selected according to the power-out-
put and torque targets that have to be 
reached. For the 184 kW version in the 
Audi A8 the large turbocharger with com-
pressor trim of 58 is used. The 176/180 
kW version has a compressor trim of 55, 
and for the 150 kW efficiency engine a 
smaller turbocharger was adopted.

Both the large turbocharger for the 
higher power outputs and the smaller one 
for the efficiency engines have a further 
developed and significantly optimised 
plain bearing system with considerably 
lower friction losses than the systems pre-
viously used. This optimisation is espe-
cially evident in turbocharger response 
after starting a cold engine, and of course 
in particular when oil temperatures are 
very low. ❺ is an example of boost pres-
sure build-up at engine idle speed after a 
cold start at -15 °C outside temperature, 
compared with a turbocharger of the 
same size from the previous generation. 
The more rapid increase in speed and the 
associated turbocharger boost pressure 
build-up can be clearly seen. 

❹	Turbocharging system

V6 TDI 184 kW, 
550 Nm 
in Audi A8

V6 TDI 180 kW, 
500 Nm  
in Audi A7

V6 TDI 176 kW, 
550 Nm 
in Audi Q7

V6 TDI 150 kW, 
400 / 450 Nm 
“efficiency” 
engine

Fuel injection system CRS 3.18 CRS 3.18 CRS 3.20 CRS 3.20

Max. injection pressure 1800 bar 1800 bar 2000 bar 2000 bar

Hydraulic flow at nozzle 350 ml/30 s 350 ml/30 s 300 ml/30 s 300 ml/30 s

Turbocharger version GT 2260 GT 2260 GT 2260 GT 2056

Compressor trim Trim 58 Trim 55 Trim 55 Trim 55

Exhaust camshaft event 
period

202˚ at crank-
shaft

202˚ at crank-
shaft

202˚ at crank-
shaft

176˚ at crank-
shaft

❸	Modular construction of engine family
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A further step in optimisation of the 
turbocharging system on the second-gen-
eration V6 TDI is a developed version of 
the turbocharger compressor wheel. The 
new compressor wheel operates at higher 
efficiency and has a broader compression 
characteristic. This reduces any tendency 
towards turbocharger pumping action at 
high boost pressures and low engine speed, 
and results in reduced system sensitivity 
to the occurrence of unpleasant flow noise 
from the charge air path. Even on the 
184 kW version of the V6 TDI, a second 
pressure-side flow damper was not need
ed despite the higher compressor trim.

Gas exchange cycle /  
valve timing

The new dual-branch plastic intake mani-
fold with central swirl flap plays an 
important part in reducing the new V6 
TDI engine’s fuel consumption and 
increasing its performance potential. In 
conjunction with intake ports on which 
basic swirl level and flow rate have been 
optimised, the new intake manifold opti-
mizes the volumetric efficiency of the 
engine. Compared with the previous 
engine increased swirl by using the cen-
trally located swirl flap is needed less 
often. This reduction of pressure loss 
optimises fuel consumption when the 
engine is operating at part load. As 
already mentioned, the “efficiency” ver-
sion of the new engine has exhaust valve 
timing optimised for minimum fuel con-
sumption. Reducing the exhaust valve 
event time from 202° to 176° of crank-
shaft angle improves specific fuel con-

sumption by 2 % as a result of the longer 
expansion phase. ❻ shows the valve lift 
graphs for the basic engine version with 
the valves open through 202° of crank-
shaft rotation, and the “efficiency” cam-
shaft with an event period of 176° of 
crankshaft rotation.

thermal management

Special attention was devoted during de
velopment to the engine’s thermal operat-
ing conditions as a means of boosting effi-
ciency. In addition to the quickest possible 
engine warm-up while the coolant is not 

circulating in this phase, the aim was to 
utilise the advantages of thermal manage-
ment in all engine operating ranges. The 
new Audi V6 TDI therefore uses a “split 
cooling” concept: coolant flows through 
the engine block and cylinder heads in 
two separate circuits arranged in parallel. 
This is to ensure that the most suitable 
temperature level can be selected for the 
cylinder heads and for the engine block 
even if the engine is at its regular operat-
ing temperature, ❼. 

Positioned at the front of the V between 
the two cylinder banks, the water pump 
delivers coolant continuously to the 

❺	Boost pressure build-up at idle speed after a cold start at -15 °C ❻	Valve timing

❼	Schematic cooling circuit
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exhaust sides of the engine block. At that 
point the flow is divided: some of the 
coolant flows to the cylinder heads, the 
remainder to the engine block. After pass-
ing through these areas the two part-flows 
return to the suction side of the water 
pump.

Cylinder head circuit

The continuous-flow cylinder head cir-
cuit consists primarily of the water cavi-

ties in the two cylinder heads, the oil and 
EGR cooler, the car’s heating and trans-
mission oil heat exchangers and the main 
radiator, ❽. 

The temperature in the cylinder head 
circuit is controlled by a mapped-charac-
teristic thermostat with a wax expansion 
element that can be heated. During 
engine warm-up there is no flow through 
the thermostat; it only opens above 90 °C. 
Until this temperature is reached, no heat 
energy is supplied to the main radiator. 

Warm coolant is used to heat the trans-
mission and, if required, for the car’s inte-
rior heater. When the flow passes through 
the expanding wax element, the tempera-
ture in the cylinder head circuit can be 
lowered, subject to the physical limit rep-
resented by the main radiator. The follow-
ing conditions apply:
:: protection of the cylinder head if 

exposed to extreme loads
:: maximum EGR cooling requirement
:: transmission cooling requirement.

❽	Thermal management with separate cylinder 
head and engine block cooling 

❾	Coolant circuit regulating valve
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Engine block circuit

Coolant enters the engine block on the 
exhaust sides of the cylinder blocks. A 
non-return valve is provided at each entry 
point to prevent the coolant from flowing 
in the wrong direction. The engine block 
circuit is initially shut down by a vacuum-
controlled ball valve at the coolant exit 
point. With no coolant flow, the engine 
warms up more rapidly and friction losses 
are therefore reduced. After the engine 
has been fully warmed up, the tempera-
ture in the engine block circuit is regulated 
to approximately 105 °C at the ball valve, 
so that the reciprocating parts can operate 
in the optimal friction-loss range, ❾.

A major development priority was the 
provision of “stationary coolant” in the 
engine block circuit. A ball valve with 
very low leakage throughout its operating 
life was therefore chosen as an actuator. 
The non-return valves ensure that coolant 
flows in the correct direction through the 
engine block circuit. This part-circuit also 
has a separate breather. The cylinder-
block water jackets are connected via the 
cylinder head gaskets with a collector rail 
in each cylinder head. This ensures that 
air bubbles can escape from the engine 
block circuit at the highest point, even if 
the coolant is stationary. Bleed lines run 
from the collector rails to a bleed valve 
that connects the permanent cylinder 
head and engine block breather systems 

together. The bleed valve has a ball-
shaped float that seals off one part-circuit 
against the other. Even when the engine 
block circuit has been bled, this prevents 
any heat energy from leaving the circuit 
via the permanent breather. 

To encourage rapid warm-up still more, 
the concept includes an oil cooler bypass 
on the oil side of the circuit. An expand-
ing wax element opens a bypass duct at 
oil temperatures above 103 °C and diverts 
the main oil flow past the oil cooler. 

Audi’s Innovative Thermal Manage-
ment (ITM) principle as used on the 
new V6 TDI engine with its “split cool-
ing” concept provides an independent 
flow from the cylinder head circuit to 
the interior and transmission-fluid heat-
ers even when there is no coolant flow 
through the engine block. Since the two 
part-circuits both operate in the optimal 
temperature range for minimum friction, 
further reductions in friction losses are 
possible even when the warm-up phase 
has been completed.

Exhaust gas recirculation

The cooling performance of the EGR sys-
tem, ❿, has been optimised to such an 
extent that it equals that of the system on 
the previous engine although no separate 
EGR low-temperature coolant circuit is 
provided. Since the EGR cooler is now 
permanently connected to the cylinder 

head circuit on the coolant side, and no 
longer supplied with cold water directly 
from the main radiator, the temperature at 
which coolant enters the EGR cooling 
system is higher, but by uprating the EGR 
cooler the cooling performance of the 
complete system has been slightly 
increased. An advantage of the new EGR 
cooling system is its much-reduced com-
plexity, due to deletion of the EGR low-
temperature circuit via the coolant-side 
connection to the cooler cylinder head 
circuit of the new dual-circuit cooling 
system; weight is therefore also signifi-
cantly reduced.

A further primary objective of further 
development work on the EGR system 
was to reduce pressure drop in the EGR 
line from the turbocharger take-off point 
to the EGR entry point at the intake 
manifold. In this way high levels of ex
haust gas recirculation can be achieved 
without assisting the scavenging effect 
by using the throttle butterfly. The result-
ing drop in gas exchange losses improves 
fuel consumption.

Introduction of an EGR bypass flap 
valve that makes a tight seal ensures that 
there is no unwanted flow through the 
EGR cooler at wall temperatures that are 
too low. This improves the long-term reli-
ability of the EGR cooling system and, by 
reducing the system’s total cooling per-
formance in the bypass operating mode, 
leads to a drop in CO emissions. 

❿	Exhaust manifold, turbocharger and EGR module
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Engine management

Use of the Bosch “CP44” means that all 
applications of the V6 TDI engine now 
have a single type of engine management 
control unit. The control unit is driven in 
all cases by the EDC17 engine manage-
ment software generation. 

Many multi-task functions are handled 
by the engine management control unit as 
well as those that only concern specific 
engine functions. For example, heating, 
transmission and engine components in
volved in thermal management are given 
priority by a central actuating logic in the 
engine management control unit accord-
ing to momentary interior heating, trans-
mission cooling or engine warm-up needs.

The intelligent engine start-stop system 
circuitry, which has to take air condition-

ing, engine management, brake system, 
transmission and engine functions into 
account, is also centrally located in the 
engine management control unit. 

Applications

All engine measures are influenced by the 
start-stop system and the “efficiency” 
mode driver option available for the first 
time on the new A7. When efficiency is 
selected, there is a moderate reduction in 
engine power and torque, ⓫. This reduces 
full-load fuel flow and also displaces the 
operating points into optimal-efficiency 
areas of the mapped characteristic. 

For the new Audi A7 the new-genera-
tion V6 TDI engine is available in two per-
formance versions. The 180 kW version is 
joined by an efficiency version developing 

150 kW. With front-wheel drive and auto-
matic transmission, the 150 kW engine in 
the new A7 has a fuel consumption of 
only 5.3 l per 100 km according to the 
NEDC. The 180 kW version with quattro 
driveline records a figure of 6.0 l/100 km. 
Both these figures are outstanding for this 
car segment. Compared with the today´s 
Audi A6 they represent improvements of 
up to 17 %, from cars with levels of per-
formance that only sports cars would 
have reached a short time ago, ⓬.

Exhaust emission control

The oxidating catalytic converters used 
with all Audi V6 TDI engines and the 
coated diesel particulate filter (DPF) were 
further optimised for the new-generation 
engines. The oxidating catalytic converter 

actual  
Audi A6

New Audi A7
actual  
Audi A6

New Audi A7

Transmission
Automatic, 
FWD

Automatic, 
FWD

Automatic, 
quattro

Automatic, 
quattro

Emission category EU 5 EU 5 EU 5 EU 5

Max. power output 
(kW)

140 150 176 180

Max. torque 
(Nm)

380 400 500 500

Fuel consumption 
(l / 100 km) (MVEG)

6.4 5.3 7.1 6.0

Acceleration 
(s) (0–100 km / h)

7.9 7.8 6.8 6.3

Top speed 
(km / h)

227 238
250 
(governed)

250 
(governed)

⓬	Performance figures and fuel consumption for 
the A7 with V6 TDI engine

⓫	Fuel consumption characteristic at full load in 
“efficiency” mode
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has a volume of 1.0 l and the diesel 
particulate filter of 3.7 l. A considerable 
increase in regeneration intervals has 
been achieved with aluminium titanate as 
the DPF substrate; it has proved the most 
suitable in numerous tests.

A feature introduced for the first time 
on the new V6 TDI is three-phase post-
injection during particulate filter regen
eration as a means of raising the tempera-
ture during low-load operation, ⓭. This 
ensures safe, rapid soot burn-off in all 
driving conditions, especially in stop-and-
go traffic. Most of the necessary thermal 
energy is generated by two early post-
injections in close proximity and therefore 
capable of burn-off. The third, late post-

injection, intended to cause an exother-
mic reaction via the oxidating catalytic 
converter, uses smaller quantities of 
injected fuel. This three-phase post-in
jection procedure makes DPF regeneration 
reliable even if the exhaust gas is at a 
lower temperature on account of low fuel 
consumption. At the same time it mini-
mises oil dilution and improves the 
oxidating catalytic converter’s resistance 
to ageing.

Synopsis

The second-generation V6 TDI engines 
have been successful in achieving ambi-
tious performance targets for the Audi 
vehicle range, extremely low fuel con-
sumption and efficient exhaust emission 
control. Their modular construction en
ables the engine to be optimally matched 
to various vehicle concepts and, despite 
the many applications for the engine in 
different body styles and with various 
transmissions, dynamic, high-efficiency 
settings were always achieved without the 
need for compromises. 
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Motivation

In 2009, new rail emissions legislation 
(EU IIIA) reduced the limits for nitrogen 
oxides (NOx) and particulate matter (PM) 
from the levels set by the UIC II standard. 
And, as ❶ shows, a further significant 
lowering of the permissible levels is due 
to come into force in 2012 (EU IIIB) [1]. 
The advent of Stage IIIB in particular 
makes new in-engine and external engine 
technologies necessary. MTU sees the best 
solution for rail applications in the combi-
nation of exhaust gas recirculation (EGR) 
and diesel particulate filtration (DPF). The 
aim of this project, however, was to test 
out exhaust gas aftertreatment (EGA) 

technologies in general. These are not yet 
universally established in all applications 
in the off-highway sector and for that rea-
son, MTU and Deutsche Bahn (DB) con-
ducted their joint research project with the 
aim of testing out these new technologies 
at an early stage. The “LOCEX” (Locomo-
tive with Clean Exhaust) project provided 
an ideal platform for trialing MTU’s inter-
nally developed and produced prototype 
EGA system under the tough conditions of 
everyday rail duty. The system was tested 
under real operating conditions such  
as variable ambient temperatures, shock 
exposure etc. This gave MTU the opportu-
nity to gain important knowledge for the 
development of future compact and effi-

cient EGA systems, while DB was able to 
benefit by gaining extensive experience 
with the technology early on. 

The sections that follow describe the con-
cept and the design implementation of the 
EGA system. Compliance with the stringent 
emission limits is to be verified on the 
engine test stand and in field trial analyses.

Concept

For concept development, the type of use 
and class of locomotive were first deter-
mined. To facilitate testing under the most 
stringent conditions possible, a Class 294 
shunting locomotive was chosen. DB 
Schenker Rail provided locomotive 
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Technologies for 
Exhaust Aftertreatment 
Testing under real conditions
The use of exhaust aftertreatment technology in off-highway applications is not yet universally established. 

For this reason, MTU Friedrichshafen GmbH and Deutsche Bahn AG conducted a joint research project 

involving early testing of various basic technologies for exhaust gas aftertreatment (EGA) under real condi-

tions. The knowledge gained in the rail applications sector will be transferrable to other sectors and it will 

also be possible to combine the basic technologies involved in different ways.

Dr.-Ing. Marc Hehle
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Team Leader in the Department for 
New Technologies at MTU  

Friedrichshafen GmbH (Germany).

Dr.-Ing. Dirk Bergmann
is Head of the Department for  

New Technologies at MTU  
Friedrichshafen GmbH (Germany).

number 294 635-8, which had been 
repowered as standard with an MTU Type 
8V4000R41 engine in 2008 [2, 3]. The 
engine has a power output of 1000 kW 
and is UICII-compliant. 

The aim of this project was to use vari-
ous EGA technologies to achieve compli-
ance with the Stage IIIB exhaust emis-
sion limits well in advance of the 2012 
target date. This involves a minimum 
reduction in NOx emissions of 63 % and 
a lowering of particulate emissions by at 
least 84 %. Compliance with the limits 
has to be demonstrated in accordance 
with the ISO-F cycle, a static testing cycle 
involving idling, partial load and full 
load phases. 

The concept selected was a system com-
prising diesel oxidation catalyst (DOC), 
diesel particulate filter (DPF) and selective 
catalytic reduction (SCR) catalyst. Com-
bined systems of this type have already 
undergone comprehensive examination 
both for on-road and non-road applications 
[4, 5, 6].

An aqueous urea solution (AUS) was 
used as the reducing agent. To avoid the 
possibility of ammonia (NH

3) release, a 
slip catalyst was integrated downstream 
of the SCR catalyst. ❷ shows the basic 
structure of the EGA system. The soot in 
the DPF was to be oxidized by means of 
passive, NO2-based regeneration. A diesel 
oxidation catalyst (DOC) was employed 

upstream of the DPF for that purpose. 
This converts some of the NO emitted by 
the engine into NO2, which oxidizes the 
soot at a lower exhaust temperature than 
is the case with a purely oxygen-based 
reaction. To avoid overloading the filter 
and consequent overheating of the 
engine, the concept provides for the addi-
tional installation of a diesel burner for 
active regeneration. The burner can heat 
up the exhaust in order to enable the soot 
to be burned off by oxygen. Wherever 
possible, however, the project sought to 
avoid the use of active regeneration 
methods.

As the space available in locomotives is 
very limited, the EGA system had to be fit-
ted in place of the silencer and had to take 
over the silencing function itself. At the 
same time, the maximum permissible 
exhaust backpressure due to the EGA sys-
tem was set at 130 mbar in order to pre-
vent an excessive increase in fuel con-
sumption. To be able to meet the back-
pressure requirements, the catalysts and 
the DPF had to be dimensioned with a 
large-area inflow cross-section. For a large-
scale diesel engine capable of 1000 kW, 
the catalyst and DPF volume needed can 
no longer be achieved with only a single 
carrier substrate in each. Multiple sub-
strates have to be fitted in parallel. In 
order to meet all these requirements, an 
innovative concept was required to deal 
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with substrate configuration and flow 
routing within a single housing.

However, the challenges were not lim-
ited to catalyst configuration. MTU also 
had to break new ground on urea (AUS) 
feed technology. Airless systems had to be 
used for urea dosing because the rail sec-
tor’s stringent safety regulations meant 
that the existing compressed-air supply 
for the braking system could not be used 
and there was no space available for an 
additional compressor. At the time the 
project was launched, however, there were 
no airless dosing systems capable of han-
dling the quantities required for a 
1000 kW engine. Consequently, two 
pumps and two injectors were specially 
adapted to meet project requirements. 
MTU also had to develop a concept for 
temporary AUS storage in the locomotive. 
The solution involved fitting a purpose-
designed tank with a capacity of approxi-
mately 150 l in place of a reserve diesel 
fuel tank. As AUS freezes at temperatures 
<-11 °C, a tank heating system running 
off the engine coolant was fitted and to 
prevent the urea pipes freezing, they were 
routed alongside the cooling system 
piping.

In addition to the technical specifications 
for the EGA system, DB directives for con-
version of the locomotive also had to be 
followed. Modifications to the shunter dur-
ing the course of the conversion had to be 
notified to the German Federal Railways 
Office in accordance with TEIV (Trans-
European Interoperability Regulations). 
Particular emphasis was placed on the 
overall weight of the locomotive and the 
associated maximum permissible wheelset 
loads as well as on compliance with the 
noise emission limits. 

The locomotive operator, DB Schenker 
Rail, also specified a further condition for 
EGA system design: EGA installation was 
not to alter any of the locomotive’s driver 
controls or its maintenance intervals.

Design of the exhaust 
aftertreatment components

The design was developed jointly with the 
Umicore company and reflected the typical 
duty profile of a shunting locomotive. 
Among the particular challenges involved 
were the load profile with its idling com-
ponent of >70 %, and the average exhaust 
temperatures of <300 °C.

The particulate filter had to be suitable 
for active regeneration using a diesel burner 
as well as for passive NO2-based regenera-
tion. A DPF made of highly porous silicon 
carbide was thus selected. Dimensioning 
was based on simulation calculations and 
component tests aimed at meeting demands 
for the lowest possible exhaust backpres-
sure and a high ash storage capacity. 

Reliable passive filter regeneration re
quires a sufficiently high exhaust 
temperature as well as a high NO2 con-
centration in the exhaust. To achieve that, 
a DOC as well as a catalytically coated DPF 
were used.

Selection of the SCR catalyst, which is 
located downstream of the DPF, must 
reflect the possible risk of transient exces-
sive temperatures during active filter 

regeneration. For that reason, a zeolite-
based SCR catalyst that is stable at high 
temperatures was chosen. In order to ob
tain high NOx conversion whilst also re
taining a compact catalyst volume, equal 
proportions of NO and NO2 in the exhaust 
are crucial. ❸ illustrates the interrelation-
ship by plotting the NOx conversion rates 
established on the model gas test stand 
against the NO2/NOx ratio. It can be seen 
that, especially at low temperatures, an 
increase in NO2 content significantly 
improves NOx conversion. If the NO2 con-
stituent rises above 50 %, the conversion 
rate dips slightly again. A further point for 
consideration is that NO2/NOx ratios of 
>50 %, can create N2O (laughing gas) as 
an undesired byproduct. The DOC and 
coated DPF must therefore be suitably 

❶ 	Progressive tightening of EU emission limits for locomotives

❷ 	Basic structure of the exhaust 
aftertreatment system

Industry Exhaust Aftertreatment

50

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



dimensioned to prevent an excessively 
high NO2 concentration upstream of the 
SCR catalyst. N2O emissions in the critical 
temperature range can also be limited by 
lowering the AUS dosing rate although 
this necessarily involves a corresponding 
reduction in the NOx conversion rate.

Design

In order to integrate the technology in the 
locomotive, the space available had to be 
utilized as efficiently as possible. At the 
same time, however, the system had to be 
easy to maintain and straightforward re
placement of individual components was 
essential. A modular design was therefore 
selected. The welded housing consists of 
three levels, each of which is fitted with 

the catalysts. ❹ shows flow routing. The 
mixing section, which is integrated in the 
housing, deserves particular mention. This 
section is designed to allow the AUS injected 
into the exhaust as much time as possible 
for evaporation, mixing and thermolysis 
before it flows through the SCR catalysts.

Large diameters were used in order to 
accommodate the catalyst volume as com-
pactly as possible within the space avail
able. In the case of the DPF, even square-
section substrates were used to achieve opti-
mum use of space. However, reliable fixing 
of the ceramic catalysts inside the sheet-
metal housing, known as “canning”, is then 
significantly more difficult than with round 
substrates as the required even surface pres-
sure cannot be produced as easily. MTU 
developed and patented its own canning 

process for reliably fitting square substrates 
in the housing [3]. This process also means 
that the filter substrates can be removed 
quickly, easily and non-destructively from 
the “can” and because this canning method 
has a number of additional advantages, the 
round DOC and SCR catalyst substrates 
were also fitted on the same principle.

The process involves wrapping the 
monoliths in a ceramic-fiber mat and 
pressing them into the outer casing with 
an extra, specially formed sheet-metal 
jacket, ❺. The sheet-metal jacket, in 
conjunction with a special fitting device, 
means that no axial force has to be exerted 
on the catalysts during insertion and 
extraction so that they remain undamaged.

In combination, all of these measures, 
i.e. arrangement and geometry of the cat-
alysts, integrated AUS mixing section and 
specially developed canning process, led 
to the creation of an extremely compact 
solution. Although the system is heavier 
than the silencer it replaces, the locomo-
tive nevertheless remains within overall 
weight and wheelset load limits.

On completion of the design phase, the 
EGA system was manufactured, assem-
bled and tested on the stand at MTU.

Test stand results

The EGA system underwent intensive 
examination on the engine test stand. The 
process involved defining the regeneration 
strategy for the DPF, configuring the inter-
nally developed controller and verifying 
compliance with the legal limits for partic-
ulate matter, NOx and noise emissions. 
Special attention was also paid to avoid-
ing unwanted secondary emissions such 
as NH3 and N2O.

An essential part of the investigations 
was devoted to validating DPF regenera-
tion. Soot starts to react with NO2 at ex
haust temperatures between 250 °C and 
300 °C. An operating cycle based on ear-
lier load profile records for an identical 
shunting locomotive was simulated and 
run over a period of 50 h on the test 
stand. An average exhaust temperature of 
approximately 240 °C was produced. 
However, no significant rise in exhaust 
backpressure was identified during the 
simulated operating cycle. In the course of 
further investigations into soot accumula-
tion, the engine settings were temporarily 
altered so that large quantities of soot 

❸ 	NOx conversion rate as a function of temperature and NO2/NOx ratio

❹ 	Cross-section through the exhaust aftertreatment system
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were emitted at exhaust temperatures 
<250 °C. Despite a soot accumulation 
period of over 8 h, once again no signifi-
cant increase in exhaust backpressure was 
identified. On the basis of these passive 
DPF regeneration results, it was decided 
that the EGA system required no active 
DPF regeneration functionality. The inves-
tigations also showed that particulate 
matter emissions were well below the 
limit specified for EU IIIB.

Various control and calibration scenarios 
were tested for validating the SCR system. 
The AUS dosing rate was controlled using 
an NO

x sensor. As a basic principle, dosing 
was only enabled at exhaust temperatures 
>250 °C in order to prevent urea deposi-
tion. With an ammonia-NOx-ratio (ANR)=1 
(ANR = nNH3/(nNO + nNO2)), conver-
sion rates of >90 % were measured at low 
to medium exhaust volume flows. At 
higher exhaust volume flows, the conver-
sion rates dropped so that the NOx reduc-
tion rate was around 85 % at full load. 
Ammonia slip was virtually eliminated by 
using an ammonia slip catalyst. Test stand 
measurements showed NH3 concentrations 
below 10 ppm downstream of the EGA, 
even with ANRs between 1 and 1.2. The 
results also showed that ammonia was not 
oxidizing into nitrogen oxides and was 
being completely converted into N2.

During initial intensive testing of the 
EGA system on the engine test stand, N2O 
was detected at temperatures below 
400 °C. In order to suppress the formation 
of this undesired reaction by-product, 
ANR was adjusted according to the 
engine’s operating status. 

In the acceptance test, an average NOx 
conversion rate of >70 % was recorded 
over the ISO-F cycle so that NOx emissions 
were well below the level of 3.5 g/kWh 
demanded by EU IIIB. At the same time, 
NH3 and N2O emissions were kept to an 
absolute minimum.

According to Directive 2001/16/EC, 
noise emissions from the locomotive 
must not increase as a result of replace-
ment of a subsystem. It was therefore 
necessary to demonstrate that the EGA 
system had at least the same silencing 
capability as the standard silencer and a 
comparative test was carried out for that 
purpose. The results are shown in ❻. In 
the event, the silencing effect of the EGA 
system was actually shown to be signifi-
cantly better.

Interim field trial results

Following successful testing and approval 
on the test stand, the EGA system was 
installed in the locomotive at the DB loco-
motive maintenance depot in Cottbus. It 
has been in operation on daily shunting 
duties at Bietigheim-Bissingen rail yard 
since the middle of 2008 with a work 
schedule of around 3000 h per year. As 
DB AG had never used AUS for railway 
transportation in the past, an AUS filling 
station was set up especially for this loco-
motive at the DB refueling depot in 
Kornwestheim.

The entire operation can be rated very 
positively for both MTU and DB. The sys-
tem has proved fit for purpose and durable 
under all circumstances. The locomotive 

❻ 	Results of the 
noise emission test

❺ 	New canning process
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was available for duty at all times. There 
were no problems with maintenance or 
locomotive availability and no unsche
duled visits to the maintenance depot.

As expected, analysis of the load profile 
logged showed an idling component >70 %. 
It also showed average exhaust temperature 
was even lower than 240 °C, which poses 
a major challenge for continuous 
regeneration of the DPF. Nevertheless, the 
DPF exhibited no irregularities over the 
entire period of the trials. The level of 
purely passive regeneration taking place was 
adequate. One reason for this is the occur-
rence of short but frequent full load 
phases involving high exhaust 
temperatures. 

After 3000 h of duty, a scheduled filter 
service was carried out during which the 
accumulated ash was removed. This in

volved removing the filter, cleaning it out 
with compressed air and refitting it. After 
the filter was serviced, its initial back
pressure levels were achieved once again. 
❼ shows the backpressure progression 
over time.

Examination of field trial data on the 
SCR system, ❽, shows that conversion 
rates of >90 % can also be achieved in 
the field. Precise control means that the 
system also has good transient load 
response. Although the average exhaust 
temperature upstream of the system is 
below the limit for enabling AUS dosing, 
urea solution can still be injected more 
than 50 % of the time. This is because its 
heat retention capacity allows the system 
to heat up quickly at full load due to the 
high exhaust enthalpy flow and to cool 
slowly during subsequent idling phases.

The results of the field trials were 
equally positive from the design view-
point. The mechanical strength of the 
housing was verified under continuous 
duty conditions and the modular design 
of the housing proved a definite advan-
tage when it came to filter servicing and 
inspections. The internally developed can-
ning process also functioned reliably. Dur-
ing the two winter periods involved, no 
AUS freezing occurred, either in the tank/
pipes or at the refilling station.

Summary

In the LOCEX research project, MTU was 
able to put an internally developed and 
manufactured EGA system, designed 
jointly with Umicore, to the test under 
real daily working conditions as oper-
ated by DB. There were no problems 
with the locomotive and no unscheduled 
visits to the maintenance depot. DB’s 
experience with AUS as an additional 
consumable new to rail applications was 
also positive. Compliance with statutory 
emission limits as per EU IIIB was veri-
fied both on the engine test stand and in 
the field trials. 

MTU and DB were able to gain valu
able experience and knowledge both of 
DPFs and a SCR system. For rail applica-
tions in accordance with EU IIIB specifi-
cations, however, MTU regards a combi-
nation of EGR and DPF as more effective 
because, among other factors, it requires 
no additional AUS infrastructure. The 
insights gained from the research project 
are already being utilized for all 
applications. 
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The New Deutz Tier 4i Engines
Part 2 – Performance and Emissions
With a new engine generation Deutz faces the increasingly tightened exhaust gas regulations. In the MTZ issue 

10 the aspects construction and fatigue durability were presented in the first part of this article. The second part 

discusses the operating and emission performance of the engines in the power class above 130 kW as well as 

the associated technological measures. At the same time, the sometimes very different requirements of the 

application areas for agricultural and construction machinery will be taken into account.
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Ways to emission decrease

Emission legislation remains an essential 
technology driver for engine development. 
This also applies for industrial engines, the 
limit values and introduction schedules of 
which are staggered according to the engine 
power. Emissions level EU III B or US Tier 
4 interim for an engine power greater than 
130 kW with the limit values shown in 
❶ for NOx and particulates will become 
effective on January 1, 2011 and now also 
requires the wide-scale introduction of 
exhaust gas aftertreatment for industrial 
engines. The stricter exhaust legislation 
not only involves lower limit values but 
also the test methods. In contrast to the 
current legislation EU Stage III A or US 
Tier 3 with the 8-point stationary cycle, a 
dynamic cycle (NRTC = Non-Road Tran-
sient Cycle) also applies as well as the so-
called NTE (Not-To-Exceed) range, in which 
the limit value must not be exceeded by 
more than 50 % at any operating point.

The two technology paths shown in ① 
basically apply for compliance with the 
legislation: The first path involves an 
engine-internal optimization of the par
ticulates and fuel consumption in con-
junction with a representation of the NOx 
limit value with an SCR system already 
tested in the EU 4 and EU 5 on-road legis-
lation. The second path results from an 
engine-internal demonstration of the NOx 
emissions with an externally cooled 
exhaust gas recirculation and achieve-
ment of the particulate limit value with a 
diesel particulate filter (DPF). Deutz has 
introduced a two-stage burner for regen-

eration of the DPF under all environmen-
tal and operating conditions. The particu-
late matter emissions were reduced by 
optimizing the combustion process, 
whose core technology is the 2000 bar 
common rail system. As already outlined 
in the first part [1], introduction of the 
new emission level calls for a radical revi-
sion of the engine concept. 

Emissions and Performance

On the basis of the exhaust legislation of 
Stage III B or Tier 4 interim applicable 
from January 1, 2011, the series produc-
tion launch of the engines in the power 
group above 130 kW is set for the autumn 
of 2010. Deutz has streamlined the prod-
uct spectrum considerably for this. In this 
power segment, all engines with a Bosch 
common rail system of generation 3.3 will 
be provided with maximum 2000 bar in
jection pressure. Only the power versions 
of the TCD 6.1 L6 to 160 kW for construc-
tion machinery or up to 180 kW for agri-
cultural applications are equipped with 
the common rail system of generation 2 
currently in series production today with 
maximum 1600 bar injection pressure. 
The four-valve system will also be intro-
duced uniformly. The 2V versions of 
series 2012 and 2013 will not developed 
for Stage III B/ Tier 4 interim. This results 
in the four basic engines TCD 12.0 V6 and 
TCD 16.0 V8 as a further development of 
the V-engine series 2015 as well as the 
TCD 6.1 L6 as a successor to the TCD 
2012 L06 and the TCD 7.8 L6 as a succes-
sor to the TCD 2013 L06.
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V-engines TCD 12.0 V6  
and TCD 16.0 V8

The V-engines have probably undergone 
the most extensive revision to the engine 
concept. The engines still provided with 
an electronically controlled PLD system 
for Stage III A/Tier 3 will now be convert
ed to common rail injection. At the same 
time, the very positive production experi-
ence from the series engines in the 4 to 7 
litre class could be utilized. Divergent from 
the in-line engines, the pressure is 
generated via a high-pressure pump of 
generation CPN5.2, which also allows a 
further increase in the injection pressure 
of up to 2200 bar without any changes to 
the design.

In contrast to the in-line engines, the 
V-engines are equipped with an SCR sys-
tem as standard. A significant consump-
tion advantage results over the EGR 
option. Furthermore the cost assessment 
for SCR systems on the one hand, and for 
controlled exhaust gas recirculation in 
conjunction with a particulate filter on the 
other hand, clearly favour the SCR system 
in the case of engines of this power 
category.

With the SCR system, the optimization 
of the combustion was concentrated on 
minimizing the particulates and fuel con-
sumption as well as increasing the torque 
curve and improving the engine dynam-
ics. In particular through the injection 
system and by cutting out the EGR, an 
increase in power from 360 to 390 kW 
could be achieved in the TCD 12.0 V6 
and from 500 to 520 kW in the TCD 
16.0 V8, ❷.

The particulate matter emissions 
reached a level where there is no need 
for exhaust aftertreatment to achieve the 
limit values, this accompanied by a 
reduction in fuel consumption of up to 
6 %. The number of injection holes was 
increased from seven to eight in conjunc-
tion with a reduction in the hydraulic 
flow rate from 620 to 570 cm3/60 s.

Series engines  
TCD 7.8 L6 and TCD 6.1 L6

Use of the four-valve technology in the 
series engines for construction machinery 
as well means that the two key market 
segments agricultural machinery and con-
struction machinery [2] are now served 

by the same basic engine. Here too, the 
injection system of generation 3.3 with 
2000 bar will be introduced. It was possi-
ble to continue with the compact unit 
pump concept despite the increased pres-
sure without widening the tappet, as the 
higher system pressure on account of the 
minimized leakage volumes could be 

overcompensated by using a plunger 
diameter reduced from 9 to 7.5 mm. 

Essential measures for optimizing the 
combustion and power data in these 
engines are also the introduction of an 
eight-hole nozzle as well as the reduction 
of the hydraulic flow rate from 780 to 
660 cm3/60 s in the TCD 7.8 and from 

Industry Commercial Vehicle Drives 

56

Engine power:     Tier3     Tier4i        Engine torque:     Tier3     Tier4i    

BSFC:     Tier3     Tier4i        Smoke number:     Tier3     Tier4i    

E
ng

in
e 

po
w

er
 [

kW
]

0
50

100
150
200
250
300
350
400
450
500
550

E
ng

in
e 

po
w

er
 [

kW
]

0
50

100
150
200
250
300
350
400
450
500
550

V8

B
S
FC

 [
g/

kW
h]

195
200
205
210
215
220
225
230
235
240
245
250

Engine speed [rpm]

800 1000120014001600180020002200

B
S
FC

 [
g/

kW
h]

195
200
205
210
215
220
225
230
235
240
245
250

Engine speed [rpm]

800 1000120014001600180020002200

E
ng

in
e 

to
rq

ue
 [

N
m

]

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200
V6

E
ng

in
e 

to
rq

ue
 [

N
m

]

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

S
m

ok
e 

[B
S

Z]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

V6

S
m

ok
e 

[B
S

Z]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

V8

❷	Power, torque, fuel consumption of TCD 12.0 V6 and TCD 16.0 V8

Engine power:     Tier3    Tier4i        Engine torque:     Tier3     Tier4i

BSFC:     Tier3     Tier4i        Smoke number:     Tier3     Tier4i    

E
ng

in
e 

po
w

er
 [

kW
]

0
30
60
90

120
150
180
210
240
270
300
330

E
ng

in
e 

po
w

er
 [

kW
]

0
30
60
90

120
150
180
210
240
270
300
330

Agripower

B
S

FC
 [

g/
kW

h]

180
185
190
195
200
205
210
215
220
225
230
235

Engine speed [rpm]

1000 1200 1400 1600 1800 2000 2200 2400

B
S

FC
 [

g/
kW

h]

180
185
190
195
200
205
210
215
220
225
230
235

Engine speed [rpm]

1000 1200 1400 1600 1800 2000 2200 2400

E
ng

in
e 

to
rq

ue
 [

N
m

]

700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800

Industrial Application

E
ng

in
e 

to
rq

ue
 [

N
m

]

700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800

S
m

ok
e 

[B
S

Z]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

S
m

ok
e 

[B
S

Z]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

❸	Power, torque, fuel consumption for the TCD 7.8 L6 agricultural with engine protection function and the 
TCD 7.8 L6 industrial

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



690 to 500 cm3/60 s in the TCD 6.1. Fur-
thermore, the turbocharger efficiency 
could be increased through the introduc-
tion of generation 2 from BorgWarner. The 
concept of the previous series 2013 also 
allowed an increase in the cubic capacity 
for the TCD 7.8 from 7.2 to 7.8 l for [ 1 ], 
which was crucially utilized for increasing 
the power, ❸. 

Two different emission technology con-
cepts are basically applied for the market 
segments agricultural and construction 
machinery. In agricultural machinery, par-
ticulate filters with thermal regeneration 
are regarded as critical for reasons of 
installation space and on account of the 
hot exhaust gas during the regeneration. 
As already mentioned for the V-engines, 

the SCR system provides the option of 
optimizing fuel consumption and high 
power density accompanied by soot emis-
sions at the detection limit. In comparison 
to the Stage III A or Tier 3 engine with 
EGR, the customer benefit could also be 
enhanced considerably here by reducing 
the cooling power. 

For construction machinery, the use of 
particulate filters enables applications in 
specially regulated zones such as tunnel 
or underground projects, compliance with 
the Swiss VERT directive as well as sepa-
rate standards in numerous urban 
environmental zones. Furthermore, the 
independence from the AdBlue supply not 
yet fully implemented in the early phase 
of the SCR system introduction played an 
important role for decentralized use of the 
construction machinery. Replacing the 
internal EGR by the technically more 
complex externally cooled and controlled 
EGR achieved positive results in the 
power, consumption and soot 
performance. 

③ and ❹ show the power and torque 
curve as well as the fuel consumption and 
the soot value at full load for the two 
engines in direct comparison with the 
predecessor engine. An engine protection 
function is realized, which enables a per-
manent power increase in relation to the 
intake air temperature and exhaust tem-
perature upstream turbine, setting it apart 
from conventional power boost concepts, 
where the extra power is only available 
for a short time. The TCD 6.1 therefore 
achieves a rated power of 203 kW with an 
overpower, typical for agriculture engines, 
of 211 kW at 2000 rpm, while the TCD 7.8 
reaches up to 285 kW corresponding with 
an overpower of 299 kW to a specific 
power of 38.6 kW/l in conjunction with a 
maximum brake mean effective pressure 
of 25.4 bar at 1500 rpm. The power 
increase achieved with the revised con-
cept in the TCD 6.1 L6 to 180 kW for 
construction machinery applications also 
includes the option for downsizing, as 
this engine can now serve applications 
whose requirements in Stage III A are 
only fulfilled by the 7.2 l engine.

The very good consumption data, ③ 
and ④, could also be achieved by using a 
DoE-based data optimization. In doing so, 
the focus of the fuel optimization was on 
the customer cycle representative for each 
application. The reduced consumption in 
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comparison to the Tier 3 engines is 4 to 
7 %. The power reduction in operation at 
altitude could be limited considerably by 
optimization in the altitude chamber. Here 
the potential of the technology concept 
could be explored that way, that also at 
3000 m altitude, a significantly improved 
torque curve could be demonstrated.

Use of the controlled external cooled 
EGR also enabled a significant improve-
ment in the engine dynamics besides the 
above improvement effects of the station-
ary values shown. ❺ displays the torque 
achievable during load pick-up from 
motored operation to full load at constant 
speed. Thanks to the optimized super-
charging and controlled EGR, a faster 

torque build-up could be achieved, this in 
conjunction with opacity values that are 
below the visible range even without 
DPF.

SCR for agricultural 
machinery applications  
and V-engines

The Vanadium-based coating of the SCR 
catalyst optimized further since introduc-
tion of the EU 4 and EU 5 truck engine 
enables a maximum efficiency of 95 %, 
as shown in ❻ with the example of the 
TCD 6.1 L6. The high exhaust gas tem-
perature at the turbine inlet of up to 
590 °C accompanied by a power density 

of almost 35 kW/l also causes a signifi-
cant efficiency loss in contrast to the opti-
mum operating point. In particular, the 
high weighting of the rated power point 
in the 8-point test (NRSC) posed a special 
challenge here. Nevertheless, a carefully 
optimized metering strategy could be uti-
lized to achieve SCR efficiencies of 75 to 
80 % in the crucial full load area, thereby 
enabling the consumption data shown in 
❼. The diagram of the efficiency versus 
exhaust temperature and space velocity 
shows that the exhaust gas temperature is 
the essential influencing variable for the 
efficiency, and an increase in efficiency 
cannot be expected from a substrate 
enlargement.
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DPF with burner for  
construction machinery

As already explained in [ 2 ] and [ 3 ], an 
NOx/soot ratio greater than 50 and an 
exhaust gas temperature above 250 °C is 
required for reliable passive regeneration 
of a DPF. For engines with exhaust gas re
circulation in the power class above 
130 kW, this is not provided in the entire 
map especially due to the low NOx engine 
out emissions. Furthermore, a regenera-
tion independent of the application and 
operating cycle is expected for the mainly 
very high-quality machines in this power 
class. This also applies for very low ambi-
ent temperatures and operation at alti-
tude. Deutz has developed a burner [1], 
❽, for the cyclical thermal regeneration 
of a DPF, which corresponds to these 
requirements.

The burner works in two stages. In the 
first stage, fuel is burned by a stoichio-
metric combustion with a thermal output 
to 15 kW. The air pump provides the 
combustion air for this. For exact meter-
ing of the air mass, this is measured and 
controlled using a hot film sensor. The 
fuel is supplied via an extended metering 
module (MU 2) from Bosch Departronic, 
an additional metering valve being 
installed for the fuel supply of the first 
burner stage. The glow plug also allows 
ignition of the burner under Artic ambi-

ent conditions. The spark ignition stabi-
lizes the burner operation. A swirl atom-
izer is used to achieve a homogenous sta-
bilized stoichiometric combustion (blue 
soot-free flame), which prevents soot for-
mation through the burner from prolong-
ing the regeneration time. In the second 
stage, fuel is dosed into the exhaust gas 
of the first stage, so that this evaporates 
in the very hot low-oxygen exhaust gas, 
but is hardly oxidized. However, the 
evaporation enables an ideal treatment 
for the catalytic oxidation. At the outlet 
from the evaporator pipe of the burner, 
the burner gas is mixed with the engine 
exhaust gas, following by oxidation of the 
evaporated hydrocarbons in the oxidation 
catalyst (DOC). The dosage of the second 
stage serves as a control variable for the 
regeneration temperature.

In the development phase, considerable 
attention was placed on avoiding auto-
ignition during entry of the burner gas 
into the engine exhaust, as this also leads 
to unwanted heat losses during the regen-
eration in addition to the thermal loading 
of the exhaust gas pipes and impairs the 
controllability of the temperature during 
the regeneration, whereby temperature 
peaks in the filter substrate can occur, 
which cause material damage to the filter 
in the least favourable case. The coating 
of the DOC has been specially optimized 
for this exothermal reaction. Routing the 

burner air through the housing cover con-
siderably reduces the thermal load on the 
spark plug seat, while preheating the 
burner air so as to stabilize the combus-
tion at the same time.

The start of the burner and the 
temperature control are shown by the dia-
gram in ⑧. A low volume of fuel is evapo-
rated on the hot glow plug surface in the 
start phase and then burned in a diffusion 
flame. A stabilization of the flame in the 
form of a premixed stoichiometric com-
bustion is achieved after a few seconds. 
Afterwards, the first stage can be 
increased in a ramp-like manner up to the 
maximum heating power of 15 kW. The 
fuel metering in the second stage is possi-
ble as soon as the catalyst has reached its 
light-off temperature of approx. 300 °C. 
This is always possible, irrespective of the 
engine operating point and ambient 
conditions. 

With the help of a model-based 
approach, the second stage controls the 
regeneration temperature, this ensuring a 
gentle regeneration of the filter provided 
with a cordierite substrate thanks to a 
ramp-shaped start up. The quality of the 
temperature control in the transient 
engine operation is demonstrated by ❾ 
based on the non-road transient cycle. 
Extensive field testing in various applica-
tions verified robust operation of the 
burner.
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Cold chamber tests demonstrated the 
fault-free starting of the burner and a 
complete regeneration of the particulate 
filter at –25 °C at high idle operation. The 
challenge of high idle operation involves 
the combination of low exhaust gas tem-
peratures with a relatively high exhaust 
gas mass flow rate, which can be used to 
test attainment of the light-off tempera-
ture of the catalyst under extreme condi-
tions. In the altitude chamber, the regen-
eration was tested for use above 3000 m. 
Even with an oxygen content in the ex
haust gas of only 2 %, a reliable regenera-
tion in less than 25 minutes is ensured.

Electronics Concept

A modular concept for sensors and actua-
tors based on the control unit platform 
Bosch EDC 17 has been created for the 
various applications. The monitoring and 
control of the SCR system is on the basis 
of two NOx sensors; the stoichiometric 
combustion in the burner requires an 
accurate metering of air and fuel, which is 
accompanied by numerous pressure and 
temperature sensors. The EGR is control-
led with a Venturi sensor, which is used 
to measure the EGR mass; a potential drift 
is compensated with the NOx sensor. The 
burner DPF system was integrated by 
Deutz Development, i.e. the associated 
monitoring of the DPF loading and control 
of the DPF regeneration is treated as core 
expertise. A software sharing was agreed 
with Bosch for this, in which certain mod-
ules can be integrated as Deutz-own object 
code. Interfaces were created by Bosch 

and memory spaces reserved for the Deutz 
software. Besides the monitoring and 
regeneration software for the DPF, Deutz 
also provides the code for the air path 
control and special application-dependent 
machine functionalities for the end cus-
tomers. The testing and validation of the 
entire software is carried out on HiL sys-
tems, on the engine test bench and in the 
application by Deutz.

Summary

Deutz has utilized the further develop-
ment of the engine series of power class 
130 to 560 kW for the deadline January 1, 
2011, to significantly enhance customer 
benefit amongst other factors in the crite-
ria of power density, dynamics and fuel 
consumption. The cross-platform exhaust 
gas aftertreatment strategy has found a 
way to achieve a maximum amount of 
flexibility at reasonable expense which 
copes with the diverse range of applica-
tions. In particular, the different require-
ments of the market segments agricultural 
and construction machinery were able to 
be taken into account. The core of the 
technology portfolio is the burner, which 
ensures a reliable regeneration of the par-
ticle filter under all operating and envi-
ronmental conditions, without the opera-
tional availability of the machine being 
impaired by this. The expertise thereby 
gained in regard to the control concept 
was able to be secured as part of a soft-
ware sharing approach.

The engines presented here with intro-
duction of the Tier 4 interim/Stage III B in 

the power class above 130 kW in January 
2011 will be continued with the engines 
of the power class from 56 to 130 kW in 
January 2012. This concerns the further 
development of the TCD 2012 L04 as TCD 
4.1 L4 as well as the market launch of the 
new series TCD 3.6 L4 and TCD 2.9 L4.
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Two novel engine control models which account for multiple parameters influencing 
the air path in gasoline engines with extended valve train variabilities have been 
investigated at the Institute for Combustion Engines at RWTH Aachen University 
within the scope of FVV (Research Association for Combustion Engines) project 938 
“Air path model for variable valve trains”. The first model constitutes static as well 
as learnable physical-neuronal functionalities that are integrated into the engine 
management software of the FVV engine control unit. The second model concerns a  
real-time gas exchange algorithm in which high-resolution pressure signals on the 
intake and exhaust port as well as the cylinder pressure signals were used. Hereby, 
the respective software was implemented on a high-performance rapid control 
prototyping unit.
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1 Introduction

Today’s valve trains in state-of-the-art engines are becoming in-
creasingly complex. For example, such valve trains require fully 
variable intake and exhaust cam phasing, discrete [1] or continu-
ous valve stroke [2, 3] as well as freely controlled valves [4, 5]. 
This complexity thereby increases the degrees of freedom result-
ing in difficult, sophisticated controlling and modelling algorithms 
in engine management systems. In particular, the precontrol and 
the air path have to be adapted to these degrees of freedom.

One of the focal components in gasoline engine management 
systems is the air path model that calculates the mass of fresh air 
entering the combustion chamber for each combustion cycle. It is 
hereby essential to exactly calculate the air mass during station-
ary and especially dynamic operation.

Typical air path models nowadays are based on the parameters 
of air mass sensors, intake manifold pressure and throttle sensors. 
Engine managements based on cylinder pressure [6] can use the 
data of combustion chamber pressure sensors to calculate the gas 
mass of each individual cylinder [7]. Low pressure indication at 
the intake and exhaust side as well as the respective temperatures 
measured at an engine test bench enables a gas exchange analy-
sis in a physical model. This procedure, however, exerts high tech-

nical demands on the engine management system (EMS) hard-
ware, especially for real-time calculations.

Besides purely physical models, there are map-based models as 
well as artificial neuronal networks (ANN), which mimics biologi-
cal neuronal systems [8]. In this latter system, multiple param
eters can be imaged in real time.

Whereas conventional map-based models are restricted to few 
parameters, the neuronal networks are advantageous, because they 
approximate the actual physical process with high precision and 
use multiple parameters. Besides static neuronal networks, there 
also online-learnable neuronal network models that can learn 
directly at the test bench [9].

2 Cylinder Pressure Based Engine Control  
with Physical-neuronal Charging Model

The indicated mean effective pressure (imep) represents the reference 
input parameter in the basic structure of the engine control model, 
realized on a rapid control prototyping (RCP) unit (Protronic: RCP sys-
tem by AFT Atlas Fahrzeugtechnik GmbH) [10]. The operating mode 
is defined by the operating mode manager. The basic structure ❶ is 
designed to generate a precontrol consisting of base maps depend-
ing on engine speed and the indicated mean effective pressure with 
dynamic adjustments. The advantage of this structure is that it can 
be adjusted to the measured indicated mean effective pressure ex-
tracted from the cylinder pressure signal. The desired intake air mass 
from the precontrol dictates the throttle control and the desired valve 
stroke map. In unthrottled operating mode, the throttle is complete-
ly opened or is set to a desired manifold pressure. Depending on throt-
tled or unthrottled operating mode, either the desired valve stroke 
map is addressed or the stroke is set to a fixed value and the load is 
thereby controlled by the throttle position.

1	 Introduction

2	 �Cylinder-pressure based engine control 

with physical-neuronal charging model

3	 Real-time gas exchange model

4	 Summary
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❶	Overview of the precontrol 
implemented in the cylinder-
pressure based engine control
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The air path model requires the initial identification of the 
input parameters that depend on the valve train variability re-
sulting from the valve train configuration. The input values of 
an engine with intake and exhaust cam phasing and fully vari-
able valve control (VVT) are: the valve stroke, the position of the 

intake and exhaust camshaft, the manifold pressure and the en-
gine speed.

If the intake and exhaust camshaft timings are maintained 
constant at a specific engine speed, the relationship between the 
manifold pressure and volumetric efficiency (engine absorption 
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❷	Measured correlation between manifold pressure and volumetric efficiency 
(VVT engine) ❸	Comparison of different approximation functions

❹	Implemented physical-neuronal air path model

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



behavior) on a naturally aspired engine is linear with respect to 
constant residual gas mass. ❷ (A) illustrates this linearity for an 
intake stroke variation at constant camshaft timing and engine 
speed; ② (B) shows an engine speed variation at constant cam-
shaft timing and valve stroke; ② (C) displays a variation of intake 
camshaft timing at constant engine speed, constant exhaust tim-
ing and constant valve stroke. Finally, ② (D) presents a variation 
of exhaust camshaft timing at constant engine speed, constant 
intake timing and constant valve stroke.

With this linear correlation between manifold pressure and vol-
umetric efficiency, an air path model can be calibrated using the 
manifold pressure offset p0 (intersection of the straight line and 
the x-axis) and the standardized volumetric efficiency λa,norm 
(defined at 1013 mbar and 293.15 K), whereby both depend on 
camshaft timing, engine speed and valve stroke. This model is then 
valid for throttled as well as unthrottled operating mode. The 
respective coefficients (manifold pressure offset p0 and standard-
ized volumetric efficiency) are determined by varying the intake 
manifold pressure for operating points with all the other param
eters fixed. Consequently, the engine absorption behavior can be 
displayed for all degrees of freedom in the air path.

The principal advantage of using neuronal networks is that they 
are better suited for modelling the multidimensional relationships 
in the air path for fully variable valve trains than conventional maps 
or polynomial models. Thus, the neuronal networks yield high 
accuracy in approximating a physical process on the basis of 
measuring data and aptly display non-linearities [9].

❸ shows the approximation behavior of the Multilayer Percep-
tron Neuronal Networks (MLP), which were applied for the model-
ling of the engine absorption behavior in this research project, 
compared to polynomial models. ③ (A) shows the highly non-lin-
ear relationship between volumetric efficiency and engine speed 
for a constant combination of valve stroke and camshaft positions 
derived empirically. ③ (B) illustrates that 5th order polynomial 
model is unable to fit the measurement data. Even though increas-
ing the polynomial to the ninth order leads to a better general fit, 
it still displays distinct differences to the target function. By 
contrast, a MLP neuronal network with ten neurons can achieve a 
very good fit, ③ (D). It is apparent that the number of neurons has 
a significant influence on the accuracy of the fit. ③ (C) showing a 
MLP neuronal network with five neurons in the hidden layer does 
not fit the target function. Besides the number of neurons, the 
number of measuring points also has a large influence on the 
model quality. 

The characteristic coefficients “standardized volumetric effi-
ciency λa,norm” and “intake manifold pressure offset p0”, which are 
derived from the linear relationship between manifold pressure and 
volumetric efficiency, are then stored in two MLP neuronal net-
works with four input values: valve stroke, intake and exhaust cam-
shaft positions and engine speed for all measured operating points. 
The applied MLP neuronal networks possess one hidden layer with 
sigmoid transfer function and a linear transfer function in the out-
put layer.

❹ shows the realized physical-neuronal air path model, which has 
been implemented in the presented cylinder pressure-based engine 
control model using the target hardware (AFT Protronic). According 
to Eq. 1, the actual volumetric efficiency λa,act is calculated with the 
values “standardized volumetric efficiency” and “manifold pressure 

offset” subject to the actual intake manifold pressure (pint) and the 
defined standard pressure pstand (1013 mbar).

EQ. 1 λa,act = ​ 
(pint – p0)

 _________ (pstand – p0)
 ​ · λa,norm

In certain cases the linear approach to describe the air charge is not 
precise enough, especially when the ratio of the integrated flow cross 
section during valve overlap compared to the integrated intake cross 
section is large. Therefore a linearization correction is integrated in-
to the air path model. It uses the coefficients derived from the lin-
ear approach and saves an offset for the volumetric efficiency (∆λa) 
in a neuronal network. Depending on the ratio of exhaust pressure 
to intake pressure and the flow cross section during valve overlap a 
correction for the volumetric efficiency is calculated. 

Additionally, an air mass controller, which corrects the air path 
model, is integrated into the air path model. The correction factor 
is the difference between the output air mass from the neuronal 
model and a reference value. This reference value can be obtained 
either from an air mass flow meter at the test bench, the signal 
from an hotfilm air mass meter (HFM), an air mass calculated from 
the measured fuel mass and the lambda sensor signal value or an 
air mass from a gas exchange model (see chapter 3). 

④ shows the extension of the physical-neuronal air path model 
with the air mass controller. The air mass controller consists of a 
PI controller, which continuously corrects the model error. The con-
troller is activated, when an operating point is detected as station-
ary. The integral term is adapted by a learning algorithm based on 
local linear models (LOLIMOT) [9, 11]. 

To access the accuracy of the physical-neural air path model a 
FTP 75 cycle was simulated at the test bench with the air mass 
controlled turned off. ❺ shows the high accuracy achieved with 
the developed model for different cam phasing positions, engine 
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❺	Excerpt of a FTP 75 cycle on test bench
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speeds and valve strokes. During dynamic operation a maximum 
deviation compared to the reference air mass of 7 % was achieved, 
while during stationary operation the maximum deviation was 4 %. 

The learning performance of the air mass controller with the  
LOLIMOT net in combination with the PI controller is accessed by 
varying the operating point starting from a set point to an operat-
ing point with higher charge and back to the set point. Input pa-
rameters for the online adaptation net are: engine speed, intake 
cam phasing, exhaust cam phasing and valve stroke. ❻ illustrates 
that, when activating the air mass controller, the air mass correct-
ed by the air mass controller succeeds the reference air mass. 
When the learning algorithm is turned on, the LOLIMOT net adapts 
the integral part of the controller, which then consequently turns 
to zero. Changing operating points back to the set point shows, 
that the LOLIMOT net returns the factor learned with the PI con-
troller remaining zero. 

3 Real-time Gas exchange Model 

Implementing a real-time gas exchange model poses high demands 
on the engine control unit hardware. To compute the algorithms 
the rapid prototyping control unit “MicroAutoBox” (MABX) by 
dSpace linked with AFT Protronic was used. 

❼ depicts that a maximum step size of 6° CA which was defined 
at highest engine speed for real-time modelling, results in a sam-
pling time below 0.16 ms. Moreover the picture shows valve stroke 
profiles defined by a valve stroke grid, independent of engine 
speed, for two different sampling times (0.1 ms and 1 ms). It is 
apparent that at a sampling time of 1ms, the valve lift profile is 
jagged and not a smooth curve. Furthermore the system becomes 
very sensitive to numerical vibrations. The real-time gas exchange 
model and the computation power of the “MABX” enable one to 
set the sampling time of the real time calculation to 0.1 ms. Ac-
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❻	Learning performance of the air mass controller

❼	Demands on control unit hardware for real-time modelling 

❽	Engine control unit 
hardware for real-time 
modelling
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cordingly, a maximum step size of 3.6° CA at an engine speed of 
6000 rpm can be realized.

According to ❽, the four cylinder pressure indication signals 
from the VVT engine are read into the “Protronic” for imep-con-
trolling. The pressure signals for cylinder 1 and 2 as well as the 
low pressure signals of the intake and exhaust ports are used as 
analogue inputs into the “MABX”. It also shows the bypass func-
tion which enables communication between both control units. 

❾ presents an overview of the modules in the gas exchange 
model and their interactions. Input parameters of the model are 
the indicated pressures in the intake and exhaust ports as well as 
the cylinder pressure signal. Furthermore, the valve lift profiles 
for intake and exhaust have to be stored in a map for VVT engines. 
For an engine with an electromechanical valve train (EMVT), the 
valve lift profiles are provided as input signals. Additional values, 
which are obtained from the test bench or are sent as bypass sig-
nals by the engine control unit, are: engine speed, temperatures 
of the intake and exhaust system as well as valve timing (cam 
phasing with VVT, Inlet Valve Opening (IVO), Inlet Valve Closing 
(IVC), Exhaust Valve Opening (EVO) and Exhaust Valve Closing 
(EVC) with EMVT.

The inlet module contains the discharge coefficients of the in-
take system. The outlet module is analogous to this. Both modules 
include a discharge function as an array. Depending on the valve 
timing, the isentropic flow area is calculated using the valve lift 
profiles and the discharge coefficients. For each time step, the cyl-
inder pressure in the gas exchange cycle is calculated based on 
the energy balance. During the high-pressure cycle, the measured 
cylinder pressure is used to calculate the cylinder temperature ap-
plying the ideal gas law. Main input signals for the cylinder mod-
ule consist of the calculated mass flow rates of the intake and ex-
haust valves. In its turn, the computed cylinder pressure becomes 
an input parameter in the intake and exhaust modules. Output 
values of the gas exchange model are: mass flow rate, integrated 
mass flow for the valves, the cylinder mass flow curve as well as 
residual gas fractions. In a subsequent analysis of the model 
outputs, the parameters volumetric efficiency and charging effi-
ciency are calculated. 

❿ shows the values of the residual gas fraction and cylinder 
mass at IVC as well as the mass flow rates calculated by the real-
time gas exchange model (GEM) compared to the results of the 
1-D engine simulation tool GT Power (GTP). At operation point 1, 
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❾	Scheme real-time gas exchange analysis
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⑩ left, the engine speed is set to 4000 rpm and the valve lift to 
5.9 mm. Intake camshaft timing is shifted 55° CA to early IVO, 
and the outlet camshaft timing was adjusted 20° CA to late EVC. 
Like to the reference values of the GT Power calculations, the 
real-time values show a very small divergence for residual gas frac-
tion, cylinder mass and mass flow rate. With regard to the second 
operation point with 1.5 mm inlet valve lift and full valve overlap, 
⑩ right, there is a slightly increased residual gas fraction, where-
as the values for cylinder mass at IVC and the mass flow rate fit 
the reference values and curves well. 

⓫ shows the cylinder mass and residual gas fraction as a func-
tion of engine speed and intake stroke for the analyzed operat-
ing points compared to the reference model. In all, using the 
real-time gas exchange model based on pressure indication 
signals produced a mean standard deviation of 3 % for the cyl-
inder mass at IVC and the residual gas fraction for the analyzed 
operation points. 

5 Conclusion

Variability in valve trains of gasoline internal combustion engines 
leads to increasingly complex engine management systems that 
need to consider multiple system parameters. At the Institute for 
Combustion Engines (VKA) at RWTH Aachen University, two nov-
el engine control models have been investigated that account for 
the multiple parameters influencing the air path. 

The first model is a physical-neuronal model which computes the 
cylinder mass for all kinds of different valve train variabilities. This 
work has shown that neuronal networks are ideal for this task, there-
by minimizing the inherent errors of the system. In steady-state op-
eration a maximum deviation of less than 4 % was achieved with the 
physical-neuronal model compared to reference measurements from 
the test bench. Additionally, a self-learning algorithm based on local 
linear neuronal networks, allows self-learning of the whole system dur-
ing stationary operation. This self-learning algorithm is advantageous, 
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❿	Simulation results of the real-time model 
compared to GT Power

⓫	Cylinder mass and residual gas fraction as grid for 
real-time model and GT Power
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because is enables fast adjustment of the model to a reference air 
mass value. 

The second model consists of a real-time algorithm capable of run-
ning on engine management system hardware, enabling the calcula-
tion of the gas exchange in real time. By using the three input param-
eters intake pressure, exhaust pressure and cylinder pressure, this mod-
el is excellent for calculating the charging efficiency and residual gas 
fractions in combustion engines with extended valve train variabilities. 

This proposed real-time gas exchange model can be used to rap-
idly acquire measurement data and to accordingly calibrate the 
physical-neuronal model. This innovation will significantly speed 
up the calibration process of engine management systems, in par-
ticular, the air path. 

The physical-neuronal air path model as well as the learning func-
tion was implemented into the engine management software of the 
FVV engine control unit.
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CA Crank angle

EV Exhaust valve

EVC Exhaust valve closes

GEM Real-time gas exchange model

IGN Ignition timing

imep Indicated mean effective pressure

Ind_Cylx Indicated pressure cylinder x

INJ Injection timing

IV Intake valve

IVO Inlet valve opens

RT Real time

TDC Top dead center

VOL Cylinder volume

αThrottle
Throttle angle

αpmax
Peak pressure position 

ηi
Indicated efficiency
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