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OF EMISSIONS

4, 10  |  The main challenge in the further development of internal 
combustion engines is complying with future exhaust emissions 
standards while at the same time maintaining low CO2 emissions.  
In the future, exhaust treatment systems that use selective catalytic 
reduction (SCR) will become more widespread. In this issue of MTZ, 
BASF presents a compact integrated catalytic converter that  
combines the functions of particulate filtration and NOx reduction  
in a single component. Inside the engine, homogeneous charge com-
pression-ignited combustion might offer an alternative to complex 
exhaust aftertreatment systems. However, this combustion process 
results in new challenges regarding combustion control and engine 
load.  The advance development department of MTU, in cooperation 
with the Institute of Reciprocating Engines at Karlsruhe Institute  
of Technology (KIT), has developed a research prototype that allows 
partially homogeneous charge combustion with controlled self-ignition 
to take place over the entire engine map.
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MODULAR STRATEGY

Dear Reader,

It is a well-known fact that engines have 
become increasingly complex over the 
past few decades, and it is a process that 
is still ongoing today. Further reductions 
in CO2 emissions through downsizing 
and electrification as well as the introduc-
tion of the Euro 6 standard for diesel 
engines are just some of the current tech-
nical challenges. And in spite of all this 
innovative technology, the main focus is 
still on costs and product quality. 

Whenever I talk to experts about these 
issues, they soon mention the term 
“modular strategy” as a key approach. 
Modules that can be flexibly combined 
to create space for a wide range of tech-
nical implementations – freely scalable, 
from minimum to maximum, from a 
basic engine to a high-tech powertrain. 
Of course, these concepts require huge 
initial investment, as modularisation 
usually requires a complete redesign of 
the powertrain platform, or at least the 
complex and cost-intensive adaptation of 
all systems and components. The cost-
saving potential then becomes apparent 
over the production period. In addition 
to greater flexibility, modularity also 
means high production volumes, in other 
words low-cost, high-quality mass pro-
duction of innovative products. 

It comes as no surprise, therefore, that it 
is the big, multi-brand car makers like 
Volkswagen or General Motors who are 
pushing ahead with this strategy. The 
losers are likely to be smaller manufac-
turers who do not have sufficient capital 
for a complete implementation of a mod-
ular concept or, even if they have a mod-
ular strategy, do not have enough pur-
chasing power to benefit from the funda-

mental advantages of this concept. Even 
selective cooperation on individual pro-
jects, as is currently being advanced by 
some car makers for cost reasons, will, 
in my opinion, be made much more diffi-
cult in the future if a modular strategy is 
consistently implemented – manufactur-
ers would have to deviate too far from 
their in-house standards in order to be 
compatible with the products of their 
cooperation partner. 

One solution for smaller market players 
might be modular strategies that include 
several manufacturers, as these would 
result in a corresponding purchasing vol-
ume. I recommend considering this option 
with an open mind and going beyond 
hierarchical in-company thinking. What is 
your opinion? Please send your comments 
to me by email at Richard.Backhaus@ 
rb-communications.de or use the blog at 
www.ATZonline.de.

Best regards,

RICHARD BACKHAUS,  
Vice-Editor in Chief 
Wiesbaden, 12 July 2012 
 

﻿  EDITORIAL
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DIESEL ENGINE REQUIREMENTS

Due to their wide application scope, off-
highway diesel engines are subject to an 
array of design criteria. On the water, 
they can be found propelling workboats, 
military vessels and yachts. On land, 
their repertoire is much broader and 
ranges from agricultural machinery and 
special vehicles such as cranes, to con-
struction, mining and rail vehicles. Fur-
thermore, diesel engines play a leading 
role in power generation and in oil and 

natural gas production on land and at 
deep-sea sites. High cost-effi ciency, an 
outstandingly long service life, top relia-
bility at high loads, low space require-
ments, low power-to-weight ratios and 
wide engine performance maps are the 
key criteria in the fi eld of high-speed die-
sel engines. Which factor takes priority 
varies greatly according to application. 
On machines with high capacity utilisa-
tion for example, fuel consumption pri-
marily determines life-cycle costs and is 
therefore highly rated. In applications 

where only emergency situations are to 
be covered, fuel consumption is of sec-
ondary importance. Even within a single 
application, requirements may vary 
depending on the customer and fi nal 
use. A summary of requirements is given 
in ➊. Along with the stringent emissions 
limits, these demands have paved the 
way to the very high cylinder peak pres-
sures possible on modern diesel engines, 
and to sophisticated injection systems 
and their high injection pressures. In the 
USA in particular, diesel engines in the 
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MTU HCCI ENGINE 
WITH LOW RAW EMISSIONS
The main challenge when developing off-highway engines is to keep emissions within the limits to apply 

in the future while maintaining low fuel consumption and low Co2 output. Homogeneous charge compression 

ignition or HCCi provides an alternative to complex exhaust aftertreatment systems. The predevelopment 

department of mTU Friedrichshafen worked with the institute of internal Combustion Engines at the Karlsruhe 

institute of Technology (KiT) to devise a research prototype for an industrial application which would allow 

semi-homogeneous combustion with controlled self-ignition over the full engine map. 
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➊ Requirement 
 profi le for off-high-
way appli cations [1] 
(relative priorities 
between the criteria 
and priority levels 
within each criterion 
differ according to 
application)
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130 to 560 kW power range are to be 
subject from 2014 to EPA Tier 4 legisla-
tion, which imposes limits of 0.4 g/kWh 
for NOx and 0.02 g/kWh for particulate 
matter. Diesel units can only satisfy 
those requirements using a combination 
of in-engine measures and exhaust after-
treatment systems (SCR, particulate fil-
ters), which makes them a good deal 
more complex and expensive.

Against this background, MTU Fried
richshafen set itself the goal of develop-
ing an alternative to the diesel engine, 
whose widespread use in the off-high-
way sector will continue to ensure its 
prevalence there. The plan was to build a 
combustion engine able to satisfy the 
strictest emissions dictates, but of suffi-
ciently low complexity to assure top reli-
ability and cost-efficiency. This paper 
describes the current status of research 
work being performed jointly by MTU 
Friedrichshafen and the Institute of 
Internal Combustion Engines at the 
Karlsruhe Institute of Technology (KIT).

FUEL SCENARIOS

Ever-stricter emissions regulations gov-
erning off-highway engines also have an 
impact on diesel fuel specifications. For 
example, to ensure the smooth function-
ing of components in exhaust aftertreat-
ment systems and to reduce SOx emis-
sions, the sulphur content of EN 590 (the 
diesel fuel sold at gasoline stations) has 
been continually reduced in recent years, 
and is now down to < 10 ppm. In the 
marine sector, where permissible sulphur 
levels can still be relatively high, these 
have been and continue to be reduced. In 
sensitive areas, particularly that of inland 
shipping, marine distillate fuels have 
even been replaced by sulphur-free diesel 
fuels in individual cases. The general 

trend is therefore a growing demand for 
sulphur-free diesel fuels or higher-quality 
distillates similar to diesel fuel.

Since diesel and gasoline are produced 
in relatively equal quantities at the refin-
ing stage, the increase in demand for die-
sel fuel will lead, in the short or long 
term, to a worldwide gasoline glut [2, 3]. 
Taking into account the large quantities 
of ethanol-based fuels available in some 
regions of the world, as well as recently 
discovered large reserves of natural gas, 
it can be expected that next to diesel 
fuels, gasoline will likewise be commer-
cially attractive in the off-highway sector.

Another aspect of the fuel scenario in 
the off-highway sector is environmental 
protection measures aimed at reducing 
CO2 emissions. Next to the higher fuel 
efficiencies associated with lower fuel 
consumption and the use of regenerative 
raw materials in fuels, another effective 
way of lowering relative CO2 emissions  
is to use fuels with higher hydrogen con-
tent, 2. That paves the way for the entry 
of gasolines with shorter chains and 
higher hydrogen contents into off-high-
way applications. This scenario prompted 
MTU Friedrichshafen to evaluate gasoline 
for its use in off-highway engines. An 
approach based on homogeneous com-
bustion was selected. The target was to 
meet Tier 4 emissions regulations using 
in-engine measures while achieving high 
cost-effectiveness. 

HOMOGENEOUS CHARGE 
COMPRESSION IGNITION 

The major advantage of homogeneous 
charge compression ignition or HCCI  
is avoidance of soot and NOx with simul-
taneously high efficiency. Hence its 
deployment in gasoline and diesel 
engines in automobile and utility vehi-

cles has been the subject of investigation 
in recent years. 

In the HCCI process, a lean, homoge-
neous air/fuel mixture is ignited by 
means of compression. Since the 
moment of self-ignition depends on the 
composition of the mixture and thermo-
dynamic charge conditions, it cannot be 
directly influenced. Self-ignition starts at 
various places in the combustion cham-
ber at once, causing very short combus-
tion lengths which enhance efficiency. 
Thanks to the homogeneity of the mix-
ture, local zones of heat or richness do 
not form, so the generation of particulate 
matter and nitrous oxides is avoided.

Compared to conventional gasoline 
combustion, HCCI allows a substantial 
reduction in fuel consumption in the par-
tial load zone, allowing the continued 
use of low-priced three-way catalysts. 
Used in a diesel engine, HCCI makes it 
possible to dispense with complicated 
exhaust aftertreatment systems without 
detriment to efficiency. Due to the differ-
ent properties of gasoline and diesel fuel, 
the peripheral conditions and require-
ments for implementation of HCCI vary 
according to the engine. The difference 
between the fuels lies in their evapora-
tion and ignition behaviours. Gasoline 
already begins to evaporate at a low tem-
perature, making the creation of a homo-
geneous fuel mixture unproblematic. The 
mixture can be formed using both tradi-
tional intake ports and gasoline direct 
injection. At the same time, its poor igni-
tion performance necessitates higher 
temperatures during compression, and 
these must be made available – for exam-
ple by having high residual gas rates in 
the combustion chamber [4, 5, 6]. Diesel 
fuel on the other hand has a high ignition 
performance, but much poorer evapora-
tion characteristics. That means that fuel 

2	Typical values  
for greenhouse gas 
emission (GHG)  
reduction through  
use of alternative fuels 
(source: Directive 
2009/30/EG of  
European Parliament 
and Council of  
23. April 2009)
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pre-mixing using conventional injection 
valves is not feasible. Likewise direct 
injection can only take place within a 
narrow range towards the end of com-
pression, otherwise wall deposits and oil 
thinning will result. To still achieve a 
fuel mixture which is largely homogene-
ous, ignition delay must be lengthened 
by means of high external exhaust return 
rates (≥50 %) [7].

The use of HCCI is limited to the part 
load range in both gasoline and diesel 
engines, since the rapid release of heat 
which typically occurs as the load 
increases results in high pressure gradi-
ents which cause the permissible load 
limits to be exceeded. On automobiles, 
emission test cycles are only carried out 
in the part load range, so despite the lim-
itations on its use, HCCI allows future 
emission limits to be respected without 
elaborate exhaust gas aftertreatment 
systems and while still exploiting the 
advantages of low consumption on 
gasoline engines. On industrial engines, 
emissions test cycles also cover full load 
on account of the load collective, and 
therefore the engine map must be con-
siderably extended [8].

In view of their contrasting character-
istics, an obvious approach is to exploit 
the respective advantages of diesel and 
gasoline fuels with the aim of facilitating 
higher loads and controlling self-igni-
tion. Several promising studies have 
already been carried out, although these 

have so far been limited to research at 
universities, since the need for a second 
tank and injection system on automo-
biles and commercial vehicles considera-
bly pushes up expenditure [9, 10, 11].

The predevelopment department of 
MTU Friedrichshafen worked with the 
Institute of Internal Combustion Engines 
at the Karlsruhe Institute of Technology 
(KIT) to devise a research prototype for 
an industrial application which would 
allow semi-homogeneous charge com-
pression combustion with controlled self-
ignition over the full engine map. The 
fuels – gasoline or ethanol and diesel – 
are combined in such a way as to avoid 
the disadvantages associated with most 
HCCI combustion processes. The next 
chapter deals with the dual-fuel HCCI 
engine and the results achieved.

RESULTS

In dual-fuel HCCI, a lean, homogeneous 
mix of gasoline or ethanol with air is 
ignited by injecting a small quantity of 
diesel fuel. The homogeneous basic mix-
ture is produced externally in the intake 
port, while the diesel fuel is injected dur-
ing compression. Injection of the diesel 
fuel is designed to ensure that it likewise 
burns as homogeneously as possible. 
Timing of the start of injection has a 
decisive influence on subsequent com-
bustion and can be used to control com-
bustion timing [12]. As in all HCCI com-

bustion processes, heat is released very 
rapidly, meaning that the cylinder charge 
must be lean enough to avoid the forma-
tion of excessively high pressure gradi-
ents. Up to medium loads, a lean basic 
mixture is theoretically sufficient, but for 
reaching full load, high exhaust gas 
return rates are needed. As the load 
increases, lower diesel fuel volumes are 
required to prompt self-ignition.

From these findings, which were ini-
tially obtained on a single-cylinder Series 
1600 unit, the requirements for the full 
engine prototype could be derived. The 
full engine is based on a six-cylinder ver-
sion of an MTU Series 1600 unit with 
10.5 l cylinder displacement and a rated 
output of 300 kW at 2100 rpm. At its opti-
mum operating point, the prototype 
achieves 42 % efficiency. The main dif-
ferences between the prototype and the 
standard engine unit are: 
:: cooled high pressure exhaust gas 

return
:: two-stage charging with intercooling
:: gasoline injection in the inlet duct
:: reduced compression ratio (ε=11.75).
The full-load curve attainable on this 
engine is shown in 3. The curve in rela-
tion to speed is typical for a diesel-
mechanical application which requires 
high torque at medium speeds in order 
to counteract speed dips. By comparison 
with the Series 1600 diesel engine, the 
dual-fuel HCCI prototype, when powered 
with gasoline, achieves 17 % lower max-
imum torque and 14 % lower power out-
put at full load. Notwithstanding, the 
engine map range is perfectly acceptable 
for a diesel-mechanical application. If 
ethanol is used instead of gasoline, the 
engine almost achieves the full-load plot 
of a diesel engine. Due to ethanol’s 
higher octane count, the basic mixture 
has a lower ignition performance and 
combustion proceeds more slowly. 
Higher loads are therefore possible on 
the one hand, with less charge dilution 
required over large areas of the engine 
map on the other. The benefit is a reduc-
tion in charge-changing losses, which 
translates into higher efficiency. 

4 shows the percentage of diesel fuel 
in the overall fuel mass and the rate of 
exhaust gas return in the engine map for 
gasoline operation. Over most of the 
engine map, the homogeneous basic 
mixture can be ignited using very small 
quantities of diesel fuel. Only when the 
load is very low does the proportion of 

3	Comparison of full load curves for dual-fuel HCCI prototype and diesel engine
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diesel fuel increase more sharply, since 
the charge temperatures are very low at 
these points. The need for EGR increases 
continually in relation to load, with 
exhaust gas return rates of > 50 % 

needed in the upper third of the engine 
map where excessively steep pressure 
gradients are to be avoided. The maxi-
mum permissible pressure gradient is 
100 bar/ms.

Over the whole engine map, the dual-
fuel HCCI engine displays exceptionally 
low particulate and nitrous oxide emis-
sions falling far below the thresholds 
set for 2014 by emission standards in 
Europe (Euro Stage IV: 0.4 g/kWh NOx, 
0.025 g/kWh PM) and the US (EPA-Tier 4: 
0.4 g/kWh NOx, 0.02 g/kWh PM). The 
exhaust gas values measured in the C1 
test cycle as per ISO 8178, Part 4, dem-
onstrate that fact impressively. 5 lists 
the cycle-dependent operating points  
of the dual-fuel HCCI engine. With the 
exception of no-load, the engine runs  
in HCCI mode at all operating points 
using gasoline as fuel in the homogene-
ous basic mixture. At no-load, engine 
operation takes place in diesel mode, 
since with HCCI, the HC and CO emis-
sions rise dramatically when loads are 
very low.

6 shows the values determined for 
particulates and NOx in relation to EPA 
Tier 4 limits. Based on the given limit, 
the dual-fuel HCCI engine emits 93 % 
less NOx and 40 % fewer particulates. 

5	C1-cycle points for a dual-fuel HCCI engine in gasoline mode

4	Percentage of diesel fuel in overall fuel mass (top) and 
exhaust gas return rate (below) in engine map 

SPEED [rpm] BMEP [bar] WEIGHTING

2100 16 0.15

2100 12 0.15

2100 8 0.15

2100 1.6 0.10

1300 20 0.10

1300 15 0.10

1300 10 0.10

700 Idle 0.15
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With these emissions levels, exhaust 
aftertreatment can be safely dispensed 
with. As in all HCCI processes, HC and 
CO emissions are higher than for diesel 
combustion. However, these are easy to 
eliminate using a simple oxidation cata-
lyst, as initial investigation at the engine 
test stand has shown. Nevertheless, the 
low exhaust gas temperatures call for 
further optimisation measures, and 
these are currently being researched.

SUMMARY AND PERSPECTIVES

The predevelopment section of MTU 
Friedrichshafen worked with the Insti-
tute of Internal Combustion Engines at 
the Karlsruhe Institute of Technology 
(KIT) to devise a homogeneous combus-
tion process (HCCI). This process enables 
emissions limits as per EPA Tier 4 stand-
ards in the US and Stage IV standards in 
Europe to be respected, even leaving room 
to spare. With this method, a gasoline 
fuel introduced into the combustion 
chamber homogeneously is ignited by 
means of a semi-homogeneous diesel 
fuel. The process is controlled with the 
support of cooled exhaust gas return 
which is variable over the entire engine 
map. As opposed to conventional HCCI 
processes, this process can be used over 
the entire engine map. Future research 
will serve to optimise the combustion 
process with respect to efficiency, appli-
cations scope and emissions and prepare 
it for operation in the field.
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COMPACT CATALYTIC 
CONVERTER SYSTEM  
FOR FUTURE DIESEL  
EMISSIONS STANDARDS
The Euro 6 emissions standard for diesel passenger cars will broaden the application of exhaust aftertreatment 

systems that use selective catalytic reduction. This will mean a further increase in the volume and complexity of 

the exhaust aftertreatment system. BASF has developed a compact integrated catalytic converter that combines 

the functions of particulate filtration and NOx reduction in a single unit.  

10
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INCREASING REQUIREMENTS FOR 
THE CATALYTIC CONVERTER SYSTEM 

Over the last several decades, advances 
in environmental catalyst technologies 
have contributed significantly to reduc-
ing tailpipe emissions from combustion 
engines. At present, a modern catalytic 
system is capable of converting more 
than 95 % of the carbon monoxide (CO), 
hydrocarbons (HC), nitrogen oxides 
(NOx) and soot present in the exhaust 
gas to carbon dioxide, water and nitro-
gen gas. While future environmental 
regulations will require further reduc-
tions of these harmful emissions, com-
bustion engine development is driven by 
the need for higher fuel efficiency and 
less production of carbon dioxide. These 
trends will demand further continuous 
performance improvements of the cata-
lytic exhaust gas treatment system. In 
this article, the development of catalytic 
systems is explained by the example of 
diesel passenger cars.

CATALYTIC COMPONENTS FOR 
DIESEL EXHAUST GAS TREATMENT

The primary function of the diesel oxida-
tion catalyst (DOC), 1, is to completely 
oxidise hydrocarbons and carbon mon-
oxide in the exhaust gas to carbon diox-
ide and water. In specific applications, 
the DOC is also expected to partially 
convert nitrogen oxide (NO) to nitrogen 
dioxide (NO2). A stable concentration of 
NO2 can be used to oxidise soot on a cat-
alytic soot filter (CSF) or to promote NOx 
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1	Diesel oxidation catalyst (DOC)
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conversion over the selective catalytic 
reduction (SCR). 

The active components of a DOC coat-
ing are small precious metal particles of 
Pt and Pd supported on high surface area 
inorganic oxides (e.g. alumina). The DOC 
washcoat may also contain components 
like zeolites to better manage the conver-
sion of hydrocarbons during cold start. 

In addition to the architecture of the 
washcoat, the size, composition and 
matrix of the precious metal particles 
play a crucial role in reliable DOC perfor-
mance under real driving conditions. 
Utilising the broad experience in cataly-
sis and material science, BASF has devel-
oped a broad portfolio of high perfor-
mance DOCs for different applications. 
These DOCs can be further tailored to 
specific customer applications.

Early emission regulations for light duty 
diesel vehicles could be met with a single 
DOC plus engine control adjustments. At 

that time, the volume of the DOC was 
comparable to the engine displacement 
volume. Recently, filter elements (CSF) 
have been added to diesel vehicles to 
prevent soot-particles from getting to  
the atmosphere, 2. In contrast to flow-
through substrates of conventional vehi-
cle catalysts, the channels of a filter sub-
strate are blocked at alternating ends. This 
forces the exhaust gas to flow through the 
porous wall of the monolith. Soot particles 
are retained and accumulated in the filter 
until a critical pressure drop across the 
filter element triggers an active regenera-
tion. Regeneration occurs when extra fuel 
is combusted over the DOC and the result-
ant heat ignites of soot in the filter. This 
extra fuel is injected either into the com-
bustion chamber or directly into the 
exhaust gas upstream of the DOC.

In addition to this active regeneration 
principle, passive regeneration systems 
can currently be found in heavy duty 

diesel vehicles. The soot retained in 
passive systems undergoes continuous 
oxidation by the NO2 produced by the 
upstream DOC. In addition, the filter 
itself may contain catalytic components. 
Common coatings comprise precious 
metals, which – in analogy to DOC – 
ensure complete oxidation of CO and HC 
as well as a stable formation of NO2. 

The two leading technologies for con-
trolling NOx emissions are lean NOx traps 
(LNT) or selective catalytic reduction cat-
alysts (SCR), 3. Each uses a reducing 
agent for the conversion of NOx to nitro-
gen gas. The LNT uses partially com-
busted diesel fuel and the SCR uses 
ammonia as the reducing agent. Ammo-
nia is usually produced by the decompo-
sition of urea on board the vehicle. Incor-
poration of these NOx abatement compo-
nents into the exhaust gas treatment 
system adds significant volume and com-
plexity to the emission control system.

2	System of DOC and CSF

3	System of DOC, CSF and SCR 

COVER STORY  Emissions

12

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

im
it

ed
 L

ib
ra

ry



For light duty diesel applications the 
SCR catalyst consists of a Cu or Fe con-
taining zeolite. Typical zeolites are Fe-
beta and Cu-chabazite. Cu-chabazite 
exhibits an excellent low temperature 
activity, a broad temperature window of 
activity and superior high temperature 
stability. In addition, an ammonia oxida-
tion catalyst may be used downstream of 
the SCR to prevent ammonia slip. Systems 
of this type are already in use for heavy 
duty applications. They require sophisti-
cated control of timing of CSF regenera-
tion cycles and an active urea dosing 
strategy. For light duty applications, sys-
tems with smaller volume requirements 
and less complexity are highly desired.

INTEGRATED CATALYST 

The increasing complexity of catalytic 
systems for vehicles with diesel engines 
is a driving force to develop smart and 
less complex systems for the future. 
Here, the trade-off between complexity 
and cost reduction on one side and the 
requirements to meet current and future 
emission regulations on the other side 
must be balanced.

A possible approach to simplification is 
to integrate CSF and SCR function in one 
component and place the active mass of 
the SCR catalyst on the filter substrate of 
the CSF. This integrated catalyst is in the 
following called SCR on Filter or just 
SCRoF. For such an SCRoF component 
there are complex requirements. To 
achieve on the one hand a high NOx con-
version level, particularly in the aged 
state, SCR-active materials with very high 

intrinsic activity are required. At the 
same time it is desirable to accommodate 
the highest possible amount of these 
active compositions in the pores of the fil-
ter substrate. However, here limits are set 
by the maximum pressure loss, a filter 
component may have. On the other hand, 
filters with low porosity are preferred for 
the safe control of all particulate matter 
emissions and the compliance of small 
so-called soot mass limits.

Therefore SCRoF applications require 
filter substrates with tailor-made porosi-
ties which overcome this conflict. In 
addition to the filter porosity, the cata-
lytic material and the coating process are 
of critical importance. For use as an inte-
grated system, such as a close coupled 
position, the dosage and the thermolysis 
of urea and the regeneration concept 
must also be addressed. 

4 shows the possibilities that open up 
the use of filters with optimised porosity. 
Shown are the measured NOx conversion 
levels in stationary engine tests for cata-
lysts with different porosity and active 
mass loading. This evaluation was carried 
out at BASF’s engine laboratory in Hano-
ver. A filter substrate with a medium 
porosity of 57 % and a standard SCR cata-
lyst loading served as reference. The use 
of filters with higher porosity (63 %) leads 
to a lower initial back-pressure and enables 
to increase the SCR loading by 15 %. This 
results in an increase of at least 10 % 
points versus the reference. A further 
increase of SCR catalyst mass on the high 
porosity filter does not lead to an addi-
tional increase in NOx conversion under 
the chosen stationary conditions.

The filtration efficiency was also evalu-
ated. Because of the close-coupled design 
of the system, there was no significant 
adverse effect observed with the SCRoF. 
Even with the higher porosity of the filter, 
the soot-mass regulation (4.5 mg/km in 
the Euro cycle) and the limit for the soot 
particle number (6*1011/km in the Euro 
cycle) could be met. 

An important method for evaluation 
of catalyst systems remains the tran-
sient evaluation on the vehicle. Several 
transient cycles were studied for SCRoF. 
The performance in the European Driv-
ing Cycle (NEDC), the U.S. light duty 
cycle (FTP72 and US06), and other 
cycles (e.g. WLTP) was evaluated. It 
turns out that the exact system design 
is an important element for perfor-
mance optimisation. It is important that 
a high-performance DOC has a very fast 
light-off and ensures complete oxidation 
of CO and HC as well as stable oxida-
tion of NO. In addition, because of the 
extremely close-coupled location of the 
DOC, it has to be thermally stable. The 
DOC developed by BASF met the limit 
for CO (500 mg/km in the Euro cycle) 
after aging for 16 h at 800 °C. A signifi-
cant improvement was achieved for the 
NO oxidation behaviour as well. The 
deterioration of the NO oxidation could 
be significantly reduced.

The Euro 6 limit values for NOx 
(80 mg/km in the Euro driving cycle) 
can be met with a SCRoF system on a 
vehicle even under difficult testing con-
ditions, 5. In this example, the average 
NO to NO2 ratio was 25 % (as opposed 
to the optimum of about 50 %). This 

4	DeNOx performance and dependence of back-pressure  
on filter-porosity and SCR material loading
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constraint was deliberately chosen to 
push the boundaries of the system and 
also to differentiate the ability of next 
generation DOC to work with SCRoF 
catalysts. Only an optimised DOC and 
an optimised SCRoF were able to meet 
these limits. With this optimised sys-
tem, a significant improvement was 
observed compared to the classical sys-
tem composed of DOC, CSF and SCR.

The new generation DOC and SCRoF 
catalyst system was also evaluated on 
the U.S. cycle. The NOx conversion 
observed was > 85 % and the require-
ments of Tier2 Bin5 were met. Addi-
tional performance improvement can  
be achieved when a small SCR catalytic 
converter is used under the floor (down-
stream of the SCRoF). The catalyst 
volume of this SCR part was 50 % of  
the SCRoF component. This additional 

SCR increased NOx conversion to more 
than 90 %. 

DURABILITY

An important and crucial development 
goal for SCRoF catalyst systems is the 
durability, 6. The U.S. test cycle (FTP72) 
was chosen. Similar results were obtained 
under steady-state and in other transient 
cycles (e.g. NEDC). In this test, the 
components were loaded with soot and 
regenerated under engine conditions. 
This process was repeated more than  
220 times to mimic realistic end-of-life 
conditions for the catalysts. Over an 
equivalent mileage of 180,000 km, no 
significant deterioration of the NOx con-
version was observed. This result clearly 
underlines the robustness of the SCRoF 
system developed by BASF.

CONCLUSION

BASF has developed a new smart 
catalyst technology based on the broad 
know-how in catalysis and materials 
research. This new compact system 
comprising an SCRoF is able to meet 
stringent emission requirements.

5	DOC and SCRoF system can meet Euro 6 NOx limit

6	DOC and SCRoF thermal durability
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THE NEW  
HYUNDAI/KIA 1.1-L THREE-CYLINDER 
DIESEL ENGINE
To achieve low CO2 emission with the recently launched B-segment vehicle Kia Rio, Hyundai has introduced  

the second-generation U2 1.1-l three-cylinder diesel engine. This engine and further vehicle features allow  

a class-leading CO2 emission of 85 g/km achieved by state-of-the-art technologies including an idle start/stop  

(ISS) system as well as weight and friction reductions. In addition, the combustion system was optimised to  

provide sufficient power output and to enable appropriate drivability for B-segment vehicles.
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COMPETITIVE POWER  
OF FUTURE DIESEL ENGINES

It is acknowledged that improving fuel 
economy and complying with increas-
ingly stringent emission standards 
are major concerns in the automotive 
world. Recent sharp increases in oil 
prices triggered by the recovery from 
global economic crisis and political 
instability in oil-producing countries 
have forced automakers to pursue the 
development of more efficient and 
energy saving powertrains and vehicle 
technologies.

Compliance with upcoming emission 
standards while maintaining fuel eco
nomy is another challenge, especially for 
diesel engines. Current diesel engines 
with Euro 5 certification are proved to 
retain their competitive power against 
gasoline engines from the viewpoint 
of total cost of ownership. The engineer-
ing targets of emissions can still be 
reached by a refined combustion sys-
tem combined with a diesel particulate 
filter (DPF) and without expensive and 
complicated reduction of nitrogen oxide 
(DeNOx aftertreatment). The amount of 
fuel economy penalty that has to be paid 
in the process of the NOx emission reduc-
tion by about 30 % from the Euro 4 level 
is not significant.

However, considering the engineering 
requirements and market acceptance 
issues, a highly expensive DeNOx after-
treatment system might be considered 
as a standard device for the upcoming 
Euro 6 emission standard. In addition, it 
will eliminate a substantial portion of 
the overall competitive power of the die-
sel engine. Meanwhile, the enforcement 

of highly challenging CO2 and fuel econ-
omy standards combined with green-
house-gas-based tax systems under dis-
cussion on a global scale is expected to 
be an important turning point for the 
competitiveness of diesel engines. The 
additional cost for CO2 reduction devices 
or hybridisation of gasoline engines 
required to reach the CO2 standards will 
significantly reduce the price gap between 
diesel and gasoline vehicles. Hence, the 
definition of most cost-efficient systems 
and refined calibration that allows 
full utilisation of system potential will 
decide on the competitive power of 
future diesel engines.

DEVELOPMENT CONCEPT

The development of the new generation 
1.1-l engine aimed to enhance the appeal 
of Hyundai/Kia B-segment vehicles by 
achieving the lowest CO2 emission in the 
segment while providing enough power 
output for a fun-to-drive feel and driver 
comfort.

The main concepts of development 
were:
:: to reach a class leading CO2 emission 

level
:: to optimise NVH (Noise, Vibration, 

Harshness) characteristics by refined 
calibration and structural analysis

:: to deliver satisfactory power output 
and retain a fun-to-drive feel for B-seg-
ment vehicles

:: to define a most cost-efficient system 
for upcoming emission standards.

With the Kia Rio, the new engine has 
achieved a class leading CO2 homologa-
tion value of 85 g/km with affordable 
drivability. With a high potential in com-
bustion efficiency as well as emission 
and power output, this engine will play 
a key role in Hyundai’s future strategy 
in eco-friendly vehicle development.

ENGINE SPECIFICATION

Although the U2 1.1-l engine is boosted 
by a wastegate turbocharger (WGT), it 
delivers the same maximum power out-
put as its predecessor boosted by a tur-
bocharger with a variable geometry tur-
bine (VGT), ❶. The development of the 
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Engine U 1.1-l diesel (predecessor) U2 1.1-l diesel

Type In-line three-cylinder engine

Valvetrain Dual-overhead camshaft, four-valve design

Displacement 1120 cm3

Bore x stroke 75 mm x 84.5 mm

Maximum power 55 kW at 4000 rpm

Maximum torque 152 Nm at 2000 rpm
180 Nm at 1750  

to 2500 rpm

Compression ratio 17.8 : 1 16.0 : 1

Charger
Variable geometry turbine 

turbocharger
Wastegate turbocharger

Injection system
Common rail injection  

(Bosch)

Common rail injection  

(Delphi)

System pressure 1600 bar 1800 bar

Emission Euro 4 Euro 5
❶	Specification of the new 1.1-l three-cylinder diesel 
engine in comparison to its predecessor
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new combustion system focused on en
hancing low-end torque which is essen-
tial for the drivability of a B-segment 
vehicle powered by a downsized engine. 
The maximum torque has been improved 
from 152 Nm at 2000 rpm in its predeces-
sor to 180 Nm and this maximum torque 
is delivered within the wide range 
between 1750 and 2500 rpm.

A common rail fuel injection system 
supplied by Delphi was introduced and 
maximum injection pressure was 
increased from 1600 to 1800 bar to allow 
higher performance and emission poten-
tial. The compression ratio was reduced 
from 17.8:1 to 16.0:1. This figure is an 
optimal compromise between two oppos-
ing requirements towards better emis-
sion potential against start ability and 
combustion stability, especially under 
cold atmospheric conditions. A diesel 
oxidation catalyst (DOC) is located at a 
close-coupled position for faster light-off 
and a DPF is located in the under-floor 
position.

ENGINE HARDWARE FEATURES

Some important design features were 
implemented to achieve enough potential 
for minimising CO2 emissions, achieving 
Euro 5 compliance, maximising power 
output and reaching a comfortable acous-
tic behaviour, ❷. Combining an 1800 bar 
common rail system with an optimised 
WGT leads to a high engine potential. 

Furthermore, a cooled exhaust gas recir-
culation (EGR) system with enhanced 
cooling capacity actuated by a linear sole-
noid valve with position sensor generally 
accepted as standard NOx reduction pack-
age was also introduced.

A substantial portion of the fuel con-
sumption reduction is achieved by the ISS 
system, which automatically shuts down 
the engine when the vehicle comes to a 
stop. In addition, the intelligent braking 
energy recuperation system minimises 
electricity generation during acceleration 
and converts the kinetic energy of the 
vehicle into electric energy during braking.

The so-called bed plate structure of 
the engine block was already introduced 
for the existing U engine series to en
hance stiffness and thereby acoustic 
behaviour. Especially for the three-cylin-
der engine a gear driven mass balancer 
shaft was installed which completely off-
set the 1st unbalanced moment. Another 
feature incorporated is a turbocharger 
integrated with the exhaust manifold 
which is beneficial for performance and 
fuel economy by reducing flow losses 
together with weight and cost reduction. 

Significant weight reduction is 
achieved by an optimised structure and 
thickness of the cylinder block. The 
dimensions and clearances of important 
moving parts and the piston ring pre-
load considering the peak firing pressure 
and oil consumption were optimised for 
friction reduction. 

The timing system is driven by a 
maintenance-free two-step chain system 
where the primary chain drives a high-
pressure pump. The layouts and confi
gurations of both chains have been opti-
mised by finite element method (FEM) 
and multi-body simulation.

COMBUSTION CHAMBER

For enhanced fuel economy and emis-
sion potential the engine compression 
ratio was reduced from 17.8 : 1 in the 
predecessor engine to 16.0 : 1 in the U2 
engine. A wider and shallower combus-
tion chamber shape was introduced to 
optimally match the fuel injection sys-
tem with higher pressure.

As a lower compression ratio has dem-
onstrated an advantage in NOx emission 
due to lower combustion temperatures 
and a higher power output under the same 
peak firing pressure, the carbon monox-
ide (CO) and unburned hydrocarbon 
(UHC) emission, especially during the 
warm-up phase and under cold ambient 
atmosphere, may be deteriorated. Refin
ed calibration is applied for the pilot, 
main injection and EGR especially dur-
ing warm-up to guarantee stable com-
bustion and thereby reduce CO and UHC.

The combustion chamber shape was 
optimised based on computational simu-
lation and an experimental approach to 
improve fuel economy and emissions by 
maximising air utilisation and promot-
ing the air-fuel mixture, ❸.

FUEL INJECTION SYSTEM

The common rail fuel injection system 
with its maximum injection pressure of 
1800 bar, ❹, leads to shorter injection 
duration and an enhanced performance. 
The number of injector holes is increased 
from seven to eight and the flow area of 
each hole is reduced by about 5 %, which 
allows improved emission potential by 
enhanced atomisation of injected fuel 
and air mixing. Although the hole diam-
eter is reduced, coking robustness is 
secured by a shorter injector hole length 
of 0.65 mm.

These changes provide more precise 
control of small injection amounts and 
shorter intervals between the injections. 

❷	Significant design features
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The best combination of single- and dou-
ble-pilot injections with improved cali-
bration of other control parameters 
enables an optimal compromise between 
emission, fuel economy and acoustic be
haviour within the system reliability limit.

EGR AND AFTERTREATMENT 
SYSTEMS

To comply with stringent emission 
standards, it is important to control NOx 
emission especially at the relatively high 
brake mean effective pressure (BMEP) 
operating range. For the small U2 engine 
an electronically controlled cooled EGR 
system with enhanced cooling capacity 
was adopted to reduce NOx emissions by 
lowering combustion temperature, ❺.

A diesel oxidation catalyst is located at 
a close-coupled position just down-
stream the turbocharger to assure faster 
light-off of the catalyst, thereby minimis-
ing CO and UHC emissions. Meanwhile, 

due to the limited space in the engine 
room, the DPF is located at the under-
floor position. The DPF substrate is made 
of aluminium-titanate. To enhance the 
soot and ash storage capacity, a novel 
asymmetric design of the substrate with 
a larger inlet channel volume than that 
of the outer channel was introduced. 
This ensures a lifetime ash maintenance-
free DPF system, ❻.

One important issue for DPF develop-
ment is an accurate estimation of the 
soot mass accumulated inside the parti-
cle filter. The simplest way to do that is 
to measure the pressure drop across the 
DPF and calculate the accumulated soot 
and ash mass. However, it turned out 
that the accuracy is limited under cer-
tain operating conditions, which led the 
engineers to devise a new scheme to 
extend the reliability of soot mass esti-
mation to a wider operating range. Esti-
mation of accumulated soot mass was 
updated by applying correction factors 

depending on the vehicle driving condi-
tions. To reflect the effect of ash accumu-
lation on soot estimation, several DPF 
samples were collected from fleet 
vehicles operating in a variety of driving 
modes and intensive investigations have 
been carried out.

ENGINE PERFORMANCE

Supported by the described technical 
features, the U2 1.1-l engine provides 
improved power output compared to its 
predecessor. A balance between maxi-
mum power output and low-end torque 
is essential for the drivability of the ve
hicle and has been another aspect in 
focus. As a result, the maximum torque 
is available throughout a wide engine-
speed range. The comparison of power 
output with its predecessor shows the 
advantage of the new engine, ❼.

NVH DEVELOPMENT

In parallel with improved calibration of 
the injection and air management rele-
vant parameters, engine hardware was 
optimised for improved acoustic behav-
iour. Main sources of noise emission 
have been identified and appropriate 
measures were implemented.

Since the timing device of the small U2 
engine is driven by a chain system, the 
chain and the chain case are main sources 
of noise. Structural analysis was carried 
out for design improvement and, based on 
this modal analysis, reinforcement was 
made by applying ribs to the chains and 
covers. As the oil pan is another signifi-

❸	Combustion chamber shape  
(dimension data in mm)

❹	Fuel injection system
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cant source of noise emission, its shape 
and structure were also improved. With 
structural analysis the effect of shape and 

location of ribs on noise characteristics 
has been investigated to find the optimal 
shape of the oil pan.

The sound pressure level inside the 
cabin was also measured, ❽, following 
the dynamic stiffening of the power-
train. This has been realised by the 
introduction of the bed plate engine 
block structure and bell-shaped match-
ing plane between the engine and gear 
box. The combination of all these meas-
ures improves the NVH behaviour 
significantly. 

VEHICLE PERFORMANCE  
AND ECO MANAGEMENT

The result of the enhanced engine torque 
and power is an affordable acceleration 
performance for a B segment vehicle like 
the Rio, ❾. Spurred by improved power 
output combined with a refined selection 
of gear-step ratio of the matched six-speed 
manual gear box, drivability and fuel 
consumption are improved. The elapsed 
time for acceleration from standing to 
130 km/h and from 120 to 140 km/h are 
30.1 and 14.9 s, respectively. These are 
highly competitive values, considering 
that the engine achieves a very low CO2 
emission.

For improving fuel economy from the 
vehicle point of view, additional func-
tions such as a battery management sys-

❻	Aftertreatment systems

❺	Cooled EGR system
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tem and ISS were implemented. With such 
technologies the fuel consumption 
becomes more competitive and the CO2 
level is reduced with a faster dynamic 
response of the vehicle compared to the 
current version of the engine.

SUMMARY

Hyundai developed the new U2 1.1-l 
three-cylinder engine to enhance the 
performance of B-segment vehicles by 
achieving a class-leading CO2 emission 
of 85 g/km and complying with the strin-
gent Euro 5 emission standard with a 
highly cost-effective system.

To achieve these challenging targets, 
various state-of-the-art technologies 
have been implemented to the engine 
and vehicle. Improvements made in the 
combustion system include a novel pro-
prietary design of a combustion bowl 
for maximising air utilisation and 
reduced compression ratio. This was 
matched with a refined injector configu-
ration with higher system pressure, 
increased number of holes and reduced 
hole diameter compared with the pre-
ceding system. The ISS function, com-
bined with a braking-energy recovery 
system, reduces CO2 emissions signifi-
cantly. Optimisation of gear-step ratio 
and reduction of drag force with an 
active air flap and aerodynamic design 
are the main contributors from the 
vehicle side.

Thanks to the improvements in the 
combustion system, the diesel engine 
delivers maximum power output of 55 kW, 
which is comparable to other engines 
boosted by VGT, and a maximum torque of 
180 Nm in the range from 1750 to 
2500 rpm. With only three cylinders the 
engine provides comfortable NVH charac-
teristics owing to the balance shaft mod-
ule and bed plate type lower crankcase.

Based on its potential in fuel economy, 
power output and NVH characteristics, the 
small U2 diesel engine will enhance the 
competitive power of Hyundai/Kia B-seg-
ment vehicles by complying with tough 
upcoming emission legislation while main-
taining its fun-to-drive performance.

❼	Full load power output and torque

❽	Sound pressure level inside the cabin

Test weight 1308 kg

Maximum speed 160 km/h

Acceleration
0 to 130 km/h 30.1 s

120 to 140 km/h 14.9 s

CO2 emissions 85 g/km
❾	Vehicle performance of the  
Kia Rio with the 1.1-l U2 engine
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THE NEW HYBRID DIESEL POWERTRAIN 
BY PSA
Currently, there is a whole variety of hybrid vehicle architectures in development. specifi cally, so called axle-split 

hybrid vehicles containing an electric drive at one axle and a combustion engine drivetrain at the other, provide 

not only excellent fuel effi ciency but also a considerable benefi t in vehicle performance. the new hybrid powertrain 

from Peugeot and  Citroën combines an electric axle drive with a diesel engine. in the following, the axle-split 

 system advantages, design components and its impact on CO2 reduction will be presented.

 DEVELOPMENT  AlternAtive Drives
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AXLE-SPLIT DIESEL HYBRID

Following intensive work on hybridisa-
tion in the past decade, PSA Peugeot 
 Citroën has developed the Hybrid4 tech-
nology. Its release on Peugeot 3008 early 
2012 have been seen as a major technical 
breakthrough, as it is the fi rst diesel 
hybrid worldwide. Hybrid4 is a highly 
innovative technology, and a good illus-
tration of PSA Peugeot Citroën know how 
on hybrid powertrain design, ❶. The 
powertrain architecture is based on an 
original dual axle architecture which 
minimises the impacts on the front axle 
and allows the carry over of conventional 
engine and gearbox, concentrating the 
efforts on the design and the integration 
of a dedicated rear axle comprising bat-
tery, power electronic and rear e-motor.

The choice of the hybridisation of a 
diesel engine ensures drastic performances, 
including unrivaled fuel economy for a 
compact SUV as well as a high level of 
dynamic performances. Taking advan-
tage of the dual axle architecture the 
design team decided to offer to the client 
four differentiated driving modes, ❷. 
The automatic mode is dedicated to fuel 
economy, emissions reduction and offers 
to the driver an exceptional drivability 
and comfort. In this fuel-saving mode, 
thanks to hybrid technology, the Peugeot 
3008 reaches 99 g CO2/km on MVEG 
cycle. In ZEV mode, the driver will enjoy 
the capability of the system to run on 
pure electric driving for urban usage. 
Compared with automatic mode, the pure 
electrical capability is improved in terms 
of acceleration and engine start is avoided 
unless the driver needs higher power. In 
sport mode, the design team emphasised 
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❶ Benefi t of the dual axle hybrid topology
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the dynamic behaviour of the vehicle, 
and the simultaneous use of power from 
the internal combustion engine on the 
front axle and the 27 kW electrical 
boost on the rear axle, offering to the 
client a highly dynamic vehicle with a 
grand total performance of 147 kW. In 
4WD mode, power is released from the 
engine through two paths: while engine 
power is supplied to the front axle for 
vehicle traction, a fraction of it is 
derived from the front 8.5 kW motor to 
the rear motor, offering a unique 4WD 
feature through hybridisation. With this 
innovative feature, the client is able to 

take-off on low adherences grounds for 
slopes up to 25 %. 

POWERTRAIN SYSTEM DESIGN

Such complementary modes offered by 
the powertrain are made possible by the 
combination of key functionalities, ❸. 
Some of them are standard for parallel 
hybrid architecture, others are new fea-
tures developed to use all the potential 
offered by Hybrid4 topology. 

Start/stop is the first key functionality 
adapted to Hybrid4 technology. This 
functionality enables to stop the engine, 

at vehicle stop or when electrical drive is 
required, to improve efficiency. In case 
of high torque request from the driver, 
the restart must be performed in a very 
short time in order to deliver the requested 
traction. Design of the components and 
adaptation of the diesel engine calibra-
tions lead to a best in class start/stop 
functionality.

The design team developed a coupling/
decoupling function for the rear e-motor. 
To achieve good electrical accelerations in 
urban usage, a high value for rear gearbox 
ratio should be chosen but with a direct 
impact on e-motor losses on highway 
usage. The coupling/decoupling function-
ality allows to overcome this constraint. 
The rear e-motor decouples automatically 
above 120 km/h and, when vehicle 
speed decreases below 120 km/h, the 
rear machine couples again automatically 
to re-activate rear axle. This function is 
also activated below 120 km/h, to improve 
fuel economy and minimise losses, when 
traction is performed by front axle on sta-
bilised speed with no need for electrical 
torque, ❹. Coupling is performed in a 
very short time (approximately 500 ms) 
when electrical drive is needed.

Drivability improvements are also 
obtained with the chosen architecture by 
using the rear electric axle to compen-
sate the front torque reduction during 
automated manual transmission (AMT) 
gear shifting, ❺. This compensation needs 
a good torque precision and coordination 
between the front clutch and the rear 

❷	Dual axle hybrid topology with four driving modes

❸	Hybrid4 powertrain system 
functionalities
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e-motor. The coordination is adapted  
to the gearshift profile of each mode 
(dynamic, smooth, etc). This compensa-
tion allows to keep a constant accelera-
tion during gear shifting, equivalent to a 
conventional automatic transmission, for 
a wide range of vehicle acceleration.

Regenerative braking is one of the key 
features of parallel hybrid. This func-
tionality brings a 16 % fuel reduction on 
MVEG cycle. The driver can control the 
vehicle deceleration with the gas pedal 
in a range up to 1 ms2. At low speed this 
deceleration is reduced slowly to ensure 
a smooth transition with electrical creep-
ing around 15 km/h. Another functional-
ity is the electrical boost when rear axle 
and front axle are combined to maximise 
power delivered at wheel. Powertrain 

can then deliver 147 kW as peak power. 
Thanks to Hybrid4 topology, the addi-
tional power is supplied on the rear axle 
of the vehicle that enables to limit the 
mass transfer during acceleration and 
improves power capability at wheels.

The teams of chassis and powertrain 
design also took advantage of the dual 
axle architecture to propose an original 
4WD feature. When using the 4WD mode 
the powertrain determines a static torque 
split and supplies torque to the two axles. 
When the electronic stability programme 
(ESP) detects a slip on one of the wheel, 
an traction control (ASR) request is sent 
from the chassis to the powertrain which 
then reduces the applied torque on the 
slipping wheel and modifies the torque 
split to transfer the desired torque to the 

second axle. Thus the grip is ensured at 
all time and the torque transfer function 
allows the driver to takeoff on slopes up 
to 25 %, ❻.

Electrical energy available from the 
battery being limited to 1.1 kWh, an 
additional functionality was developed 
to ensure continuous 4WD mode. While 
engine power is supplied to the front 
axle for vehicle traction, a fraction of it is 
derived from the front 8.5 kW motor to 
the rear motor. In such mode, the high 
voltage battery supports peak power 
need whereas energy derived from front 
axle supports a continuous power that 
maintains the state of charge of the bat-
tery. The front e-motor was designed to 
continuously supply power for mountain 
usage with slipping surface.

❹	Rear electrical machine 
coupling/decoupling functionality 
(schematic view)

❺	Gear shift compensation 
functionality

  09I2012      Volume 73 25

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

im
it

ed
 L

ib
ra

ry



A pure electrical function ensured by 
rear e-motor and high voltage battery was 
designed. In automatic mode, this func-
tion is selected automatically by power-
train management to optimise fuel econ-
omy. In real time, depending on speed 
and acceleration, the system control com-
pares the efficiency of thermal engine 
with the efficiency of electrical system. If 
a benefit is determined, the engine stops 
and the pure electrical mode is used. This 
optimisation is also related to high volt-
age battery state of charge to ensure the 
robustness of this function and avoid very 
low state of charge. Using this functional-
ity alternatively with recharging mode 
(regenerative braking or recharge derived 
from engine), the powertrain can offer a 
range up to 300 km of cumulative electri-
cal drive on a total range of 900 km. 
When the driver selects ZEV mode, prior-
ity is given to electrical acceleration down 
to low state of charge of the high voltage 
battery. Then the driver can easily run in 
pure electrical mode up to 60 km/h and 
for a range of 4 km.

In addition, Hybrid4 also offers some 
pure thermal engine traction phases. 
This function is used to ensure vehicle 
drive at middle to high power when 
power needs is above electrical capabili-
ties (or low state of charge of the battery). 
In this phase, six-speed AMT is controlled 
to optimise engine operating points and 
front e-motor to support high voltage 
battery state of charge if natural regener-
ative braking is not sufficient.

Creeping was not included in AMT 
transmission basic features. The design 

team also took advantage of the architec-
ture to develop such functionality through 
the support of the rear e-motor. It is sim-
ply activated at zero speed when the 
driver releases brake pedal and deacti-
vated after 2 s with pushed brake pedal. 
With this function, the vehicle can drive 
up to 12 km/h and maintain vehicle in 
slope up to 5 % in forward and reverse 
direction. This function is a key feature 
to move vehicle silently and smoothly for 
parking drive or in heavy traffic jam.

All described functionalities are com-
bined in order to offer to the driver the 
maximum range of capabilities of Hybrid4 
architecture in the different modes. In 
order to reduce fuel consumption and 
improve driveability, automatic mode is 
the result of the combination of pure 
electrical mode, start/stop, regenerative 
braking, coupling/decoupling, thermal 
engine traction, gearshift compensation 
and creeping. Sport mode disables pure 
electrical mode and activates more boost 
in order to maximise dynamic response 
of the powertrain. In 4WD mode, spe-
cific chassis management and power 
derivation are activated whereas start/
stop and pure electrical mode are dis
abled to optimise 4WD traction at low 
speed and keep state of charge of the 
high voltage battery even at vehicle stop.

SUB-SYSTEMS AND COMPONENTS 
DESIGN

Based on system design, the project team 
worked intensively to develop new sub-
systems and components or to adapt 

existing ones so that the hybrid architec-
ture, ❼, can fulfil all expected perfor-
mances. This development was made 
jointly with key suppliers, bringing their 
great expertise in this highly challenging 
and innovative project.

The hybrid power control unit (HPCU), 
developed by Bosch, is the overall con-
trol unit of the electric system of the 
Hybrid4. It comprises two processors 
that control and supervise both electric 
motors, the powertrain management unit 
(PTMU) and auxiliary devices like cool-
ing water pump and dog clutch. The 
DC-DC converter that had to be integrated 
needed to have a continuous power out-
put of 2.5 kW. Since such a device was 
not available for the necessary design 
space, Bosch decided to launch an in-
house development of that DC-DC con-
verter. The double-inverter features sec-
ond generation insulated gate bipolar 
transistor (IGBT) power modules that 
provide a maximum phase current of 
respectively 340 A in case of the electric 
drive traction machine (EDTM) and 120 A 
in case of the belt alternator starter machine 
(BASM). Contrary to a conventional 
inverter, which Bosch uses in an earlier 
series project, the new double-inverter 
features double functionality within a 
hardware design space comparable to a 
single inverter.

During the development process of the 
EDTM traction machine, primary focus 
from the design team, was on a reduced 
moment of inertia, low bearing friction 
and little overall weight. The liquid 
cooled, permanent excited synchronous 

❻	4WD powertrain mode
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machine features distributed stator 
windings and an iron length of 120 mm. 
Sensing the electric motor position angle 
is done by using a resolver. This device 
provides – contrary to digital positioning 
sensors – an analog sensor signal which 
is directly related to the position angle of 
the electric machine. The power electron-
ics uses this position signal to provide a 
dynamic and robust EDTM control under 
all vehicle operations.

Main requirement for the BASM, which 
is mounted in the diesel engine’s belt 
drive, is to replace the traditional low-
voltage alternator. The BASM has to fit in 
the available design space of the formerly 
used alternator. With a continuous 
power output of 8.5 kW the BASM can 
directly support the EDTM during 4WD 
vehicle operation leading to maintaining 
the charge of the high voltage battery. 
Additionally, the BASM offers a start/
stop mode to the combustion engine. 
The necessary torque output is 52 Nm 
which is supplied by an iron length of 
80 mm and features single-tooth stator 
windings. The crankshaft torque to start 
the combustion engine is applied via a 
specifically designed belt pulley. 

The high voltage (HV) battery, key 
component of the hybrid system, is de

veloped from Sanyo. Ni-MH technology 
was chosen by considering the trade-off 
between cost, technology maturity and 
performances. Based on proved unitary 
cells, the system design of the battery 
had to meet strong requirements regard-
ing efficiency, power, energy capability 
and packaging. The assembly of 168 cells 
offers a range of 150 to 270 V to maxim-
ise high voltage efficiency of electric sys-
tem. It offers a maximum peak power of 
31 kW to ensure regenerative braking or 
boost functions. 5.5 Ah (1.1 kWh) is also 
available to give a 4 km range autonomy 
in pure electrical mode. 

The design team decided to carry over 
the so-called BMP6 six-speed automatic 
manual transmission (AMT) on the front 
axle. First requirement was to contribute 
to high efficiency of the powertrain when 
front axle is used in the different modes. 
Thus a new high efficiency oil was devel-
oped and validated for the AMT. In addi-
tion, the gearshift management was tuned 
to improve engine setpoints regarding 
fuel economy. The PSA AMT was also 
reinforced to provide 300 Nm maximum 
torque to take advantage of the 120 kW 
engine power. 

The new rear gear box developed by 
GKN was a high technical challenge in 

regard of compacity to allow the integra-
tion into rear axle. The solution was the 
addition of a compact actuation and a 
good integration with the e-machine.  
Its 7.46 ratio was defined in association 
with 200 Nm e-motor to ensure accelera-
tion in pure electrical mode. In order  
to decouple rear machine at 120 km/h,  
a dog clutch with actuator was part of 
the design. Actuator and sensor were 
designed to ensure precision of the con-
trol and transparent coupling/decou-
pling phases. The contribution to fuel 
economy was a key requirement. It was 
fulfilled with dog clutch technology that 
minimise mechanical losses and with a 
high efficiency mechanical design. 

The design team also decided to 
carry over the 120 kW 2.0-l HDi diesel 
engine on the front axle. High torque 
delivered by front e-motor and high 
number of start/stop phase lead to 
develop a new front end accessory 
drive (FEAD) with reinforced belt.  
The quick startup of the 2.0-l engine 
was a high requirement to ensure quick 
torque response during transition from 
electrical drive mode to thermal engine 
traction. Fuel and emissions reduction 
was also a main requirement that lead 
to adapt the calibration to hybrid usage 
setpoints.

The powertrain management devel-
oped by PSA coordinates all powertrain 
sub-systems. This manager was devel-
oped to synchronise all hybrid function-
alities described above. To manage 
smooth transitions between modes, the 
control unit is based on a global torque 
control of the different torque genera-
tors (clutch, engine, e-motors). Torque 
requests are adapted in real time to full-
fill permanently torque driver demand. 
Powertrain also takes into account in 
real time all torque limitations informa-
tion sent by components in case of 
functional or dysfunctional limits. The 
powertrain management also controls 
the activation and deactivation of the 
powertrain, to fulfil the strong safety 
requirements regarding torque and high 
voltage.

FUEL ECONOMY

❽ depicts an overview on how various 
facts and measures affect fuel consump-
tion. In the Hybrid4 the additional penal-
ties are estimated to be around 3 % for 
the extra weight of components such as 

❼	Powertrain and components overview
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battery or power electronic, 1 % for extra 
additional 12 V consumption and 6 % for 
conversion losses (either mechanical or 
electrical). To cope with these negative 
consequences of hybridisation, the 
design team worked on vehicle body 
optimisation (e.g. aerodynamic drag 
reduction) for a benefit of 8 %, benefits 
from engine shut down at idle speed 
(6 %), pure electric driving (5 %) and re
generative braking during deceleration to 
benefit from vehicle kinetic energy 
(16 %).

The trade-off made between fuel 
economy, dynamic performances and 
drivability (e.g. boost function or torque 
compensation during gear shifting) are 
estimated to be worth 3 % in the total 
result. As a result the Peugeot 3008 
Hybrid4 emits only 99 g CO2/km on 
MVEG cycle which represent a gain of 
21 % compared to an equivalent con
ventional vehicle. For urban cycles fuel 
economy might reach gains up to 30 to 
35 % as the effect of hybridisation will 
be more important for low speed cycles.

CONCLUSIONS

The axle-split hybrid vehicle topology 
presented in this article introduces a 
sophisticated 4WD capable hybrid 
vehicle unveiled from Peugeot Citroën  
in their Peugeot 3008, 508 RXH and 
Citroën DS5 models early 2012. Bosch, 
Delphi. GKN, Magneti Marelli and Sanyo 
are the key suppliers to develop or adapt 
components to support Peugeot Citroën 
launching the first diesel hybrid vehicle 
worldwide.

❽	CO2 reduction
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ELECTRONIC FUEL INJECTION SYSTEM 
FOR HANDHELD WORKING EQUIPMENT
Stihl has developed an electronically controlled fuel injection system for hand-held working equipment  

and has introduced it on the market with the TS 500i cut-off machine. As a batteryless concept, the system  

can be restarted without special maintenance even after long periods out of use.

30
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MOTIVATION

The two-stroke internal combustion engine with carburetor 
remains the preferred drive system for hand-held working 
equipment. Proven thousands of times over, and continually 
optimised over several decades, the carburetor of today is a 
highly perfected product, both as engine component and in the 
technology used for its production, but it is now also close to 
the absolute limits of its development. This article describes the 
construction and operating principle of an electronically con-
trolled batteryless fuel injection system for two-stroke engines, 
breaking free of the constraints of the Venturi principle that 
underpins the carburetor and thereby providing the means for 
meeting the requirements of the future.

COMPONENTS OF THE BATTERYLESS  
FUEL INJECTION SYSTEM

The central component of the injection system, ❶, is the elec-
tronic control unit, which controls ignition and injection with-
out requiring a battery. The electrical energy for the fuel injec-
tion system is obtained from a generator (alternator) connected 
to the crankshaft. This system delivers an alternating voltage 
with its frequency and amplitude modulated as a function of 
the engine speed. In the lower engine speed range, a boost con-
verter in the control unit increases the rectified alternator volt-
age to a defined level, thereby providing electrical energy for 
the continuous loads, even at the starting engine speed.

Detection of the crank angle is indispensable as an input vari-
able for fully electronic engine management. This angle is deter-
mined from the induction voltage curve of the generator signal. 
The points where the generator voltage crosses the zero level are 
without electrical load and therefore represent known fixed-posi-
tion angle marks in the crank circle. Consequently, no additional 
sensor for the crank angle or top dead centre is required.

As soon as the user pulls the starter rope and the engine 
speed has passed a given threshold, the initialisation and syn-
chronisation process of the control unit is started. During ini-
tialisation, the control unit starts with a system test to check 
that all the measurable variables have plausible values. If this 
test is successfully completed, synchronisation of the generator 
signal with the crankshaft position is started, ❷. At the latest 
after a crank angle of 315° the control unit recognises the posi-
tion of the crankshaft and starts the functions that are synchro-
nised with the crank angle, such as ignition and fuel injection.

The available sensor inputs are fed in at regular timed inter-
vals, and sometimes several times per operating cycle. Both the 
load signal, via crankcase pressure and temperature measure-
ment, and the position of the stop switch are recorded as analog 
variables over the full engine speed range. As output variable, 
a valve output stage is implemented, operating as an independ-
ent closed-loop control circuit that holds the voltage for the 
injector valve at a setpoint value. Consequently, the controller 
requires only timer-controlled discrete signals in order to 
implement fuel injection. This system reduces the worlkload of 
the microcontroller, so that, despite limited resources, comput-
ing time is available for other control tasks. The control unit 
also integrates high voltage generation, including the ignition 
coil. This module forms a coil ignition system with freely 
selectable ignition timing and variably adjustable dwell angle.
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The control unit comprises a 16-bit 
microcontroller with 64 kB flash ROM 
and 8 kB RAM. The microcontroller 
operating system has been developed in-
house specifically for this application, in 
order to perform the fast real-time calcu-
lations required for basic operation of the 
engine. The adaptive software controllers 
that run on the operating system are 
individually developed for specific mod-
els and are ported to the target processor 
by automatic code generation.

To detect the operating point of the 
two-stroke engine, a pressure/tempera-
ture sensor is fitted at the crankcase. The 
pressure sensor is a piezo-resistive abso-
lute pressure sensor with analog pressure 
measuring circuit for signal condition-
ing. The pressure is applied at the front, 
and a layer of gel protects the circuitry 
from aggressive media in the crankcase. 
The temperature sensor is a standard 
NTC element.

The injector valve is designed as a 
pure metering valve. Unlike conventional 
fuel injection systems, there is no pri-
mary atomisation at the valve. The rota-
tion of the crankshaft in combination 
with the inflow and outflow processes in 
the crankcase generate a highly turbu-
lent air flow. Mixture preparation takes 
place during the secondary stage, i.e. 
during the transfer process in the crank-
case, transfer ports and combustion 
chamber. Fuel injection is triggered once 

per revolution in synchronism with the 
combustion cycle. The injection frequen-
cies vary from 0 to 170 Hz, with injected 
fuel quantities between minimal 1 mg 
and maximal 45 mg per injection.

The injection pump provides a reliable 
supply of fuel under all operating condi-
tions and in all engine positions. The 
diaphragm pump and pressure reducer 
are housed in a single component. In 
addition, a manual fuel pump ensures 

that if the system has been run until 
empty it can be easily vented and 
restarted with only a small number of 
pulls of the starter rope. The concept of 
the diaphragm pump is characterised in 
particular by its simple construction, 
robust operating characteristics and 
insensitivity to air and vapor. The pump 
is driven by means of the crankcase pres-
sure. The pressure reducer is designed as a 
spring-loaded diaphragm pressure reducer 
and regulates the operating pressure to 
100 mbar above atmospheric pressure. 
On the intake side, a fuel filter, complete 
with magnetic separator, is installed 
upstream of the injection pump.

INTEGRATION IN THE 
CONSTRUCTION OF A HAND-HELD 
WORKING MACHINE

The injection system was introduced on 
the market with the TS 500i cut-off 
machine. ❸ shows the technical data of 
the TS 500i. The core engine uses the 
2-Mix system from Stihl, which delivers 
optimised fuel efficiency and low emis-
sions. The cross-sections and lengths of 
the transfer ports and the engine control 
timing have been specially adjusted to 
create internal stratified fuel charging by 
advancing the exhaust, thereby minimis-
ing scavenging losses during the load 
change in the gas cycle. In addition to 
the low exhaust emissions, the engine 
has high combustion efficiency, which 

Generator
flywheel

Spark plug

Sensor module
p/T

Injection valve/
damper

Injection pump/
pressure regulator

Electronic
control unit

Pick-up body
magnetic separator

Stop switchKey padSolenoid valve

Water flow control

❶	Injection system by Stihl

❷	Operating principle of injection 
system, ECU power up sequence

DEVELOPMENT  Injection

32

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

im
it

ed
 L

ib
ra

ry



leads to a combination of low fuel con-
sumption and high power output power.

The design of the TS 500i is based on 
the proven top-handle concept of com-
pact cut-off machines. The control unit is 
located on the tank housing directly 
underneath the rear handle. For servic-
ing and maintenance, there is the added 
advantage that all connectors, including 
the diagnostic connector, are easily 
accessible via the service cover. The 
technical control features eliminate the 
need for a separate throttle shutter start 
position, which is normally required for 
machines powered by a carburetor 
engine. Consequently, the presented sys-
tem has only two switch positions: “0” 
for machine stop (OFF) and “1” for both 
engine start and machine operation.

In the presented system, the carbure-
tor of conventional machines is reduced 
to a throttle shutter body with a throttle 
shutter actuated by the throttle cable. 
The injector valve and sensor module are 
located underneath the throttle shutter, 
directly on the crankcase, ❹. The control 
unit also controls the integral water system 
of the cut-off machine. When cutting 
concrete, the control unit automatically 
activates the water flow required to bind 
the generated dust and sets the volumet-
ric flow rate to the user-selected quantity 
by means of a solenoid valve.

KEY FUNCTIONS OF THE FUEL 
INJECTION SYSTEM

Load control in the gasoline engine is 
quantitative, by means of the variable 
adjustment of the throttle shutter by the 
user. If the crankcase of the single-cylin-

der two-stroke engine is considered as a 
port-controlled piston pump, the air 
mass passing through the unit can be 
determined by measuring the pressure 
and temperature in the crankcase. A 
measuring and analysis algorithm spe-
cially adapted to the engine can then be 
used to determine the air mass flow at 
the operating point.

In the two-stroke engine, the fuel is fed 
into the crankcase. For this purpose, fuel 
is injected at a system pressure of 100 mbar 
above atmospheric pressure during the 
upwards movement of the piston. Since  
at this point in the cycle the pressure in 
the crankcase is negative (vacuum), the 
pressure drop available for fuel transfer is 
higher than the system pressure, ❺.

Characteristic maps are used for the 
basic stoichiometric setting. The data 
relating to the engine speed and throttle/
load status of the engine enables the 
optimal operating parameters – such as 
injected fuel quantity, injection angle and 

ignition timing – to be selected for each 
stationary operating point. By contrast, 
conventional fuel/air mixture systems for 
hand-held working machines generally 
have a one-dimensional characteristic 
curve that sets the ignition timing solely 
as a function of the engine speed.

The present system, adapts to chang-
ing operating conditions (e.g. tempera-
ture or geodetic altitude), fuel qualities 
or wear by means of intelligent map-
based pilot controls and closed-loop con-
trollers that determine the required cor-
rective values and adjustments and cal-
culate the basic operating variables. Over 
the entire product life span, these sys-
tems take over the time-consuming task 
of carburetor adjustment, which other-
wise in some cases can require expert 
knowledge on the part of the user. 

During operation, special software 
functions constantly monitor whether 
the machine is running at optimal per-
formance and make corrections to indi-

❸	Technical data TS 500i in comparison to other Stihl cut-off machines

TS 420 A TS 500i TS 700

FUEL SYSTEM Carburetor Stihl injection Carburetor

ENGINE TECHNOLOGY Stihl 2-Mix Stihl 2-Mix Stihl 2-Mix

WATER CONTROL Electronic Electronic Manual

DISPLACEMENT [cm³] 66.7 cm³ 72.2 cm³ 98.5 cm³

POWER 3.2 kW at 9000 rpm 3.9 kW at 9500 rpm 5.0 kW at 9300 rpm

TORQUE 3.8 Nm at 7000 rpm 4.6 Nm at 6000 rpm 5.8 Nm at 6500 rpm

WEIGHT 10.1 kg 10.2 kg 11.6 kg

SPEC. FUEL CONSUMPTION 500 g/kWh 420 g/kWh 450 g/kWh

VIBRATION LEVEL ahv,eq LEFT/RIGHT 3.9 m/s2 / 3.9 m/s2 2.4 m/s2 / 2.0 m/s2 6.6 m/s2 / 4.5 m/s2

NOISE LEVEL Lp,eq 98 dB(A) 98 dB(A) 101 dB(A)

❹	Integration of the injection system 
in the cut-off machine
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vidual operating parameters when neces-
sary. These adjustments can be made in 
exactly the same way in the wide open 
throttle range, in engine speed limiting 
or during machine idling. Correction 
values are stored at the end of machine 
operation and are available for the next 
machine operation. Consequently, long-
term adjustments for wear and filter 
fouling are possible, as well as short-
term adjustments to changing ethanol 
content in the fuel.

The control unit also implements com-
prehensive diagnostic functions. For 
example, the control unit performs both 
an electronic self-diagnosis and a test of 

the connected components. Each implau-
sible action during operation of the elec-
tronic fuel injection system generates an 
entry in the fault memory. With the aid of 
a special developed engine diagnostic 
unit, the fault memory can be read out 
and failures in the injection components 
can be detected with the engine at 
standstill.

SUMMARY AND OUTLOOK

With the presented system, for the first 
time, an electronically controlled fuel 
injection system for hand-held working 
equipment has been developed into a 

marketable product. All components, 
including the control unit software, 
have been specially developed for the 
specific needs of hand-held machines. 
The new injection system adapts intelli-
gently to the actual fuel qualities used, 
the operating altitudes and the fouling 
levels of the working machine filters. As 
a batteryless concept, the system can be 
restarted without special maintenance 
even after long periods out of use. Since 
all the benefits of a modern fuel injec-
tion system are in operation from the 
moment the machine is started, starting 
is extremely simple under all condi-
tions. If required, the system can be 
expanded with additional sensors and 
actuators, so that it is ready for all 
future requirements.
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ALUMINIUM CONNECTING  
RODS FOR CAR ENGINES 
Within the framework of a research project funded by the Federal Ministry of Economics and Technology (BMWi), 

Leiber Group GmbH & Co. KG and the University of Stuttgart, Institute for Internal Combustion Engines and 

Automotive Engineering (IVK) have developed an aluminium connecting rod for a 1.8-l four-cylinder engine. The 

material-compliant component design made it possible to approximately halve the mass of the new aluminium 

connecting rod compared to the previous steel version. In a four-cylinder engine, this amounts to a total weight 

saving of about 1 kg. 
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ULTRA HIGH-STRENGTH AND LIGHTWEIGHT 
MATERIALS FOR CAR CONSTRUCTION

Lightweight construction is one of the key strategies of the auto-
motive industry. The 1990s saw a breakthrough in the use of 
aluminium in automotive engineering with the launch of the 
Audi Space Frame. Systematic lightweight design has since 
established itself at almost all vehicle manufacturers. Material 
developers are making enormous strides in this regard, open-
ing up new horizons for automotive functions and automotive 
manufacturing technology with innovative lightweight solutions. 

Properties such as high static and dynamic strength, low 
density, a high degree of thermal conductivity, good machina-
bility and corrosion resistance speak in favour of the use of alu-
minium. Newly developed, ultra-strong aluminium alloys, for 
example, have strengths of more than 700 MPa. This opens up 
new areas of application. Future cars, particularly hybrid and 
electric cars, will be increasingly dependent on lightweight 
construction in order to compensate for the additional weight 
caused by the elaborate drive technology and batteries. 

PROGRESS THROUGH INNOVATIVE WROUGHT ALLOYS

 Two trimmed materials show the potential in wrought alloys. 
AluHigh and AluXtrem are based on the alloy EN AW-6082, 
which is a favoured material for chassis components. The two 
materials have significantly better strength and expansion 
properties. The material AluHigh has a 25 % higher strength 
(Rm and Rp0.2) and at the same time a 40 % higher fracture 
strain. For AluXtrem (EN AW-6182), the improvements are even 
35 % (strength) and 50 % (fracture strain), ❶. 

These materials are becoming increasingly interesting for de
velopers. The high fatigue strength (R=-1), ❷, of 170 MPa at 
room temperature and 90 MPa at 20 °C play a decisive role.

At the moment, a modified Cu-free material based on EN 
AW-6082 with ultimate tensile strengths of more than 470 MPa 
(6082 F47) and a fracture strain of > 10 % can be demonstrated 
on wrought components, ①. And the potential of optimisation 
is far from exhausted. 

Conventional, ultra high-strength aluminium alloys, such as 
the well-known alloy EN AW-7075, possess maximum utilisable 
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strengths of around 550 MPa. Derivatives 
and more modern variants of these 
alloys, for example EN AW-7055, can dis-
play strengths of up to 650 and 700 MPa 
on the wrought aluminium connecting 
rod. 

Only very few aluminium alloys 
manufactured in conventional smelting 
processes display higher strength values. 
Despite their low weight, these modified 
aluminium alloys can withstand increas-
ingly higher loadings, as the develop-
ment of an aluminium connecting rod 
demonstrates. 

LIGHTWEIGHT CONSTRUCTION  
IN THE CRANK DRIVE 

As part of a ZIM Project (Zentrales Inno-
vationsprogramm Mittelstand [Central 
Innovation Programme for Medium-Sized 
Companies]) supported by the Federal 
Ministry of Economics and Technology, 
Leiber Group GmbH & Co. KG and the 
University of Stuttgart, Institute for Inter-
nal Combustion Engines and Automotive 
Engineering (IVK) have developed an 
aluminium connecting rod for a 1.8-l 
four-cylinder engine, ❸, and subjected it 
to acoustic and vibration tests on a spe-
cial engine test stand. The idea behind 
the project was to advance lightweight 
construction in areas in which it had 
previously been unable to compete with 
steel. While the major connecting rod 
manufacturers achieve high weight 
reductions by optimising the geometry of 
the component in its weight and function 
[1,2,3], the so-called Aluminium Con-

necting Rod Project focuses on the ability 
to optimise the material and a compo-
nent configuration that takes the specific 
material into account. 

A material and process definition has 
managed to specifically select the most 
important component features such as 
strength, machinability and cracking abil-
ity in such a way that a pre-series alumin-
ium connecting rod could be produced. 
For cracking purposes, the material alu-
minium requires an optimisation of the 
various process parameters. It is impor-
tant to combine brittle fracture behaviour 
involving separation without plastic de
formation and a ductile material behav-
iour. The bearing shells, bushes and 
screws for the aluminium connecting rod 
were taken from a functionally identical 
series-production steel connecting rod. 

As the density of aluminium is only a 
third that of steel, substitution offers 

great potential for significantly reducing 
the mass of the connecting rod. How-
ever, significantly greater cross-sections 
are required to transmit the same load 
due to the two-thirds lower Young’s 
modulus. The maximum available space 
for the installation of the connecting rod 
is therefore one of the limiting factors. 

A major influence on the component 
design is the distribution of mass. In sim-
ple terms, because of the combination of 
rotary and oscillating motion, the connect
ing rod mass can divided into two parts, 
the distribution of which is dependent of 
the centre of gravity. A shifting of the 
centre of gravity towards the connecting 
rod small end increases the oscillating 
percentage of mass and thus also the 
resulting mass forces. A centre of gravity 
located in the centre of the crank pin 
would be ideal for mass compensation, as 
rotary mass forces are relatively simple to 
compensate for by means of counter-
weights on the crankshaft. On a connect-
ing rod made of steel, a centre of gravity 
close to the centre of the crank pin can be 
achieved more easily, as the cross-section, 
above all in the highly loaded area of the 
connecting rod shaft, can be made smaller 
due to the material. ③ shows the evolu-
tion stages in the design of the aluminium 
connecting rod.

Development was based on a geometry 
that utilises the maximum possible in
stallation space, ③ (left). Iterative geo
metry development in combination with 
FEM calculations created an optimised 
ribbing in the connecting rod with regard 
to homogenous stress characteristics,  
③ (centre). This type of geometry is not 
ideal for the manufacturing and forging 
process, however. This was why a final 
stage saw ribbing in the connecting rod 

❷	Fatigue strength of AluXtrem material

❸	Evolution stages  
of the aluminium  
connecting rod
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being dispensed with. Therefore, an 
FEM-aided geometry was developed that 
constituted an ideal compromise 
between the forging process and homog-
enous stress characteristics, ③ (right). 
Overall, a weight saving potential of 
around 50 % compared to standard con-
necting rods made of steel was achieved. 

A cylinder pressure profile recorded on 
a test engine was taken as engine input 
factors for the connecting rod calculation. 
The factors of engine speed-dependent 
mass forces, temperature, heat expansion, 
screw connection and press fit of the 
bearing shells or bushing in the small end 
connecting rod eye were also taken into 
account in the stress calculations, ❹.

Due to its crank kinematics, in a four-
cylinder in-line engine, which is wide-
spread in the car market, rotary and oscil-
lating mass forces of the first order are 
counter balanced related to the entire 
engine. On the other hand, the oscillating 
mass forces of the second and higher 
orders of all cylinders sum up. In order to 
verify not only the strength of the vibra-
tion and acoustic behaviour of an engine 
with an aluminium connecting rod, four 
different build states of a mechanically 

supercharged four-cylinder internal com-
bustion engine were investigated on a 
anechoic engine test bench at the Institute 
for Internal Combustion Engines and 
Automotive Engineering (IVK) at the 
University of Stuttgart, 5. 
:: steel connecting rod with a Lanchester 

balancer shaft (base state) (variant 1)
:: steel connecting rod without a 

Lanchester balancer shaft (variant 2) 
:: aluminium connecting rod without a 

Lanchester balancer shaft (variant 3) 
:: aluminium connecting rod with a 

matched Lanchester balancer shaft 
(variant 4).

The test bench is fitted with acoustically 
absorbing wedges on all six roomsides. 
This configuration absorbs 99 % of all the 
noise generated by the engine and virtu-
ally no reflections occur. Tri-axial accel-
eration sensors were fitted to the fifth 
crankshaft main bearing, on the engine 
mount left/right and on the gear box 
mount to record vibration and structure-
borne noise. Sound pressure measure-
ments on five engine sides at 1 m dis-
tance and combustion chamber pressure 
indicating in cylinder 4 supplemented the 
range of measurements. 

Full load and overrun run-up from 
800-4000 rpm for each of the four vari-
ants were measured. To protect the alu-
minium connecting rods, the engine 
speed was initially limited to 4000 rpm. 
After completion of the series of meas-
urements, a saw tooth speed profile was 
run over several hours on variant 4. This 
involved the engine being accelerated 
from approximately 1000 to 4000 rpm. 
Following this, the engine speed limit 
was raised to 6000 rpm and full load and 
overrun run-up for variant 4 were meas-
ured again. The subsequent visual 
inspection and measuring of the con-
necting rods revealed no signs of dam-
age or tolerance deviations. 

The acoustic and vibration analyses 
confirm the expectations derived from 
the construction. Although the mass of 
the aluminium connecting rod is about 
50 % lower and the oscillating portion is 
reduced by 38 % compared to the steel 
connecting rod, this only translates into 
a reduction of the entire oscillating masses 
(connecting rod part, piston, bolts and 
rings) of 8 %. The free mass forces of the 
second order fall by the same ratio. The 
aluminium connecting rod therefore not 

❹	FEM  
calculation of 
the aluminium 
connecting rod
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only offers huge weight benefits but also 
slight acoustic and vibrational advantages 
compared to the steel connecting rod, ❻. 
The crankshaft and the balancer shafts 
can likewise be adapted to the lower os
cillating or rotary masses of the lighter 
connecting rod. Overall, this approach 
can save 2 kg of moving mass in the 
crank mechanism. 

CONCLUSION

The advantages of a material can be opti-
mally utilised if the “the right material in 
the right quantity is employed in a form 
suited to the material in the right place”. 
The new ultra high-strength wrought alu-
minium alloys as well as innovative tech-
nologies and processes allow huge weight-
saving potentials to be exploited. Clever 
component configuration or matching of 
the fibre direction to the direction of 
loading in the component have addi-
tional optimisation potential. The ZIM 
research project has demonstrated that 
the use of aluminium wrought alloys 
inside the engine shows decisive weight 
advantages of approximately 2 kg of mov-
ing mass compared to the steel variants. 
Thus, lightweight construction with alu-
minium is ready to meet the increasing 
demands in automotive construction in 
the long term. 
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❺	Test setup

❻	Airborne noise measurement: full load acceleration 
from 800 to 4000 rpm (top, BP stands for band pass 
filter) and structure-borne noise measurement: overrun 
run-up from 800 to 4000 rpm (bottom) (source IVK)
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DIRECT EXHAUST FLOW MEASUREMENT 
USING ULTRASONICS UP TO 600 °C
Direct measurement of the exhaust gas volume flow rate is becoming extremely important in the development 

process due to increasingly shorter vehicle development cycles and successively more stringent emissions 

standards. These analyses have to begin at a development stage at which, in many cases, it is not yet possible to 

measure emissions on an exhaust roller dynamometer test bench. The further developed Flowsic150 Carflow 

measuring device from Sick Maihak GmbH sets new standards in direct ultrasonic volume flow measurement and 

makes a major contribution towards the development and optimisation of new engine generations. 
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HISTORY

With the Flowsic150 Carflow, Sick has 
offered an ultrasonic exhaust flow meter 
for test bench applications for more than 
ten years. Based on this experience, the 
device has been comprehensively over­
hauled in collaboration with leading 
automobile manufacturers. The focus 
was to improve metrological properties 
while expanding its field of application. 
The advanced ultrasonic technology for 
industrial flow measurement from Sick 
has been transferred to the device and 
its application expanded to exhaust tem­
peratures up to 600 °C.

MEASUREMENT METHOD

Piezoelectric ultrasonic sensors are used 
at Sick in accordance with the ultrasonic 
transit time difference method. Ultrasonic 
signals are transmitted alternatively 
through the exhaust flow at an angle. 
Driving and braking effects due to the 
exhaust flow lead to different transit times 
of the signals through the flow of ex­
haust, ❶. This difference in transit time 
is analysed by the integrated electronics 
and converted into a flow velocity along 
the ultrasonic measuring path. A repre­
sentative area velocity can be determined 
using four ultrasonic measuring paths 
arranged across the flow cross-section, 
Eq. 1. The exhaust volume flow results 
from computation with the pipe cross-
section at the measuring point. 

vA stands for the mean area velocity, N 
for the number of measuring paths, wi 
for the weighting factor of a measuring 
path and vP for the mean path velocity.

EQ. 1 vA = ​ 1 __ N ​ ∑
N 

i=1 
wi · vP,i
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REQUIREMENTS

The requirements for exhaust flow 
meters have increased in many ways in 
recent years: real-time capability, a wide 
measuring range at high resolution, high 
temperature capability, low pressure loss, 
low-maintenance operation and maxi­
mum measuring accuracy even under 
dynamic flow and very low flow rates. 
The flow condition in the exhaust of 
internal combustion engines greatly 
depends on operating conditions and is 
subject to high dynamics. Pulsations 
when idling also appear like highly tur­
bulent flows and very low flow velocities.

TECHNOLOGICAL APPROACH

The exhaust velocity is measured in the 
measurement chamber of the device on 
four independent ultrasonic measuring 
paths, whose individual results go into 
the measurement result weighted. By 
using this four-path arrangement, dis­
rupted flow profiles that result from less-
than-ideal flow from the exhaust pipe 
can also be accurately measured. Meas­
uring range, measuring accuracy and 
repeatability are available in ❷.

To reliably capture the dynamics of 
the exhaust flow and to achieve very 
high measurement accuracy in all areas, 
50 transit time measurements are taken 
per second on each of the four measur­
ing paths. This guarantees a solid base 
of data for signal evaluation without 
extending the response time of the 
device. ❸ shows a representative step 
response. The increase here is 30 m/s². 
The T90 time is approximately 0.9 s. 

The individual ultrasonic signals are 
sampled by the electronics in the MHz 
range, where a reliable transit time de­
termination is achieved in the ± 5 ns 

range. This accuracy is particularly criti­
cal in the range of low flow velocities, 
e.g. when idling the engine, because the 
physical measuring effect is very small 
here. In addition, adaptive path compen­
sation adjusts faulty measurements to 
individual paths under dynamic flow 
conditions and guarantees uninterrupted 
measurement even for strongly pulsating 
exhaust. The ratio of the transit time 
measurements between the individual 
measuring paths is acquired for uninter­
rupted measurement and compensated 
for short-term signal interference. An­
other advantage of the measurement 
principle is its independence from the 
state-dependent sound velocity in the 
exhaust, thus achieving a degree of inde­
pendence from the composition of the 
exhaust, the temperature and the pres­
sure. In addition to the operating volume 
flow, the measuring instrument also cal­
culates the normalised flow rate through 
the integrated pressure and temperature 
measurement, Eq. 2.

V
·

N stands for the standard flow, p for the 
pressure, p0 for the standard pressure, 
T0 for the standard temperature, T for 

the temperature and V
·

B for the operating 
flow.

FLOW CONDITIONING

To further improve the metrological 
properties, innovative flow conditioning 
is used in the newly developed version of 
the device to compensate for interrupted 
flow conditions. Based on experience, 
ideal inlet conditions are often difficult 
to achieve when installing the measuring 
instrument due to the confined spaces. In 
addition, variable inlet configurations lead 
to different flow profiles. From the user 
perspective, the immunity of the device 
to flow perturbation is therefore of great 
importance – thus, the actual measure­
ment of the flow velocity becomes inde­
pendent of the specific flow conditions. 

Copper plates in the preheating section 
of the device cause flow rectification due 
to their location and support the occur­
rence of a possible rotationally symmet­
rical flow profile with minimum pressure 
loss. In addition, they are welded to the 
heated pipe wall, whereby heat transfer 
is optimised for the inflowing exhaust. 
To keep the temperature gradients be­
tween the pipe wall and exhaust as small 
as possible and to prevent condensation, 
the entire measurement section of the 
device is heated throughout. This solu­
tion ensures uniform temperature distri­
bution of the exhaust over the entire pipe 
cross-section, whereby the temperature 
measurement and subsequent normalisa­
tion of the volume flow is carried out 
with considerably higher accuracy.

SENSOR COOLING

The piezoelectric materials in the ultra­
sonic sensors lose their piezoelectric 
properties above the Curie temperature 
(approximately 280 °C). Alternating ther­
mal stress loads near the Curie tempera­

EQ. 2 V
·

N = ​ 
p
 __ p0
 ​ · ​ 

T0
 __ T ​ · V

·
B

❷	Technical data (excerpt)

MEASURED VARIABLES
Volumetric flow (actual), volumetric flow (normalised), gas velocity, 

speed of sound, gas temperature, gas pressure (barometric)
MEASURING RANGE  

(ACTUAL VOLUMETRIC FLOW)

0 to 180 l/s [0 to 650 m3/h] as 2,5" device 

0 to 500 l/s [0 to 1800 m3/h] as 4" device

MEASURING PRINCIPLE Four-path ultrasonic transit time difference

ACCURACY < 0.5 % of reading from 0.05 Qmax..Qmax

REPEATEABILITY < 0.2 %

TURN-DOWN RATIO > 1000:1

EXHAUST TEMPERATURE maximum 600 °C

PRESSURE DROP < 12 mbar
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❸	Step response of flow measurement
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ture also lead to an increased aging effect 
of the materials, which is why use of the 
measuring instrument was previously 
limited to exhaust temperatures below the 
Curie temperature. To expand the field of 
application of the device to exhaust tem­
peratures up to 600 °C, patented sensor 
cooling with ambient air is now used, ❹. 
Thermal management of the ultrasonic 
sensors could be decisively improved and 
the sensor temperature remains safely 
below the Curie temperature up to 600 °C 
even when used continuously. In addition, 
the temperature fluctuations of the sen­
sors could be significantly reduced by 
cooling, which leads to significantly lower 
aging behaviour of the sensors. 

CALIBRATION

Each device is also calibrated to achieve 
the highest possible accuracy. Certified 
test stands are used at the manufacturer 
in accordance with Measuring Instru­
ments Directive 2004/22/EC. The cali­
bration is performed based on the Reyn­
olds number after Eq. 3. For this purpose, 
the measuring instrument is installed in 
the test stand in series connection to a 
calibrated ultrasonic gas flow meter with 
eight measuring paths. By testing, the 
remaining variance from measuring 
instrument and reference meter is deter­
mined as an error curve and recorded in 
relation to the Reynolds number. 

Re stands for the Reynolds number, ρ for 
the exhaust density and η for the dynamic 
viscosity.

Subsequently, a correction of the 
error is made by a suitable polynomial, 
whose coefficients can be configured  
as parameters in the measuring instru­
ment, Eq. 4.

k is the correction factor, cc0..cc4 are the 
polynomial coefficients.

The correction factor is multiplied by 
the measured area velocity and thus 
leads to the corrected gas velocity, Eq. 5. 
In ❺ (top) the results of such a calibra­
tion are shown. In addition to the low 
residual error of max. ± 0.3 %, the 
repeatability at < 0.2 % is assessed as 
very good.

ZERO-POINT STABILITY

The accuracy of flow meters is primarily 
affected by the zero-point stability at low 
flow velocities. The minimum quantity 
range is also of particular interest for the 
exhaust gas measurement, e.g. in the 
range near idling. For this reason, the 
gas velocity of a sealed measuring instru­
ment was recorded over several hours. 
The results in ⑤ (bottom) show that sta­
bility is better than 5 mm/s. The results 
of zero-point testing with hot gas are in 
the same range.

APPLICATIONS

Direct exhaust gas flow measurement 
has significant advantages over the alter­
native calculation of the exhaust volume 
flow from other measured values or 
model approaches. The measuring error 
increases when calculating from various 
measured values on the one hand and on 
the other, model approaches are often 
limited to specific system environments. 
Therefore, measurement of the exhaust 
flow rate represents the simplest, most 
accurate method and is used in various 
applications.

EQ. 3 Reuncorr = vA · Di · ​ 
ρ
 __ η ​

EQ. 4 k = f (Re, cc0..cc4)

EQ. 5 vcorr = k · vA

Ultrasonic sensor

Cool air inlet

Cool air outlet

Pipe wall

Sensor membrane

❹	Patented sensor cooling principle
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DISCRETE EMISSIONS CURVES

Direct exhaust gas flow measurement 
allows allocation of pollutant concentra­
tions from exhaust analyses to the actual 
exhaust volume flow with no time-con­
suming dead time correction. If the 
exhaust volume flow corrected to stand­
ard conditions is used, the emission den­
sities known under standard conditions 
are used to calculate mass-related emis­
sions, Eq. 6. 

 ·m stands for mass flow, ci for the pollut­
ant concentration, V

·
N for the standard 

flow and ρi,N for the pollutant density 
under normal conditions. 

The result is the time curve of the 
quantity of pollutants. Representative 
pollutant emissions corresponding to the 
bag results from CVS systems on chassis 
dynamometers result from the accumu­
lation of the measured values. This 
method can also be used on engine test 
benches to determine discrete pollutant 

curves and thus allows early and very 
accurate determination of the results of a 
CVS measurement to be used.

BAG MINI DILUTER

In addition to the CVS methodology, the 
Bag Mini Diluter has been certified in 
the USA by the EPA since 2002 [1]. With 
this measurement method, vehicle emis­
sions are diluted with synthetic air and 
directed to the exhaust bag proportional 
to the exhaust volume flow. The exhaust 
volume flow of the vehicle is required in 
real-time as a control factor for the mass 
flow controller for sampling. Various test 
results confirm that the volume meas­
urement of exhaust gases by ultrasonics 
is very well suited for this method [2,3].

SUMMARY

Flow measurement using ultrasonics is 
ideally suited to meet the diverse require­
ments of the exhaust gas flow measure­
ment in test bench applications. The test 
results of the new Flowsic150 Carflow 
have very high measurement accuracy 

with a very short response time. With 
improvements in the area of flow condi­
tioning and by using state-of-the-art sen­
sor technology in the four-path design, 
independence from the inlet configura­
tion, the zero-point stability and low 
flow measurement was further optimised. 
The patented sensor cooling extends the 
application of the new device to exhaust 
temperatures up to 600 °C and at the 
same time, ensures a long service life of 
the ultrasonic sensors through improved 
thermal management. Thus, the objec­
tives of the new development were 
achieved and the new Flowsic150 Carflow 
is ideally suited for flexible exhaust gas 
flow measurement on exhaust and chas­
sis dynamometers, not least due to the 
compact design as a trolley.
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KnOWLEDGE-BasED DEsIGn 
Of sCr sYstEms usInG
GraPh-BasED DEsIGn LanGuaGEs

the ability to cope with different applications and system variants is a big challenge 
when designing exhaust aftertreatment systems. Especially in the off-highway appli-
cation area designers are faced with many different vehicle variants featuring lots of 
different load profi les. In addition, the future emission legislation makes an external 
exhaust gas aftertreatment necessary. to meet these challenges a graph-based de  sign 
language is developed at the Die Ideenfabrik and the university of stuttgart as a new 
design method for the design of sCr systems.
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1	INTRODUCTION

1.1 NECESSITY
Graph-based design languages are a kind of formalised rule-based 
expert systems [1]. They provide a complete formal representation 
and an automatic iterative product development process [17]. 
Design languages represent hereby a new point of view of the 
problem of product design that leans on languages spoken by 
humans like German or French, in which vocabulary and rules 
make up a grammar that specifies the format and structure of syn-
tactically valid sentences. The meaning of design languages in 
this interpretation is that every valid sentence is a legal combina-
tion of vocabulary representing a valid specific product design.

1.2 DESIGN LANGUAGES
The system terms, parts and assemblies of the product to be 
designed build up the vocabulary. Combination rules are defined 
on vocabulary and form thus a grammar. Based on given require-
ments (called axiom) the rules can be (re-) executed to assemble 
the vocabulary to a valid product design of the system [12]. The 
sequence of rules that combines the vocabulary is called produc-
tion system. A graph-based representation of rules and vocabulary 
is particularly beneficial for the human understanding of a design 
language [12]. The method has already been used in the design 
of complex aircrafts and satellites [4, 19].

Modelling languages like the Unified Modelling Language (UML) 
provide an internationally standardised and manufacturer independ-

ent representation of design data [14, 15]. This simplifies the port-
ability and reusability of the engineering know-how embedded in the 
design language. The generated universal and digital master model 
of the product is processed in a design compiler [10, 22]. The design 
compiler automatically generates domain specific models for analys-
ing in downstream process chains: computer-aided design (CAD), 
structural analysis (FEM), computational fluid dynamics (CFD), enter-
prise resource planning (ERP), product lifecycle management (PLM) 
etc. The validity and accuracy of the results mainly depend on the 
abilities of the analysis software used and do not differ from conven-
tional design methods. The design compiler offers an internal con-
straint processing mechanism that is able to process and solve the 
design constraints for the predimensioning of the originating product 
[18]. Transferring the analysis results back into the design language 
leads to a realisation of a closed-loop optimisation scenario, ❶. Pre-
condition for this optimisation is an automatic evaluation of the gen-
erated designs. This design evaluation [16, 17] is preferably imple-
mented using dimensionless numbers of similarity mechanics [5].

2	DESIGN LANGUAGE FOR THE SCR SYSTEM DESIGN

2.1 VOCABULARY
The SCR system is topologically decomposed to its elementary 
parts and terms and its parametrical description (such as pipe 
elements, pre-/post-chamber, catalyst, components of the dosing 
system, engine data, installation room etc.). These vocabulary cor-
respond classes in the UML. The classes and their relations (asso-
ciations) formed by edges between classes make up the class dia-
gram, ❷. Data and information are exchanged along the edges of 
the class diagram between the classes.

2.2 RULES
Graph transformations and programme code form the rules to 
build-up and modify the virtual model. The rule-based composi-

1	 INTRODUCTION

2	 DESIGN LANGUAGE FOR THE SCR SYSTEM DESIGN

3	 SIMULATION RESULTS

4	 METHODOLOGY RESULTS

5	 SUMMARY AND OUTLOOK

❶	Schematic design process using 
design languages
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tion of the virtual design ensures a complete algorithmic storage 
of design knowledge. The graphically formulated rules are made-
up according to an “if-then”-scheme. The scheme is split into the 
“if”-side of the rule that contains the graph pattern that is 
searched in the model and into the “then”-side containing the 
final modified state of the looked-up graph pattern. ❸ shows a 
rule that attaches a prechamber of a catalyst box to a straight pipe 
element. Rules to manipulate the product model are automatically 
executed within the design compiler. The first rule of the produc-
tion system is called the axiom. The axiom contains fixed require-
ments and given boundary conditions. The successive rules com-

pose a virtual product design that is compatible with the previously 
given requirements and boundary conditions.

2.3 PRODUCTION SYSTEM
The production system contains the sequence of rules that deter-
mines the incremental build-up of the final design graph. It com-
prises hierarchical sub-programmes and decision nodes. The deci-
sion nodes allow a selective call of rules and sub-programmes based 
on the state of the current design graph. By using decision nodes, 
the conventionally manual decision making process is reproduced 
digitally in the production system. The diamonds in the UML activ-

❷	Detail of a class diagram of a SCR system

❸	Graphical rules to build-up the 
virtual product model
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ity diagram, ❹, represent such decision nodes. In the example an 
appropriate urea injector is selected by the decision nodes and 
finally is built-in by calling the proper rule (small-, medium- or large-
sized). The rules and decision nodes allow the graphical implemen-
tation of the well-known control flow states from programming (such 
as if, then, else, for, while). This leads to an integrated and complete 
digital representation of the design knowledge that is easily (re-) 
executable and reusable even in a different design context.

❺ shows the implemented design cycle for the development of 
a SCR system. The design cycle starts with a coarse analytic 
dimensioning of the catalyst size and the pipe diameter [3, 11]. 
On the basis of these geometric dimensions an automated pack-

aging and routing procedure is conducted using the digitally pre-
defined installation space. This results in a CAD model that is 
finally simulated using numerical CFD techniques to obtain the 
expected efficiency of the system.

2.4 PROCESS CHAIN

2.4.1 PACKAGING
Based on the system dimensions, determined in the analytic pre-
dimensioning, the target installation position of the SCR box is 
determined within the given CAD model of the installation space. 
This is done by a discretisation of the installation room followed 

❹	Sub-programme using decision nodes (diamond) to choose a fitting urea injector

❺	Schematic design cycle
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by the execution of appropriate algorithms [9, 20] within the 
design compiler to find the best fitting installation position under 
the given requirements and boundary conditions.

2.4.2 ROUTING
The routing module of the design compiler calculates the path 
routes from the engine to the SCR box and from the SCR box to 
the environment following the previous identification of the SCR 
box position. This is done again by a discretisation of the instal-
lation room and by executing a path search algorithm [13]. Dif-
ferent smoothing and path finding options (such as paths with 
maximised wall distances) are available. The found path is stored 
then as polygonal line in the design language. After that, the 
polygonal line is rule-based transformed onto the (CAD) model 
of pipework optionally with a constant bend radius or with arbi-
trary bend radii.

2.4.3 CAD
The geometric information is extracted from the model by the 
CAD plug-in provided in the design compiler framework. These 
information is processed and a CAD model of the SCR system is 
generated. ❻ schematically shows the sequence of the presented 
design compiler plug-ins (packaging, routing and CAD). Topologi-
cally different SCR box designs are generated by recombining 
different prechamber, postchamber and catalyst geometries, ❼. 
The models remain stable [7] as the whole design language is 
re-executed from the beginning after performing a topological 
modification.

2.4.4 CFD
After the geometry generation the CFD simulation model (Euler/
Lagrange two-phase) is created in the appropriate plug-in of the 
design compiler [8]. Using a standardised generation of the simu-
lation models leads to a good comparability of the simulation 
results. The simulation of the wall-film formation is omitted in the 
conceptual design stage. The urea mass flow impacting on the 
wall is calculated instead. The urea mass flow j(i) impacting the 
wall at cell i is calculated according to Eq. 1

With ·m wall = urea mass flow impacting on the wall, t = time and 
Ai = cell area.

The urea flow density can be compared with empirical data to get 
a first estimation if the wall contact is subcritical or supercritical 
with regard to the deposit formation. The CFD process chain auto-
matically calculates the uniformity indexes Ui (Uniformity-Indexes) 
[2] at the critical flow cross sections (such as catalyst entry).

The uniformity indexes of the gaseous and liquid components 
are calculated. For the calculation of the liquid components uni-
formity index the cross section is equidistantly discretised and the 
droplet masses mj (droplet index j) of the droplet track j are 
summed up at the nearest grid points (grid point index i) to mi. 
Based on the summed-up masses the uniformity index is calcu-

EQ. 1 j(i)=∑
t

 ​ m
·

wall (i, t) _________ 
Ai

  ​

❻	From the installation space to 
the CAD model (schematic)
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lated [2]. The dimensionless uniformity indexes allow an objective 
evaluation of the generated SCR systems.

2.5 EXPLORING THE DESIGN SPACE
Besides the project-specific application in the field of critical pro-
ject parameters the design language can be used in the prede-
velopment for a computational exploration of the design space 
[17]. The whole syntactical variety of topological and parametric 
variants that can be combinatorially built from the class diagram 
of the design language spans the design space. This design space 
can be computationally scanned and systematically evaluated.

3	SIMULATION RESULTS

In terms of exploring the design space three different prechamber 
designs of SCR systems were generated and evaluated exempla-
rily. ❽ shows the evaluated prechamber geometries (dpipe = 100 mm, 
dcat  = 350 mm). Each of the variants is processed with two differ-
ent substrate types (high and low backpressure substrates). The 
plane for the calculation of the uniformity indexes is marked black. 
A dimensionless quality number for the evaluation of the precham-
ber is defined, Eq. 3. The quality should scale down with an 

increasing pressure loss and scale up with an increasing uniform-
ity index of the gas phase. Therefore the pressure loss is expressed 
as dimensionless Euler number Eu (Eq. 2).

The results, ❾, show that the prechamber configuration with radial 
entry is dominant. For smaller Reynolds numbers the configura-
tion with lower substrate backpressure results in a higher pre-
chamber quality. For lack of space this short result presentation 
with results limited to the gas phase shall be sufficient as these 
results should primarily serve to show the usage and application 
of design languages.

4	METHODOLOGY RESULTS

The design language execution takes less than ten minutes (on a 
medium-class desktop PC) for one run through the proposed 
design cycle (excluding CFD calculation). The CFD simulation 
duration can be cut down swapping it to an external computer 
cluster. The practical experiences in using design languages have 
not shown so far a deterioration of the result quality compared 
with the manual approach. This is ensured by the fact that not 
only the design know-how is stored in the design language but 
also the know-how of the simulation engineer can be stored in the 
rules within the design language and the associated process 
chains.

5	SUMMARY AND OUTLOOK

Graph-based design languages turn out to be a suitable method-
ology to completely automatise recurring design tasks that 
increases significantly the efficiency of the design process (of SCR 

EQ. 2 Eu = ​ Δp
 ____ p∙v2
 ​

EQ. 3 G = ​ Ui ___ 
Eu

 ​

❼	Topological variants of SCR boxes (CAD models)

❽	Evaluated geometries: variant A (60° cone), variant B (30° cone), variant C
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systems). The increased one-time effort implementing a design 
language is compensated many times through the efficiency gain 
in the actual design process.

The integration of evolutionary or DoE (Design of Experiments) 
optimisation algorithms will be one task for the future to lead a 
design iteratively to its optimum. In parallel conducted projects 
design languages are developed to generate the “Digital Factory” 
belonging to a product, that is engineered using design languages. 
Following this research direction makes it possible to optimise and 
design a product not only in regard to its functionality, as demon-
strated with this work, but also in the interwoven context of design 
and manufacturing constraints.
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DEPOSITION MECHANISMS  
IN EXHAUST HEAT EXCHANGERS

The recirculation of cooled exhaust gas is seen as an effective means of meeting 
the legal limits for NOx emissions in modern diesel engines. During exhaust-gas 
recirculation (EGR) in diesel engines, there are often cooling performance losses in 
the EGR cooler due to the admission of engine-out emissions. These losses are 
mainly due to the condensation of high boiling soot-hydrocarbon agglomerates, 
which are responsible for forming an insulating layer of deposits. The TU München 
studied the formation of deposits in EGR coolers within the framework of the 
FVV projects No. 966 and 1048.
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1	INTRODUCTION 

EGR has proven itself as an effective means of reducing NOx 
emissions, which will be limited to 0.4 g/kWh for trucks and 
buses with the introduction of Euro VI in 2014. Compared to the 
limitations of Euro V, this means a decrease by 80 %. Due to the 
possibility to reach high ballast gas fractions with moderate tem-
peratures at the start of combustion, cooled exhaust-gas recir-
culation is very effective, although the buildup of deposits is 
problematical. Contamination (sooting) of the exhaust heat 
exchanger by the formation of a deposit layer consisting of highly 
adhesive particle agglomerates (soot, hydrocarbons, sulphur) on 
the exhaust side results in a decrease of cooling performance by 
20 to 30 % compared to the clean cooler. These deposition 
mechanisms were analysed within the framework of the FVV pro-
jects No. 966 and 1048 and possible measures for reducing the 
formation of a deposit layer or for removing existing deposit layers 
were derived.

2	EXPERIMENTAL SETUP AND BOUNDARY CONDITIONS

A BMW six-cylinder Diesel engine (type M57D30 TU2) produced 
the required exhaust gas. Some engine data are shown in ❶. For 
further technical specifications [1]. The fouling experiments were 
accomplished with a custom double-pipe heat exchanger, which 
was made of aluminium (tube length: 160 mm; inner diameter: 
10  mm; wall thickness: 1  mm) that replaced the OEM heat 
exchanger. ❷ shows a schematic diagram of the experimental 
setup. The counter-flow heat exchanger was displaced from the 
exhaust manifold by an offset of 60 cm to facilitate additional 
exhaust-gas conditioning (heating up of exhaust gas, sampling 
locations for gas analysis). The thickness of deposition in the EGR 
tubes was measured by the non-destructive use of neutron radio
graphy. This is one reason why a custom aluminium EGR is used 
instead of the stainless steel OEM version, as aluminium, in com-
parison to steel, is almost transparent for neutron beam/transmis-
sion. Furthermore, the thermal conductivity of aluminium is many 
times higher than steel allowing thicker pipe walls to ease the 

1	 INTRODUCTION 

2	 EXPERIMENTAL SETUP AND BOUNDARY CONDITIONS

3	 DEPOSITION STUDIES AT THE EGR COOLER

4	 DEPOSIT FORMATION AND MECHANISMS OF POLLUTION

5	 DEVELOPMENT OF THE THERMOPHORETIC DEPOSITION

6	 FORCE BALANCE MODEL AND STATE OF EQUILIBRIUM

7	 CONCLUSION

❷	Schematic of the experimental 
setup at the engine test bench

Bore 84 mm

Stroke 90 mm

Displacement 2993 cm3

Performance 170 kW at 4000 rpm

Maximum torque 500 Nm at 2000 rpm

Maximum common rail pressure at full load 1600 bar

❶	Data of the BMW engine
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placement/integration of thermocouples. These are glued into 
minute blind holes located on the outside of the pipe’s wall. This 
specific design of measuring local temperatures extremely close 
to the inner pipe surface not only preserve the initial fluid flow and 
convection states, but also makes it possible to detect the build-
up of insulating layers by drops in temperature inside the wall 
pipes. In addition to the cooling water and exhaust-gas tempera-
tures at the respective inlet and outlet also a rough space-resolved 
indication of the deposit growth could be derived. 

The deposition enhancing components in the original raw exhaust 
gas were too low to induce any noteworthy fouling. Therefore, the 
engine’s operating strategy was modified by activating the post 
injection depending on the EGR rate. The total amount of hydrocar-
bons was increased from 350 to 450 ppm while the particle mass-
flow increased from 91.15 to 575.3 mg/hr. The double-pipe heat 
exchanger was operated with exhaust mass flows of 4.5, 9 and 
15 kg/h and the exhaust-gas inlet temperatures ranged between 
200 and 400 °C. The coolant temperatures were varied between 
20 and 80 °C, to induce condensations effects. For better interpre-
tation of the dynamic exhaust-gas impingement has been waived. 
Instead, long-term experiments were performed in stationary mode. 

3	DEPOSITION STUDIES AT THE EGR COOLER

The non-destructive neutron radiographies of the deposits thick-
nesses were carried out at the Neutron Source Forschungs-Neu-
tronenquelle Heinz Maier-Leibnitz (FRM II) of TU München. The 
detailed configuration of the equipment can be obtained from [10]. 
❸ (top) shows a diagram of the test arrangement, ③ (bottom) the 
typical deviation of the neutron beam’s attenuation, which was 
normalised with the intensity of the unopposed beam. A scintilla-
tor consisting of Gd2O2S and doped with Terbium is encouraged 
by the weakened beam and emits photons, which are detected by 
a chargecoupled device.

Light elements like carbon or hydrocarbon have a stronger weak-
ening effect on the neutrons than heavier elements like Aluminium 
[8, 9]. This is reflected by the materials characteristically distinct 
grey levels of the two-dimensional sections recorded by the cam-
era. Thus the deposits can be clearly separated from the alumin-
ium tube as they show significantly darker shades of gray. By rotat-
ing the sample several planes of the heat exchanger tube could 
be analysed and due to the uniform appearance of deposits in 
circumference direction a dependence of gravity could be excluded 
as influence force of deposition build-up. 

As a result of this method, the development of the deposits 
thickness along the tube could be derived. Alongside the meas-
ured wall temperatures which are both time and space-resolved 
conclusions about the development of thermal conductivity and 
the topmost temperature of the soot layer were made. Thus, the 
thermophoretic deposition efficiency could be estimated as well 
as the surface forces upon the deposited layer. Therefore a force 
balance model (developed by Phillips [7]) among adhesive and 
removing forces was used.

Correlations of surface structures with different coolant tem-
peratures were subject for further examinations. For these inves-
tigations, a closed-loop coolant circuit was setup that indepen-
dently controlled the coolant temperature. After each long-term 
steady-state experiment, an endoscopy analysis showed the dif-
ferent surface structures on the pipes inner walls. There is an 
increasing embrittlement of the deposits with decreasing coolant 

temperature. As shown in ❹ flaking or wash out effects can be 
the results of water condensation which also has a good side effect 
of cleaning the cooler. Increasing the Reynolds number results in 
smoother topmost layers followed by higher resistance against 
sporadic flaking. This is because of the higher wall temperatures 
due to the enhanced convective heat transmission.

Inducing water condensation for the purpose of cleaning the wall 
can be evaluated critically, as a closed film of water can not be real-
ised. Wash out effects can only be detected downstream of the cool-
er’s gas side, whereas the entrance area is not affected. With advanc-
ing time of cooler operation, the zone of condensation is moved 
towards the outlet of the gas, which leads to the build-up of a closed 
soot layer. A continuous cleaning of the completely cooler surface, 
however, could not be achieved. Cleaning the cooler by inducing 
water condensation can be assessed as an ineffective way as the 
development of a uniform film condensation is not feasible.

4	DEPOSIT FORMATION AND  
MECHANISMS OF POLLUTION

As part of the FVV project No. 1048 calculations were carried out 
to describe the EGR cooler fouling. These calculations are based 
on measurements made in project No. 966 which also include the 
determination of the deposits thickness in response of the tube 
length and test time, ❺. ❻ shows, that the deposited layer’s growth 
gradient increases at the beginning of the fouling process together 
with an increase in mass flow (increasing Re numbers in the heat 
exchanger but same engine operation point) of exhaust gas. This 
can be explained by the higher through put of condensing compo-
nents and particles. In combination with high Reynolds numbers 
which support abrasion, the initial high growth gradient decreases 
quickly after a short space of time. The behaviour at low Reynolds 

❸	Diagram of experimental setup [10] (top); attenuation of the neutron beam 
when passing a contaminated pipe (bottom) 
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numbers is vice versa. At low Reynolds numbers the deposit growth 
gradient at the beginning is a lot lower and only decreases gradu-
ally over time. In ❼ it becomes apparent that the best heat transfer 
can be achieved with high Reynolds numbers. The curves shown 
are based on calculations of the respective deposit growth, taking 
into account the measured layer thickness after 1, 2, 4 and 8 h. In 
this connection both the convective heat transfer and the develop-
ment of the deposit thicknesses of the different operation points 
were considered. Especially the layer thickness is the governing fac-
tor of influence for the heat transfer coefficient. Additionally the 
compression of the topmost layer at high flow velocity amplifies this 
tendency as proved in [5].

5	DEVELOPMENT OF THE THERMOPHORETIC 
DEPOSITION

The thermophoretic deposition efficiency was calculated using sev-
eral approaches from literature sources. All known approaches are 
based on the assumption of ideal conditions, such as dry synthetic 
air. These assumptions are not directly transferable to diesel exhaust 
gas, especially due to the high amount of water and hydrocarbons 

with different boiling temperatures. However, the calculation allows 
an assessment of the thermophoretic deposition efficiency under 
the influence of thermal and fluid dynamic conditions.

❽ shows the thickness of the deposition over time in hours (with 
the appropriate base layer, which has been formed until then).  
⑧ (left) shows the average layer thickness over five sections of the 
tube, ⑧ (right) the according calculation of the thermophoretic 
deposition efficiency as suggested by [6] whereat both the altera-
tion of the surface temperature of the topmost soot layer and the 
flow velocity were regarded. These calculations are also based on 
measured layer thicknesses after 1, 2, 4 and 8 h. The increase of 
the exhaust flow velocity by reason of cross-section reduction was 
also taken into account. Due to the decrease of the exhaust gases’ 
kinematic viscosity and its internal friction induced by falling tem-
peratures along the tube, the thermophoretic deposition efficiency 
increases from the inlet of the exhaust gas to the outlet. This at 
first seems implausible as the observed deposition thickness from 
the inlet towards the outlet decreases but the efficiency is not the 
only decisive factor. Furthermore, an additional updraft is effec-
tive which was postulated by Phillips [7]. This force is increasing 
with cooling exhaust gas and seems to be dominant in comparison 

❹	Endoscopy of the cooler deposits at different coolant temperatures but otherwise equal conditions (longitudinal coordinate: x/L = 2/3) [2]

❺	Example of layer 
thickness in local and 
temporal dependency [3]
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with the thermophoretic deposition whereby a decreasing layer 
thickness along the tube is the result.

6	FORCE BALANCE MODEL  
AND STATE OF EQUILIBRIUM

❾ and ❿ exemplify the prediction of the equilibrium state with the 
aid of Phillips’s force balance model [7]. Based on measured values 

for the deposition thickness the development of the adhesion and 
updraft is calculated to determine the final thickness. Phillips dis-
tinguishes four different forces, which act on particles. The para
meters regarded are particle diameter, its distance from the wall 
and the ratio of particle size to boundary layer thickness. Collectively 
two adhesive and two flaking forces account for the balance and 
can act upon a deposited particle under certain conditions. It is of 
great importance to mention the influence of a particle’s net weight 

❻	Varying rates of 
deposit growth at the 
beginning of the fouling 
tests are subject to 
different flow rates

❼	Comparison of the 
periodic change of the 
locally averaged heat 
transfer coefficient at 
different EGR mass flows
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when they exceed a diameter of 100 µm, otherwise it is negligible. 
The adhesive force, however, already is an important effect for par-
ticles less than 10 µm in diameter. In the FVV project No. 966 
theparticle sizes in exhaust gas were classified in the range of 
10 nm to 1000 nm using a SMPS. Neutron radiography results 
proved that net weight in these magnitudes is negligible due to the 
fact that a homogenous distribution of the deposition thickness in 
circumferential direction could be observed. Hence, the adhesion 
is the only relevant holding force for the force balance.

On the other side, the hydrodynamic drag and the updraft under 
a burst are mentioned as lifting forces in [7]. While the latter is 
dominant for those particles whose diameter is small enough to 
be within the flow boundary layer, drag forces become important, 

when particles protrude the boundary layer, which does not occur 
within the given particle dimensions. Thus, the constraints for a 
force balance as postulated in [7] are achieved, when adhesion 
and updraft are of identical value. Since only air and water were 
taken into account as carrier medium for the particles, both the 
calculations of force balance and the thermophoretic deposition 
were calculated under idealised conditions. However, the magni-
tudes of the layer thicknesses, which arise from the state of bal-
ance and the curves of forces, are within a reasonable context as 
shown in the figures below, ⑨ and ⑩.

⑨ shows that an increase of the layer thicknesses can be expected 
for lower coolant temperatures (in this case TCoolant = 60 and 80 °C 
were compared). At the same time, a higher lifting force is required 

❽	Comparison of layer growth (left) and deposition efficiency (exhaust mass flow: 9 kg/h, exhaust-gas temperature at heat exchanger inlet: 300 °C, coolant 
temperature: 80 °C)

❾	Progress of deposit thickness 
and lifting force at Re = 11,000 
on the gas side of the EGR 
cooler when operated at differ-
ent coolant temperatures
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in balanced conditions. Comparing ❾ and ❿ at equal coolant tem-
peratures of TCoolant = 80 °C it becomes clear that increasing the flow 
velocities leads to an increase of lifting forces which results in thin-
ner deposit layers when the state of balance is reached which occurs 
in less time than with smaller flow velocities.

7	CONCLUSION

Based on the measurements and calculation results of the FVV 
project No. 966 and 1048 the following recommendations were 
derived to abate the fouling of EGR coolers.
:: Coolant-side optimisation: It has been shown that low coolant 

temperatures, especially if no washing is induced by conden-
sate, enhances the layer growth significantly. Using high con-
densation rates to clean the cooler through wash out is no recipe 
for success as it does not persistently work throughout the heat 
exchanger. When the EGR cooler is directly coupled with the 
engine cooling system, exhaust gas should not be passed 
through before the operating temperature is reached. Especially 
during the engine warm up phase and when idling the EGR 
cooler should be bypassed as high hydrocarbon concentrations 
promote the build-up of an adhesive primary layer.

:: Gas-side optimisation: In conventional designs of EGR systems, 
the heat exchanger is combined with an EGR valve to control 
the amount of recirculated exhaust. Since the creation of high 
flow velocities is beneficial to reduce deposit formation a pro-
posed method would be to adjust gas-side Reynolds numbers 
for all operating states. Due to the high deviation of EGR rates 
this cannot be realised with the conventional radiator valve com-
bination. However one approach would be to integrate the 
restrictor directly into the radiator such as using blinds that 
cover currently redundant flow channels keeping the flow veloc-
ity at higher levels, promoting the abrasive effect and thereby 
reducing fouling.
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