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RESOLVING 
CONFLICTS

Dear Reader,

Are conflicts a part of our everyday 
working life? Indeed they are, and there 
is certainly no benefit in the long term in 
simply evading or concealing everyday 
conflicts instead of trying to resolve them 
in an appropriate manner. Pretending for 
a while that everything is harmonious is 
also a dubious strategy, as it poisons the 
atmosphere even if people are not actu-
ally aware of it. Teamwork, which plays 
such a key role today, poses a challenge 
in this respect in every aspect of our 
work, but it is one that also offers many 
opportunities for resolving conflicts.   
Even though conflicts are an inevitable 
part of a professional environment, some 
people still see them as negative and 
destructive. Without question, there are 
always two sides to a conflict; there is no 
denying that there are dangers and risks. 
But isn’t every risk also an opportunity? 
An opportunity to find new agreement 
after a period of conflict and tension. 
Such a chance does not come automati-
cally. But there is a lot we can do to take 
advantage of it. 

Is it possible to learn how to resolve con-
flicts? I think so, and addressing conflicts 
can even be enjoyable. One possibility 
takes the form of an argument. Yes, even 
though the word “argument” has nega-
tive connotations for many people. But  
if one understands it simply as a differ-
ence of opinion, an argument is neither 
good nor bad. The fact that there are no 
arguments is by no means a sign that a 
relationship is working well. 

Does that mean that it is impossible to 
avoid arguments? What is decisive is 
how one argues. Arguments can be 
mature, fair and constructive, but they 
can also be destructive, hurtful and 
immature. Learning how to argue fairly 
is an important prerequisite for success-
fully dealing with conflicts at work and 
under stressful conditions. Not only will 
senseless conflicts that have no deeper 
background be automatically alleviated, 
there will be a greater focus on unavoid-
able conflicts, which can then be duly 
addressed and resolved. 

WOLFGANG SIEBENPFEIFFER, 
Editor in Chief and Editor in Charge  
Stuttgart, April 2012

EDITORIAL
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emitec has been committed to environmentally friendly mobility, including electrifi cation, since 1986. 

The fi nancial and technical implementation of the next stages toward this aim will entail optimum use of the 

company’s resources. The following three key issues have to be subjected to scientifi c scrutiny to gain better 

insight into sustainable mobility and potential technologies: Is environmentally friendly or environmentally 

neutral mobility achievable? Will there be a sustainable and cheap supply of suitable fuels? And do we have 

to avoid carbon-based energy sources?

SUSTAINABLE FUEL  
A FANTASY?
SUSTAINABLE FUEL  
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SUSTAINABILITY – 
INTRODUCTION AND OBJECTIVE

Sustainable management dates back to 
the 16th century and the aims of respon-
sible forest management: The rate of 
deforestation should not exceed the rate 
of reforestation. This is biological sus-
tainability. Today, there is a wider 
demand for “sustainability” that encom-
passes practically every part of life. 
Strictly speaking, the term sustainability 
still only makes sense when referring 
to that which will survive the remaining 
life span of the earth, that is, the con-
stant forces of nature and renewables 
with an inherent biological agenda. 
It does not apply to resources. Materials 
can only be recycled and matter can 
only be transmuted. Even energy cannot 
be sustainable because it follows the 
laws of thermodynamics [1]. There is one 
issue that is consistently ignored in the 
sustainability debate: When it comes to 
the consumption of various resources we 
are supposed to think in ethical catego-
ries, such as generational fairness. How 
many generations should we include to 
be politically correct? Would our good 
intentions not have to last until the end 
of the world, when the oceans boil in 
900 million years [2]?

Fossil fuel reserves, including ura-
nium, will be depleted within a few gen-

erations. The fast breeder reactor is the 
only remaining long-term option. How-
ever, wind, water, sun and nuclear 
fusion are the only truly sustainable 
energy sources. The green dictum on 
energy policy, ➊, requires more precise 
defi nition:
 : Sustainability applies for <<900 mil-

lion years.
 : “Alternative” energy is in confl ict with 

the fi rst law of thermodynamics.
 : “Renewable” energy contradicts the 

second law.
 : “Energy reform”: energy cannot be 

reformed.
 : CO2 causes climate change: CO2 is only 

one part of the complex mix of factors 
that control our climate, the claim has 
not been verifi ed.

This discussion should be rationalised 
by looking at what physics has to tell 
us. We will have to make more effi cient 
use of energy and develop new technol-
ogies to largely replace our fi nite fossil 
fuel reserves. The, as yet unsubstanti-
ated, damaging impact that rising 
CO2 levels in the atmosphere have on 
our climate is leading to enormous 
changes in energy systems worldwide – 
with signifi cant national variation. 
The driving force behind these changes 
is a dramatic reduction of CO2 emissions 
that are caused by the burning of fossil 
fuels. The fact that a disproportionately 

AuTHORs

DIPL.-ING. WOLFGANG MAUS
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➊ The green dictum on energy policy: CO2 is a climate gas but the herd instinct takes us down a blind alley
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high burden falls on the combustion 
engine is nothing short of disastrous. 
Combustion engines are associated  
with the highest CO2 abatement costs 
compared to other emission sources  
and this is going to increase the cost of 
mobility accordingly. 

It should first be noted that combus-
tion engines powered by liquid fuels are 
going to maintain their dominant posi-
tion in the vehicle powertrain, especially 
for long-distance journeys. There are two 

reasons for this, first the unrivalled volu-
metric energy storage density of gasoline 
and diesel, which is 9 to 10 kWh/l, and 
second the ability of the chemical indus-
try to synthesise these liquid fuels from 
other carbon-based primary raw materi-
als, including, in principle, CO2. This 
makes it possible to gradually supple-
ment and replace crude oil in case it has 
to be taken off the market because of ris-
ing prices, the security of supply or CO2 
emissions. The production of synthetic 

fuels is slowly becoming more cost-
effective. The purpose of this article is  
to demonstrate that fuels will be cheaply 
available as long as energy is cheaply 
available.

In hybrid vehicles with electrified pow-
ertrains the combustion engine serves as 
a basic propulsion system. Fully electric 
vehicles will be a niche product for the 
next 20 to 25 years because of an inade-
quate battery storage density of maximal 
0.5 kWh/l. Electric vehicles do not have 

2 Development of the global gross national product and energy demand until 2040 for different world regions [4]

3 Historical development of oil production and 
 projection of potential development until 2050  
(NGL = Natural Gas Liquid (condensate)) [5]
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sufficient range for long-distance traffic, 
especially goods traffic [3].

GLOBAL PROSPECTS UNTIL 2040: 
ENERGY SOURCES AND FUELS

In order to be able to develop a fuel sce-
nario for the next few decades we first 
have to look at the economic development 
forecasts and future demand for primary 
energy sources at international and 
national level, 2. The global economy is 
growing at different rates, ranging on 
average from 2 % (OECD countries) to 
4.5 % (non-OECD countries and, particu-
larly, BRIC countries) a year until 2040. If 
the relevant efficiency increases are imple-
mented the energy demand of the OECD 
countries will level off until 2040, other-
wise it will rise by 90 %. During this 
period the energy requirement, including 
any efficiency gains, of the non-OECD 
countries will rise by approximately 60 %, 
or to over 250 % if savings potentials are 
not utilised. However, the potential effi-
ciency gains in the non-OECD countries 
are more than offset by the enormous 
increase in their energy demand [4].

Oil will continue to dominate the 
global supply of energy until 2040 
because economic growth in the non-
OECD countries is expected to reach 
70 %. Natural gas is going to be the 
energy source with the fastest growing 
demand, which is likely to rise by 
approximately 60 % between 2010 and 
2040. The number of passenger cars is 
going to double to 1.6 billion vehicles 
worldwide by 2040. Since passenger cars 
are steadily becoming more fuel-effi-
cient, the substantial increase in demand 

for fuel worldwide will be due to goods 
traffic. Global fuel requirements for pas-
senger cars and light-duty commercial 
vehicles are going to peak soon and will 
then subside slightly [4].

FOSSIL FUEL RESERVES 

Oil currently accounts for 34 % of pri-
mary energy consumption, making it the 
most important energy source worldwide. 
It will continue to be a major force behind 
mobility. Oil production reached its high-
est levels in 2010 with a total of 3,937 Mt. 
However, the reserves of this fossil raw 
material are finite. All indications are that 
the global production of conventional 
crude oil will reach its peak (peak oil) in 
the next 15 to 20 years. This is the point at 
which, despite all efforts, it will no longer 
be possible to extract more oil because the 
production rate from existing deposits is 
limited by geological conditions and few 
new deposits are being discovered. This 
peak won’t be very pronounced; it will be 
more like a gently sloping plateau. Accord-
ing to an updated projection by the Ger-
man Mineral Resources Agency, 3, global 
oil production could increase until 2036 
when annual production could reach 4.6 
Gt [5]. The International Energy Agency’s 
growth scenario for crude oil states that 
demand is likely to be 4.8 Gt a year by 
2035 [6]. As a result, crude oil will be the 
first energy source no longer able to meet 
rising demand [5].

COST PROJECTIONS AND SUPPLIES

The era of fossil fuels is far from over, 
however, the era of cheap oil is. There are 

two reasons for this, first demand is 
expected to rise due to rapidly growing 
economies and the anticipated population 
growth and second the rising exploration 
and processing costs for crude oil of 
increasingly poor quality. The resulting 
disparity will lead to much higher prices 
in the long term. At this time, high  
oil prices appear to be the most likely  
scenario, 4 [7].

Coal is by far the most widely available 
fossil fuel reserve [5]. The dilemma we 
face is that we have to use an energy 
source that produces the highest CO2 
emissions. CO2 separation and storage  
are frequently proposed as a solution  
to this problem.

EFFECTS OF ENERGY REFORM  
IN GERMANY 

The German government’s energy policy, 
which envisages an accelerated phase-
out of nuclear power in Germany, forces 
a radical change in electricity supplies. 
The scenario developed by the Federal 
Network Agency shows what the energy 
mix might look like between 2022 and 
2032 compared to 2010. 5 shows that 
black and brown coal accounted for over 
half of primary energy sources in 2010; 
the rest is predominantly generated by 
nuclear power. The construction of new 
gas-fired and pumped-storage power sta-
tions can only make up for half of the 
shortfall in conventional power genera-
tion caused by the nuclear phase-out. 
The percentage of power generated by 
coal-fired power stations will remain 
constant until around 2022 and will not 
begin to decline (by 16 %) before 2032. 

4 Scenarios of crude oil price development [7]
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The installed capacity of power genera-
tion based on the conversion of non-fossil 
energy sources, 6, is to be raised from 
56.3 GW in 2010 to 175 GW in 2032 [8]. It 
should be noted that the capacity that is 
not continuously available is 94 % for 
wind turbines and 90 % for photovoltaic 
systems [9]. This imbalance between the 
supply of energy from non-fossil sources 
and the demand for energy necessitates 
the construction of physical energy stor-
age systems since the moderating effect of 
“intelligent” electricity networks is insuf-
ficient. Even an accelerated expansion of 
wind power and photovoltaics could only 
partially replace nuclear energy [10].

COAL-FIRED POWER STATIONS  
AND CCS TECHNOLOGY

Unlike Germany, the rest of the world is 
going to see an increase in the amount 

of electricity that is generated by coal-
fired power stations. One way of dra-
matically reducing the associated CO2 
emissions is by capturing and storing 
the CO2 (carbon dioxide capture and 
sequestration, CCS). The great expan-
sion of efficient coal-fired power station 
technologies and CCS technologies 
could significantly improve the pros-
pects of the coal industry. Unless CCS 
technologies are widely introduced in 
the 2020s we will have to rely on other 
low-CO2 technologies, which would be  
an extraordinarily difficult task [6].  
However, CCS technology has not been 
widely tested yet and it is still unclear  
if and how this technology could be 
applied to the spectrum of energy sys-
tems. The German Upper House rightly 
stopped the German CCS Act in Sep-
tember 2011 despite this being a breach 
of the relevant EU directive. The sepa-

ration of CO2 is going to reduce the 
 efficiency of coal-fired power stations 
from just below 50 % in the most 
 efficient power stations to approxi-
mately 40 %.

FUTURE FUELS

There is still a significant development 
potential in combustion engines and 
vehicle technology. Smaller engines, 
more active catalytic converters and 
more efficient vehicles could increase 
overall efficiency by 35 to 40 %. The 
implementation of these developments 
relies on the availability of high-quality 
fuels and lubricants. In the last decade, 
the oil industry made huge advances in 
fuel quality, especially through the 
introduction of sulphur-free and low- 
aromatic fuels and low-ash engine oils. 
Unfortunately, this positive development 

6 Scenario of power generation from wind, run-of-
river, photovoltaics and biomass in Germany [8];  
only a small percentage is continuously available [9]

5 Scenario of power generation from fossil primary energy sources 
and pumped storage in Germany [8]
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is compromised by the mandatory addi-
tion of biofuels. The admixture of fatty 
acid methyl esters (Fame, biodiesel), in 
particular, leads to a substantial deterio-
ration in fuel quality and has no future 
[11]. Domestically produced biofuels are 
on average twice as expensive as oil-
based fuels.

An EU study revealed that biodiesel 
increased CO2 emissions by 9 to 20 % 
compared to oil-based diesel when the 
effects of indirect land use change (ILUC) 
were taken into consideration. The EU 
directives on the mandatory addition of 
biofuels are likely to be changed as a 
result of these findings [12].

According to forecasts by the Associa-
tion of the German Petroleum Industry, 
Germany faces another substantial drop 
in sales of mineral oil products from 106 
Mt in 2010 to 92 Mt by 2025. The sale of 
gasoline is going to fall to 12 Mt by 2025, 
a drop of 37% compared to 2010 as a 
result of efficiency improvements in the 
powertrain [13].

SYNTHETIC FUELS

There are several different technologies 
for the production of synthetic hydrocar-
bons depending on the type of available 
process energy. When the primary 
energy is electricity the best solution 
would be to generate H2 by electrolysis. 
This H2 could then be used to convert 
CO2 directly to CO by a reverse water gas 
reaction (CO2 + H2  CO + H2O). The 
CO can be hydrogenated to form hydro-
carbons either directly through various 
catalytic processes (Fischer-Tropsch) or 
via methanol (MtG, MtSynfuels). 

FUEL PRODUCTION VIA  
METHANOL AS AN INTERMEDIATE

Between 1985 and 1996 New Zealand 
successfully produced gasoline from nat-
ural gas via methanol as an intermediate 
in a methanol-to-gasoline (MtG) process. 
The plant has since closed because oil-
based gasoline is much cheaper [14]. 
Hydrocarbons are synthesised via dehy-
dration of methanol on acidic zeolite cat-
alysts at a temperature of 350 °C and a 
pressure of 20 bar. The resulting product 
mix consists of alkanes, aromatic com-
pounds and olefins with fewer than 11 C 
atoms (C5-9 >80 %). The amount of MtG 
products generated worldwide from coal 
and natural gas was less than 1 Mt a 
year [15]. By contrast, the prospects for 
the methanol-to-synfuel process (MtSyn-
fuels) developed by Lurgi are far better 
because of the mild process conditions 
associated with multi-stage synthesis 
and the potential for producing diesel 
fuels [16].

FISCHER-TROPSCH PROCESS

The energy feedstock for Fischer-Tropsch 
processes includes coal (CtL), natural 
gas (GtL) or, to a very limited extent, 
biomass (BtL). During the Second  
World War the CtL process was used  
in Germany to synthesise gasoline.  
In South Africa a large percentage of fuel 
is produced by this process. Qatar uses  
a large number of GtL plants to exploit 
its vast natural gas fields. GtL production 
reached about 10 Mt a year in 2010 [15]. 
Until 2015 the production of GtL hydro-
carbons is expected to rise to 30 Mt a 

year, of which 30 to 60 % will be diesel 
[17]. At present, value creation in GtL 
refineries is mostly based on engine  
base oil and wax.

Recent Fischer-Tropsch reactor devel-
opments have focused on micro-struc-
tured reactors. The integration of highly 
active catalysts is seen as a major techni-
cal advantage because they absorb the 
high heat flow density through excellent 
heat transfer properties. This improves 
the financial viability of smaller plants 
that can then be used to exploit smaller 
natural gas fields [18].

FUELS FROM ELECTRICAL  
ENERGY AND WATER

“Chemical charging”, which involves 
recycling the separated CO2 and con-
verting it to hydrocarbon fuels, is an 
alternative to CCS technologies. The 
principle of a carbon dioxide and water-
to-liquid (CWtL) process [1] is shown in 
7. The associated chemical processes 
are summarised in 8.

The CWtL synthesis of hydrocarbons 
can be divided into the steps below. The 
equations refer to the reaction enthalpy 
ΔRH0

298 in simple terms as energy. Firstly 
combustion of coal with oxygen electro-
lytically generated according to Eq. 2 in 
a fluidised bed with flue gas circulation 
and power generation by a steam-power 
process and gas purification (oxyfuel 
power station [19]): 
 

EQ. 1
C+O2  CO2  
+ energy (110 kWh/kmol)

7 Principles of CWtL synthesis
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A power generator with an efficiency of 
40 % is able to produce 44 kWh of elec-
trical energy/kmol of carbon. 

Secondly generation of H2 and O2 by 
electrolysis, [20] and non-fossil electricity: 

EQ. 2

3 H2O + electrical 
energy (203 kWh/kmol) 
 3 H2 + 1,5 O2 

Thirdly catalytic conversion of purified 
CO2 with H2 electrolytically generated 
according to Eq. 2 on Cu/ZnO catalysts 
to produce methanol: 

EQ. 3

CO2 + 3H2  CH3OH + 
H2O + energy  
(3,3 kWh/kmol)

And fourthly synthesis of hydrocarbons 
by catalytic conversion on zeolite cata-
lyst to produce gasoline by a methanol-
to-gasoline (MtG) process: 

EQ. 4
CH3OH  (-CH2-) + H2O 
+ energy (26 kWh/kmol)

The Fischer-Tropsch synthesis of diesel 
fuels is another possibility to produce 
hydrocarbons by hydrogenation of CO2, 
in which CO2 is reduced with H2 (reverse 
water gas reaction) according to Eq. 5: 

EQ. 5
CO2 + H2  CO + H2O + 
energy (11,4 kWh/kmol) 

at 800°C and 20 bar before the synthesis 
process according to Eq. 6:

EQ. 6

CO + 2 H2  (-CH2-) 
+ H2O + energy  
(42,3 kWh/kmol)  

 
The chemical charging process that 
forms the basis of both processes is:

EQ. 7

CO2 + H2O + electro- 
energy (208 kWh/kmol) 
 (-CH2-) + 1,5 O2

The two processes and their individual 
reactions, Eq. 1 to Eq. 6, are special 
forms of carbon capture and conversion 
(CCC). The oxygen generated as a by-

product of electrolytic hydrogen produc-
tion is used to burn coal. However, oxy-
fuel power stations currently rely on 
oxygen that has been produced in an 
energy-intensive process by an air sepa-
ration plant, which generally wastes any 
incidental N2. The air separation plant 
alone requires 14.5 % of the generator 
output of an oxyfuel power station [19].

A CWtL process, in which the power 
station operates with electrolysis O2-rich 
air and CO2 separation and in which gas-
oline is produced from CO2 and electroly-
sis H2 by an MtG process, was proposed 
in 2010. The efficiency of this process 
was calculated to be 50 % [1]. Gasoline 
production costs depend mainly on the 
type of power generation, 9.

The efficiency of hydrocarbon produc-
tion from CO2, water and electrical energy 
depends on the CO2 concentration in the 

feed gas, ❿. The efficiencies relating to 
the production of Fischer-Tropsch hydro-
carbons from solar energy, water and CO2 
were calculated as a function of the CO2 
concentration in the feed gas. For almost 
pure CO2, which accumulates in oxyfuel 
power stations, the efficiency is 66 %. In 
case of CO2 scrubbing, as required for the 
use of flue gas in conventional power sta-
tions, efficiency drops to 62 %. If the CO2 
also has to be separated from the air the 
figure is as low as 56 % [16].

SUMMARY

The chemical energy of the fuel that is 
burned in a power station to form CO2 
and water can be converted to electrical 
energy with an efficiency of 35 to 50 %. 
What is not widely known is that the 
reverse, the transformation from electri-

9 Fuel costs depending on type of power generation [21]

8 Chemical reaction in CWtL synthesis: reduction of power station CO2 
to methanol and fuel synthesis based on an MtG or MtSynfuels process
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cal energy to chemical energy, can be 
performed with an even higher degree of 
efficiency (50 to 66 %), for instance, by 
converting CO2 and water to fuel. The 
highest levels of efficiency are achieved 
with pure CO2 as the raw material and 
incidental product of oxyfuel coal-fired 
power stations. Hydrogen (for CO2 reduc-
tion) and oxygen (for coal combustion/
CO2 generation) are generated by electrol-
ysis. Fuel can be produced by Fischer-
Tropsch synthesis and a methanol-to-
synfuel process.

Coal-fired power stations will con-
tinue to be an important source of  
power generation worldwide, and be  
part of the electricity mix in Germany, 
over the next few decades. As a result, 
CO2 recycling must be recognised as  
the main challenge that needs to be 
addressed. Vehicles with combustion 
engines will have a future as long as 
cheap electricity is available.
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efficiencies and energy input depend on the degree of CO2 enrichment [17]
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Oel-Waerme-Institut GmbH, an affiliated research institute of RWTH Aachen University, has developed a hardware-

in-the-loop test facility to investigate the interaction between biofuels and the components that come into contact 

with them. An analysis of the measurements shows that significant technical modifications will need to be made to 

independent vehicle heaters and in-tank pumps in order to enable a high proportion of biofuel to be used.

STABILITY OF FUELS 
 CONTAINING CURRENT AND 
FUTURE BIOFUELS
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DEVELOPMENT OF LIQUID FUELS

The main development in the field of liquid fuels in the past 
decades was the continuing decrease of the organic sulfur con-
tent of the fuel [1]. The sulfur content of diesel fuels and gaso-
line decreased to less than 10 mg/kg in Europe and 15 mg/kg 
in North America due to technical developments such as cata-
lytic exhaust gas treatment and due to emission and immission 
regulations. The hydrogenating desulfurisation process also 
catalyses additional reactions, which especially have an impact 
on the stability of the products. Amongst others, this is the 
conversion of naturally occurring primary and secondary anti-
oxidants. Important primary antioxidants are phenols, impor-
tant secondary antioxidants are sulfur and nitrogen com-
pounds. Depending on the crude oil and the extent of hydro-
genation, these are removed from the fuel down to the low ppm 
range [2]. Despite these side reactions, the fossil fuels show a 
very good stability. 

Due to the rising number of diesel engines in transportation, 
the quantity of sales shifted from gasoline towards diesel fuels 
in Europe in the past years. In order to compensate the result-
ing surplus of gasoline respectively the shortage of diesel fuel, 
as much of the light end is added to the diesel fuel as possible 
without passing the threshold of 55 °C flash point. Thus, the 
use of gasoline components in diesel fuels postulated by the 
Dena survey already is maxed out within the feasibility [1]. 

Prognoses regarding the future production and use of fossil 
fuels in Germany suggest sales in 2025 of 31.7 million t/a diesel 
(-1 % compared to 2011), 14.8 million t/a gasoline (-35 %) and 
13.6 million t/a light heating oil (-31 %) [1, 3, 4]. Therefore, the 
main use of fossil fuels in the future will remain within the 
traffic sector with a share of 58 to 84 %, depending on the prog-
nosis referred to. Due to an increased efficiency and diversifica-
tion of the used energy carriers, a slight decrease in the use of 
fossil fuels for passenger transportation is expected. Due to the 
requirement of a high energy density, the transport of goods 
will remain the main use of fossil fuels, the demand in this 
sector therefore is expected to stagnate rather than decline [3].

SUBSTITUTION BY BIOGENOUS PRODUCTS

Considering the expected development of the future use of fossil 
fuels, especially the substitution of middle distillates should be 
pursued by technical development and political guidance. The 
integration of biofuels may bear great potential in short-term and 
medium-term with low investment and long-term impact. 

Biodiesel is used as a substitute for diesel fuel and domestic 
heating oil. In Germany, fatty acid methyl ester (Fame) is avail-
able as biodiesel. In transportation, it is used mandatorily to 
comply with the so-called Biokraftstoffquotengesetz, a German 
law which sets a mandatory use of biofuels in transportation. 
In domestic heating, the local Erneuerbare-Energien-Wärmege-
setze (EEWärmeG, “renewable energies in heating laws”) is the 
basis for the use of Fame. The surplus of Fame in Europe is sig-
nificant. The production capacity of 21 million t is much larger 
than the actual production of 9 million t in 2011 [5]. Fame con-
tributed to the fulfilment of demand in fuels in transportation 
in 2011 with 7.2 % respectively 2.4 million t in Germany [5]. 
This is a very low share compared to the production capacity of 
8 million t. The currently commercially available biofuels etha-
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nol and Fame substitute 10 % of the gas-
oline respectively 7 % of the diesel fuel. 
This is also the blending limit for the use 
in the existing vehicles [1]. In domestic 
heating the current limit for the installed 
units is the blending of domestic heating 
oil with 10 % by vol. Fame. The neces-
sary storage stabilities as well as the 
lack of a release by the manufacturers of 
the already installed units prohibits the 
use of up to 20 % by vol. Fame, which 
would still be compliant to the alterna-
tive heating oil standard DIN SPEC 
51603-6.

Thus, new biofuels other than the ones 
of the so-called first generation, e.g. etha-
nol and Fame, are necessary in order to 
fulfil the legislative mandatory substitu-
tion of fuels in transportation as well as 
in domestic heating. Particularly, the 
mandatory reduction of GHG by the use 
of biofuels by 35 % in 2013, 50 % in 2017 
and 60 % in 2018 makes the development 
of new processes as well as an increase 
in the efficiency of the existing processes 
necessary. The next step is expected to 
be the use of hydrogenated vegetable oil 
(HVO). HVO is currently produced with a 
capacity of approximately 2 million t/a 
[5]. The hydrogenation leads to an ali-
phatic product with physical and chemi-
cal properties very similar to those of 
mineral based fuels. Initial testing shows 
no challenges in the use of HVO even at 
high blending ratios [6, 7].

The development of certification crite-
ria is pursued on a national and on an 
international basis to ensure a sustainable 

cultivation and use of the biomass. Sev-
eral certification standards approved by 
the EU exist for the production of Fame, 
for example the so-called International 
Sustainability & Carbon Certification 
(ISCC). The hydrogenation of vegetable 
oils is considered by EL/2009/28/EG to be 
more efficient regarding the GHG reduc-
tion than the production of Fame. The 
sustainability of the HVO production in 
the newly built plant in Rotterdam is 
already ISCC certified [8], proving the 
ecological and sustainable production of 
HVO to be feasible. The GHG reduction 
can be improved further, if existing refin-
eries are used for the production process 
and if the necessary hydrogen is derived 
from regenerative sources, for example 
from electrolysis using wind or solar 
energy. It is recommended to further 
merge the production of biofuels with the 
production of fossil fuels, which could be 
achieved by co processing of biomass in 
the refineries [1]. This highlights the co-
hydrogenation of vegetable oil as an 
improvement of the economic use of bio-
mass as well as a method to decrease CO2 
emissions. The crediting of the use of bio-
mass, regardless the process utilised is 
therefore aspired.

Besides the use of HVO, the develop-
ment of Biomass-to-Liquid (BtL) fuels is 
pursued using different approaches. The 
competition to the food production can 
be resolved by the use of whole plants 
and waste materials while providing 
fuels with a higher GHG reduction. BtL 
fuels are supposed to share the same 

beneficial properties as Gas-to-Liquid 
(GtL) fuels. The demonstration of the 
production on an industrial scale, how-
ever, is pending. Therefore, an estima-
tion of the time frame until these fuels 
become commercially available is cur-
rently difficult. 

REQUIREMENTS TO LIQUID FUELS

Several different investigations are con-
ducted to advance the blending levels 
with biofuels as well as the introduction 
of new fuels. Exceeding the compliance 
of new fuels with the demands to the 
physical and chemical properties set by 
DIN EN 590 and DIN SPEC 51603-6, the 
compatibility of the new fuels with the 
technical components and the storage 
stability has to be ensured. A stable fuel 
is characterised by not changing its 
properties during the use. Oxidation 
 stability is defined as the stability 
against the reaction with oxygen, form-
ing soluble or insoluble oxidation prod-
ucts. Thermal stability is defined as the 
sta bility against the change of properties 
under increased thermal stress of the 
fuel, for example in the injector. Lastly, 
storage stability is defined as the stabil-
ity against the change of properties if the 
fuel during storage caused, for example, 
by light, heat and catalytic active metals. 
The technological advances and the 
increasing energy density within the 
technical systems constantly increase 
the demands on the thermo-oxidative 
stability of the fuels.

1 Influence of the temperature of the critical 
area on deposit formation and durability
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TESTING METHOD 
HARDWARE-IN-THE-LOOP

Within the joint research project called 
GoBio – Gezielte Optimierung kraft-
stoffführender Komponenten für biogene 
Kraftstoffe in mobilen Applikationen (tar-
geted optimisation of fuel bearing compo-
nents for the use of biogenous fuels in 
mobile applications), several hardware-in-
the-loop tests for different components 
regarding their compatibility with bioge-
nous fuels were developed, Cover Figure. 
In-tank fuel feed pumps as well as inde-
pendent vehicle heaters were tested using 
a test method which increases the impact 
on the components, leading to an acceler-
ated production of results regarding the 
lifetime expectancy. Two different 
approaches were applied to enable the use 
of biofuels with the tested components. 
The first approach was to adjust the fuel 
properties to minimise their potentially 
existing negative impacts to a tolerable 
level by adding suitable additives. The 
second approach aimed at the enhance-
ment of the components. Fundamental 
knowledge was gained and substantial 
enhancements achieved by the systematic 
development of the components. Tested 
fuels were summer- and winter diesel, 
two different Fame, hydrogenated vegeta-

ble oil and butanol. These fuels were 
tested in different blends with 5, 10, 30 
and 100 % by vol. bio component.

INDEPENDENT VEHICLE HEATERS

The independent vehicle heaters are  
not cleared for the use with more than 
10 % by vol. Fame by the manufacturer.  
If operated with high Fame contents, the 
heaters failed due to deposit formation  
in critical areas. This deposit formation 
does not occur if mineral diesel is used 
and is caused by an increased polymeri-
sation of Fame in the temperature range 
between 160 and 300 °C. The design life 
could be safely guaranteed for B10 by 
adjustments to the thermal management 
of the heaters. Using B30, the durability 
was improved from 300 h without adap-
tations to a maximum of 1850 h by a 
combination of adjustments to the ther-
mal management and changes to the 
heater control, 1. For the fuel supply of 
the independent vehicle heaters, piston 
pumps are used, 2. The piston pumps 
were analysed in another hardware-in-
the-loop test. During these tests no fail-
ures at all occurred within the design 
life. However, the use of fuels containing 
significantly more than 10 % Fame for 
the operation of these commercially 

available vehicle heaters is not recom-
mended. A significant difference 
between the different diesel fuels and 
Fame regarding their behaviour during 
operation was not observed, although 
differences in the analytics were present. 
The use of fuels not prone to polymerisa-
tion, such as 10 % by vol. butanol and 
30 % by vol. HVO did not lead to the fail-
ures observed when using Fame. Thus, 
the vehicle heaters can be operated with 
these fuels without any modifications. 
However, even if the fuel contains only 
1 % by vol. butanol, its flashpoint drops 
below the flash point of 55 °C demanded 
by DIN EN 590. The marketability of 
blends containing butanol therefore is 
questionable. 

IN-TANK PUMPS

The use of Fame-blended fuels showed a 
significant influence on the durability of 
the in-tank pumps as well. Fuels with 
low Fame levels have no or at least insig-
nificant influences on the pump durabil-
ity. Fuels containing 30 % by vol. Fame, 
however, had a strong negative effect on 
the durability of the pumps, which in 
this case dropped below the design life. 
Furthermore, the wear varied signifi-
cantly, making lifetime expectancy cal-

2 Piston pumps of the independent vehicle heaters, analysed in a hardware-in-the-loop test
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culations very difficult. Pure Fame 
(B100), however, showed almost no 
influence on pump operation and lead to 
a sufficient durability. Corrosion due to 
unsuitable materials in the pumps was 
not observed.

The fuels were operated for 2000 h in 
the hardware-in-the-loop tests, which 
would result in an extreme thermo-oxi-
dative degradation of the fuel and an 
accentuated interaction between fuel and 
materials. The extreme degradation 
could be proven by several parameters of 
the accompanying fuel analysis. Exam-
ples are the decreasing oxidation stabil-
ity, 3, and the increasing acid number, 
4. The ageing mainly led to the forma-
tion of polymer products which con-
tained oxygen. As these products are 
polar, they sedimented quickly and 
became visible within the pumps as 
highly viscous mass, 5. Pure diesel 
showed no increase of the analysed 
parameters, while pure biodiesel, on the 
other hand, showed an extreme increase. 
However, sedimentation of the deposits, 
as observed when using blends, did not 
occur when using pure biodiesel. The 
oxidation products remained solved in 
the biodiesel, which was proven via 
thermo gravimetric analysis (TGA), 6. 
While the distillation curve of pure die-
sel and B30 hardly changes, the biodiesel 
obviously contains components with 
boiling points up to 700 °C. These com-
ponents continuously cleaned the mate-
rial surface. Thus, at the end of the test-
ing the pumps were optically not distin-
guishable from new ones.

5 Deposit formation of  
fuels containing Fame

4 Influence of the Fame concentration on the degradation in the hardware-in-the-loop test rig

3 Decrease of the oxidation stability in the hardware-in-the-loop test rig
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The abrasion of the electrical contacts 
between the carbon pencils and the collec-
tor is the major damage pattern. Due to the 
combination of the blends’ fuel properties 
and the continuous electrical supply, volt-
age peaks occurred, which damaged the 
material. A technical solution was an 
intermittent power supply, mitigating the 
voltage peaks. By this, the drop in durabil-
ity could be diminished far enough to ena-
ble the pumps for the use of B10 fuels.

The basic findings are that the use of 
fuels containing significantly more than 
10 % by vol. Fame in vehicles and fuel 
pumps not cleared for the use of fuels 
with more than 10 % by vol. Fame is not 
feasible without significant technical 
modifications. 

ENSURING THE STABILITY

Due to differences in the application tech-
nique, the thermo-oxidative stress is much 
lower in domestic heating. Thus, the focus 
in this field rather lies on the storage- and 
the oxidation stability, as storage of the 
fuels for several years must be possible 
without any fuel quality issues. The 
results for fuels in the heating sector are 
also valid for fuels in transportation, as 
their properties are very similar. 

Fuels are tested by the storage of fuel 
samples in heating cabinets and the use 
in hardware-in-the-loop test rigs. Addi-
tionally, there is an ongoing develop-
ment of new analytic lab test methods 
with the aim to enable a distinct predic-
tion of fuel stability. For example, a test 

method based on the PetroOxy test for 
the determination of the oxidation sta-
bility under defined thermo-oxidative 
stress was developed. The test consists 
of a sealed pressure chamber, in which 
the pressure loss is measured and inter-
preted as the assimilation of oxygen, 
which can be interpreted into a measure 
for the oxidation stability of the fuel. 
Furthermore, the oxidation stability of 
fuels in the presence of metals contain-
ing copper can be determined with this 
testing method. This is important, as the 
autoxidation reactions of hydrocarbons 
are catalytically accelerated by metals 
containing copper on the one hand, 
while they are used in domestic heating 
in various applications on the other 
hand. Another advantage of this testing 
method in comparison to the ones sug-
gested in the fuel standard is the larger 
amount of fuel for testing, which allows 
additional chemical and physical analy-
sis of the fuel samples. The detected 
products of the reaction can be used to 
determine the possible reaction mecha-
nisms of the thermo-oxidative degrada-
tion. The understanding of these reac-
tions enables the identification of  
chemical compounds contributing  
to the ageing processes. 

After validation of the influences of 
temperature, pressure and Fame content, 
the effectiveness of different antioxi-
dants in the fuels was investigated. It 
was concluded, that the composition of 
the mineral fuel, the composition of fatty 
acids and the content of natural antioxi-

dants have great influence on the 
 effectiveness of the tested antioxidants. 
7 shows ESI-Orbitrab-MS measurements 
of differently aged fuel blends [9]. Mono-
mers, dimers, and most likely also trim-
ers and their total formulas could be 
identified. Up to eight oxygen atoms 
were detected. While the oxidation 
advances, the detected signal groups are 
shifting to higher masses. The further 
determination of the structure of the 
 oxidation products is subject of current 
investigations.

USE OF ANTIOXIDANTS

The validation of antioxidants proved 
especially phenolic, aminic and selected 
aliphatic polyamines to be very effec-
tive, 8. Furthermore, a combinatorial 
examination showed that synergistic 
effects may occur, especially between 
sterically hindered phenols and aro-
matic polyamines.

The effectiveness of antioxidants in 
fuels with high Fame content generally 
decreases significantly in the presence 
of copper. Some of the antioxidants 
showed complexing properties, the  
oxidation stability therefore did not 
decrease significantly in the presence  
of copper. This means that the oxida-
tion products of the antioxidants can 
react as metal deactivators by forming 
stable metal complexes with the solved 
metal ions. These complexes are not 
able to accelerate the autoxidation reac-
tions catalytically anymore.

6 Thermo gravimetric analysis of fuels degraded  
in the hardware-in-the-loop test rig
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SUMMARY AND CONCLUSION

It may be concluded, that liquid fuels 
will dominate transportation in the 
future, although the development of 
engines powered by natural gas and 

electricity is promoted and their share 
therefore will steadily increase. Due to 
legal requirements, the blending of min-
eral fuels with bio fuels will further 
increase, which will lead to a diversifi-
cation of the fuels used. Stability will be 

an important fuel parameter to ensure 
failure-free operation. The targeted use 
of additives therefore will be an impor-
tant measurement to adjust the fuel 
properties to the components in which 
the fuel is used in.
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Exhaust Aftertreatment

ELEMENT POLLUTION OF  
EXHAUST AFTERTREATMENT SYSTEMS  
BY USING BIODIESEL
Biodiesel is a particularly attractive fuel for agricultural machinery. However, the introduction of new emission  

standards has made the use of exhaust gas treatment systems in agricultural vehicles essential. The combination of 

biodiesel and exhaust gas treatment causes problems, because the biodiesel contains traces of inorganic elements. 

These turn into ash during the combustion process in the engine, which can result in permanent damage to the 

components of the exhaust gas treatment system. Deutz and ASG have investigated the impact of current grades  

of biodiesel on the systems in real-life operation.
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MOTIVATION

The substitution of fuels based on min-
eral oils with biofuels is a method to 
achieve political goals, considerably 
reduce CO2 emissions and save fossil 
fuels. The EU Commission is pursuing  
a specific goal in the transport sector, 
namely that at least 10 % of the conven-
tional fuels used in Europe should be 
replaced by fuels from renewable 
sources by the year 2020. This plan is 
entitled Renewable Energy Action Plan. 
It is supported by the European Commu-
nity Law through the Fuel Quality Direc-
tive (2003/30/EC) and the Renewable 
Energy Directive (2009/28/EC). These 
directives are part of the European cli-
mate and energy package that the Euro-
pean Council decided upon in December 
2008. The EU member states have recog-
nised that this goal can primarily only 
be reached with biofuels; as such, they 
have submitted their national action 
plans to the Commission accordingly [1].

From the point of view of the engine 
manufacturer Deutz, biodiesel possesses 
certain fuel characteristics that are asso-
ciated with negative effects in both the 
engine’s injection system and lubricant 
system. If certain precautionary meas-
ures are observed, engines can still be 
reliably operated with pure biodiesel.  
For example, Deutz has approved vari-
ous engine series for use with biodiesel 
[2]. Especially in the area of agricultural 
engineering, biodiesel approvals could 
be attractive due to the tax advantages 
associated with the fuel.

The ever-tightening exhaust gas limits 
for heavy duty diesel engines can only 
comply with these requirements if 
exhaust aftertreatment measures are 
used (e.g. diesel particle filters and/or 
selective catalytic reduction (SCR)). 
Using biodiesel in combination with 
these aftertreatment technologies is 
afflicted by additional problems, as bio-
diesel contains traces of inorganic ele-
ments such as sodium, potassium, cal-
cium and magnesium. When combusted 
in the engine, inorganic elements gener-
ate ashes (e.g. oxides) which are par-
tially transferred into the aftertreatment 
components, thereby inhibiting their 
efficiency on a long-term basis.

The limits for inorganic elements 
specified in the European Norm for Bio-
diesel DIN EN 14214 [3] are as follows: 
maximal 5 mg/kg of Na+K, maximal 
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5 mg/kg of Ca+Mg. If these limits really 
do reflect the actual biodiesel quality 
that can be seen in the field today, they 
are at a level that would cause irreversi-
ble damage to the aftertreatment compo-
nents at their current level of technologi-
cal development.

As part of a study supported by the 
Union zur Förderung der Oel- und Pro-
teinpflanzen e.V. (UFOP) [4], analysis 
results of market-relevant biodiesel spec-
imens from the years 2000 to 2011 were 
evaluated. This was done to provide 
developers of engines and exhaust after-
treatment systems with realistic data 
with which they could estimate the 
potential carriers of ash-forming sub-
stances and catalyst contaminants. This 
data was based on the databases of the 
Arbeitsgemeinschaft Qualitätsmanage-
ment Biodiesel e.V. (AGQM) and Analy-
tik-Service GmbH (ASG).

STATUS OF CURRENT ENGINE AND 
AFTERTREATMENT TECHNOLOGY

The exhaust legislation has been drasti-
cally tightened up in Europe throughout 
the last 20 years. This has caused the lim-
its for nitrous oxide (NOx) to be reduced 
by 97 % and the limit for particle mass 
has been reduced by approximately 
98.5 %. The introduction of the exhaust 
class Euro IV has led to SCR technology 
coming out on top as the leading exhaust 
aftertreatment technology for heavy com-
mercial vehicles. A limit for the number 
of particles is to be introduced from Euro 
VI onwards; adhering to this will only be 
possible by means of a combination of the 
SCR system and the particle filter.

Emission stage IIIA has been in force 
since January 2006 and working mobile 
machines have been able to comply with 
it solely by measures that affect the inside 
of the engine. These include charge air 
cooling, exhaust gas return and increas-
ing the injection pressure. However, since 
2011, the introduction of exhaust class 
IIIB has made the use of exhaust after-
treatment inevitable. To this end, Deutz 
has decided on the following technologi-
cal courses:
 : particle filter in combination with 

exhaust gas return for construction 
equipment and other industrial 
purposes

 : SCR (vanadium-tungsten titanium 
dioxide VWT) without exhaust gas 
return for agricultural purposes.

SCR technology was selected for agri-
cultural purposes as a particularly low 
level of fuel consumption is required for 
this market. As nitrous oxide can be 
effectively reduced through aftertreat-
ment using SCR technology, the engine 
can be set up for optimal consumption by 
selecting an earlier fuel injection point.

BIODIESEL SURVEY

In the last 11 years, AGQM has gathered 
more than 8000 analytical data contain-

ing phosphorous and metallic content 
from unannounced inspections of bio-
diesel manufacturers. The method of 
choice for determining element contents 
is the ICP OES method (inductively  
coupled plasma optical emission spec-
trometry). Alkali and alkaline earth  
metals are measured with the testing 
method DIN EN 14538 [5] and the phos-
phorous content is measured with the 
DIN EN 14107 [6] method.

In the first stage, the annual average 
value was calculated; this meant that all 

1 Annual average values and refined annual average values  
for the total concentration of alkali metals in biodiesel

2 Annual average values and refined annual average values  
for the total concentration of alkaline earth metals in biodiesel
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the test results that were under the lower 
limit of determination (e.g. <0.5 mg/kg) 
were not considered. This data was also 
integrated in the second stage. This took 
place on the basis of the re-evaluations of 
the raw data and made the annual aver-
age value more precise. 1 and 2 show 
the results that were calculated for the 
total concentration of alkalis and alkaline 
earth metals for the years 2000 to 2011. 
At the upper end of the scale, the highest 
permissible value (in accordance with 
DIN EN 14214) is shown as 5 mg/kg; this 
is the total concentration of alkali or 
alkaline earth metals.

Alkaline metals like sodium and 
potassium are brought into the fuel via 
the transesterification catalysts during 
the process of biodiesel manufacturing. 
In contrast, the alkaline earth metals 
Calcium and Magnesium mostly enter 
the fuel via the vegetable oil that is used 
during manufacturing or they can be 
brought in via the washing water that is 
used when the biodiesel is washed. Basi-
cally, the annual average values calcu-
lated are considerably lower than the 
associated limit values. There tends to be 
more alkali and alkaline earth metals in 
biodiesel. The refined average values 
always undercut the associated annual 
average values.

EFFECT OF ASH ACCUMULATION  
ON AFTERTREATMENT SYSTEMS

Contamination of SCR catalysts by met-
als has been comprehensively described 
in the literature and basic elements such 
as potassium and sodium show an espe-
cially high contaminative effect [7-10]. 
The contamination is based on the fact 
that the acid reaction centres of the SCR 
catalyst are neutralised and as such, are 

no longer available to take up the ammo-
nia, which is also alkaline in nature. The 
result is a drop in effectiveness right up 
to complete deactivation. According to 
the investigation results of a FVV project 
[7], as much as 0.1 % mass of potassium 
in the washcoat of a vanadium-SCR cata-
lyst led to a drop in effectiveness of 
approximately 20 %. Sodium is a simi-
larly strong contaminant, the alkaline 
earth metals calcium and magnesium 
usually have a lower, but still considera-
ble contaminant effect.

On the basis of the contaminant data 
available in the literature, a calculative 
method has been developed to estimate 
the contamination of a VWT-SCR catalyst 
as it would be expected to occur when 
biodiesel with defined element contents 
is burned. Contamination through ele-
ments that result from the lubricant due 
to the oil consumption are also consid-
ered. Oil consumption makes up just 
0.05 % of fuel consumption, but the risk 
of contamination through lubricant com-
ponents should not be neglected, as 
higher element concentrations are pre-
sent in them. This is a short description 
of the manner in which SCR contamina-
tion is calculated:
 : calculation of the element emissions 

from fuel consumption and oil con-
sumption as well as the element con-
tent in biodiesel and lubricant (data 
from 3, assumption that 30 % of the 
oil consumption will occur due to 
evaporation – i.e. without elements 
being emitted)

 : calculation of element concentrations 
in the washcoat as a function of the 
lifespan. Assumption of a defined dep-
osition rate (2.5 %, determined on the 
basis of washcoat analyses from the 
field test project)

 : calculation of the contamination 
caused by the use of element-specific 
contamination rates through the FVV 
project [7] and summation of all the 
elements. 
4 shows the calculated VWT-SCR 

reductions in efficiency for various bio-
diesel qualities in terms of element con-
taminations (100 % relates to diesel with-
out biodiesel). If the biodiesel producers 
were to actually manufacture a marginal 
biodiesel in accordance with DIN EN 
14214, a nine-fold contamination effect 
would occur; this level of contamination 
would be far too high. This would make 
using biodiesel in engines with SCR 
exhaust aftertreatment technology impos-
sible. In contrast, on the basis of the 2010 
AGQM data as well as the Deutz field test 
data as part of UFOP project 540/103 of 
2010/11, contamination through biodiesel 
is possible where this biodiesel is itself 
only just above contamination through 
lubricant. When the effectiveness of  
the SCR catalysts were measured again  
in both field tests, a lower reduction  
of effectiveness was found in comparison 
with the calculations [11, 12]. Due to  
the results that are at hand, Deutz has 
decided to approve class IIIB engines with 
SCR exhaust aftertreatment systems for 
operation with B100. This approval is 
given under the proviso that the SCR cat-
alyst always be replaced after 3000 h of 
biodiesel operation.

A similar calculation procedure was 
used for the accumulation of ashes in 
particle filters. A retention rate of 100 % 
is assumed here. 5 shows the results of 
this calculation for the same application 
as above. Here, too, 100 % relates to die-
sel without biodiesel. The relation of the 
damaging effects of the various fuel 
qualities is very similar for both the ash 

BIODIESEL FIELD TEST 2008/2009 (UFOP PROJECT 540/80)

ENGINE PERFORMANCE / TORQUE DISPLACEMENT EXHAUST CLASS OIL QUALITY

TDC2013 
L04 4V

158 kW bei 2300 rpm / 
mDmax: 800 nm

4.8 l  
Euro IV/V                                                       
with VWT-SCr

ACEA E7                      
DQC III-10          
Element contents 
for contamination 
calculation:           
Ca: 3.350 mg/kg          
mg: 10 mg/kg             
P: 1.300 mg/kg          
Zn: 1.400 mg/kg

TDC2013 
L06 4V

235 kW bei 2300 rpm / 
mDmax: 1200 nm

7.2 l

BIODIESEL FIELD TEST 2010/2011 (UFOP PROJECT 540/103)

ENGINE PERFORMANCE / TORQUE DISPLACEMENT EXHAUST CLASS

TDC 7.8 L6 238 kW at 2200 rpm /                                                                            
mDmax: 1500 nm, Cr: 2000 bar

7.8 l  
 
Class  
COm IIIB with 
VWT-SCr

TDC 6.1 L6 203 kW at 2100 rpm /                                                                            
mDmax: 1200 nm, Cr: 2000 bar

6.1 l

TDC 6.1 L6 174 kW at 2100 rpm /                                                                            
mDmax: 1070 nm, Cr: 1600 bar

6.1 l
3 Engines, exhaust aftertreatment systems  
and lubricating oils from both the biodiesel field 
tests as the basis for the calculations
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contaminant and the SCR contamina-
tion. A (hypothetical) marginal biodiesel 
in accordance with DIN EN 14214 would 
have a eleven-fold greater level of ash 
accumulation than a biodiesel-free diesel 
fuel and would clog the filter in less than 
500 h. This will become relevant from 
the introduction of the EU class VI in 
2014, as both particle  filters and SCR 
 catalysts will be used. This will also be 
the case for agricultural machinery. In 
terms of the ash accumulation, it must 
be stated that the real biodiesel qualities 
deliver a considerably better image than 
a worst case quality that exhausts the 
specification limits.

SUMMARY AND OUTLOOK

The evaluation of the AQGM and field test 
data shows that the quality of biodiesel is 
considerably better in the field than the 
associated limit values permit. Two stud-
ies from the USA delivered similar results 
[13, 14]. In this context, it is appreciated 
that AGQM now publishes the results of 
their unannounced quality inspection on 
an annual basis. The low concentrations 
of elements are an important factor for 
the approval of EU class IIIB Deutz agri-
cultural engines.

A fundamental re-evaluation of bio-
diesel approvals is necessary for future 

EU class IV engine concepts and the use 
of exhaust aftertreatment technologies 
that is associated with them (Fe-Zeolith-
SCR-Substrate, DOC). Due to the con-
tamination problems, the engine manu-
facturer is of the opinion that urgent 
action must be taken to considerably 
reduce the limit values of EN 14214 and 
develop the analytical methods that are 
associated with it. Measures to reduce 
the element content in lubricating oil 
have already been implemented. The 
measures implemented by the engine 
manufacturers to reduce lubricating oil 
consumption have also been largely 
exhausted. 

5 Estimation of ash contaminant  
in a diesel particle filter caused by 
inorganic elements from biodiesel  
and lubricating oil at tractor operation 
(3000 operating hours)

4 Estimation of the contaminant 
effects of a VWT-SCR coated catalyst at 
250 °C through inorganic elements from 
biodiesel and lubricating oil at tractor 
operation (3000 operating hours)
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MOTIVATION

The development of the new engine gener-
ation internally labelled EA211 is closely 
integrated with the construction of the 
Volkswagen Group’s new modular trans-
verse platform (MQB in German). The 
MQB covers the A0, A and B passenger car 
segments for all brands of Volkswagen 
AG. All of them make use of standardised 
components and modules. A major moti-
vating factor for the development of the 
modular transverse platform and thus the 
new EA211 engine range was the Volks-
wagen drive and fuel strategy. Its primary 
aim is the signifi cant reduction of fuel 
consumption. The group already reacted 
some years ago to this demand with its 
Blue Motion Technology strategy. It is 
within this context that the decision was 
made to replace the proven EA111 engine 
range and the TSI engines based on it 

with a new design bearing the reference 
EA211. The following objectives were for-
mulated in the design specifi cation:
 : modular construction to facilitate pro-

duction worldwide, standardisation of 
installation orientation with other 
group engines

 : compact construction in order 
to realise short front overhangs on 
the vehicle

 : reduction of engine weight by up 
to 30 %

 : reduction of fuel consumption 
and CO2 emissions by 10 to 20 %

 : fulfi lment of the future Euro 6 
emission standard.

BASIC ARCHITECTURE

In order to make full use of the synergy 
potential presented by the modular trans-
verse platform, the decision was taken to 

standardise the base engine architecture 
within the vehicle. Installation orientation 
plays a major role here. Previously, the gas-
oline engines from the EA111 range were 
tilted forwards with their exhaust side fac-
ing towards the radiator. In contrast, all 
other engines, including the diesel engines 
labelled TDI, were tilted backwards with 
their hot side facing towards the rear, ➊. 
Changing the installation orientation for 
the EA211 engines presented signifi cant 
challenges. On the one hand, it called for 
the redesign of the engine peripherals such 
as cooling and exhaust system and, on the 
other, for changeover throughout the 
Volks wagen Group factories worldwide. 
However, the new layout delivers substan-
tial synergies, including the application of a 
universal engine/transmission fl ange.

A further, important objective in the 
development of the EA211 was the com-
pact layout of the auxiliary units. The air 
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THE NEW 
MODULAR GASOLINE ENGINE 

PLATFORM FROM 
VOLKSWAGEN 

Volkswagen has developed a new generation of 

three- and four-cylinder in-line gasoline engines. 

The new engine family, known internally as ea211, 

has been produced to meet the requirements of 

the new modular transverse platform design from 

the Volkswagen Group. in comparison with previous 

generations, the new engines will be more compact 

and up to 30 % lighter in weight. in addition, their fuel 

consumption will be between 10 and 20 % lower.
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MODULAR GASOLINE ENGINE 

conditioning compressor and the generator 
on the new TSI are fi xed directly to the oil 
sump and the engine block respectively 
without additional supports. In order to 
achieve such a compact layout and to run 

it with a simple toothed belt arrangement, 
the water pump was positioned on the 
clutch side of the engine on the front face 
of the cylinder head. It is driven via 
toothed belt by the camshaft.

As a consequence of the new mounting 
position tilted 12° rearward and the com-
pact layout of the EA211 engines, the 
installed length is shortened by 50 mm, 
equating to 18 % compared with the pre-
vious engines. In the MQB, this means 
the front axle can be positioned 40 mm 
further forward. The front overhangs 
are thus shortened, benefi ting impact 
characteristics, exterior design and axle 
load distribution.

REDUCTION OF 
FUEL CONSUMPTION

The reduction in fuel consumption laid 
down in the specifi cation document – 
the second most important development 
objective – was achieved, on the one 
hand, through the application of new 
technologies and, on the other, through 
the painstaking analysis and optimisa-

➊ Unified powertrain-assembly position in the modular transvers platform (MQB)
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tion of all friction sources in the base 
engines. All bearing diameters were 
reduced to the maximum required size, 
while the width and surfaces of the 
bearings were further developed from  
a topological standpoint. 

The respective requirements for cooling 
and lubrication were calculated by means 
of simulation and testing. The circulation 
of oil and coolant was dethrottled with 
the help of CFD calculations.

1.4-L ENGINE WITH ACTIVE 
CYLINDER MANAGEMENT

The 1.4-l TSI engine with 103 kW in a 
special offer comes with a technical 
highlight that contributes to further 
reduction in fuel consumption. Its valve 
train module with active cylinder man-
agement (ACT) enables it to switch cyl-
inders 2 and 3 on and off in accordance 
with requirements using electromagnetic 
actuators [1]. The still active cylinders  
1 and 4 operate at a higher load point 
and, thus, more efficiently. 

The 1.4-l TSI with robust ACT technol-
ogy proves that it is possible, within  
the TSI strategy framework, to combine 
ambitious consumption targets with 
high power output and high torque. In 
the NEDC, the fuel consumption of the 

engine has been reduced by 0.4 l/100 km, 
equating to a drop in CO2 emissions of 
8 g/km. At moderate speeds in city traf-
fic, as well as cross-country, savings of 
between 10 and 20 % are possible.

THE NEW ENGINE PLATFORM

Common characteristics of all engines  
in the EA211 range are:
 : four-valve technology
 : aluminium crankcase
 : exhaust manifold integrated into  

the cylinder head
 : camshaft drive via toothed belt.
The new platform has already celebrated 
its premiere in the Volkswagen model 
up! in the shape of the three-cylinder 
gasoline engine with a displacement of 
999 cm3 and manifold injection. The core 
of the new engine family, however, is 
formed by the small, powerful and fru-
gal four-cylinder TSI engines with 1.2-l 
and 1.4-l displacements. 

All engines from the EA211 platform 
share cylinder spacing of 82 mm. The 
ideal stroke/bore ratio was selected for 
each displacement taking into account 
thermodynamics, acoustics and perfor-
mance. The most desirable characteristics 
are derived from a long-stroke layout. In 
the case of the 1.2-l engine, bore/stroke is 

set at 71.0 mm/75.6 mm and, for the 1.4-l 
engine, at 74.5 mm/80.0 mm.

The spectrum of the new TSI family 
initially covers the well-known perfor-
mance range of the Volkswagen line-up – 
it begins with 63 kW and extends to  
110 kW for the engine used in the hybrid 
driveline, 2. Alongside the TSI engines, 
four-cylinder MPI (multi point injection) 
variants with 1.4-l and 1.6-l displace-
ments will also be derived from the plat-
form for use on global markets. 

CRANKCASE 

The crankcase of the EA211 is an ultra-
stiff aluminium pressure die cast con-
struction with cylinder liners in GJL 250 
cast iron, 3. The cylinder liners, which 
are fluid-spray honed in four stages, are 
fixed to the crankcase using rough-sur-
face casting. The new crankcase weighs 
just 19 kg. Compared to the EA111 with 
1.4-l displacement, which has a cast iron 
crankcase, this marks a weight reduc-
tion of 16 kg.

Crankcase ventilation is devised as 
block ventilation and is conducted largely 
inside the engine. This is an extremely 
robust layout because external pipe con-
nections and transfer points are avoided 
almost entirely. In terms of cooling water 
circulation, the block layout is based on 
the proven two-circuit system from the 
small TSI engines. Supply to the oil 
cooler, which is screwed onto the side of 
the crankcase is likewise fully integrated 
within the crankcase. 

CYLINDER HEAD

When it came to the redesign of the cyl-
inder head, the focus was on intelligent 
thermal management and the expanded 
use of exhaust energy for rapid warm-up. 
The concept of the four-valve rolling cam 
follower head has been retained due to its 
low friction characteristics.

The exhaust manifold is fully integrated 
into the cylinder head, where it forms a 
highly effective exhaust heat exchanger, 
4. It is used to heat the engine quickly 
during warm-up, while also providing 
plenty of heat for a comfortable vehicle 
interior. Under full load, on the other hand, 
the exhaust is cooled by approximately 
100 K, which reduces fuel consumption by 
up to 2.0 l/100 km. Compared to conven-
tional, external manifolds, the exhaust 
flow paths with an integrated manifold are 

2 The new EA211 range (top) and engine data for the EA211 TSI platform (bottom)

1.2-l  
63 kW TSI

1.2-l  
77 kW TSI

1.4-l  
90 kW TSI

1.4-l  
103 kW TSI

1.4-l 110 kW  
TSI HYBRID

TORQUE 160 Nm at 
1400 rpm

175 Nm at 
1400 rpm

200 Nm at 
1400 rpm

250 Nm at 
1500 rpm

250 Nm at 
1500 rpm

NOM. ENGINE 
SPEED

4800 rpm 5000 rpm 5000 rpm 5000 rpm 5000 rpm

DISPLACEMENT 1197 cm3 1197 cm3 1395 cm3 1395 cm3 1395 cm3

BORE 71 mm 71 mm 74.5 mm 74.5 mm 74.5 mm

STROKE 75.6 mm 75.6 mm 80 mm 80 mm 80 mm

COMPRESSION 
RATIO

10.5 10.5 10.5 10.5 10.5

FUEL RON95 RON95 RON95 RON95 US / “regular”

ENGINE WEIGHT 97 kg 97 kg 104 kg 106 kg 93 kg
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considerably shorter, maintaining heat loss 
through the walls in the transient case at 
an acceptable level.

The valve angle has been increased 
to 120°, with the aim of increasing wear 
resistance – particularly when it comes 
to the use of alternative fuels and fuels 
of mid-range quality on global markets. 
The valve shaft diameter has been reduced 
to 5 mm to optimise the dynamics of the 
valve gear through lower mass and reduce 
friction as a result of lower valve spring 
force. The spark plugs have been specifi ed 
with M12 threads to achieve optimum 
wall-thickness between the spark plugs 
and valve seats. Intensive fi nite element 

analysis work meant that the weight of 
the cylinder head increased by less than 
1.2 kg, despite its considerably more com-
plex geometry. The four-valve cylinder 
head of the EA211 is produced as an alu-
minium die casting at Volkswagen Group 
foundries using heat-treated AlSi10Mg(Cu) 
alloy. The sand cores are made entirely 
from inorganic material using environ-
mentally friendly methods.

CRANKSHAFT DRIVE 
AND PISTON GROUP

Friction reduction took high priority dur-
ing the development of the EA211. One 

of the most important initiatives was the 
reduction of the main bearing diameter 
from 54 mm on the EA111 to between 42 
and 48 mm in the different variants 
across the new engine platform. The 
axial location of the con rods is handled 
by the big-end bearing in order to facili-
tate thicker crank arms. They compen-
sate for the loss in stiffness caused by 
the smaller bearing diameter. The higher 
elastic deformation and reduced friction 
deliver even crankshaft acoustics. As in 
the preceding engine, the crankshaft and 
conrods are made from forged steel. By 
using the latest FEA and NVH calcula-
tion methods, it was possible to reduce 

3 The new alloy crankcase

4 Cylinder head with 
integrated exhaust manifold
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the weight of the crankshaft by 20 %, ➎, 
and the weight of the conrods by up to 
30 %, ➏. The conrod bearing spindles on 
the crankshaft are hollow bored.

At the small-end bearing, the conrod 
does not have the conventional trapezoidal 
shape. Rather, in the forging die, a geome-
try is formed that is optimised for weight 
in line with component loading. During 
the intake stroke, a very slim upper link 
pulls the piston downwards, as the forces 
at play here are relatively low. Accordingly, 
the geometry for transferring the working 
pressure is more robust in its design.

The aluminium pistons have been com-
pletely redesigned. The piston crown has 
a virtually fl at form, as the wall-guidance 
for internal mix formation used in previ-
ous concepts is not applied here. This 
enabled reduction of piston weight and 
led to more homogeneous temperatures at 
the piston crown. The piston ring package 
was intensively validated in order to opti-
mise friction and oil consumption. Instal-
lation clearance was increased in order to 
reduce friction. This also facilitated fur-
ther improvements to acoustics through a 
slightly increased piston pin offset and 
refi ned piston crown geometry.

COOLING CIRCUIT

All TSI engines in the EA211 engine 
range have a high-temperature circuit 

for engine cooling and a low temperature 
circuit for indirect charge air cooling, ➐. 
The low-temperature circuit is driven 
via an electric coolant pump and can 
be controlled completely fl exibly in line 
with requirements. In trailing throttle 
conditions, it also provides cooling for 
the turbocharger.

Engine cooling is handled by the 
high-temperature circuit. It is driven by 
a mechanical pump confi gured as a 
coolant pump module with integrated 
coolant temperature regulator. The mod-

ule is mounted directly to the cylinder 
head on the transmission side of the 
engine. An expanding-wax thermostat 
for block cooling ensures that the cylin-
der liners remain at a constantly high 
temperature independent from the main 
cooling circuit. A further thermostat 
regulates the switching of the vehicle 
radiator. With a regulated temperature 
of 87 °C, it represents the best possible 
compromise between friction reduction 
and effi ciency-optimised ignition. The 
overall effi ciency of the coolant pump 
module was increased to more than 
50 %, representing an improvement of 
up to 40 % over pumps currently found 
in series production. Moreover, the 
entire cooling circuit has been opti-
mised for throttling losses.

EXHAUST GAS TURBOCHARGER

All versions of the EA211 feature a fully 
redeveloped exhaust gas turbocharger 
with a single-scroll turbine. The integra-
tion of the exhaust manifold into the cyl-
inder head and the resulting specifi c air-
fl ow characteristics represented the most 
important development parameters. The 
turbocharger has been specifi cally opti-
mised for low-end torque and good tran-
sient characteristics with well-rounded 
torque curves. The 1.4-l TSI with 103 kW 
output, for instance, has a maximum 
torque of 250 Nm available from 1500 rpm. 
This marks an improvement of 25 % com-
pared with the previous engine, ➑. A tur-
bocharger was conceived and optimised 
for each of the three power outputs (1.2-l 

➎ Development in stiffness of the weight-optimised crankshaft

➏ The weight-optimised conrod
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TSI, 1.4-l TSI 90 kW and 1.4-l TSI 103/110 
kW). In all derivatives, the mechanism is 
designed for a maximum exhaust gas tem-
perature of 950 °C and is notable for its 
small rotor diameter and accordingly low 
moments of inertia with a high degree of 
effi ciency.

The control of the wastegate is operated 
by a newly developed electric actuator. In 
contrast to conventional excess pressure 
control systems, the wastegate can be 
adjusted to the desired setting at any time 
and independently from the momentary 
charge pressure. The new actuator func-
tions quickly and precisely, which has a 
positive effect on the acoustics of the 
turbocharger and on the responsiveness 
of the engine. The adjustment time 
between the two end stops is just 110 ms.

The interface between the turbo-
charger and the engine periphery is iden-
tical in all cases, allowing the use of the 
same cylinder heads, exhaust systems 
and oil and coolant lines. Thanks to the 
integration of the exhaust manifold into 
the cylinder head, it was possible to con-
fi gure the turbine casing as a slim and 
lightweight four-hole fl ange unit. Thus, 
the weight of the turbocharger has been 
reduced by more than 2 kg compared 
with a conventional confi guration.

DEVELOPMENT OF THE 
INTAKE PORTS

The so-called Automatic Component 
Optimisation from Volkswagen proved to 
be the perfect tool for the development of 
the intake ports. The starting point for 

port development was the intake port on 
the 1.4-l TSI EA111. Based on this, the 
fl ow coeffi cient and tumble value for the 
EA211 TSI were derived using CFD cal-
culations, with the objective of fi nding 
the best compromise between high fl ow 
rate and intensive charge movement. 
From the mathematical models, fi ve 
ports were selected and evaluated using 
3D simulations. Three of these ports 
were cast as physical models. Their 
measurement on the fl ow test rig con-
fi rmed the initial selection and they 
were sub sequently tested on the full 

engine on the engine test stand. The 
optimum port variant delivered the best 
results in terms of fuel consumption, 
running smoothness and emissions. Its 
tumble value is considerably higher than 
that of the EA111 TSI, while its fl ow 
coeffi cient is only insignifi cantly lower.

OPTIMISATION OF THE 
COMBUSTION PROCESS

This optimum port variant formed the 
basis for the optimisation of the TSI 
combustion process for the EA211 range, 

➐ The cooling circuit with 
separate head/block cooling

➑ Torque increase for the EA211 TSI engines
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which was aided by CFD. A major focal 
point was the matching of the spray pat-
tern to the flow within the cylinder.

Due to the high specific loads of a 
small-displacement TSI engine, the opti-
mum compromise for mixture formation 
with the smallest quantities of fuel, as 
well as under full load, is a multi-orifice 
valve (MOV) in combination with 
increased injection pressure. With the 
simulation methods used, it was possible 
to optimise in detail the MOV spray pat-
tern and injector timing, as well as their 
adaptation for flow inside the cylinder.

Up to three injections per cycle are 
possible. These multiple injections occur 
from idle all the way to full load in the 
rev range up to 4000 rpm. Injection pres-
sure is up to 200 bar. The stable tumble 
flow generated by the new intake port in 
combination with the non rotationally 
symmetrical five-orifice spray meant 
that a piston recess for mix formation 
under low load and special conditions 
like catalyst heating was not necessary.

Moving outwards from the spark plug, 
the flame front is able to expand evenly, 
ensuring that no voids that might induce 
knock form at the edges. The compact 
combustion chamber design with con-
sistently short flame paths and a 
recessed spark position, as well as the 
increased turbulent kinetic energy in the 
combustion chamber result in
 : improved tolerance to residual gas 

under partial load
 : reduced knocking tendency
 : increased combustion efficiency.

INFLUENCE ON CONSUMPTION  
OF KNOCK LIMIT  
AND COMBUSTION SPEED

The combustion process developed for 
the EA211 TSI with its high combustion 
speed and resulting reduced knock ten-
dency has a very positive effect on fuel 
consumption. Across the entire full-load 
curve, combustion duration has been 
shortened by circa 10° of crank angle, 
enabling mixture enrichment to be sig-
nificantly reduced. Despite an increase 
in compression from 10.0 to 10.5 (in a 
configuration with super grade RON 
95 gasoline), the combustion point is 
earlier. Peak pressure is likewise earlier 
and is also higher than for the EA111. 
Overall, the specific consumption of the 
EA211 under full load was reduced by up 
to 20 %, 9.

Under partial load, too, the combustion 
process leads to a reduction in consump-
tion. The main contributing factors in this 
instance are the higher compression ratio 
and increased residual gas tolerance. 
Because wall wetting is largely avoided, 
the mix can also be run leaner even when 
the engine is very cold.

FUEL CONSUMPTION  
AND EMISSIONS

With the new EA211 engines, it has been 
possible to achieve a further impressive 
reduction in fuel consumption. In the 
NEDC, consumption figures for the 1.4-l 
TSI engines have been reduced in com-
parison with the EA111 engines by around 
8 to 10 %. In combination with extensive 
optimisation of the MQB vehicle, the aver-
age consumption in the compact class 
(Golf or Audi A3) will lie in the ballpark  
of around 5.0 to 5.2 l/100 km, which 
equates to CO2 emissions of around  
120 to 125 g/km. For the 1.4-l TSI with  
103 kW and cylinder deactivation, the 
 reduction measures up to 20 %. The new 
active cylinder management (ACT) alone 
reduces consumption by circa 0.4 l/100 km 
or around 8 g CO2/km. Under low loads 
and at low vehicle speeds in particular, the 
potential for fuel savings is even greater.

SUMMARY

With the new EA211 series of gasoline 
engines, the demanding targets for the 
Volkswagen Group’s future high-volume 
engines have been successfully realised. 
Through the shortening of the block by 
up to 18 % and the modular construc-

tion, the new engines are ideally suited 
for use in the Volkswagen Group’s new 
modular transverse platform (MQB). 
They are also fully suitable for imple-
mentation in its other vehicles.

Fuel consumption in the NEDC drops 
by up to 10 % with the new EA211 TSI 
engines, and by as much as 20 % in com-
bination with the new active cylinder 
management. And similar consumption 
benefits can be expected in real-life cus-
tomer usage. Customers who drive their 
vehicles largely over short distances and 
a low temperatures will profit from the 
new intelligent thermal management. 
Sporty customers and regular motorway 
drivers who frequently run the engine at 
high load experience particularly sub-
stantial benefits from the reduced full-
load consumption resulting from the 
exhaust manifold being integrated into 
the cylinder head. A further effect of this 
new concept is significantly improved 
heating of the occupant cabin.

Last but not least, the new solutions 
for the EA211 range also have a very 
positive impact on conventinal mixed 
operation. The smaller bearing diame-
ters, the developments to the pistons and 
valve train, the new toothed belt and the 
regulated oil pump reduce base friction 
by up to 30 %. The painstaking weight 
optimisation of the engine design also 
delivers a major contribution within the 
overall vehicle to the achievement of 
weight and CO2 targets.
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9 Fuel consumption at full load
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TWIN-JET NOZZLE INJECTORS  
 FOR GASOLINE ENGINES
Twin-jet nozzles are recommended for gasoline motor injectors because they allow an almost tailor-made drop 

generation that controls the injected mass of fuel and also the penetration depth. All of these spray characteristics 

can be adjusted independently of each other, i.e. the spray characteristics requirements specified by the combustion 

process are easily attainable with twin-jet injectors. In the following, FMP Technology, Geiger Fertigungs-

technologie and KW Technologie present practical implementations of twin-jet nozzles for gasoline engines. 
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MOTIVATION

There is a strong belief in the field of gaso
line engine development that improve
ments can still be made in internal com
bustion engines to reduce emissions with
out any loss of motor performance. Apart 
from further developing the engines, how
ever, this necessitates new developments 
of the major components that can be used 
to facilitate combustion and, above all, to 
control it. In particular, there is a need for 
improved fuelinjection systems that allow 
jets of droplets with smaller Sauter mean 
diameters to be produced and that, at the 
same time, ensure that the pressure pulses 
generated by the injection are reduced, so 
that they permit systematic multiple injec
tions and no further interaction effects 
occur between the individual injectors. 
FMP Technology, Geiger Fertigungstech
nologie and KW Technologie have devel
oped such a fuel injection system, and its 
characteristics are summarised in this 
publication. It shows outstanding proper
ties for the employment of a novel injector 
system for gasoline engines.

Injectors with conventional roundhole 
nozzles cannot provide the advanced spray 
qualities indicated above, already because 
of the mechanism used to generate the 
spray. This is due to the influence of turbu
lent velocity fluctuations on the periphery 
of the jet, which cause the jet to disaggre
gate. This disintegration action is good for 
small nozzles, i.e. small Reynolds num
bers, but not effective enough to cause 
good disaggregation at high Reynolds 
numbers. This is revealed by the diagram 
proposed by Ohnesorge et al. [1] and Reitz 
[2], 1. The figure also shows that the 
required small drops in a spray are only 
produced in region IV and only in this 
region the turbulent velocity fluctuations 
are strong enough to disintegrate the fuel 
jet. Very good sprays usable for gasoline 
engines can only be generated in region V. 
The Reynolds number Re and Ohnesorge 
number Oh are defined as follows:
 
 
 EQ. 1 Re =   

ρUD
 ____ µ     Oh =   

µ
 _____ 

 √
_____

 σ ρD  
  

DEVELOPMENT OF NOVEL 
SPRAY NOZZLES

Various mechanisms can be used to pro
duce sprays for internal combustion 
engines. Controllable sprays can be gener
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ated by a twinjet spray mechanism, as 
investigated by Dombrowski and Johns 
[3] and Dombrowski and Hooper [4]. This 
type of spray formation is based on two 
intersecting liquid jets that interact in 
their cross section and lead to the forma
tion of a small droplet contouring spray. 
This is outlined in 2, which shows the 
two intersecting liquid jets, which already 
produce the spray at the lowest operating 
pressure in the injectors.

Based on the work of Dombrowski and 
colleagues, Couto et al. [5] developed a 
mathematical model to determine the 
resulting dropletsize distributions. This 
model analytical describes a thin liquid 
lamella, which is formed by the collision 

of two jets, and the following treatment of 
its disaggregation. The entire Coutotreat
ment allows the resulting dropletsize dis
tribution to be calculated. This model 
requires, however, the disintegration of 
the liquid lamella to occur by air flows on 
both sides of the lamella. In the lamella 
shown in ②, these currents are absent. 
Own theoretical calculations for droplet 
formation in twinjet sprays had therefore 
to be derived, and they produce the Sau
ter diameter:

 
 
 EQ. 2   

d32
 ___ D   = const. ƒ(θ) ƒ(Oh,Re)

The calculations result in the specified 
distributions of the droplet sizes for liquid 
water, gasoline and diesel given in 3. 
Good agreements between theoretical  
by derived results and experimental val
ues was achieved. Own theoretical con
siderations have also revealed that for 
large angles θ, ②, the lamella portion 
with reverse flow can be prevented due  
to the surface tension of the fluid. For  
the limit angle α= 2 θ g the following 
relationship was derived: 
 
 
 EQ. 3 sin α = 1 –   8σ _____ DρU2  

 

For liquid jets of gasoline, there one can 
thus calculate:

 
 EQ. 4 θ ≤ θg = 44°

 

2 Interacting liquid jets in generating liquid sprays 

1 Properties of liquid jets 
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This result meant that all the experimen
tal studies carried out were far below  
θ = 44°. This ensured that the meniscus 
formed between the jets that prevents 
lamella forming in the reverse direction 
thus also prevents the formation of drops 
emerging in this direction. The derived 
equation (Eq. 4) was an important result 
for manufacturing practical operational 
twinjet sprays for gasoline engines.

EXPERIMENTAL INVESTIGATION  
OF TWIN JETS

Representations of experimental results 
of spray formation by double jets in an 
OhRe graph make it clear that the spray 
formation already occurs at injection 
pressures for under one bar. With 
increasing pressure the spray formation 
improves, and even at pressures of 
ΔP<100 bar there result very good spray 
characteristics for gasoline engines that 
far exceed the characteristics of sprays of 
roundhole nozzles at the same injection 
pressure, 4. The analyses carried out in 
this context were conducted for nozzle 
diameters of 100 µm. To verify the find
ings derived from the analyses, experi
mental studies were undertaken and are 
summarised in the following. Drop for
mation in the doublejet spray begins 

much earlier, when opening the nozzles, 
than in roundhole nozzles.

BUILDING A TEST RIG

To investigate experimentally twinjet 
nozzle properties, a test rig was set up in 
the FMP Technology GmbH spray labora
tory, 5. Displayed are two nozzles, each 

of which produces a circular jet. Both cir
cular jets, i.e. the jets formed by the nozz
les, are placed in xyz positioning sys
tems that can be moved relative to one 
another and positioned such that they 
meet perfectly centred within a given dis
tance from the exits of the nozz les and 
thus lead to an ideal doublejet spray. The 
properties of that spray depend on the 
diameter used for the two nozzles, on the 
equal jet velocities, the fluid properties 
and the angle between the jets. The diam
eters of both liquid jets were set as equal 
in the experiments in order to obtain sta
ble configurations of twinjet sprays. This 
stability is strictly guaranteed only when 
liquid jets with the same properties inter
act. Nonetheless, the spray production is 
very tolerant of small differences in the 
jet properties.

In order to measure the particlesize 
distributions in the twinjet sprays gener
ated, a socalled Malvern Mastersizer MS 
2000 was employed. The associated 
measurement setup is also shown in ⑤. 
These representations show that the light 
diffraction employed in the Malvern par
ticle sizer, was collected to measure the 
dropletsize distributions of sprays. From 
these measurements the corresponding 
mean values, such as the diameters d10 
and d32 were deduced.

MEASUREMENT RESULTS

Detailed measurements of the properties 
of twinjet sprays were carried out with 

3 Comparison between experimental and theoretically calculated droplet sizes for twin-jet sprays

4 Oh-Re graphs for twin-jet spray generators according to Y. Han et al. [6]
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the measuring apparatus shown in ⑤. 
These showed that
 : the Sauter mean diameter of the drop

let distribution of the double beam is 
proportional to the spray nozzle 
diameter

 : a dependency of the spray properties 
exists on the intersecting angle 
between the jets, but flat jets result at 
all angles that are only a few mm deep

 : at high pressures, such as those in 
gasoline engines, there is only a minor 

dependence of the droplet size on the 
supply pressure.

All the above results are shown in 6.

TWIN-JET SPRAY INJECTORS  
FOR GASOLINE ENGINES

To achieve the necessary mass flow 
needed for gasoline engine combustion 
and an even distribution of fuel in the 
combustion chamber, a special arrange
ment of twin jets, in the form of a multi

hole nozzle, was developed and pat
ented. 7 shows the chosen arrangement 
in the injector head of double jets for the 
first nozzle. A total of eight twinjet noz
zles were arranged radially, each having 
an angle of 40° between the two liquid 
jets. Due to the small size of the injector 
head only four twinjet nozzles, each off
set by 90°, could be opted for in one 
plane of the nozzle arrangements. For 
this reason, a further four twinjet noz
zles were mounted in a second borehole 

5 Experimental setup  
in the spray laboratory

6 Measurement  
results for water sprays  
(to obtain values for  
gasoline, conversions 
can be made via the (1) 
Oh-Re relationship  
in Eq. 1) 
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plane, offset by 0.5 mm. Moreover, the 
second plane with the inclined nozzle 
arrangement was rotated by 45° relative 
to the arrangement in the first nozzle 
plane. A total of eight twinjet nozzles 
could thus be arranged at the injector, 
⑦. The spatial coverage of eight twinjet 
sprays is also outlined in the figure. Of 
course opportunities for further improve
ment of the design are available or can 
be thought of.

MEASURING SPRAY 
CHARACTERISTICS

The investigations of the properties of 
the manufactured twinjetspray injec
tors, conducted in the laboratory of FMP 
Technology GmbH, were supplemented 
by measurements made by the Esytec 
GmbH Company in Erlangen in a special 
injection chamber set up for injector 
research. These measurements of the 

spray properties were carried out for dif
ferent injection pressures in the pressur
ized chamber and for different tempera
tures of the injected fuel. Of the many 
series of measurements carried out, 
selected measurements obtained for 
200 bar injection pressure at a fuel tem
perature of 60 °C, a chamber pressure of 
15 bar and a chamber temperature of 
155 °C are presented in 8.

The presented results for the spray for
mation of the first 10 and 40 manufac
tured multiple twinjet nozzles with eight 
nozzle pairs show a highly homogeneous 
dispersion with only minor variations in 
the spray patterns of the individual noz
zle pairs. This uniformity of the spray for
mation of all twin spray cylinders could 
also be confirmed by measurements of 
the spray dispersion without counter 
pressure and at low chamber and fuel 
temperatures. In all measurements, uni
form spray dispersion was evident. At 

high fuel and chamber temperatures 
homogeneous and rapid vaporisation 
behaviour of the spray was evidenced. 
This uniformity of the spray characteris
tics is shown in 9. The high correlation 
of the measured penetration depth and 
the angle of the jets of the individual twin 
jets is worth emphasising here.

In addition to a uniform and largearea 
spray distribution in the combustion 
chamber, it is possible with the multiple 
arrangements of twinjet nozzle, to pro
duce droplets with a Sauter diameter of 
less than 10 µm for gasoline fuels. The 
developments have enabled a spray mech
anism to be used that differs substantially 
from nowadays employed mechanisms, 
and moreover offers advantages with 
respect to the theoretical treatment of the 
resulting spray. Using the known proper
ties of the spray, observations on vapori
sation processes can be gathered, and, 
building up on the present work, calcula
tions for the actual combustion can be 
achieved. Combustion engines became 
more theoretically treatable. 

CONCLUSIONS AND OUTLOOK

This publication summarises work carried 
out to develop twinjetspray injectors for 
gasoline engines and to produce them in 
small batches as prototypes. The spray 
generation mechanism underlying twinjet 
sprays differs significantly from that used 
with roundhole injector nozzles. The 
mechanism used with twinjet spray injec
tors is theoretically treatable. It leads, with 
an appropriately selected nozzle diameter, 
to droplet size distributions with Sauter 
diameters under 10 µm for gasoline fuels, 
and in addition allows adjustable spray 
angles, thus allowing highly flexible spray 
patterns to be obtained with multiple 
twinjet nozzles. The number and 
arrangement of the individual pairs of 
nozzles and their placements in the 

7 Representation of double-jet spray head of the developed injector

8 Temporal sequence of spray from the experiments  
in the Esytec injection chamber
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respective combustion chambers as well 
as their adaptation to the combustion pro
cess allow requirements that can be sim
ple and can be based on theory. A special 
flat spray contour, for example, makes it 
possible selectively to omit emissioncriti
cal areas in the combustion chamber. 
Wetting the open intake valves during the 
injection in the intake stroke can be 
avoided, and having a gap in the spray 
avoids direct wetting of the spark plug by 
the fuel. The number of pairs of nozzles 
can be adapted to the mass flow required 
by the engine manufacturer or the injec
tion jets tilted as desired relative to the 
injection valve axis. This increases the 
flexibility of installation without sacrific
ing the performance of the motor. The 
developed injectors appear to allow novel 
combustion process to be realised for gas
oline engines, with reduced emissions, 
reduced noise and without sacrificing 
performance.

The results of the developments suggest 
that future injector systems for gasoline 
motors can be operated with injection 
pressures in the range of 70 to 80 bar for 
gasoline engines. This reduction in pres
sure lead to reductions in energy expendi
ture for injector systems, to reductions in 

system costs and are also associated with 
better control of the entire injection pro
cess. Appropriate fuel pumps can be 
developed or existing pumps adapted. 
Improving combustion in gasoline engines 
requires improvements of fuel injectors 
with regard to the pressure waves gener
ated during opening and closing. This has 
also been achieved. The description of 
these developments and results is reserved 
for a future publication.
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FUTURE ENGINE 
CONTROL FOR  
SPARK-IGNITED  
CNG ENGINES
CNG as a fuel for internal combustion engines  

is a good alternative to conventional liquid  

fuels to reduce CO2 emissions. Bosch offers  

an injection system for CNG which can be 

 modularly combined with gasoline port fuel 

 injection or direct injection. In the following an 

overview on the requirements and solutions for 

the system and the components as well as a 

global CNG  market overview is presented.
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MARKET SITUATION,  
DRIVERS AND CHANCES

The market for CNG vehicles is growing 
rapidly worldwide. The CNG car fleet grew 
from approximately 1 million vehicles in 
2000 to more than 12 million vehicles in 
2010. This represents an annual growth 
rate (CAGR) of approximately 25 %. The 
major share of this growth took place in 
retrofit markets with focus on South Ame
ri  ca, Asia and Persia. Bosch is expecting 
that the CNG car market will grow further. 
Most important growth markets will be in 

Asia. But: overall CNG will remain a niche 
market. So, what is driving the CNG mar
ket? CNG offers a CO2 reduction potential 
of about 25 % compared to gasoline. This 
reduction can be increased even further 
by the use of Bio CNG. In case the CNG is 
made from regeneratively produced electric
ity, the combustion engine can be power ed 
CO2 neutral. The drivers mentioned in 1 
can be summarised to a few major drivers:
 : total cost of ownership and mobility 

for the end user
 : independent supply and emission and 

CO2 reduction for the law maker.

The market can be divided into three 
major segments: pure retrofit markets, 
markets moving towards OEM standard 
and classical OEM markets. In pure retro
fit markets (more than 60 % of the global 
CNG fleet) a low price is the most impor
tant criterion. The requirements on tech
nology and reliability of CNG components 
and systems are quite low. In markets 
moving towards OEM standard (approxi
mately 30 % of the global CNG fleet) retro
fit solutions, partly also used in OEM 
applications, are seen as state of the art. 
But OEMs are working more and more 
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towards technical solutions which are in 
line with global OEM standards. In classi
cal OEM markets (less than 10 % of the 
global CNG fleet) OEM technology is 
standard driven by the general high level 
of the whole automotive sector. The 
requirements on quality, robustness and 
durability of the CNG systems and com
ponents are high. Technology and perfor
mance are keys to market success. 

Bosch has developed a CNG portfolio 
on an OEM level, which can be marketed 
via different sales channels. Bosch can 
offer harmonised systems and compo

nents for the heavy duty market, the pas
senger car segment and the retrofit mar
ket. This approach is key to be success
ful on a long term basis because the 
single niche markets cannot offer the 
necessary economies of scale.

CNG SYSTEMS

To realise bifuel systems, conventional 
gasoline engines are modified for CNG 
operation and enhanced by an additional 
CNG fuel system. For a flexible structure 
Bosch has developed a CNGPFI injection 

system, which can be modularly inte
grated in existing gasoline port fuel 
injection or direct injection engines and 
it is also applicable to CNG monofuel 
systems, 2 and 3.

Gasoline direct injection engines usu
ally have a higher compression ratio and 
could thereby use the advantage of 
methane’s high knock resistance. By 
operating at an optimal ignition angle 
the improved level of efficiency leads to 
lower exhaust temperatures. Thereby 
additionally a stoichiometric mixture is 
possible. As a result there is a distinctly 

2 CNG-PFI system

1 Market drivers CNG
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decreased CNG consumption and CO2 
emissions when operating at full load.

During the CNG operation the fuel 
components of the gasoline system are 
only passive. The missing cooling effect 
of the flushing gasoline leads to higher 
temperature of direct injection valves 
and highpressure pump. Because of the 
reactivity of the engine environment 
concerning the components, the temper
ature conditions have to be evaluated 
specifically for the particular customer 
project. If necessary, measures for 
decreasing the temperature have to be 
implemented.

SYSTEM REQUIREMENTS 
TIGHTNESS OF INJECTION VALVES

In contrast to gasoline systems the CNG 
does not decrease due to contraction  
of the fuel volume as the engine cools; 
thereby the pressure at the injection valve 
is present also if the vehicle is parked. In 
a system without leakageoptimised injec
tors the gas mass of the rail is escaping 
into the intake manifold. For example a 
mass of 70 mg HC is to be expected at a 
system pressure of 0.3 MPa and a rail vol
ume of 50 cm³. Based on the undefined 
fuel quantity the airfuel mixture is to 
rich in the starting phase and will not be 
ignitable. This will lead to a delayed start 
and to an increase of HC emissions. 
Hence it is mandatory to use special injec
tion valves without internal leakage for 
CNG applications. Thereby the vehicle 
starts immediately and has no initial HC 
emissions by leakage.

CNG DIRECT INJECTION

Corresponding to gasoline direct injection 
engines there is also the possibility of 
CNG direct injection (CNGDI). When 
injecting the fuel after closing the inlet 
valve there is no air filling reduction by 
the CNG partial pressure of approxi
mately 10 % compared to manifold injec
tion. To realise a CNGDI system it is 
required to develop a special direct injec
tion valve, which also can be run with 
oilfree CNG. Additionally fulfilling the 
tightness requirements at the valve 
located in the temperature range of the 
combustion chamber is challenging. The 
low benefits of CNGDI have to be com
pared to high costs and risks referring to 
a small market size. Furthermore, the dis
advantage of filling by partial pressure 

can be compensated more easily and 
more costeffectively by available compo
nents of air charging.

CNG direct injection is no option for 
series production due of its high develop
ment effort and risk combined with a 
small market volume. Thereby CNGPFI 
systems offer a very good costbenefit ratio 
at maximum variability of the base engine. 
The costeffective alternative of pure CNG 
port fuel injection achieves CO2 savings of 
around 25 % and with the downsizing 
alternative of gasoline DI up to 40 %, 4. 
The benefits of CNGfuel due to knock 

resistance and gaseous state can be uti
lised completely in CNGPFI systems.

BIFUEL ECU

By integrating the functionality of CNG 
into a bifuel engine control unit (ECU), 
the related control, adaption and diag
nostic functions of the base engine can 
be adapted easily. Thereby the develop
ment of an interface for communication 
with a separate CNG control unit is not 
necessary. The functionalities and diag
noses of the gasoline engine control unit 

3 Components of the CNG-PFI injection system from Bosch

4 Key performance indicators of the system

 0 6I2012   Volume 73 45

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



are especially designed for gasoline oper
ation. For example the gasoline ECU 
needs to take notice of the modified air 
fuel mixture by the second CNG ECU to 
ensure that the feedback of the exhaust 
sensing is correctly evaluated for catalyst 
control and diagnosis. Missing adjust
ments in control functions of the gasoline 
engine can lead to a negative impact on 
function, emissions and diagnosis.

Future engine control units will 
include options for CNG operations to 
achieve emission limits during CNG 
operation. Bosch therefore has developed 
a bifuel engine control module to reach a 
maximum of functionality and reliability.

PRESSURE REGULATOR MODULE

The pressure regulator has to reduce the 
pressure from tank pressure to the nominal 
operating rail pressure of the CNG injectors. 
Basically the rail pressure at full power  
of the engine has to be high enough, that 
the necessary gasflow can be injected 
during the available injection time.

Electrical pressure regulators are con
sidered to be the best solution especially 
for engines with a wide power range. 
Hereby it is possible to set low pressure 
for idling and maximum pressure for full 
power operation. However, mechanical 
pressure regulators with characteristics 
like in 5 are used mainly at the time. 
The adjusting point of the pressure regu
lator should be the maximum massflow 
of the engine which is required in worst 
case conditions of tank pressure, quality 
of CNG and temperature. 

A pressure increase of 0.15 MPa from 
design point to stoppage pressure is state 
of the art. This is caused by pressure drop 
in the lines, the pressure regulating char

acteristic, tolerances and pressure increase 
in inactive situations (Lock off). Thereby 
internal leakage must not lead to a notice
able pressure increase during a long inac
tive periods. The characteristics of the 
pressure regulator has to be considered in 
the system application to ensure that the 
injection valves are working properly in 
starting operations even if low battery 
voltage and maximum pressure occurs.

CNG INJECTOR

Since 2006 the new generation of Bosch 
CNG injectors named NGI2 has been used 
both with monofuel and bifuel applica
tions worldwide. In comparison to other 
CNG injectors, the NGI2 is extremely 
lightweight and compact. This means that 
integration into existing intake manifolds 
is possible. Furthermore current and 
future emission standards can be fulfilled. 

The highresistance magnetic solenoid 
of the NGI2 enables the injector control at 
present standards for fuel intake mani
folds for injection valves. Additional costs 
for current power control levels (peak and 
hold) and the integration into the control 
unit respectively the use of a second con
trol unit can be avoided. The valve was 
developed in consideration of the high 
flow stream mass flow that is reached in 
that compact design. The design was ad
justed in that way that the pressure de
creases in the valve were reduced to a 
minimum. The physical characteristic of 
the valve is approximately according like 
an ideal nozzle. If there is at least the 
 double intake manifold pressure, an over
critical flow appears. Thus the fuel deliver 
control phase is independent of the mani
fold pressure and correspondingly more 
precise. At charged engines with an intake 

manifold pressure of up to 0.25 MPa, it re
sults into a system pressure of a minimum 
of 0.5 MPa.

The NGI2 was developed for a technical 
lifetime of 240.000 km according to OEM 
standards. It was also verified by multiple 
internal and worldwide vehicle tests. It is 
characterised as a very robust component 
even at very high vibration acceleration 
conditions. Despite its elastomeric seat 
concept the NGI2 meets the demands of 
modern sparkignition engines concerning 
accuracy of injected mass. This also applies 
for the minimum injection time of ≤2.0 ms 
at 0.7 MPa which is determined according 
to SAE and underlying static aspects.

COMBINED PRESSURE/
TEMPERATURE SENSOR,  
TANK PRESSURE SENSOR

To achieve a precise injected CNG mass 
the injection time has to be corrected by 
the CNG density based on pressure and 
temperature. Usually two separate sensors 
are used for this purpose. Bosch is offering 
a combined pressure and temperature sen
sor (DSM1TFCNG) as a screwin sensor 
which reduces the number of components 
and electrical connectors. A very high  
reliability concerning tightness can be 
reached because the stainless steel hous
ing does not require any elastomer sealing 
for assembling and it provides a common 
interface to the silicon sensor chip. The 
temperature is measured via an NTC 
enclosed by a thinwalled stainless steel 
sleeve. Thereby the measurement of CNG 
temperature is decoupled successfully 
from the housing temperature even in  
case of small mass flow at idle condition.

The tank pressure sensor DSHD 
KV4.2 is also designed as a stainless 
steel screwin sensor. It is applied for 
detecting the tank level by mounting  
in the high pressure system like at the 
pressure regulator or at the tank valve.

CONCLUSIONS

The advantages of low CO2 emissions, 
almost particlefree emissions and the 
possibility of adapting gasoline engines to 
CNG fuel with low effort, results in good 
chances for a stronger growth of CNG 
automotive market. To ensure that emis
sion limits are achieved the ECU of the 
gasoline engine has to be adapted to CNG. 
Additional CNG ECUs require aligned 
interfaces and communication.

5 Characteristics of mechanical pressure regulators (schematic view)
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VIRTUAL DEVELOPMENT OF  
CONTROL UNIT FUNCTIONS  
 FOR FULLY VARIABLE VALVE TIMING 
Model-based testing of real electronic control units on hardware-in-the-loop simulators has 

become an established standard method for function development of combustion engines. 

Using a control for a continuously variable valve lift as an example, this article from dSpace 

describes a completely integrated development procedure covering everything from model-

based controller design, including early validation on developers' own PCs, to electronic  

control unit  tests on a hardware-in-the-loop simulator.
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INTEGRATED DEVELOPMENT 
PROCEDURE

Tougher requirements on fuel consump-
tion and the introduction of stricter 
emission regulations are necessitating 
new systems and controls for combus-
tion engines. For example, new control 
concepts for spark-ignition engines 
promise similar high potential fuel sav-
ings to those provided by diesel engines. 
The new concepts include new combus-
tion processes such as HCCI, variable 
valve control timing, and variable valve 
lift, in which continuously variable valve 
lift replaces classic charge control by a 
throttle valve. However, the new free-
dom to control valve opening and clos-
ing times and valve lift involves extra 
work when developing and calibrating 
engine control functions.

Today’s function development projects 
for combustion engine electronic control 
units (ECUs) are complex software pro-
jects in which the functions are fre-
quently put into operation in real engines 
or real vehicles. Model-based testing of 
real ECUs on hardware-in-the-loop (HiL) 
simulators has become an established 
standard method for this. With the help 
of suitable simulation models, real-time 
processor systems and I/O functions, the 
real ECUs are operated with a HiL simu-
lator in such a way that the ECU con-
cerned detects no difference between a 
real engine and a simulated one. Auto-
mated HiL tests greatly enhance the test-
ing depth, thereby improving the quality 
of control functions.

Using a control for a continuously vari-
able valve lift as an example, this article 
describes a completely integrated devel-
opment procedure covering everything 
from model-based controller design, 
including early validation on developers’ 
own PCs, to ECU tests on a HiL simula-
tor. Two basic aspects are dealt with. 
One is that complex simulation models 
are required for combustion engines. 

The models must provide the physical 
effects needed for controller design  
and be usable in both PC-based and  
HiL simulation. The other is that to 
access such a design environment, 
 development teams require software 
tools that make the complexity of the 
models for the  controlled system and the 
controller manageable. These software 
tools have existed for test bench opera-
tion, HiL  simulators and ECU access for 
many years. To make the model-based 
development process truly seamless and 
efficient, it must be possible to use the 
same tools and simulation models in  
all phases of the development process, 
including PC-based simulation for func-
tion design.

COMPLEXITY OF THE  
SIMULATION MODEL

With variable valve trains, i.e., with 
variable opening times and/or variable 
valve lift, the gas mix quantity in an SI 
engine can be adjusted for the entire 
load/engine speed map without using a 
throttle. The charge cycle work, and 
therefore also fuel consumption, can be 
reduced because the mix can be drawn 
in across the entire operating range in 
unthrottled conditions. The classic 
mean-value engine models typically 
used on HiL test benches come up 
against their limits in simulations of 
continuously variable valve lift. This is 
because the pressure in the air intake 
system is represented by the interaction 
between a model of the throttle valve 
and a simple model of the cylinder as a 
piston pump, 1.

The effect of variable intake and 
exhaust valves can therefore be repre-
sented only by additional efficiency 
functions. Because the effect of variable 
valve opening times and valve lifts  
in an engine simulation model would 
otherwise be missing, the existing  
models have to be extended by detailed 
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cylinder simulation with intake and 
exhaust valves [1].

IN-CYLINDER PRESSURE-BASED 
ENGINE SIMULATION

Representing an integrated, model-based 
development process requires dynamic 
models of the controlled system that can 
account for the relevant engine effects 
with sufficient precision. The dSpace 
Automotive Simulation Models (ASMs) 
provide an in-cylinder pressure-based 
engine model that uses the first law of 
thermodynamics to compute the temper-
ature and the pressure inside the cylin-
der. The gas exchange can be computed 
by the valve models using the pressure 
difference between the cylinder and the 
intake or exhaust manifold.

This modelling approach covers all the 
effects needed to represent continuously 
variable valve lift. Two aspects of the 
engine must be modeled more accurately 
than with the previous mean-value mod-
els: First, the intake and exhaust valves 
must be modeled as a valve with isen-
tropic flow and with a variable cross-sec-
tional area in a way comparable to throt-
tle valve modelling, 2. The characteris-
tic curve of the flow through the intake 
and exhaust valves is given by the cross-
sectional area. It is calculated from a ref-
erence area in the valve channel and the 
discharge coefficient µ, resulting in the 
following model equation:

EQ. 1

m
. 

Engine =  ∑ 
 i=1

  
Number of Cylinder

   AInValve,i  

μ (lInValve,i)   
pInValve,i 
 _____________  

 √
______________

  RInValve,i TInvalve,i+  
   

Y  (   PCylinder,i
 ______ PInman

   ) 
The discharge coefficient depends on the 
valve lift and the direction of flow. Valve 
control times can easily be simulated  
by changing the camshaft position and 
valve lift. Second, the model of the com-
bustion chamber must also be formulated 
in greater detail. The temperature in the 

combustion chamber is calculated accord-
ing to the first law of thermodynamics. 
The pressure is then derived from  
the temperature via the ideal gas law:

EQ. 2

dTCyl =   1
 _______ mCyl cv,Cyl

   (dWCyl−

dQWall,Cyl+dQFuel+dHIntakeValve

+dHInj−dHExhaustValve 

−∑
i
  dmi,Cyl ui,Cyl )

The energy flows that are taken into 
account are shown in [2]. The mass cal-
culation is performed separately for each 
component (fuel, air, exhaust gas) and is 
based on continuous integration of the 
mass flow. This means, for example, that 
any internal exhaust gas recirculation is 
automatically included.

SIMULATION RESULTS

With the modelling approach described, 
continuously variable valve lift can be 
represented without much additional 
modelling work. The only requirement  
is a model that describes the mechanics 
of the valves and calculates the current 
opening cross-section of the intake and 
exhaust valves in each time step. The 
cylinder charge and therefore the air 
mass flow through the engine are then 
calculated in the physical equations.

The advantage of this kind of model-
ling is that all the degrees of freedom in 
controlling the air mass are included 
implicitly without having to change the 
structure of the model by introducing 
new look-up tables and so on.

In 3, the charge cycle loops of an in-
cylinder pressure model were calculated 
for three different valve positions. The 
same load/engine speed point was set 
each time, but different control strategies 
were used. The model‘s plausible simula-
tion behaviour is clearly shown. With 
this type of modelling approach, the rel-
evant effects in a combustion engine can 
be represented with a precision and sim-
ulation speed that allows seamlessly 

integrated model-based function design 
on a PC and in real time.

IMPROVED VISUALISATION

Because the models of functions and 
controlled systems used in developing 
engine controls are becoming ever more 
complex, there is an increasing need  
to improve the visualisation of simula-
tion variables and parameters. The so-
called Control Desk Next Generation  
was launched by dSpace in 2011 as a 
new experiment tool that can be used 
throughout the entire ECU development 
and validation process, and that is just 
as useful for function models or virtual 
ECUs on a PC as it is for real ECUs on a 
HiL simulator or test bench. Control 
Desk Next Generation lets developers 
generate photorealistic layouts that they 
can experiment interactively with during 
an ongoing offline simulation on a PC or 
a real-time simulation on a HiL simula-
tor. In both these scenarios, the variables 
and the calibration values of the control-
ler and of the controlled system can be 
accessed during simulation, so they can 
be integrated effortlessly into an automa-
tion or optimisation process. 4 shows 
such a layout for the coupled simulation 
of a function model and an in-cylinder 
pressure-based engine model.

The ability to take an experiment tool 
from the HiL field and also use it in early 
phases of the development process makes 
interdisciplinary cooperation between 
function developers and HiL test engi-
neers much smoother. Another advantage 
is that when performing early validation 
of control functions, developers can call 
on the large collection of layouts and 
tests that previously underwent long and 
successful use on a HiL system.

OFFLINE SIMULATION

Ideally, PC computation uses simulation 
technology that can handle the same 
tools, models, transmission protocols 

2 In-cylinder pressure model
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and variable descriptions that have long 
since become standard methods in the 
real-time world. Since the beginning of 
2012, dSpace offers a simulation environ-
ment that provides precisely this seam-
less integration between PC offline simu-

lations and real-time simulations on a 
HiL simulator, 5. Even though function 
developers need complex engine models 
to design controllers, they are not neces-
sarily experts in creating and parameter-
ising such models. They therefore wel-

come the ability to use special models 
that test engineers already validated in 
numerous test runs on a HiL simulator. 
This is where function developers benefit 
from the dSpace system called Offline 
Simulator, because it saves them from 

3 Simulated pressure behaviour of an SI engine with continuously 
variable valve lift for different valve opening times and throttle valve 
controls (top left: air mass flow controlled by throttle valve; top right: 
throttle valve completely open, early intake valve closing; bottom left: 
throttle valve completely open, late intake valve closing)
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having to squeeze a system controlled 
by someone else into their function mod-
els. Instead, they can keep the controlled 
system model cleanly separated from the 
programme Simulink and link it to pre-
defined interfaces.

CONCLUSION

Using the example of continuously varia-
ble valve lift, it was shown that all the 
means are available to represent a seam-
lessly integrated, model-based develop-
ment process for complex control func-
tions. In-cylinder pressure-based engine 
models provide the necessary complexity 
to represent the physical relations that 
controller development has to handle. 
Their computing speed is optimised for 
real-time execution. When they are com-
bined with experiment tools and simula-
tion platforms that can also be used in 
PC-based development, the same models, 
experiment user interfaces and test 
instructions can be used in all the steps 
from controller design to hardware-in-
the-loop testing, and can therefore also 
be created and maintained at a central 
point. Now the first test drives with new 
functions can be performed purely virtu-
ally before being going onto the actual 
test bench or into the vehicle. By intro-
ducing physically based, real-time-capa-
ble engine models combined with proven 
experiment tools and an integrated simu-
lation platform concept covering all 
phases from the offline to the HiL world, 
it is possible to achieve a more tightly 
integrated model-based development pro-
cess and greater efficiency throughout 
development.
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NEW TURBOCHARGER CONCEPT 
 FOR GASOLINE ENGINES
honeywell has developed a new turbocharging concept for gasoline engines which uses an axial turbine. 

The new system increases the engine speed around 25 % faster than conventional radial turbines, 

when accelerating from low revs. By using an existing turbine design and only conventional materials, 

it has been possible to keep costs low.
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MOTIVATION

The turbocharging concept Dual Boost 
from Honeywell represents a paradigm 
shift in the fi eld of supercharging for gas-
oline engines. Instead of the classic aero-
dynamic solution of a single sided centrif-
ugal compressor and a radial infl ow tur-
bine that has been used by the industry 
for more than 35 years, it uses a double 
sided compressor wheel in combination 
with an axial turbine. It has equivalent 
effi ciencies to its conventional competi-
tors but boasts less than 50 % of the 
rotating inertia. This means it reaches 
regular steady-state targets but delivers 
exceptional transient performance. It can 
be used either to increase engine output 

and vehicle performance or to support the 
trends of engine downspeeding and 
downsizing which ultimately result in the 
most signifi cant emission and fuel effi -
ciency improvements.

POWERTRAIN NEED

In the ideal case the work done to acceler-
ate a vehicle from one state to another 
can be approximated to the change in its 
kinetic energy. Also, the work done by the 
engine to do this can be considered as the 
area under the power versus the time 
curve. For two vehicles with different 
engines but identical performance, the 
work done must be equal if they are to 
perform in the same way, Eq. 1 and Eq. 2:

EQ. 1 W=DE =E2 – E1=  1 __ 2   m (V 22 – V 21 )

EQ. 2 W= ∫ 
t

0
 P(t)dt

This simple concept allows it to calculate 
the target power, BMEP and time to 
torque curves for a typical downsizing 
and downspeeding problem statement. 
The baseline used is a modern 1.8-l DI 
gasoline engine with VVT developing 
240 Nm (~17 bar BMEP) at 1750 rpm. 
➊ highlights the results for three cases 
that were studied, a downspeeding of 
14 % from 1750 to 1500 rpm, a downsiz-
ing of 11 % from 1.8 to 1.6 l and a com-
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➊ Calculation results for the three cases downspeeding, downsizing and a combined case
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2 Key engine data for the three cases downspeeding, downsizing and a combined case

ENGINE 
SIZE  
[l]

SPEED 
[rpm]

BMEP 
[bar]

TORQUE 
[Nm]

TIME TO  
TORQUE  
[s]

TIME TO  
TORQUE  
50 TO 90 %  
[s]

BOOSTED  
TORQUE SLOPE  
[Nm/s]

TORQUE 
AT 1 s 
[Nm]

BASELINE 1.8 1750 16.8 240 2.70 2.13 42 168

A 1.8 1500 19.5 280 2.23 1.86 75 188

B 1.6 1750 18.8 240 2.32 1.91 59 162

C 1.6 1500 22.0 280 2.00 1.71 95 185

4 Comparison between radial turbine and axial turbine

3 Key data of the turbocharger
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bined case. The important numerical 
results are shown in 2. The combined 
case produces targets of 30 % increase  
in BMEP and 26 % reduction in time to 
torque and a doubling of the boost slope.

TURBOCHARGER TARGETS

A similar kinetic analysis can be applied 
to a turbocharger by replacing the mass-
velocity (mv²) term for the vehicle with a 
polar moment of inertia-rotational speed 
(Iω²) term for the rotor. Thus the equa-
tions become to Eq. 3, Eq. 4 and Eq. 5: 
 
 

 
 

EQ. 3
Paccel =  D E
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E2 – E1
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 =  1 __ 2     
Ip  (ω
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EQ. 5
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TURBINE EFFICIENCY

Turbine efficiency is a function of blade 
speed ratio (U/Co), where U is the turbo-
charger turbine tip speed and Co is the 
isentropic spouting velocity speed of the 
inlet gas. It has been degraded over the 
years because of the trend of increasing 
compressor diameter and downsized low 
inertia turbines. This issue is exacerbated 
in a modern gasoline engine however by 
the need for better transient performance 
and the highly unsteady exhaust flow. 
The bulk of the energy in the exhaust is  

in the high pressure portion of each pulse.  
A U/Co ratio of 0.2 on the arrival of a 
pulse at the start of a transient is not unu-
sual, 3. Turbine efficiency at such condi-
tions is normally poor making it difficult 
to extract energy and accelerate quickly. 
Improving the turbine efficiency at low  
U/Co conditions would clearly benefit 
both the transient and steady-state perfor-
mance of the turbocharger and engine.

TRADE-OFF BETWEEN  
EFFICIENCY AND INERTIA

While highly simplified, Eq. 5 is very 
useful to get a feel for the relative influ-
ence and weighting of basic turbocharger 
parameters, like efficiency and inertia. 
Higher efficiency is always valuable but 
the only way to achieve a zero time to 
torque is actually to have zero inertia. 
The challenge to the modern turbine 
designer therefore is to simultaneously 
maximise turbine efficiency at low U/Co 
conditions and minimise rotating inertia 
using the correct weighting trade-off.

AXIAL TURBINE CONCEPT

Honeywell went back to basics and ques-
tioned the traditional aerodynamic con-
cept of a centrifugal compressor paired 
with a radial turbine. Axial turbines have 
the advantage over radials of having bet-
ter turbine efficiency at lower U/Co val-
ues, 4 (left), especially when the 
designer takes advantage of their intrinsi-
cally lower mechanical stresses to utilise 
non-zero inlet angles for the blade. They 
are also intrinsically low in inertia. The 
development team at Honeywell has 
exploited all these phenomena and its 
new axial turbine has better turbine effi-
ciency at low U/Co and 50 % less rotat-

ing inertia than an equivalent flowing 
radial turbine, ④ (right). Pairing it with a 
double-sided parallel flow compressor 
serves multiple purposes. Firstly, it accel-
erates the turbine further up the U/Co 
curve. Secondly it balances the aerody-
namic thrust load in the machine to give 
a quasi zero load concept in steady-state 
and thirdly it has lower inertia again 
than an equivalent conventional com-
pressor. The result is clear to see from the 
outline of the rotor groups in 5. The 
Dual Boost while longer is clearly the 
“low inertia” concept and achieves this 
without using any exotic materials.

ENGINE TEST RESULTS

The first Dual Boost turbocharger has 
been tested on engine against a conven-
tional radial device. The testing took 
place on a Ford 1.6-l inline four-cylinder 
gasoline engine with direct injection 
(λ=1) and variable valve timing VVT 
(case C in ②). The engine has a rated 
torque of 280 Nm (22 Bar BMEP) from 
1500 to 4500 rpm and a peak power of 
132 kW at 4750 to 5500 rpm.

Both turbochargers were sized and 
matched to have the same corrected 
mass flows at a 2:1 expansion ratio. 6 
(left) shows that both were capable of 
achieving the target full-load steady-
state torque and power target. The full 
data showed that they had similar 
engine ΔP and BSFC as well. ⑥ (right) 
however, shows the real difference 
between the two devices. The transient 
torque curve for the Dual Boost rises 
much more steeply than for the standard 
turbocharger. 180 Nm was reached 
400ms earlier and 270 Nm was attained 
more than 600 ms before the baseline 
standard turbocharger.

5 Rotor group of a radial turbine and a axial turbine

 0 6i2012   Volume 73 57

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



SUMMARY AND OUTLOOK

By re-examining the fundamental aero-
dynamic design of a gasoline turbo-
charger, Honeywell has been able to 
demonstrate a new turbocharger con-
cept that
 : has equivalent steady-state and  

fuel economy to a conventional turbo
 : uses only conventional materials  

and simple fixed geometry
 : provides more than 25 % reduction  

in time to torque at low engine speeds
 : delivers more than 15 % more torque 

after the first second of a transient.
Thus the concept is a key enabler  
for g asoline engine downsizing and 
downspeeding which in turn will 

deliver improvements in fuel con-
sumption and CO2 reduction that are 
not achievable with conventional  
turbochargers with compromising 
drive ability. The first  iteration of the 
new  turbocharger has already sur-
passed the transient performance of 
mature radial technology and shows 
still higher potential for future 
development. 
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Injection

SIMULAtIon MEtHoD FoR DIESEL FUEL 
EntRY Into LUBRICAtIon oIL

the exhaust aftertreatment systems in today’s passenger car diesel engines require 
a high temperature level in the exhaust or must be operated with a rich mixture for 
regeneration purposes. Both can be implemented using late post injections, but these 
lead to the well-known problem of oil dilution. As part of a FVV research project, 
a simulation method was developed at the Institute for Combustion Engines at RWtH 
Aachen University in cooperation with the Institute for Measurement technology 
at the technical University Hamburg-Harburg and the Institute for Aerospace thermo-
dynamics at the University Stuttgart. this simulation method allows calculating the 
fuel entry into engine oil.
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Injection

1 MOTIVATION

Today’s emission limits require the use of particulate filters in diesel 
engines and the use of NOx storage catalysts, for example to reduce 
NOx levels. Both systems necessitate intermittent regeneration. The 
high exhaust temperatures that are needed for exhaust aftertreatment 
can be achieved by means of one or several post injections [1-3]. At 
low load points, relatively late post injections with large injection quan-
tities are necessary to reach the required exhaust temperature. How-
ever, depending on the different parameters for combustion and injec-
tion as well as the injection nozzle and piston geometry, these late 
injections lead to fuel entry into the lubricating film at the cylinder wall 
and therefore, to oil dilution [4,5]. During NOx adsorber catalyst regen-
eration, the in-cylinder mixture is enriched through the application of 
post injection for NOx reduction purposes [6]. Particularly critical in 
terms of oil dilution are very late post injections, which do not react in 
the cylinder. This post injected fuel either reacts in the diesel oxidation 
catalyst and raises the exhaust gas temperature to regenerate the die-
sel particulate filter or supplies the exhaust gas components CO, H2, 
CxHy to regenerate the NOx storage catalyst. Oil dilution due to late 
injection timing is caused by a lack of geometric shielding of the piston 
bowl; the injection spray is no longer directed towards the piston bowl 
but pointed towards the oil-wetted cylinder wall. This can lead to fuel 
entry into the oil film. This situation is shown schematically in 1.

Fuel entry into the lubricating film caused by post injection is 
determined relatively late in today’s engine development process 
with the help of complex engine and vehicle tests. The goal of this 
research project is to develop a simulation method that allows evalu-
ation of different injection strategies in terms of fuel entry into the 
oil film. Furthermore, the aim is to better understand the mecha-
nisms of this type of fuel entry.

To calculate the fuel entry, 3D CFD simulations of gas exchange, 
injection, combustion, droplet/film interaction and evaporation of 
fuel from the lubricating film are used. In order to develop and vali-
date these models, fundamental investigations dealing with the 
impact of a fuel droplet on a lubricating film, investigations on a 
transparent engine, and tests on a single-cylinder research engine 
equipped with a measurement system capable of  determining the 
fuel concentration in the lubricating film were performed.

2 TEST SET-UP AND TEST IMPLEMENTATION

To analyse the fuel entry into the lubricating film and to develop the 
simulation method, measurements on a single-cylinder research 
engine and a transparent engine were performed with the same geo-
metric design. The engine data is shown in 2. The injection strate-
gies shown in 3 were used on both the research engine as well as 
the transparent engine at an operating point (OP) of 1500 rpm and  
4.3 bar IMEP. The start of injection (SOI) of pilot injection and main 
injection, as well as the fuel quantity for the pilot injection were kept 
constant for all operating points. The injected quantity in the main 
injection was varied slightly to obtain the desired the load. The injec-
tion pressure for all operating points was set to 750 bar. 

2.1 INVESTIGATIONS ON THE TRANSPARENT ENGINE
In order to visualise the interaction of the liquid fuel sprays with the 
gas phase and the cylinder wall during different operating strategies 
with post injection, visual investigations were performed on a trans-
parent diesel engine. In comparison to thermodynamic single-cylin-
der engines, this engine was additionally equipped with window seg-
ments in the cylinder wall, a transparent piston bowl, and an 
extended piston, which allowed to affix a permanently installed pas-
sive reflector. The bowl of the transparent piston was based on the 
conventional ω bowl in order to perform the investigations under 

1 MOTIVATION

2 TEST SET-UP AND TEST IMPLEMENTATION

3 SIMULATION OF FUEL ENTRY INTO THE OIL FILM

4 SUMMARY

1 Schematic representation of the injection sprays for an injection timing near 
Top Dead Centre (TDC) (left) and a late injection timing (right)

3 Start of injection, energising time and injection quantity  
for the analysed operating points

2 Engine data of the single-cylinder engine

DISPLACEMENT 390 cm3

STROKE 88.3 mm

BORE 75 mm

INJECTION NOZZLE Eight hole

HYDRAULIC FLOW RATE  
OF THE NOZZLE

620 cm3/min

INJECTION SYSTEM Bosch Crip 3 Piezo
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realistic geometric conditions. Light was routed into the combustion 
chamber through the window segment installed at the intake and 
exhaust side. The light scattered by the liquid fuel and the light  
emitted during the combustion process was routed out of the engine 
via the transparent piston bowl and the passive reflector and 
recorded by a high-speed camera.

The results for operating points 5 and 7 are shown as part of this 
article. Please refer to the research report [7] concerning results for 
the remaining operating points. 4 shows the recordings for operating 
point 5 with a post injection at 33° CA ATDC and a very late post injec-
tion at 120° CA ATDC. On the left side, the recordings through the 
trans parent piston and on the right side the recordings through the side 
window in the cylinder wall are shown. The recordings at 39° CA ATDC 
show that the injector is completely open during early post injection 
with an SOI of 33° CA ATDC and that the liquid fluid spray does not 
make contact with the cylinder wall at an internal cylinder pressure of 
approximate 17.5 bar. Based on the cylinder pressure trace, ignition 
and combustion of the early post injection can be identified. The 
recordings of the second post injection at 120° CA ATDC show a clear 
contact of the injection spray with the cylinder wall. Based on the 
recording that was made through the side window it is shown that the 
majority of the injection mass reaches the liner wall at a low cylinder 
pressure of approximate 5 bar.

5 shows the recordings for operating point 7. This operating point 
has two very late post injections with a short actuation time of 180 μs. 
The injector does not completely open during this short actuation 
time. The recordings show that the penetration depth of the liquid 
fuel is considerably shorter than at operating point 5, which has the 
same start of actuation, but a higher actuation time of 360 μs. The 
liquid fuel does not reach the cylinder wall. It is also shown that the 
spray angle during injection with a short actuation time is signifi-
cantly wider than during injection with a long actuation time. This 
effect can be attributed to the flow conditions in the injector and in 
the nozzle during the phase where the needle opens and closes [8]. 
However, at an actuation time of 180 μs, the fuel mass injected dur-
ing this post injection is only 1/8 of the fuel mass that is injected 
during an actuation time of 360 μs.

2.2 SPECIAL MEASUREMENT
To determine the fuel concentration in the lubricating film after post 
injection, the Institute for Measurement Technology at TU Hamburg-
Harburg developed a special measurement system [9]. Here, fluid was 
drawn from the lubricating film by means of a capillary tube in a cycle-
resolved manner and stored in the capillary tube. After the measure-
ment, the capillary tube was removed and the stored fluid was analysed 
with regard to fuel concentration with the help of a mass spectrometer. 
To be able to analyse the fuel concentration of the individual cycles 
separately, an air cushion was routed into the capillary tubes every 
time fluid was removed. Thus, the fluid samples from the individual 
cycles could be separated. To make cycle-resolved sampling possible, 
a quick metering valve was used, which releases the capillary tubes at 
a certain crank angle position for a minimum metering time of 10 μs. 
The repeat frequency was 1000 Hz and was therefore suitable for 
sampling in the speed range of the test object.

In this research project, the sampling procedure described above 
was used on a single-cylinder research engine. In this case, three 
locations were defined for sampling of the wall-applied film in the 
cylinder based on investigations in the transparent diesel engine. 
They were distributed along the circumference at different positions 
relative to the injection spray target: Position 1 directly in the injec-

tion spray target, position 2 below the spray, and position 3 offset 
to the side of the spray target, 6. A special cylinder sleeve was pre-
pared for this purpose, which had three cut-outs through the cool-
ant jacket for the sensor bore. For each injection strategy, the fuel 
concentration in the lubricating film was determined at each sensor 
position for 40 consecutive cycles. To do this, the capillary tubes 
were loaded with fluid at 130° CA ATDC for a duration of 10° CA.

The measured fuel concentrations of the individual sensor posi-
tions and injection strategies are shown in 7. It can be seen that 
the fuel concentration for the sensor position is highest in the spray 
target for all operating points. The measurements show that the 
operating point with an early post injection at 33° CA ATDC and the 
operating point with a split post injection with very short actuation 
times at 60 and 70° CA ATDC have a very low oil dilution. The oper-
ating points with a very late post injection at 120° CA ATDC on the 
other hand have an increased oil dilution. The results of the fuel 

4 Recordings of the transparent engine at operating point 5  
(post injection at 33° CA ATDC and 120° CA ATDC)

5 Recordings of the transparent engine at operating point 7  
(post injection at 110° CA ATDC and 120° CA ATDC; the actuation time is 180 μs)
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concentration measurement therefore confirm the results obtained 
by quantitative means in the transparent engine.

3 SIMULATION OF FUEL ENTRY INTO THE OIL FILM

Fuel entry into the wall-applied film was calculated using 3D CFD 
simulations. For this purpose, the simulation programme Kiva 
release 3,2 [10] was used. The droplet/film interaction was calcu-
lated with a method specifically developed for droplet impact on the 
lubricating film. This method was developed by the Institute for 
Aerospace Thermodynamics at Stuttgart University based on fun-
damental research experiments, DNS simulations of the droplet 
impact, and the principle of similarity [7]. Furthermore, routines 
were implemented in Kiva for modelling the lubricating film at the 
cylinder wall, calculating the heat exchange between in-cylinder-flow 
and the lubricating film, and calculating the fuel evaporation out of 
the lubricating film. To start the simulation of the post injection and 
to calculate the fuel entry into the lubricating film, it is necessary 
to know the conditions in the combustion chamber (temperature, 
flow pattern) at the time of post injection. These starting conditions 
were determined by means of a 3D combustion simulation of pilot 

and main injection. The injection of fuel and the mixture formation 
were calculated with ERC routines [11] for the internal nozzle flow 
and spray breakup. To model the ignition, the Shell model was used, 
which calculates the ignition of hydrocarbons based on an eight-step 
reaction mechanism. Combustion was simulated with a character-
istic time scale model. The parameters for the injection and spray 
breakup model were calibrated based on the recordings from the 
transparent engine. The ignition and combustion model was specifi-
cally adjusted for post injection using a heat release analysis of the 
combustion process of the single-cylinder research engine.

To calculate the interaction of post injection with the lubricating 
film, the developed simulation method of droplet/film interaction  
was implemented as a routine in Kiva [7]. The routine used the local 
film thickness, the droplet size, and droplet speed to determine 
which portion of the droplet enters the film and which portion 
splashes back into the combustion chamber. For the splashed-back 
portion, the number of droplets, size, and speed were determined 
and these droplets were initialised in the mathematical grid. To be 
able to determine the local film parameters such as film tempera-
ture, fuel concentration, and film thickness, the lubricating film was 
discretised with a non-movable two-dimensional grid. To calculate 

6 Arrangement of sampling sensors  
in the single-cylinder engine

7 Results of the fuel concentration  
measurement in the lubricating film made 
by means of sampling measurement  
system on the single-cylinder engine
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the heat flux into the lubricating film and to calculate the fuel mass 
evaporated from the film, the three-dimensional movable grid of the 
combustion chamber was linked to the non-movable two-dimen-
sional grid of the lubricating film. The heat flux into the lubrication 
film and the evaporation of fuel out of this are calculated with the 
logarithmic law of the wall.

As boundary conditions for the lubricating film, a liner temperature 
of 130° C, a fuel concentration of 5 % in the engine oil, and a film 
thickness of 1 μm were used. 8 shows an example of the simulation 
results for operating point 5 with post injections at 33° CA ATDC and 
120° CA ATDC. It shows the injected fuel mass, the fuel mass that 
reaches the lubricating film, and the fuel mass in the film over crank 
angle. It also shows the film thickness, the fuel concentration in the 
film, and the film temperature in the simulated 45° sector of the 
lubricating film.

It is shown that only a small portion of the first post injection at 
33° CA ATDC reached the lubricating film. During the second post 
injection at 120° CA ATDC on the other hand, the majority of the 
injected fuel mass reached the lubricating film due to the lower den-
sity in the combustion chamber. The fuel entry into the lubricating 
film during the first post injection was very low because the major-
ity of the fuel that was being injected splashed back again. During 
the second post injection, the portion that was splashed back was 
lower than during the first one, which led to an increased fuel entry 
during the second post injection. In the illustration showing film 
thickness it is seen that the majority of the fuel entry took place on 
a small surface in the area of the spray target. In the illustration of 
the fuel concentration, it is shown that the fuel concentration was 
affected in a large area due to fuel entry. Because of the low lubri-
cating film thickness, minor scale fuel entry was sufficient to sig-
nificantly alter the concentration in the lubricating film.

9 shows the fuel entry computations for all injection strategies 
that were analysed. It is shown that, during early post injection and 
split injection with short actuation times, no fuel entry is to be 

expected. The injection strategies with early combustion and late 
post injection lead to a proportionally lower amount of fuel entry 
than injection strategies that only involve late post injection.

❿ shows the comparison between the fuel concentrations meas-
ured using the sampling system and the calculated fuel concentra-
tions of the individual sensor positions and post injection strategies. 
It is shown that the calculated and measured concentrations for 
sensor positions two and three match pretty well. The calculated 
concentrations of the sampling position in the spray target (position 
one) are considerably higher than the measured concentrations. This 
can be explained by the fact that, due to the low lubricating film 
thickness, a small error in the fuel entry calculation will lead to a 
major error in the concentration. For the sensor position next to and 
below the spray target, a good match between measurement and 
simulation could be achieved.

4 SUMMARY

As part of this research project, a simulation system to calculate 
diesel fuel entry into the wall-applied lubricating oil film under 
regeneration mode conditions was developed. To do this, a new drop-
let/film interaction model was used that was specifically developed 
for the interaction of post injection with the lubricating film. In addi-
tion, the simulation results were validated by performing measure-
ments on a single-cylinder diesel engine and a transparent optical 
engine of the same design. Further, the results from the optical tests 
on the transparent engine were used to calibrate the injection model 
for the post injections. They provided first qualitative information on 
the local fuel entry into the wall-applied film. To determine the fuel 
entry into the lubricating film, an online sampling system was used 
to determine the fuel concentration in the lubricating film. These 
sample measurements on the single-cylinder engine display the 
same trend as the optical investigations. The results of the simula-
tion on the other hand also confirm the qualitative results from the 

8 Simulation results for operating point 5 with post 
injections at 33° CA ATDC and 120° CA ATDC; the 
plots of the film thickness, concentration diesel and 
film temperature are at 130° CA ATDC
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optical measurements and the results from the sampling measure-
ments. The simulations provided additional information in terms of 
timing and location of fuel entry into the wall-applied film. The sim-
ulation also shows that there often is a fuel concentration > 75 % 
at the impact point of the fuel injection spray. Short actuation times 
of the injector reduce the penetration depth of the injection spray 
and thus prevent oil dilution. The transferability of the results to 
other load points and injection strategies will be determined in the 
FVV research cluster Fuel in Oil. In this research cluster, the trans-
port of the lubrication film by the piston rings and the evaporation 
of fuel out of the oil pan also will be investigated.
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9 Results from the fuel entry simulation for different post injection strategies

❿ Comparison of sampling measurement 
 system with the simulations
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