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FREEDOM

REPLACES FEAR

Dear Reader,

You will almost certainly have set yourself
some new objectives for the New Year.
You may want to bring a specific develop-
ment project to a successful conclusion in
2012. Or you may be looking for the first
customer for what you believe is a highly
innovative product line. Or perhaps you
have other ideas.

There are good reasons for setting objec-
tives, but they do also have their limits.
Without them, we would be wandering
around aimlessly and we would only be
able to make progress by chance. Conse-
quently, in January many companies start
the annual process of agreeing on objec-
tives. This involves putting in writing the
contribution which each employee will
make to achieving the corporate objectives
and specifying the bonus that they will re-
ceive in return. But what concept of hu-
man nature lies behind these activities? Is
it “homo economicus”, the idea, long since
discredited by research, of a person who
only has an eye to his or her own interests?

The truth is quite different. People are mo-
tivated; they do not need to be motivated
by someone else. People want to do mean-
ingful work. They have ideas and they
want to achieve good results when they
put these ideas into practice. They support
one another without expecting a reward
in return.

Developmental psychology research has
shown without doubt that it is disastrous

to give children material rewards when they
learn new things. By doing this, teachers
destroy the children’s motivation and the
result is a “What’s in it for me?” attitude.

How is it that research results which have
been so carefully verified have not found
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their way into business practice? There is
a suspicion that managers of dependent
employees want to have power over peo-
ple. Their employees remain in a state of
dependency and fear, even if they could
achieve better results by being set free.

It is likely that this problem will resolve it-
self. Skilled workers are in short supply in
all the industrial countries. Any manager
who wants to surround himself with the
best people in his discipline will have to
offer them freedom. In this rapidly chang-
ing world, it is acceptable for companies to
be afraid of failing, but not for individual
employees. Successful organisations will
adapt their structures, working hours and
remuneration to the needs of their people.

Bear this in mind when you are holding
your meetings about annual objectives and
ask your employees what they really want.

it

JOHANNES WINTERHAGEN, Editor-in-Chief
Wiesbaden, 21 December 2011

EDITORIAL

personal buildup for Force Motors Limited Library



COVER STORY ENERGY CHAINS

personal buildup for Force Motors Limited Library

ANALYSIS OF THE EFFICIENCY
OF FUTURE POWERTRAINS
FOR INDIVIDUAL MOBILITY

A meaningful assessment of energy propulsion concepts for individual mobility must include the

provision of energy as well as the entire vehicle. The Institute for Reciprocating Engines at the Karlsruhe
Institute of Technology has produced an analysis that also takes into account the real operating conditions.
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MOBILITY AND ENERGY BALANCE

The development of future powertrains
for passenger cars will strongly be deter-
mined by the kind of future mobility. In
the public discussion, passenger cars with
internal combustion engines (ICE) have
been identified as major contributors to
the greenhouse effect due to their exhaust
emissions (carbon dioxide CO,, CO, HC,
NO,, particulates). Passenger cars are
evaluated in standardized test cycles. In
the EU, the New European Driving Cycle
(NEDC) is used, in which only the energy
content necessary for vehicle propulsion
is considered as usable energy. For the
operation of a vehicle, additional energy is
necessary to fulfil the requirements of
environment, safety and comfort, which
cannot be neglected. Therefore, it is obvi-
ous that the energy balance as well as the
efficiency analysis cannot be performed
only for the powertrain subsystem, but
instead for the total vehicle system includ-
ing energy production (gasoline, diesel,
electricity). Only through such considera-
tions is a correct evaluation of the energy
efficiency possible.

‘Q O

FUEL CONSUMPTION:
TEST CYCLE AND ROAD DRIVING

For the NEDC, which is operated on a
chassis dynamometer at an ambient tem-
perature between 20 and 28 °C, the dura-
tion of the test is approximately 20 min
and the total driving distance is nearly

11 km. The average speed during the cycle
is 33.6 km/h. A medium-sized reference
vehicle (so called C-class car) with a vehi-
cle mass of 1700 kg, a rolling resistance
coefficient of 0.012, an air resistance coeffi-
cient of 0.29 and a frontal area of 2.23 m?
requires a power output of 4.96 kW at the
wheels. Considering a power-train effi-
ciency of n,. = 0.9, the effective power
output of the engine is P, = 5.5 kW. This
yields to a total energy of 16.5 kWh for a
driving distance of 100 km. In real traffic
situations, the driving speeds are signifi-
cantly higher than during the NEDC; this
requires both higher engine power and
more total energy. Driving at an average
speed of about 60 km/h, which corre-
sponds approximately to a real driving
situation with average speeds between

50 and 70 km/h, depending on the driver

5
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@ Comparison of real fuel consumption
and fuel consumption in NEDC
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and the vehicle, a total energy of around
21 kWh per 100 km is necessary for the
reference vehicle. In general, the fuel con-
sumption on the road under real driving
conditions is higher than the fuel con-
sumption during the NEDC, @. This
evaluation considers new cars produced
between 2008 until 2011, which were
tested by German automobile magazines
(Auto Motor Sport - AMS). The real fuel
consumption was taken from the test
reports as well as from some selected refer-
ence vehicles that were driven under real
traffic conditions. The comparison of fuel
consumption for the reference vehicles
suggests that fuel consumption from the
test reports can be approximated by the
following correlation:

Real fuel consumption = 0.5*(AMS test
consumption + AMS fuel saving test
consumption)

The values of fuel consumption from the
AMS fuel saving mode were normally on
the same level as those of the NEDC,
while the overall fuel consumption in the
test reports was always higher than the
fuel consumption of the reference cars.
The fuel consumption of the reference
vehicle considered in this study was 6.2 1/
100 km (62 kWh) with a Diesel engine and
8.51/100 km (74 kWh) with an SI engine.
Therefore, just 2.1 1 of Diesel fuel or 2.4 1
gasoline are necessary for real driving of
100 km. The calculation of the efficiency
of the powertrain in the system ,tank-to-
wheel“ results in a powertrain efficiency
of 33.9 % for the Diesel engine and

28.2 % for the SI engine. Altogether, it can
be seen from @ that the real fuel con-
sumptions for the SI engine and for the

6
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Fuel consumption in NEDC [I/100km]

Diesel engine are typically 10 to 20 %
higher than the fuel consumption in the
NEDC. Sporadically, smaller or bigger
deviations can be recognized, whereby
Hybrid vehicles are conspicuous. For
example, the Toyota Prius III-Hybrid with
a real fuel consumption of 5.7 1/100 km
shows an increase in fuel consumption of
46 % compared to the fuel consumption
of 3.9 1/100 km in the NEDC. Due to these
results, it can be concluded that the NEDC
is not well-suited for the evaluation of
hybrid vehicles.

EXTENSION OF THE
SYSTEM BOUNDARIES

Today, the passenger car is the symbol of
individual mobility in almost all industrial
countries on earth and has to fulfil mani-
fold targets in addition to driving. There-
fore, it is obvious that in addition to the

energy required for driving, all the other
energy demands for safety, comfort and
environment have to be considered in the
evaluation of the efficiency of the energy
use. This leads to an extension of the pow-
ertrain system “tank-to-wheel” to the sys-
tem “well-to-wheel”, in which the produc-
tion of the fuel, the portion of the fuel used
for driving and the portion used to fulfil
safety, comfort, and environmental require-
ments are considered. @ shows the differ-
ences between these two energy systems
and the change of the system boundaries
as well as the change of the efficiency
equations. All energy conversions inside
the car have to be considered for the evalu-
ation of the efficiency of the system “vehi-
cle”. This is pointed out in the equation for
efficiency with the extension from the sys-
tem “engine” to the system “vehicle”, @
(right). This is similar to energy evaluation
of buildings, in which not only the heating
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© Relation of heating
energy to power at
wheels

In internal combustion engines, the
chemical energy of the fuel is converted
to heat and then to mechanical energy.
The mechanical energy is used for propul-
sion via the powertrain as well as for

power for auxiliary equipment in the vehi-
cle. This propulsion energy is considered
in the efficiency of the powertrain, while
the energy for auxiliary units is consid-
ered as energy loss. For example, the aux-
iliary unit “alternator” delivers the electric
energy for the entire car. This energy should
be considered when evaluating the total
efficiency. The heat in the cooling water
and the exhaust as well as the heat radia-
tion is normally considered as a loss in
the energy balance. However, a part of
this heat loss can be used for heating the
cabin of the vehicle for comfort. There-
fore, in a correct energy balance of the
total energy system “vehicle”, this part of
the engine heat loss has to be considered
in the efficiency balance. This leads to the
equation of the total efficiency of the
energy balance for the system “vehicle”,
shown below on the right of @.
Independent of the powertrain, the
warming or cooling of the vehicle’s inte-
rior requires either heating energy or cool-
ing energy which has to be delivered to
the cabin. @ shows the correlation of the

Mechanical anergy

electricity
!|::>\Vaste heat recovery 5%

Waste heat
exhaust gas,
radiation, coolant)

24-31 %

(4] Comparison of efficiency with , tank-to-
wheel“ and ,well-to-wheel“ evaluation
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heating energy needed for warming the
cabin and the power needed for driving
the reference car, depending on the driv-
ing speed as well as on the ambient tem-
perature. Considering a driving speed of
60 km/h, the ratio of heating power to
driving power is 64 % for an ambient tem-
perature of 0 °C. At an ambient tempera-
ture of 10 °C, the ratio increases to 106 %
and at 20 °C to 152 %.

Investigations with a Diesel engine in
[1] have shown that during part load (city
driving) with high exhaust gas recircula-
tion (EGR) rates, up to 38 % of the energy
of the fuel used is delivered as heating
energy to the cooling water. This heating
energy decreases to 20 % of the fuel
energy with increasing load and reduced
EGR-rates or without EGR. The heat loss
which is transferred to the cooling water
can be used for heating the passenger
cabin, which results in a positive effect of
comfort for the passengers. Considering
only the energy balance system “power-
train”, this positive energy contribution is
defined as a loss. With the evaluation of
the energy balance system “vehicle”, the
energy for cabin heating is considered in
the efficiency of the system, because the
cabin heating energy is available without
any additional fuel.

Comparing the efficiency of the power-
train in the NEDC (“tank-to-wheel®) with
the energy balance of the system with the
boundaries “well-to-wheel”, the appropri-
ate values are shown in @. For the “tank-
to-wheel” method in the NEDC the effi-
ciency of the powertrain of the reference
car is 29.5 %. Depending on both the car
and the powertrain, current cars have
powertrain efficiencies between 20 to 35 %.

State of the

Electricity
{battery)
100 %

Mechanical energy 90 %

1 {powerirain]

|
I'=b‘ﬁ'aste heat } 10 %

(5) Efficiency of electric powertrain (battery-to-wheel: ,tank-to-wheel”)

Thus, the total energy loss is 65 to 80 %.
For the evaluation of the system “well-to-
wheel”, the energy for oil production, oil
refining and transport of the fuel to the
tank has to be considered, too. The
energy used for that can be assumed to be
approximately 10 % of the total energy
content of the crude oil [2]. Thus, the
energy content of the fuel in the tank is
90 % of the primary energy. Therefore, the
value of the efficiency of the powertrain
and all other efficiencies, which have to
be considered in the total energy balance
system “well-to-wheel”, must be reduced
by 10 %, or multiplied with the factor 0.9.
Depending on ambient temperature and
requirements on comfort, safety, and
environment, the engine efficiency of a
car with an ICE as a powertrain is signifi-
cantly higher than the engine efficiency of
only the powertrain. The average power-
train efficiency is about 25 % (SI engine)
and 30 % (Diesel engine) under real world
driving conditions, while the average
engine efficiency, related to the total
energy balance system “tank-to-wheel”
including vehicle” is between 38 % (SI
engine) and 45 % (Diesel engine) for the

Li-ban 0.120 KWhikg -
Factor 100
" Fuel ¢

Theoretical Li-tan 0.250 kWhikg -
Factor 48
patential  Fuel -

Efficiency Li-ion 0.225 kWhikg
of powertrain Fuel -

': Factor 13-16

Air- Li-ion 0.080-0.175 kWh'kg
conditioning
of cabin Fuel ﬁm-

:} Factor 17-45

Energy density IWI‘u"kgI'

(6] Comparison of energy density (Fuel; Lithium-ion battery)

8

driving speed 60 km/h with an annual
averaged ambient temperature in Ger-
many of about 10 °C. Considering the loss
of 10 % for fuel production, the real
engine efficiency for the total energy bal-
ance system “well-to-wheel” is about
34 % (SI engine) and about 40 % (Diesel
engine) under averaged driving and ambi-
ent conditions for a medium-sized car.
With other ambient conditions and smaller
or bigger cars and slower or faster driving
these efficiency values increase or decrease.
Significant potential exists to improve
the engine efficiency of ICE. It is expected
in research and development of ICE, that
the powertrain efficiency with the SI
engine can be improved to at least 40 %
and with the Diesel engine to at least 45 %.
In addition, research and development is
being carried out to utilize the waste heat
and convert it to electric energy for auxil-
iary units, for boosting, for heating, and
for the power-train itself. Analyses in [3]
have shown that an improvement of up to
5 % in the total efficiency of the system
“powertrain and vehicle” can be achieved.
Therefore, total efficiencies of the system
“well-to-wheel” of 54 % (SI engine) and
61 % (Diesel engine) at averaged operat-
ing conditions (ambient temperature
10 °C, averaged driving speed of about
60 km/h, medium-sized car) are possible.

EFFICIENCIES WITH
ELECTRIC POWERTRAIN

Currently, electric mobility is favoured
and politically advocated as a future pow-
ertrain solution for vehicles. The main
advantages are apparently both the low
energy requirement for electric driving
and the low environmental pollution by
CO, emissions. With the principle of
“tank-to-wheel”, only the energy conver-
sion from the battery in the car to the

personal buildup for Force Motors Limited Library



wheels is considered, @. Electric motors
have very good efficiencies of about 90 %,
while the heat loss is only about 10 %.
This leads to the general opinion that the
electric powertrain is significantly supe-
rior compared to an ICE powertrain.
Extending the boundaries from “tank-

Li-ien battery
100 KWh lllr.'lrh:ll energy

to-wheel” to “well-to-wheel”, the loss of
energy for the production of electricity, A4 kg!idhg Slrazi 43 kg/33kg 4ABJITI B30 kg / 540 kg 670/ 360
delivery to the electrical outlet, and charg- System [ Fuel System / Fuel System / Cells

ing of the battery have to be considered. @ Energy storage in vehicle (500 km range of driving)

Additionally, the energy required for the
auxiliary units has to be considered. A
further amount of energy is necessary for
the transportation of the very heavy bat-
tery in the car during driving (signifi-
cantly higher mass of the vehicle). Con-
sidering the reference car (C-class) for a
comparison, an energy amount of about
21 kWh per 100 km (equivalent to 2.1 1
Diesel or 2.4 1 gasoline) is necessary for
driving the car, either with an ICE or with
an electric motor, because for both power-
trains, the mass of the car is assumed to
be the same. However, the mass of the
electrically driven car is indeed higher due
to the battery. Furthermore, the energy
amount for real world driving with chang-
ing ambient conditions has to be considered.
Air-conditioning of the car cabin has a
big influence on the energy requirements,
®. Heating the cabin requires additional
energy of 8 kWh (0.8 1 Diesel or 0.95 1
gasoline). This corresponds to about 40 %
of the energy needed to drive the car
100 km at a speed of 60 km/h with an
ambient temperature of 10 °C (annual
average temperature in Germany). This
additional energy for heating the cabin is
directly included in the fuel consumption
of an ICE without additional fuel, while
this heating energy has to be provided by
the battery with an electric powertrain. To
supply the vehicle with electric energy for
both safety and comfort functions (about
10 % of the energy for driving), the addi-
tion of nearly 2 kWh has to be considered.
Therefore, altogether energy of about
31 kWh (21 kWh + 8 kWh + 2 kWh) is
necessary for driving the reference car over
a distance of 100 km, either with an ICE
powertrain or with an electric powertrain.

ENERGY STORAGE

The storage of electric energy in the battery
is exceptionally important for electric driv-
ing. It is expected that energy density of

MTZ 0212012 Volume 73

Lithium-ion batteries will be significantly
improved in the future. @ shows the state
of the art as well as the theoretical limits of
this battery technology regarding energy
density compared to fossil fuels (gasoline,
Diesel). A comparison of the energy den-
sity of gasoline and Diesel (approximately
12 kWh/kg) with that of modern, state-of-
the-research cells for Lithium-ion batteries
[4], which is about 0.12 kWh/kg shows
that the energy density ratio between fossil
fuels and these batteries is about 100:1.
Considering the theoretical potential,
which is expected to be 0.25 kWh/kg [4],
the relation will be 48:1 and still on a very
low level in comparison to gasoline and
Diesel. Due to the efficiencies of the differ-
ent power-trains, the ratio is reduced to
16:1 with the Diesel engine (n, = 30 %)
and to 13:1 with the SI engine (, = 25 %)
compared to the electric motor (n, =
90 %). This ratio becomes worse again
(17:1 to 45:1), when the energy for air-con-
ditioning the cabin is considered, depend-
ing on the ambient conditions.
Additionally, the mass of the battery
has to be considered. @ shows a compari-
son of different energy storage systems for
passenger cars with a driving range of
500 km [5]. This driving range is expected
from most of the customers (more than
90 %) who normally use vehicles. The
comparison of the systems shows that a
Lithium-ion battery needs energy of
100 kWh (NEDC-conditions) for driving
500 km, whereby due to the further devel-
opments the theoretical energy density of
this battery technology will be reached.
However, the required mass of the battery
cells is more than 500 kg. In addition, due
to the mass of the thermal management
device for the battery, the mass increases
to more than 800 kg. As already men-
tioned, under real world operating con-

ditions, a higher energy of 155 kWh is
necessary, which requires an additional
increase of the battery mass. Considering
the additional energy for the transport of
such a battery (55 kWh with 100 kWh
and 75 kWh with 155 kWh), both the
mass of the battery and the energy rise to
total masses and energy amounts of about
1100 kg with 155 kWh and about 1450 kg
with 230 kWh.

“WELL-TO-WHEEL” ANALYSIS

© shows the result of a “well-to-wheel”-
analysis (as in ®). Depending on the pri-
mary energy used for the power genera-
tion (20 % renewable, 20 % nuclear
power; 60 % black and brown coal, natu-
ral gas) [6], the efficiency of power gener-
ation in a fossil fuel power plant can be
estimated to be approximately 50 %. Due
to the fact that nuclear power and renew-
able energy is considered as free of emis-
sions, only the electricity from power
plants with fossil energy carriers is con-
sidered in the further calculations. With
the assumption of 10 % loss of energy for
both electricity transport and charging the
battery, the efficiency up to the battery in
the car decreases to 40 %. A big portion
of the energy stored in the battery (about
16 %) has to be used for the transporta-
tion of the battery itself and the equip-
ment for its thermal management, which
means a further reduction of efficiency.
The energy requirement for air-condition-
ing and auxiliary units (comfort and safety)
is around 8 % and has to be considered as
a positive effect with an increase of effi-
ciency. That means that just 16 % of the
primary energy remains for the power-
train. The result is a total efficiency of
22.5% for a car with an electric motor
(14.5 % efficiency of the powertrain and

9
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Primary energy
100 %

Electricity

Powerplant
(-50 %)

Transport
(-10 %)

Storage
(=10 %)

Electric energy
ibattery)
40 %

Mechanical energy
(powertrain)

i —
- !|:> Air-conditioning
E-drive

L Mass of battery/
_ o = J i therrnal management
il:'} Waste heat

14.5%

} 8%
} 16 %
1 oo

(8] »Well-to-wheel“-analysis of electric powered vehicle with 500 km range of driving

8 % for air-conditioning and for functions
of both safety and comfort). Altogether,
with 17.5 % of the primary energy for bat-
tery transport and thermal management
of the battery as well as heat loss and

60 % energy loss due to power generation
and delivery to the car, the total amount
of energy loss in efficiency is about 77.5 %.

IMPACT ON THE ENVIRONMENT

Because political and public discussions
about future powertrains for passenger cars
are mainly focussed on the so-called green-
house effect and the related CO, emissions,
the analysis has to include the influences
on the CO, emissions. From analyses of the
energy economical situation in [6] and the
determined correlation from this report, it
can be summarized that passenger cars in
Germany produced about 105 Million t CO,
in 2010. Power generation caused a total of
320 Million t CO, in 2010. The total amount
of electricity in 2010 was about 600 TWh.
This leads to emissions of 530 g CO,/kWh.
This calculation considers the energy mix
in Germany, consisting of 40 % power gen-
eration without CO, emissions (renew-able,
nuclear power) and 60 % power generation
from fossil energy carriers (black coal,
brown coal, natural gas). The emission of

10

CO, from power generation in coal power
plants is about 880 g CO,/kWh.

The calculation of the CO, emissions
from passenger cars in Germany results in
following: With an annual driving dis-
tance of about 600 billion km and the fuel
consumption of the reference car of 8.5 1
per 100 km with gasoline and 6.2 1 per
100 km with Diesel fuel and a share of SI
engines to Diesel engines of 70:30 [7], the
emission is 323 g CO,/kWh. The factor
between these two values is 1.6, which
means that in Germany more harmful cli-
mate emissions are produced by power
generation than by passenger cars for a
given energy content.

CONCLUSION

An objective assessment of different con-
cepts for powertrains of passenger cars
must be the basis of the structure of
future individual mobility. Considering
both energy efficiency and CO, emissions,
the ICE powertrain is already today supe-
rior compared to an electric powertrain.
Furthermore, the individual benefit, the
comfort and the costs with ICE is of big
advantage. This will not change during
the next decades, because the total
change of power generation to renewable

power generation will need much longer
than expected in the public discussion.
The reason is that not only the electric
energy of today has to be produced; a
significant amount of additional electric
energy for mobility will be necessary. Due
to this correlation it is obvious that the
further development of SI engines and
Diesel engines is still the best solution to
reduce greenhouse emissions and costs.
Additionally, there is a big potential by
using new fuels made from biomass for
the ICE, the so called , tailor-made-fuels*.
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COVER STORY ENERGY CHAINS

THE WELL-TO-WHEEL ANALYSIS
MEASURABLE AND PLANNABLE
ENVIRONMENTAL PERFORMANCE
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Climate change and resource depletion present a major challenge for the automotive industry. As oil reserves
dwindle, so other resources capable of providing energy for the mobility sector are being sought, and alternative
powertrain solutions are taking on a new significance. At the same time the efficiency and greenhouse

gas emissions of the different types of vehicle can no longer be measured simply by focusing narrowly on
powertrain performance but only by looking at the complete energy chain from resource to road. VW has created

a “well-to-wheel” analysis to provide support in developing a sustainable fuel & powertrain strategy.
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FOCUS

In such an analysis, vehicles and power-
trains are assessed with reference to sus-
tainable resource use and reduced CO,
emissions, taking into account the fact
that the efficiency of a vehicle powertrain
is not determined just by the efficiency of
the engine but also - particularly in light
of the increasing diversity of available fuels
and energy sources - by the efficiency of
the upstream energy production and sup-
ply chain. To make such a comprehensive
assessment of the efficiency and CO, emis-
sions of a powertrain system, the energy
chain must be analysed in its entirety —
from energy source, or well, to wheel.

WELL-TO-WHEEL

This well-to-wheel study is based on
standardised methodology and data, and
on systematic environmental and power-
train research analyses and simulations
carried out by Volkswagen. It looks both
at internal combustion engines and also
at fully or partially electrified powertrains,
in both cases with reference to a C-seg-
ment vehicle. The trends which emerge
from this study are also relevant in princi-
ple for powertrain concepts used in other
vehicle segments. The following fuels
were considered:

petrol

diesel

natural gas/biogas

LPG

biofuels (petrol/diesel)

electricity
: hydrogen.
In the case of electric vehicles, several dif-
ferent well-to-tank pathways for the

Resources Fuels
Fossil Liquid fuels
Oil — Petrol
Natural gas > Diesel

Cazl r » Biofuels

Uranium

Gaseous fuels

~—> CNG
Renewable % L'.:G
Wind I » Biogas

electricity (or hydrogen) were considered,
@. Other pathways exist, in addition to
those depicted, but were not examined in
the study.

THE CRITERIA

The following criteria are key to ensuring
comparability:
. identical vehicle class (in this case

C-segment)

similar engine power

similar minimum range (in this case

160 km)

all values based on same driving cycle

(in this case “New European Driving

Cycle”).

The inherent differences between the
various powertrains result in variations in
customer-related benefits such as range
and infrastructure. However, this does not
conflict with the objectives of the study,
where the focus is on ensuring a uniform
evaluation framework.

In evaluating the energy and environ-
mental profile of the various powertrains
and fuels, the study looks at the entire
energy chain starting with extraction of the
resource. The manufacture and recycling of
vehicles, or vehicle powertrains, is not con-
sidered. The CO, profile is quantified in
terms of emissions of carbon dioxide and
also of other greenhouse gases, expressed
in the form of CO, equivalents (CO,eq) [1].

Energy efficiency is calculated by
measuring the amount of primary energy
resources required at the front end of the
energy chain to move a vehicle 100 km at
the output or back end of the chain. The
study focuses not only on production of the
final fuels or final energy - i.e. the processes
at the refineries where petroleum-based

Powertrains

Conventional
Petrol

Diesel

CNG

LPG

Hybrid

Mild

Full

Plug-in

Water

Range extender

Solar
Geothermal
Biomass

. f"
¥ :
Electric
Hydrogen Battery

Fuel cell
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fuels are produced and at the power stations
where electricity is produced - but also
looks at extraction, processing and transport
processes. All peripheral plant and equip-
ment (e.g. compressors, etc.) is also taken
into account. By applying the efficiency
approach [2], renewable and fossile-based
fuels become comparable on the basis of
energy efficiency.

For biofuels, for example, the energy
chain begins with the initial biomass (sow-
ing, fertilisation, harvesting, transport,
processing, etc). For wind power on the
other hand, it begins with the harvested
electricity.

The energy and environmental profiles
for a given energy pathway are quantified
using data from the “European Life Cycle
Database”, supplemented by data sup-
plied by the Gabi Life Cycle Assessment
software [3,4].

CO, AND ENERGY EFFICIENCY OF
POWERTRAINS AND FUELS

@ shows (top) the well-to-wheel profiles
of conventional, ICE-based powertrain
concepts. These are calculated by adding

Conventional powertrains
Well-to-wheel CO,eq (100 % = TDI)

together the direct emissions from cur-
rent-design production vehicles (naturally
aspirated petrol engine (MPI), twincharger
petrol engine (TSI), diesel engine (TDI))
and the additional impacts from the fuel
production and supply (“well-to-tank”)
process. The environmental profile calcu-
lation for the production and supply of
petroleum-based fuels is based on an
analysis of conditions in the European
refining industry.

The specific refinery emissions for a
given end energy product are calculated
on the basis of the energy consumed in
manufacturing each single product. Simi-
larly, the specific energy demand is calcu-
lated on the basis of oil consumption.

Such a calculation approach matches
fuel production and delivery inputs fairly
and accurately to the specific end product.
This approach shows for example that
petrol has higher energy inputs than, say,
diesel. Conventional petrol and diesel
powertrains are also assessed in conjunc-
tion with various levels of hybridisation.
Increasing levels of hybridisation progres-
sively reduce fuel consumption and there-
fore improve well-to-wheel performance.

Gas and hybrid powertrains
Well-to-wheel CO,eq (100 % = TDI)

Depending on electricity mix and battery
size, further hybrid concepts not shown in
@ are possible (in particular plug-in and
range extender concepts).

Use of gas-based fuels (natural gas (CNG)
and LPG) impacts the energy chain in two
ways: not only is the well-to-tank pathway
for gas fuels less energy-intensive than
the pathways for petroleum based fuels,
but also the emissions from the vehicle
itself (“tank-to-wheel” phase) are rela-
tively low. This results in a good overall
CO, profile for gas-powered vehicles
based on TSI petrol engines.

ELECTRIC POWERTRAINS

@ (bottom left) shows the results of a
well-to-wheel analysis for battery (BEV)
and fuel-cell powered (FCEV) electric
vehicles. The influence of regional factors
on CO, and energy performance is greater
for electricity production than for fuel pro-
duction. For battery-powered electric vehi-
cles therefore, various different regional
electricity mixes were taken into account.
Operating a battery electric vehicle on
Chinese electricity produces higher car-

@ Well-to-wheel perfor-
mance of different types of
powertrain and fuel

200 % 200 %
150 % 150 %
MPI
o TSI N Hybrid (petrol)
100% I 100% Gas (LPG)
Gas (CNG)
50 % 50 % Hybrid (diesel)
50 % 100 % 150 % 200 % 50 % 100 % 150 % 200 %
Well-to-wheel primary energy input (100 % = TDI) Well-to-wheel primary energy input (100 % = TDI)
Electric powertrains Renewable energy
Well-to-wheel CO,eq (100 % = TDI) Well-to-wheel CO,eq (100 % = TDI)
200 % 200 %
FCEV (electrolysis,
EU electricity mix) &
150 % 150 %
BEV (China electricity mix)
100 % 100 %
BEV (US electricity FCEV (natural
o natura
50 % BEV (EU electricityimix) gas steam reforming) 50 %
FCEV Gas Diesel Ethanol
R0 poved
50 % 100 % 150 % 200 % 50 % 100 % 150 % 200 %

Well-to-wheel primary energy input (100 % = TDI)
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(3] Composition of various electricity mixes [2]

bon dioxide emissions, due to the rela-
tively CO,-intensive plants used to pro-
duce the power, compared with operating
such a vehicle on the EU electricity mix,
©. The following criteria are the main fac-
tors influencing the efficiency and CO,
emissions of the power industry in differ-
ent world regions:
: power generation technology
: age/capacity utilisation of the regional
plant stock
: energy sources used (gas, coal etc.)
. use/rate of combined power and heat
production.
As well as providing the driving power for
battery electric vehicles, electricity is also
used as the energy source for electrolysis
of hydrogen. If the electricity used to pro-
duce H2 is generated using the current EU
mix, @ (EU), the CO, and energy profile
of the fuel cell vehicle is sobering. This
solution does, however, offer benefits if
surplus electricity can be used which would
otherwise go to waste, or if the electricity
is generated renewably, @ (bottom right).
In this case fuel cells represent a genuinely
viable alternative - particularly for long-
range mobility. As a transitional scenario,
it is also possible to produce hydrogen by
means of natural gas steam reforming - a
process widely used in industry.

Subject to these conditions, a fuel-cell
vehicle can offer a well-to-wheel per-
formance similar to that of convention-
ally powered vehicles. Renewable energy
can likewise be used in battery electric
vehicles. In an overall comparison, the
well-to-wheel performance of a BEV
powered by renewable electricity is the
best of any of the powertrains considered
in the study.

MTZ 0212012 Volume 73

BIOFUELS

One possible future fuel option for inter-
nal combustion-based powertrains is bio-
fuels. If such fuels are produced using bio-
mass residues (e.g. straw, wood residues),
significant advantages can be achieved in
terms of well-to-wheel CO, emissions. The
fewer the stages in the process of convert-
ing biomass into fuel, the greater the effi-
ciency of the energy chain. For example
biogas, used in a natural gas vehicle, has

Well-to-tank

<

slight efficiency advantages compared
with liquid biofuels.

THE ROUTE TO SUSTAINABLE
MOBILITY

All these drive systems are capable of
meeting high standards in terms of CO,
and energy efficiency. @ presents a clear
picture of the efficiency profiles of the
energy chains for the various powertrains
and fuels. In the case of internal combus-
tion-based powertrains, efficiency losses
and CO, emissions are concentrated
mainly in the driving phase, i.e. the “tank-
to-wheel” phase. In the case of fuel-cell
and electric vehicles on the other hand,
emissions and energy losses occur mainly
at the fuel production and delivery stage,
i.e. in the “well-to-tank” chain. In this
case the choice of upstream energy chain
has important implications. In fact the
choice of electricity mix or of hydrogen
production route is more significant in
terms of well-to-wheel performance than,
for example, modifications to the effi-
ciency of the powertrain.

Ultimately, sustainable mobility can
only be achieved through end-to-end opti-

Tank-to-wheel

Diesel vehicle

-

EU electricity mix

(4) Efficiency chains for various powertrains (illustration)
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Energy (100 %)

Conventional fuels

Bioftels

Time

Short-distance

@ Future trends for powertrains and fuels

misation of the energy chain. Well-to-
wheel analysis is an important step in
identifying the relevant action areas here.
As far as the automotive industry is con-
cerned, continuous improvement of vehi-
cle and powertrain technologies will
remain a key task into the future.

The energy production and delivery
chain is taking on increasing significance
in light of resource depletion and the in-
creasing diversity of available powertrains
and fuel types. Biofuels can make a con-
tribution in this context. However, their
availability is limited.

The market introduction of electric
vehicles must be coupled with the intro-

16

duction of renewable energies. Only in
this way will electrically powered vehicles
ultimately be able to make a substantial
contribution to improving CO, perfor-
mance and energy efficiency in the mobil-
ity sector.

CONCLUSION

Electric drive, in conjunction with
renewable electricity, is paving the way
for sustainable mobility. Fuel-efficient
internal combustion engines - particu-
larly in combination with biofuels - are
likewise making a contribution. @
shows possible future trends for differ-

ent automotive fuels and associated
powertrain systems. In this context, the
only way a full transition to renewable
energy can be achieved, over time, is
through large-scale adoption of electric
drive. The long-term aim will be to use
such energy in both short-distance and
long-distance mobility.

Well-to-wheel analysis is a necessary
and appropriate tool for quantifying the
CO, emissions and energy consumption of
powertrain systems and fuels along the
entire energy chain. It provides a way of
making environmental performance meas-
urable and strategically plannable.

The well-to-wheel study has been audited
by TUV Nord CERT GmbH and certified
as compliant with DIN ISO 14040 [5].
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THE SECOND GENERATION
TURBOSTEAMER

Waste heat recovery is the key to further reductions in fuel consumption and exhaust emissions. In 2005,
the potential of this approach was demonstrated for the first time with the BMW Turbosteamer. With the
second generation, the system design has been thoroughly simplified to enable efficient vehicle integration.
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USE OF WASTE HEAT FOR EFFICIENCY INCREASE

The global increase of population and industrialisation leads to a
rising demand for personal mobility. Since anthropogenic emis-
sions have already reached a critical level, highly efficient and
environmentally friendly powertrains are of great significance. In
recent years, the BMW Group has already achieved a huge
increase in efficiency through the fleet-wide introduction of Effi-
cientDynamics technologies such as direct fuel injection, fully
variable valve timing, turbo charging, brake energy recovery or
the Auto Start Stop function [1].

Nevertheless, even modern internal combustion engines only
convert about one third of the chemical energy contained in the
fuel into mechanical work. The remaining two thirds is lost as
waste heat and is, therefore, the largest unused energy source in
a vehicle today. In conclusion, many ongoing projects focus on
the recovery of this waste heat as an important part of BMW Effi-
cientDynamics in the future.

The BMW Turbosteamer, which recovers waste heat by
means of a steam cycle, is part of these efforts, alongside exhaust
gas heat exchangers for accelerated warming-up, thermoelectric
generators and thermal insulation of the engine [2]. The second
generation of Turbosteamer, which enables efficient and compact
waste heat recovery in the powertrain of cars, is presented in the
following sections.

SYSTEM DEVELOPMENT

The challenge in the development of the Turbosteamer is to
transfer the principle of two-stage energy conversion, which is
well established in stationary applications for power generation,
to a car. It is essential to adapt the process control of the steam
process to the general conditions and restrictions of mobile use.
The Rankine cycle is the standard cycle for describing the ther-
modynamic processes taking place in the components of the Tur-
bosteamer [3]. In the first stage of the Rankine cycle, a working
fluid is compressed by supplying mechanical work to a pump
(Wpump, @, 1—2). The fluid is fed into a heat exchanger where it
is heated, evaporated and superheated by a waste heat source
(Q,,, Evaporator, 2—3). The superheated steam is then sent into

Expansion
machine

Weymp Liquid at Steam at
low pressure low pressure

Condenser
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(1) Principle of a waste
heat recovery system based
on the Rankine cycle
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an expansion machine where it delivers
mechanical energy (WEXP, 3—4). The fol-
lowing heat rejection in a second heat ex-
changer leads to a saturated liquid at the
suction side of the pump and thus closes
the cycle (Q,, Condenser, 4— 1). Due to
the distribution of the waste heat to two
media (coolant and exhaust gas) in the
car, many different system layouts regard-
ing the heat addition are possible. These
vary in the level of heat utilisation, in the
number of required system components
and in the number of fluid cycles, @.
Hence, the main design task is to find a
system layout that allows for maximum

energy recovery from the waste heat of
the engine. This target was pursued as a
“maximum approach” with the first gener-
ation of Turbosteamer. In order to demon-
strate the full potential of waste heat
recovery, both heat sources (exhaust and
coolant heat) were exploited. For this pur-
pose, a high temperature fluid cycle which
retrieved heat from the exhaust system was
used as the primary energy provider. The
coolant heat and the residual heat of the
high temperature process and the exhaust
gas were recovered by an additional low
temperature cycle, @ (a). On the test bench,
this system achieved an additional power

@ Heat exchanger ‘ Exhaust gas 6 Coolant :] Expansion machine O Pump

a) b)

c) d)

Reduction of size, weight,
system complexity and costs

e)

O—0—1

o—®—1

f) g)

@R

@ Possible system layouts of a waste heat recovery system for cars

Casing

Exhaust gas
outlet

Working —*
fluid imlet

Usable exhaust heat |
= Recovered exhaust heat

Heat flow rate [kW] /
o pressure drop [mbar]

90 kmih

120 kmm 150 km'h

Werking

Inbiet

Insulation
Fins
Pipa bundle

Functional  Combination of pipe bundie
principle and plate heat exchanger
Weight Approximately 12 kg

Heat recovery
efficiency =i

Dimensions

{Opsration in design range)

Width: 160 mm, height: 140 mm,
length: 310 mm

® Construction (a), specifications (b) and performance (c) of the newly developed exhaust gas heat exchanger

20

= fuid outlet

Exhausl gas

output of up to 15 % based on the then
current BMW four-cylinder gasoline
engine [4]. In principle, other system lay-
outs with two fluid cycles (amongst others,
with intermediate cycles and heat con-
ducting thermo-fluids) are possible, @
(b-d and further configurations). These
are, however, associated with high system
complexity and are thus generally not fea-
sible for mobile applications.

In order to develop the Turbosteamer
concept in the direction of series produc-
tion, the activities following the initial pub-
lication [4] focused on system layouts with
only one fluid cycle, @ (e-g), because these
offer much better cost-benefit ratios. While
it is possible to exploit different heat sour-
ces using only one fluid cycle, the efficient
conversion of the coolant heat would
require a significant increase of its tem-
perature level [5]. Hence, the system lay-
out chosen for the second generation Tur-
bosteamer is a single-loop system for the
recovery of exhaust gas heat, @ (f).

DEVELOPMENT OF
THE KEY COMPONENTS

The feasibility of a specific system layout
depends heavily on the development of
vehicle-compatible components. It is essen-
tial to recreate the standard cycle as effi-
ciently as possible. The components used
in earlier applications of the Rankine cycle
are generally not suitable for implementa-
tion in a car due to weight and space re-
strictions, differing nominal power output,
dynamic requirements and cost considera-
tions. This is especially the case for the
key components of the system, the exhaust
gas heat exchanger (EHX) and the expan-
sion machine. Therefore, the development
of these components will be discussed in
more detail below.

The goal of the heat exchanger develop-
ment is to maximise the heat input from
the exhaust gas while taking into account
the space available within the vehicle
(BMW 5 Series, see cover illustration).
Because the realisation of good heat trans-
fer in a constrained space generally leads
to high pressure losses, a conflict with
efficient engine operation occurs [6]. The
expansion machine has to convert as much
of the energy stored in the high-pressure
steam as possible into mechanical work.
Losses in this component dramatically re-
duce the overall efficiency of the system
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Impulse turbine {two-stage)

&
Weight Approximately 2 kg
MNominal power output 2 kW [electrical)
D Diameter; 100 mm,
IMEnEkns fength: 150 mm
Pre Speed range 50,000-100,000 rpm
Flow path % Pressure range B-10 bar

(4] Specifications (a), construction (b) and functional principle (c) of the newly developed turbine-generator unit

and thus lead to an increased heat load in
the condenser and the heat sink [3].

© shows the construction (a) and the
specifications (b) of the newly developed
EHX. The optimisation of the heat transfer
surfaces of the gas and fluid passages
have lead to a very compact and light
EHX which is adapted to the underbody
geometry of the current BMW 5 Series.
The heat transfer surfaces of plate or pipe
bundle heat exchangers generally have
equal sizes on the gas and fluid side.
However, the heat transfer coefficient on
the gas side only reaches about a tenth of
the value for the fluid side in this applica-
tion [7]. Based on these findings, the cho-

sen design is a combination of pipe bun-
dle and plate heat exchanger, which has
resulted in a drastically increased heat
transfer area on the gas side.

In the course of system simplification,
various principles for steam expansion,
power generation and coupling with the
powertrain were once again evaluated. A
turbine combined with an electric genera-
tor was identified as the most appropriate
concept due to its high power density, @
(@). The design as an impulse turbine leads
to a significant reduction of losses through
leakage flow in comparison to a scaled
down reaction turbine as is generally used
in power plants [8]. An advantage over

Gernerator

Turbine

(5] Mock-up of the Turbosteamer add-on system integrated into the underbody of the current BMW 5 Series
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volumetric expansion machines is the pos-
sibility to run without lubrication. The
resulting compact turbine-generator unit
is depicted in @ (b).

The functional principle of the turbine
is shown in @ (c): The high-pressure steam
enters the machine over a variable cross
section in which its potential energy is
converted into kinetic energy. The resul-
ting vapour streams impinge on the first
blade wheel where they are deflected and
thus generate a torsional moment on the
turbine shaft. Following another deflec-
tion in the guide wheel, the remaining
kinetic energy is transferred to the second
blade wheel. Afterwards, the cooled and
expanded steam exits the machine.

VEHICLE INTEGRATION CONCEPT

The geometrical and functional integration
of the system into a vehicle provides a huge
challenge. With regard to the first series
application, an “add-on” application based
on an existing vehicle and powertrain con-
cept was chosen. With an additional weight
of only 10 to 15 kg and considerably reduced
system volume compared to the first genera-
tion [4], underbody integration is feasible.

In @, the implementation is presented in
the form of a mock-up to illustrate the pos-
sible integration into a BMW 5 Series. The
exhaust gas heat exchanger including
bypass is integrated in the underbody of
the vehicle and is thus positioned behind
the catalytic converter. In order to keep the
system as compact as possible, the turbine-
generator unit and pump are also posi-
tioned here. The condenser has a position
near the engine because it is integrated into
the vehicle cooling system.

Apart from the geometrical integration,
the functional interactions between the
existing powertrain and the Turbosteamer
have to be taken into consideration. On
the one hand, the operating range is limit-
ed by the exhaust gas backpressure occur-
ring in the heat exchanger. On the other
hand, heat addition to the cooling system
through the condenser may only occur
when a sulfficiently large cooling capacity
is available. Due to the strong dependence
of thermal conditions on the vehicle
speed, the electrical power output of the
turbine-generator unit is also very varia-
ble. This has to be brought in line with an
equally diverging power demand of the
on-board electrical system.
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DEVELOPMENT ENERGY MANAGEMENT

Based on the knowledge of the system
behaviour, the interactions regarding heat
absorption and rejection, as well as the
coupling with the on-board electrical sys-
tem, the operating range and strategy
have been defined. Simulations and test
bench measurements lead to the conclu-
sion that an add-on system that reaches
its nominal power output at a vehicle
speed of 150 km/h gives the best cost-
benefit ratio.

EXPERIMENTAL STUDIES

In order to test the newly developed com-
ponents and investigate their dynamic be-
haviour, the system was operated on an
engine test bench. @ shows the test bench
setup where a direct injection lean burn
engine was used as a heat source. Here,
all components that were already shown
in ® are present.

FUNCTIONAL DEMONSTRATION
OF THE KEY COMPONENTS

® (c) shows three examples of measure-
ment results for the EHX. The plot com-
pares the maximum heat flow rate that
can, in theory, be recovered from the
exhaust gas stream © o) 1O the heat
flow rate that is transferred to the working
fluid (Q ,) at different vehicle speeds [S].
In addition, the resulting exhaust gas
backpressure is depicted. These results
show that the heat exchanger recovers
over 85 % of the maximum achievable

a)

O Turbosteamer setup on the engine test bench

heat flow rate through the whole operat-
ing range. At low speeds, almost the
entire usable fraction of the exhaust heat
is recovered. At 11 mbar, the maximum
exhaust gas backpressure that occurs at
the operating point of nominal power out-
put (2 kW) is very low. These results
demonstrate that the space available for
the heat exchanger is optimally utilised.

The turbine-generator unit has also
been tested in conjunction with the other
system components. At the system’s
design point (120 km/h) 600 W of electri-
cal energy was generated. The maximum
power output was more than 1 kW, which
underlines the capability of the chosen
expansion principle chosen. Overall, the
efficiency remained below the estimations
for an optimised turbine. Hence, the
improvement of this component is the
focus of further development.
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@ Behaviour of exhaust gas temperature and mass flow rate
(a) and turbine power output (b) during a test of dynamic operation

22

DYNAMIC OPERATION

During real operation, the exhaust heat
emitted by the engine is subject to fast dy-
namic changes. @ (a) shows the behav-
iour of exhaust gas temperature and mass
flow rate for a driving profile example on
the motorway at up to 130 km/h. While
the exhaust gas temperature shows a very
slow response, the mass flow rate reacts
immediately to changes in the engine
load. Hence, the exhaust heat flow is also
subject to sudden changes. A control sys-
tem was developed for the test bench
setup in order to guarantee the safety of
the components and optimal operation of
the system at all times. In this context the
non-linearity of the EHX and the operat-
ing characteristics of the turbine pre-
sented major challenges.

@ (b) shows the turbine power output
measured during the driving cycle. With a
maximum value of 700 W, the power could
already provide a significant load reduction
of the on-board generator. Furthermore, it
was proved that an exhaust heat recovery
system consisting of the presented compo-
nents can be operated dynamically.

SYSTEM POTENTIAL

The key parameters for improving the sys-
tem’s efficiency are the increase of the
evaporation pressure and improvement of
the expansion efficiency. Based on these
considerations and prognoses for the
achievable turbine efficiency, an operating
map of the system was created. @ shows
the electrical power output of the Turbo-
steamer as a function of speed and load for
a modern turbocharged four-cylinder gaso-
line engine. In addition, the driving resist-
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ance curve for a current model of the
BMW 5 Series is plotted.

Up to a vehicle speed of approximately
150 km/h, where the system’s nominal
power output of 2 kW is reached, the
entire exhaust gas stream is directed
through the EHX. By opening the bypass
channel above this speed, the EHX only
recovers the fraction of the heat that is
required for the generation of the nominal
power output (crosshatched area).
Between 70 and 150 km/h, the system
reaches 3 to 5% of the engine power out-
put at the respective operating points.
Assuming typical efficiency characteristics
of the on-board generator, an average
reduction of the mechanical engine load of
approximately 6 % within the Turbosteam-
er’s operating range is achieved. Accord-
ingly, a similar reduction in fuel consump-
tion can be expected.
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SUMMARY AND OUTLOOK

The results show that the BMW Group has
made great progress towards the series
production of a vehicle-compatible waste
heat recovery system based on the Rank-
ine cycle. With the implementation of an
expansion machine with very high power
density (impulse turbine) and the devel-
opment of a compact and backpressure-
optimised exhaust gas heat exchanger, the
second generation Turbosteamer has been
considerably miniaturised in comparison
to its predecessor. With a weight of only
10 to 15 kg and significantly reduced volume,
the system can be integrated into the un-
derbody of a BMW 5 Series as an add-on
component, ®.

Once in series production, the system
will be able to completely cover the power
demand of the on-board electrical system
during journeys on country roads and
motorways. In combination with intelli-
gent heat management optimised for waste
heat recovery, an increase in fuel effi-
ciency by up to 10 % is conceivable. Even
greater consumption savings may be pos-
sible when today’s add-on approach is
transformed into a fully integrated system
designed to maximise the combined effi-
ciency of the engine and waste heat re-
covery system. Thus, future powertrain
concepts with two-stage energy conver-
sion in analogy to stationary gas and
steam power plants can be realised.

@ Performance prediction and operating range
of the optimised Turbosteamer add-on system in
the current BMW 5 Series with turbocharged four-
cylinder gasoline engine
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ETHANOL AND ITS POTENTIAL
FOR DOWNSIZED ENGINE CONCEPTS

The intense discussion of e-mobility has withdrawn the public attention
from alternative fuels — which appears inadequate when the properties
and potentials of ethanol fuels for combustion engines are considered.
FEV and RWTH Aachen University investigated to which extent this
alternative fuel could be conducive to CO, reduction.
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POTENTIALS OF ETHANOL

Ethanol is one of the most established
alternatives to fossil fuels. Ethanol is a
renewable fuel due to its production from
biomass. It enables a close carbon cycle,
since a part of the CO,, which is gener-
ated during production and combustion,
is withdrawn from the atmosphere by the
growth of the biomass. Today’s mass pro-
duction processes yield a CO, reduction of
approximately between 35 % [1] and up
to 72 % [2, 3], depending on the produc-
tion process and the climatic conditions.
The prognosis for future production pro-
cesses of ethanol based on lignocellulose
predicts values above 80 %.

BIOFUEL ETHANOL

The substitution of fossil fuels by bio-
fuels has caused a remarkable increase of
the world wide ethanol production in the
last decade, @. However the energetic
contribution of ethanol to the worldwide
provided energy content of liquid fuels is
merely 1 % [4]. Current prognoses assume
that the availability of ethanol will grow
by a factor of three in the next 20 years [7].
Especially the production of ethanol of
the so-called “1* generation” with the
feedstock of sugarcane, corn, crop and
sugar beet potentially competes with the
food production. Ethanol of the “2% gen-
eration” with lignocellulose feedstock
remains in a potential competition on
land usage, unless by-products of the food
production, such as wheat straw, are

exploited. Up to now, the production pro-
cesses of the “27¢ generation” have not
been realized in large scale facilities.

Today’s fuel specifications allow a lim-
ited blending fraction of ethanol into gaso-
line. For fuels with specifications with
minor ethanol content the octane-grades
of fuels have not been increased [5,6].

An alternative procedure is the blend-
ing of ethanol in so-called splash blends.
In this case ethanol is added to gasoline
fuel with conventional RON, which in-
creases the octane-grade of the blend. In
combination with an adapted engine
design the splash blends enable to deploy
an additional potential to reduce CO,
emissions, which will be examined in the
present contribution for both gasoline and
Diesel engines.

EFFECT OF ETHANOL BLENDS
ON GASOLINE AND DIESEL
COMBUSTION SYSTEMS

The present investigations are performed
with three different test engines, whose
specifications are displayed in @. Engines
A and C are conventional engines with
enhanced peak pressure capability, where-
as engine B is a single cylinder research
engine with substantially increased torque
and peak pressure capability.

The knock resistance and the high heat
of vaporisation of ethanol enable to in-
crease the efficiency of the SI combustion
system. The results of full load operation
in @ are obtained with increased com-
pression ratios C.R. The upper C.R. limit

o _- Horth America
60 - I china

Ethanol fuel production £ 107 |
| Brazil

[ Europe

_ Rest of world

‘mmmm
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Year
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@ Production quantity and world wide distribution of the production of ethanol [2]
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TEST ENGINE A B C
COMBUSTION SYSTEM SI DI SI DI CI DI
CYLINDER DISPLACEMENT [cm?3] 448 364 390
STROKE [mm] 87 82.5 88.3
BORE [mm] 81 75 75

MAX. MEAN EFF. PRESSURE [bar] 22.4 (effective) 40 (indicated) 35
SPECIFIC POWER [kW/I1 90 (effective) ~ 120 85
COMPRESSION RATIO 1 9.3t011.5 710135 15
VALVES / CYLINDER 4 4 4

MAX. PEAK PRESSURE [bar] 145 190 220
ST STSTET Plezo-?';tuBact)igr:;uector P|ezo(»gcc):]L:iantee:t;rl1;ector P|e(z§.CBROSSé/st)em
MAX. RAIL PRESSURE [bar] 200 200 2000
BOOST PRESSURE [bar] 2.3 (absolute) max. 3.8 (absolute) max. 3.8 (absolute)
MAX. EXHAUST TEMPERATURE BEFORE TURBINE [°C] 950 1050 830

@ Technical specifications of the test engines

is reached when standard deviation of the
IMEP in the critical range for vehicle jerk-
ing up to 3000 rpm becomes equal to that
obtained with RON95 in the base engine.
The E20 Match Blend with the same RON
as the base gasoline RON95 does not
allow increase to the C.R., whereas E20
Splash Blend enables an increased C.R. by
2.2 units. Due to the higher C.R. and the
reduced enrichment requirement the
engine efficiency with E20 Splash Blend is
improved between 6.1 % and up to 39 %
compared to operation with RON95
gasoline.

The combustion behaviour of E85 with
the identical compression ratio reveals, that
an enrichment for component protection is
completely avoided for high ethanol blend-
ing rates. Simultaneously the engine design
has to allow for substantially increased peak
firing pressures. By operation with E85 the
engine efficiency is further improved, reach-
ing peak values of 39.1 % in the speed
range of optimum efficiency at 3000 rpm,
which is significantly above the efficiency of
29.4 % achieved with RON95 gasoline oper-
ation. With E20 Splash Blend a remarkable
efficiency of 36.9 % is obtained.

Due to the large knock resistance with
maximum Ethanol content (E100) the
compression ratio can be substantially
increased by five units, ® for test engine
B. Even under these conditions the maxi-
mum indicated efficiencies can still be
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reached at full load. This indicates that
engine concepts with considerably
enhanced degree of downsizing or C.R. of
up to 15 are required to fully utilize the
potential of E100.

In overall it is seen that a systematic
adaptation of the engine design to the spe-
cific properties of ethanol splash blended
gasoline fuels enable to gain a substantial
potential for further CO, reduction.

After the discussion of ethanol blends
for gasoline engines, in the following the
ethanol fuel blending for Diesel engines
and its specific potentials shall be consid-
ered. When utilizing ethanol blends in
Diesel engines the fuel properties mainly
affect the emission level, especially the
particulate emissions. As seen in @ a
blending of 30 % of E85 into Diesel fuel
enables an almost soot-free combustion
even at the highest investigated part load
point 14.8 bar IMEP. This can be attrib-
uted to the increased oxygen content of
the fuel and the lowered evaporation curve,
which are beneficial to both improved
mixture formation and soot oxidation con-
ditions. During these test runs the effi-
ciency of combustion has be maintained
at a constant level by controlling the cen-
tre of combustion to a constant value.

The high resistivity of ethanol against
auto-ignition, which has a positive effect
for gasoline engine operation, is disadvan-
tageous for Diesel engine operation in low

part load conditions. The cetan number of
a Diesel blended with 40 % E85 is insuffi-
cient to ensure auto-ignition at part load
of 4.3 bar IMEP. Even with 30 % E85-
blending increased HC emissions and a
deteriorated engine efficiency are observed,
so that under the present engine operation
conditions the 30 % E85-blending can be
regarded as beyond the upper limit of E85
blending to Diesel fuel.

For rated power operation a comparable
performance can be obtained with all blend-
ing grades. Both indicated mean effective
pressure and engine efficiency remain at a
nearly constant level, exhibiting a certain
tendency of decreasing particulate emis-
sions with growing E85 content.

In overall the results show that the
potentials of blending E85 into Diesel are
fully exploited at a maximum blending
grade of 20 % . The Diesel combustion sys-
tem can handle this level of blending in the
complete map of operation without sub-
stantial changes to the engine hardware.

REQUIREMENTS OF ETHANOL
BLENDS ON THE CALIBRATION OF
GASOLINE AND DIESEL ENGINES

The altered fuel properties resulting from
ethanol blending requires a corresponding
adaptation of the engine calibration. A
reliable detection of the ethanol blending
rate can be undertaken either directly by a
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sensor, or indirectly by the mixture devia-
tion and the resulting AFR controller cor-
rection. Based on this the engine controls
can be adapted by calibration for different
ethanol contents and use of correspond-
ing interpolation functionality in the con-
trol algorithms.

One important aspect of the SI engine
calibration for high ethanol contents is the
control of the cold start and warm-up
operation, and the corresponding counter-
measures regarding excessive oil dilution.
The high heat of evaporation and the
increased fuel quantity cause a strong
cooling of the in-cylinder charge, which
massively deteriorates the mixture forma-
tion during cold start. This can be com-
pensated by a high enrichment factor for
ethanol blending up to 85 %. For direct
injection SI-engines the required enrich-
ment can be reduced by a late injection
into the compression stroke with higher
in-cylinder charge temperature. Further-
more, additional measures to ensure the
cold start can be used, such as air or fuel-
preheating and low pressure injection [8, 9].

Due to the high enrichment factors with
E85 repeated cold starts frequently cause
a substantially increased fuel entrainment
into the engine oil, as seen in the results
shown in @. Furthermore the water vapour
concentration in the exhaust gas is increased
by high ethanol blending grades, which in
turn causes a dilution of the engine oil
with water. When the diluted oil is suffi-
ciently heated up during engine operation,
a rapid evaporation of the ethanol from
the engine oil occurs. This leads to a sig-
nificant fuel concentration in the intake
air duct, coming from the crank case ven-
tilation. This effect can require an optimi-
zation of the CCV introduction duct to
ensure a homogeneous distribution to all
cylinders and a sufficient safety against
local freezing. Regarding the calibration, a
functionality for the detection of the etha-
nol evaporation process is required, which
adaptively enlarges the limits of the AFR
controller during this time.

To account for the case that no satisfac-
tory oil dilution levels can be ensured dur-
ing the engine operation, an additional
model for the oil dilution state is required,
which in case of need requests engine
heat-up operation from the driver.

In order to operate the Diesel engine
with different fuel blends, adapted control
concepts are required, which provide com-

MTZ 0212012 Volume 73

pensation for the effect of the reduced
Cetan number on the combustion process.
Here model based control concepts are
preferred as they contribute substantially
to reduce the calibration efforts. As an
example @ shows the concept structure of
the cylinder pressure guided closed loop
control of the centre of combustion. The
in-cylinder pressure is measured by a
pressure transducer and analysed in the
control unit. The diminishing Cetan
number with increased E85 blending

causes deviations in the combustion rate,
which are compensated by controlling the
begin of injection BOI in order to main-
tain a constant centre of combustion. A
similar control concept is used for the air
path in order to control the nitrogen oxide
emissions to the levels prescribed by
emission legislation. In overall it can be
stated, that the techniques and tools
required for the calibration of gasoline
and Diesel engines for variable ethanol
fuel blending are basically available.
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O Effect of the E85 blending rate to Diesel fuel on the part and full load engine performance and emissions

EVALUATION OF THE CO, POTENTIAL

To determine the potential for reduction
of CO, emissions by ethanol blending a
evaluation of the performance in the
NEDC of the test engines A and C is
undertaken for different vehicle classes
ranging from mid sized passenger car to
sport utility vehicles. Since the efficiency
gain by increased compression ratio of
the SI-engine improves with engine load,
more CO, reduction can be achieved by
ethanol blending with vehicles with
higher driving resistance. As shown in @
the CO, advantage with E20 splash blend
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ranges from 3.9 to 4.9 %. With increasing
ethanol fraction the gradient of the CO,
reduction flattens out, since the C.R.:
increase does not grow linearly with the
ethanol fraction. Furthermore the
improvement of engine efficiency is not
linearly depending on the compression
ratio. Considering the dependency of the
efficiency on engine load for high etha-
nol fractions, ®, a further potential for
CO, reduction can be expected by
enhanced downsizing, provided that
future charging systems will be capable
to enable enhanced boosting levels with
a satisfactory transient response.

For the Diesel engine ethanol blending
does not result in a direct improvement of
the engine efficiency, @. However an indi-
rect advantage arises from the prolonged
regeneration intervals which are achieved
by the significant reduction of particulate
emissions with increased ethanol blend-
ing. This effect already becomes effective
at comparably small ethanol fractions.

On the base of the engine results pre-
sented here, it can be concluded that once
an ethanol blending of approximately 25 %
in gasoline fuel is reached, it is feasible for
the overall CO, reduction to simultane-
ously increase the blending of ethanol in
Diesel fuel up to a maximum of 8 to 10 %.

OUTLOOK

The blending of ethanol as a splash blend
into gasoline and Diesel fuels provides a
high additional potential for CO, reduction,
when the engines are adapted for the spe-
cific fuel properties. For the downsized SI-
engine ethanol splash blending enables to
increase the compression ratio due to the
improved knock resistivity, which directly
improves engine efficiency. Therefore bio-
ethanol can deliver an additional contribu-
tion by an improved combustion process of
up to 6 % for conventional SI-engines and
of up to 10 % for E100 to the CO, reduc-
tion by the fuel itself.

The application of ethanol blends to
Diesel engines mainly enables to mas-
sively reduce particulate emissions and
thereby allows for prolonged regeneration
intervals of the exhaust aftertreatment
system. Thus ethanol blending in compa-
rably smaller fractions can also contribute
to a reduction of the CO, emissions.

In overall bio-ethanol reveals a signifi-
cant potential for CO, reduction in addi-
tion to the partially closed carbon cycle
during the production from biomass. The
key factor for the intensified use of etha-
nol is the availability of efficient “2™ gen-
eration “production processes. In short
and medium terms the enforced use of
alternative fuels such as ethanol is
expected to enable more CO, reduction in
transportation than the electro-mobility.
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ed as part of the Cluster of Excellence ,Tai-
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THE NEW 3.0-L TDI BITURBO
ENGINE FROM AUDI
PART 2: THERMODYNAMICS AND CALIBRATION

The new 3.0-1 V6 TDI biturbo engine from Audi, with two-stage turbocharging in an innovative V-specific
arrangement, four-valve technology and piezo common rail injection system has a power output of
230 kW and a maximum torque level of 650 Nm. The engine complies with the Euro 5 emissions
standard and sets a new benchmark in terms of emotional driving pleasure and fuel efficiency in the
upper mid-size class. The efficiency measures of the second-generation V6 TDI monoturbo have also
been adopted. The thermodynamics, calibration and exhaust aftertreatment of the new engine are
described below. The first part of the article in MTZ 1 covered the structural and mechanical elements.
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DEVELOPMENT OBJECTIVES

The development objectives of thermody-
namics, calibration and exhaust aftertreat-
ment were already defined in an early stage
of the project, in order to position the engine
as a benchmark in its competitive field:
outstanding power delivery and sporty
top-end performance
: smooth, harmonious acceleration
characteristics under all conditions,
especially in the turbocharger
changeover range
: very good dynamic responsiveness at
all engine speeds, including when start-
ing off
compliance with Euro 5 exhaust
standard
adoption of all the efficiency measures
from the second-generation V6 TDI
monoturbo.
The essential development measures to
achieve the objectives of the new high-per-
formance V6 TDI biturbo engine are set
out below. The engine was based on the
second-generation V6 TDI monoturbo,
which was introduced to the market by
Audi in 2010 [1].

FUEL SYSTEM

The new V6 TDI biturbo features a Bosch
CRS 3.3 fuel injection system with 2000 bar
maximum rail pressure. The stroke of the
CP 4.2 high-pressure pump has been in-
creased by 6 % to meet the increased fuel
demand in comparison with the basic
engine. The piezo servo injectors with
eight-hole injector nozzles use an inter-
nally labeled ZK needle seat with so-
called i-Midi blind hole for the first time.

== \/alve timings V6 TDI biturbo 230 kW
=== Valve timings V6 TDI 2nd. gen. 184 kW

Boost pressure [mbar]

The harmful volume which is of relevance
for the formation of HC emissions has
been reduced by around 32 % by means of
these measures. To achieve the maximum
power output of 230 kW, the hydraulic
flow has been increased by 14 % in rela-
tion to the basic engine.

COMBUSTION PROCESS

To ensure outstanding starting characteris-
tics and free-revving power delivery from
the V6 TDI biturbo, the gas flow and the
combustion process have been adapted
for the high-performance concept. Along
with the injector configuration, the key
development points were:

compression ratio and piston design

: valve timing

. intake port design.

The geometric compression ratio of the

V6 TDI biturbo has been reduced from

16.8:1 (basic second-generation V6 TDI)

to 16.0:1 by enlarging the piston bowl for

the purpose of increasing power output.

The intake and exhaust valve timing in
conjunction with the two-stage turbo-
charger have been optimized with the aid
of one-dimensional gas flow simulation
and verified by means of test-rig and vehi-
cle trials. It proved to be effective in this
respect to shorten the intake event length
by 23° (measured at 1 mm valve lift)
compared with the basic engine.

Several effects had positive conse-
quences in this case:

: 1to 2 % increase in volumetric effi-
ciency at low engine speeds and hence
an immediate improvement in starting
characteristics from a standstill, @. In
the vehicle this resulted in an improve-
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(1) Optimization of drive-off dynamics by modification of valve timing
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ment of 0.2 s in the acceleration figures
from 0 to 30 km/h. Boost pressure
build-up was considerably improved.

: At nominal power output there was
another improvement in performance,
as the scavenging-related disadvantage
of the short camshaft was overcompen-
sated by means of modified swirl level
(combustion) and the greater efficiency
of the turbocharger assembly.

. The effective compression ratio has
actually been increased at low engine
speeds in the V6 TDI biturbo in com-
parison with the basic engine, even
though the geometric compression ratio
has been reduced. This means that the
cold-start capability at extremely low
temperatures still complies with Audi
standards.

The design of the intake ports has also been

modified for the V6 TDI biturbo. In order

to achieve further improvement in the
charge, the filling ports are provided with

a chamfer running around the port instead

of a seat swirl chamfer, @. The seat swirl

chamfer is now only implemented in the
tangential port. The improvement in charge
thus enhances the turbocharging capability
of the unit. It delivers top flow coefficients,
including when compared to the competi-
tion. The slight reduction in the level of
swirl can be compensated in the partial
load range by means of the central swirl
flap. The all-round chamfer on the charge
port of the V6 TDI biturbo was implement-
ed by modifying one machining stage (seat
swirl chamfer) in engine manufacture
without forfeiting the synergies with the

3.0 TDI base unit. The low swirl level of

the V6 TDI biturbo and the injection sys-

tem are perfectly matched, and together
with the improved charge they lead to
efficient combustion.

TURBOCHARGING

The charger system of the V6 TDI biturbo
is comprised of a small high-pressure (HP)
turbocharger and a large low-pressure (LP)
turbocharger, arranged sequentially. The
wide spread of the two turbocharger sizes
enables outstanding dynamic responsive-
ness at low engine speeds and optimum
power delivery at high revs. This sporty
configuration places high demands on the
operation of the engine in the changeover
range, which has to be driven through
without the driver noticing.
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The boost pressure control by means
of the three actuators for the variable tur-
bine geometry VTG (HP turbocharger),
the turbine switching valve and the
wastegate (LP turbocharger) is model-
based. The basis is the Volkswagen
Group’s own boost pressure control sys-
tem, which is already used for the four-
cylinder inline TDI biturbo [2]. The func-
tions have been extended for use in the
V6 TDI biturbo, as this is the first time
that a high-pressure turbocharger with
VTG has been used. At the same time
some additional measures have been
implemented for the suppression of turbo-
charger noise in dynamic driving mode.

© shows the operating modes of the
turbocharger assembly in the engine
map. At engine speeds below 2300 rpm
the pneumatically activated turbine
switching valve is closed and the entire
exhaust gas flow passes through the HP
turbine. The boost pressure is regulated
by means of the VTG of the relatively
small HP turbocharger. The self-regulating
compressor bypass valve is closed. Out-
standing responsiveness is achieved in
this way at low engine speeds.

In the engine speed range from 2300 to
3400 rpm, the turbine switching valve is
slightly opened in order to divert part of the
exhaust gas flow past the HP turbocharger.

1]
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Engine speed [rpm]

(3) Operating modes of the turbocharging system in the engine map
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Baseline geometry

Aptat [HP-housing to
HP-impeller) = 174 mbar
HF = High pressune

(4) Optimization of flow to high-pressure turbine

As a result the large LP turbocharger re-
ceives more exhaust gas energy in order
to precompress the intake air. As a result
of the high pressure difference across the
valve, even the smallest increases in the
cross section of the opening lead to a sig-
nificant rise in the exhaust enthalpy at the
large turbocharger. Despite this, even and
harmonious acceleration is achieved in
the transition phase, underlining the con-
siderable effectiveness of the model-based
boost pressure regulation.

At engine speeds above 3400 rpm the
turbine switching valve is completely open-
ed and the required boost pressure is reg-
ulated by means of the wastegate of the
LP turbocharger. The configuration of the
large LP turbocharger enables outstanding
top-end performance and high power out-
put across a wide rev range. This enhances
the sporty character of the engine and
offers potential for future performance im-
provements. In changed operating condi-
tions such as heat, cold or high altitude,
the aforementioned operating ranges are
shifted. The model-based boost pressure
control system responds to this by adjust-
ing the activation of the turbochargers in
order to guarantee the driver the optimum
driving experience.

To achieve outstanding responsiveness
it is important that the gas flow to the HP
turbocharger is good at low revs. In the
course of the development process the flow
characteristics in the HP turbine housing

MTZ 0212012 Volume 73

Optimised geometry

Turbulence area

Aptot (HP-housing to
HP-impeller) = 117 mbar
HP = High pressure

were investigated with the aid of CFD
simulations. The pressure losses were
reduced and the strength of the housing
was increased at the same time, @.

EXHAUST SYSTEM

The defined goals for the design of the

exhaust system were:

: low exhaust back-pressure for high
performance and torque, low fuel con-
sumption and imperceptible switching
between the two turbochargers
early catalytic converter light-off
adequate DPF volume for low DPF
regeneration periods.

Owidation cat 1,711

O Exhaust system

The high power target and the associated
high exhaust gas volumetric flow required
the back pressure to be optimized through-
out the exhaust system. In two-stage turbo-
charging, low exhaust back pressure is rele-
vant not only in the nominal power range
but also in the controlled switching range
between the two turbochargers [4]. With
the wide spread in the configuration bet-
ween HP and LP turbochargers it is how-
ever an important factor to ensure that the
changeover is imperceptible for the driver.
It must also be considered that a further
increase in exhaust back pressure may
occur, depending on the loading of the par-
ticulate filter. For that reason the exhaust
system has been opened up throughout for
the V6 TDI biturbo in the Audi A6 and A7.
@ shows the exhaust system layout. The
single-duct, oval oxidizing catalytic con-
verter is located on the bulkhead side of
the engine. It has a volume of 1.7 l and a
cell density of 400 cpsi. To ensure effec-
tive reduction of heat loss, the turbine hous-
ing of the low-pressure turbocharger and
the exhaust system upstream of the oxi-
dizing catalytic converter are equipped with
integral insulation. This ensures early cata-
lytic converter light-off. To provide an ideal
balance between the exhaust back pres-
sure, the DPF volume and the package, the
particulate filters are configured in a two-
channel layout in the underbody. As the
prop-shaft associated with the standard
Audi four-wheel drive system runs in the
middle above the particulate filters, it
proved beneficial to separate the particu-
late filters into two round units arranged
in parallel. In this way it was possible to

Ouygen sensor

Temperature sensors
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achieve a total DPF volume of 4.8 1 with
low pressure losses. Like the oxidizing cata-
Iytic converter, the particulate filter (sub-
strate: aluminium titanate) with a cell den-
sity of 300 cpsi has a precious metal coat-
ing, which is zoned in the direction of
flow and assists soot burn-off.

Soot burn-off is calculated by the engine
management system by way of the tem-
perature sensors downstream of the oxidiz-
ing catalytic converter and the particulate
filters. In order to achieve even loading of
the twin particulate filters, the design of
the Y-piece ahead of the DPFs was opti-
mized by means of CFD calculation. The
even loading and burn-off of the two
particulate filters has been confirmed by
numerous vehicle tests.

EXHAUST EMISSIONS

The new V6 TDI biturbo fitted in the
Audi A6 and A7 is designed to meet the
currently applicable Euro 5 emissions
standard. Owing to the additional ther-
mal masses of the two-stage turbocharg-
ing system, primary attention was given
to achieving catalytic converter light-off
after engine start. In order to achieve an
effective increase in temperature inside
the diesel engine, combustion in the ex-
pansion phase can be extended by means
of systematic post-injections. This feature
is already used in series production for
the particulate filter application.

A catalytic converter heating function
has been developed for the V6 TDI biturbo,
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which delivers an effective increase in tem-
perature after a cold start by means of close
coupled and hence combusting post-injec-
tions. Additional software developments
were necessary to coordinate the different
operating modes. Shortly after cold-start-
ing, when combustion stability has been
achieved, the first combusting post-injec-
tion is also activated, @. After a further
stabilization phase a second combusting
post-injection is added, leading to extended
combustion, which enables a temperature
increase of 25 K compared with basic mode
without catalytic converter heating. Heat-
ing mode is deactivated on reaching the
target temperature downstream of the oxi-
dizing catalytic converter.

EXHAUST AFTERTREATMENT

As a result of the special arrangement of
the twin particulate filters with a Y-junc-
tion, additional software was necessary in
relation to the particulate filter models for
soot accumulation and soot burn-off. The
regeneration intervals are determined by
the most heavily laden DPF and the regen-
eration period is determined by the DPF
with the slowest burn-off.

The second-generation V6 TDI already
featured a triple post-injection strategy in
order to increase the temperature in low-
load operation, ensuring safe, rapid soot
burn-off in all driving conditions, includ-
ing in stop-and-go traffic [1]. For this, two
close coupled and hence combusting post-
injections are generated. The third, delayed
post-injection generates the exothermic
energy by means of the oxidizing catalytic
converter.

For the first time in the new V6 TDI
biturbo, Audi is employing an enhanced
fuel injection strategy which distributes
the post-injection quantities of the previ-
ous third, remote post-injection across as
many as three partial quantities. The
number of possible partial quantities is
continuously calculated by the engine
management system and maximized by
means of necessary minimum quantities.
This results in as many as eight partial
injections per combustion cycle during
particulate filter regeneration, @. The
most significant advantages of this injec-
tion strategy are to be found in the engine
speed range up to 2500 rpm: Soot burn-
off is assured even when operating under
light loads with high post-injection quan-
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tities. As a result of the combination of
the V6 TDI biturbo with the eight-speed
torque-converter automatic transmissions
and high gear ratios, for a high proportion
of the time the eightfold injection mode is
run in DPF regeneration, taking into account
the customer’s actions.

If the customer has a dynamic, sporty
driving style, additional measures are
taken in order to guarantee reliable soot
burn-off even in these demanding driving
situations. After rapid pedal movements
by the driver are detected, the system
switches to faster thermostat coordination
in order to guarantee that the target tem-
perature is still reached.

PERFORMANCE AND
FUEL CONSUMPTION

The new V6 TDI biturbo represents the
addition of a high-performance V6 diesel
engine delivering 230 kW and 650 Nm of
torque [5] to the diesel engine range of
the A6 and A7. The low weight of the engine
also means that the overall vehicle com-
bines plenty of driving pleasure and a spor-
ty nature with low fuel consumption. The
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O Full load diagram

maximum torque of 650 Nm is available
across a wide rev range from 1450 to
2800 rpm, @. As a result of the configura-
tion of the LP stage, maximum power out-
put is available from 3900 to 4500 rpm.
This broad performance plateau enables
excellent top-end performance and full-

load upshifts at 5200 rpm with no break
in pulling power. Compared with the basic
V6 TDI engine, the shift points are there-
fore up to 300 rpm higher. This gives the
whole vehicle an especially emotional
driving experience.

With the V6 TDI biturbo very good fuel
consumption figures have been achieved
across the entire engine map, even at full
throttle, @. At the optimum point it
achieves 199 g/kWh consumption, which
is outstanding for this power category.
There is another low point in the engine
map, which is characteristic of two-stage
turbocharging, at 205 g/kWh. The turbo-
charger configuration results in a broad
map range with specific fuel consumption
below 240 g/kWh. Should the customer
want to make further fuel savings, the effi-
ciency mode can be selected in the so-
called Audi drive select. Torque and power
output are then reduced by approximately
25 % and the gearshift engine speeds are
lowered in order to run the engine in the
optimum map ranges. In the new Audi A6
a fuel consumption figure of 6.4 1/100 km
(169 g/km CO,) is achieved with this high-
performance diesel engine, @. In addition
to the standard start/stop system, the
eight-speed automatic transmission also
contributes to good customer-related fuel
consumption with its high overall gear
ratios.

The development goal of a sporty char-
acter has been implemented to optimum
effect, even when starting off. The excel-
lent performance of the second-generation
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Transmission Automatic, front Automatic, four-whell

|Emission class Eum &

Max. enginepower | KW | 150 | 180 | 230

Max, engine torque Nm | 400 &O0 650

CO, emissions NEDC ghm| 133 156 169 @ Comparison of

Acceleration - 100 kmih 5 72 6.1 5.1 performance and fuel
kmvh consumption of the V6

|Mu|mum _-— o 200 iamwemes: TDI in the Audi A6

V6 TDI has once again been significantly
improved. The A6 with V6 TDI biturbo
accelerates from 0 to 100 km/h in only
5.1 s, a benchmark value within its direct
competitors.

SUMMARY

With the V6 TDI biturbo, Audi has launch-
ed its most powerful series-production six-
cylinder diesel engine to date. The engine
enables the C-series models to achieve
outstanding levels of sporty driving per-
formance, together with impressive fuel
economy. The two-stage turbocharging sys-
tem has been accommodated in the restrict-
ed space available with no need for com-
promise in terms of thermodynamics. The
components relevant to gas flow and the
combustion process have been upgraded

36

for the V6 TDI biturbo on the basis of the
second-generation V6 TDI. In the course
of functional development and application,
the expectations of a high-performance
engine with regard to responsiveness and
acceleration from a standstill have been
implemented to optimum effect. At the
same time a key objective was compliance
with the Euro 5 emissions standard. Audi
has thus also established a sound founda-
tion for the further development of its
engine range in compliance with increas-
ingly stringent emissions regulations.
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Engines for vehicles powered by natural gas generally
use purely mechanical gas management systems. The gase-
ous fuel is fed to the injection valves via a mechanical constant pressure regulator. Key factors that have a
strong influence on fuel consumption and emissions, such as the temperature, quality and moisture con-
tent of the gas, are not taken into consideration. Rotarex, in collaboration with Trier University of Applied
Sciences, has developed a mechatronic gas management system that allows map-based control of the

mass flow into the gas distributor pipe.
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MOTIVATION

Motor vehicles of the future will no longer be operated exclu-
sively with conventional fossil fuels, because fossil fuel reserves
are indisputably finite. The worldwide climate debate further
strengthens the need for the creation of a transport sector
dependent on renewable forms of energy. The use of gaseous
fuels is one of many alternative solutions discussed that have
great potential for the future. A long-term solution is fortified
regeneratively produced hydrogen, which is implemented by on-
board fuel cells that generate electrical propulsion energy.

The widespread introduction of this energy source will, how-
ever, take some time. Methane (CNG technology) can play the
role of a bridging function as a new fuel in the context of a sus-
tainable energy supply of gaseous fuels for the transport sector.
Sources of methane gas are natural gas, biogas, and in future also
synthetic methane (electrolytic hydrogen is produced from
renewable power sources and is then converted into pure meth-
ane by the addition of excess CO,).

A great advantage of methane compared to other alternative
fuels is the relatively high storage density and thus the achiev-
able vehicle range. Current monovalent CNG vehicle develop-
ments (i.e. vehicles that start and run exclusively on methane)
from different manufacturers already have ranges of about
500 km (medium size cars, over 100 kW engine power), although
in these cases use is still made of purely conventional gas man-
agement systems in which the gaseous fuel is introduced via a
mechanical constant pressure regulator to the gas common rail.
In these purely mechanical gas management systems, however,
no consideration is given to important factors such as gas tem-
perature, air quality and humidity. Furthermore, the dosage of
the gaseous fuel is very difficult because the only free parameter
available is the variation in the opening times of injectors. Due to
the limited dynamics of these valves a precise dosage of fuel is
extremely difficult, but this would be very important for increas-
ing the fuel efficiency of the motor vehicle, especially in the par-
tial load range.

Actuators

Volume 73

Mechatronical
pressure control
unit

chuding mechanical inlet
sure reduction function

39

personal buildup for Force Motors Limited Library



Lewel of detail

DEVELOPMENT ENGINE MANAGEMENT

MECHATRONIC VERSUS
MECHANICAL

The mechatronic gas management sys-
tem, @, combines all relevant system
components in one housing and com-
pared to a purely mechanical system has
tremendous advantages, since the mass
flow into the gas common rail can be
dynamically dosed. Via the sensor unit all
physical states of the gas are recorded and
processed in the ECU, and in this way the
manipulated variable (variable common
rail pressure) is influenced multidimen-
sionally via corresponding maps. The
injectors meter the gas sequentially via
selective cylinders into the intake mani-
fold, so that with a highly dynamic con-
trol unit and optimized characteristic
maps, significantly reduced fuel consump-
tion can be achieved. @ shows the basic
structure of the overall system.

1) Pressure vessel

Tirme

@ Basic structure of the gas management system in the car
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(4] Representation of system structure in the control action plan

If you compare a purely mechanical
pressure regulator having static set pres-
sure to a mechatronic pressure regulator
with variable set pressure, then in terms of
its special properties over the entire load
range of the downstream engine the mecha-
tronic pressure regulator is clearly superior
to the mechanical pressure regulator. The
dilemma that arises with a mechanical
pressure regulator is contradictory system
behaviour in the partial load and full load
range. At full load the resulting pressure
deviation causes a steeply sloping common
rail pressure. Consequently, the required
maximum power of the internal combus-
tion engine cannot be realized. In the par-
tial load range, however, there is a com-
mon rail pressure that is far too high,
which in turn is reflected in extremely poor
consumption behaviour. Since the switch-
ing time of the injectors due to inertia
loads and inductive switching delay is
finite, too much gas flows into the intake
manifold and increases the fuel consump-
tion unnecessarily. The mechatronic gas
pressure regulator helps to resolve this
conflict. The gas pressure in the gas com-
mon rail is fully regulated variably between
2 to 10 bar. Consequently, the injected gas
volume can be dosed very finely and is no
longer subject exclusively to the restriction
of finite switching times of the injectors. In
the partial load range the pressure in the
gas common rail is very low (2 bar) and at
full load range very high (10 bar).

MTZ 0212012 Volume 73

DESIGN AND DEVELOPMENT OF A
MECHATRONIC CONTROL UNIT

The design and development of a func-
tional mechatronic pressure and mass
flow control unit, particularly with respect
to the control algorithms to be determined
and the proportional actuator, proved to
be a complex task. First, it should be
noted that the physical laws that underlie
gaseous fuels and the resulting diverse
needs are totally different to the currently
used gasoline and diesel fuels, i.e. com-
pletely different components and system
solutions are required.

The conceptual design and development
of this mechatronic system was initially
implemented on the basis of the known
V-model for the generic approach to
designing mechatronic systems, but has
been adapted to the present application,
©. Based on known design methods that
led to a first version of the pressure and
mass flow control unit, the overall system
was initially divided into subsystems with
partial functions, which ensued a domain-
specific physical modelling, where exten-
sive analysis of the physical/technical
basic systems, which in the current case
are characterized by fluidic, mechanical,
thermodynamic, electrodynamic and tribo-
logical subsystems, was the initial focus.

® shows that different simulation envi-
ronments are necessary for theoretical
modelling. The results of the modelling/

simulation of these partial functions can
then be collectively represented and simu-
lated in the Matlab/Simulink simulation
tool. Experimental tests on fabricated pro-
totypes led to the verification/validation of
the simulation model. The goal was to
vary parameters so that a simulation-based
optimization could be carried out. Using
this approach you can achieve a significant
reduction of the predevelopment time and
thereby concomitant cost savings.

CONTROL ALGORITHMS AND
CONTROL LOOP STRUCTURE

O shows a possible control loop structure.
The output of the system is the pressure
in the gas common rail, which in the ap-
plication shown here represents the con-
trolled variable. This pressure is sensed by
means of appropriate sensors and fed to
the control process as the actual value. In
the case of a control deviation, the output
size of the superordinate primary control
for the actuators is formed according to
operating-point-dependent control algo-
rithms with map adapted control coeffi-
cients. In the simplest case, the output
signal from the controller directly repre-
sents the input of the power device.
However, in order to achieve optimal
dynamic response and system stability, the
switching of two auxiliary controlled varia-
bles is used. For this purpose, besides the
main controlled variable pressure, there is
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subordinate control of a solenoid armature
stroke and the coil current. A power device
with a high frequency pulse-width modu-
lated control signal is switched between
the controller assembly and the propor-
tional solenoid valve. Since it is effectively
a control with a pronounced voltage signal,
the corresponding effect of the change of

42

the field coil resistance when heated by the
subordinate current control is balanced.

The power device responds ultimately
to its input value with a change to the
effective coil voltage, so that the field cur-
rent and hence the magnetic force can be
influenced. This leads to a movement of
the armature, and consequently to a

change in the free-flow, cross-sectional
area of the valve. Neglecting magnetic
eddy current effects and the effect of the
magnetic field displacement, as well as
the influence of the temperature-depend-
ent time constants, the armature of the
proportional solenoid valve responds with
an overall delay of the third grade. In this
respect the mechanics of the armature as
a cushioned spring-mass system represents
an element with a delay of the second
order. In addition, there is a first order
delay of the coil current of the propor-
tional solenoid with respect to the applied
voltage, which is caused by the induct-
ance. In the form of a regulating pressure
accumulator the gas common rail is the
main control system in the true sense.

Since the mass flow that enters the
common rail volume has a functional
relationship to the free-flow, cross-sec-
tional area of the proportional valve, the
timing of mass and energy balances for
the current common rail volumes are
affected. The time-based pressure varia-
tion in the common rail volume is deter-
mined by input and output mass flows,
exchange of energy across the system
boundaries and via the conjunction of the
physical quantities of mass, temperature,
pressure and volume.
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The determining parameter in the gas
management system is the set value of
the common rail pressure. The set value
formation depends on several factors,
such as the load of the engine or the
driver’s requested driving performance
derived from the position of the accelera-
tor pedal. Maps of the load requirements
for the internal combustion engine are
stored in the ECU unit. Furthermore,
parasitic effects such as gas humidity,
quality and temperature must be taken
into account. These effects are also con-
sidered using separately determined
compensation algorithms in the corre-
sponding maps.

SYSTEM BEHAVIOUR

To evaluate the system behaviour, the
possible driving conditions are simulated
in various series of measurements, @. Of
particular interest here is the command
and disturbance behaviour of the system.
The command action reflects the progres-
sion of the actual pressure in the gas
common rail after an abrupt change of
set pressure, caused by changing the
engine load conditions. The switching
times of the injectors remain constant
over the entire period. The investigation
regarding the disruptive behaviour
should permit a conclusion to be made
about the dynamic system behaviour on
successive depressions of the gas pedal
and a subsequent deceleration fuel cut-
off. Contrary to the realistic processes
that create the desired pressure and
speed depending on load, there is the
simplifying assumption that the speed
and the desired pressure remain constant
throughout the entire process.

Due to the inherent non-linearity of
the system, the control loop gain is a
function of the operating point. Thus, in
operation of the control loop with con-
stant control parameters, operating-point-
dependent instabilities can arise. With a
view to optimal control dynamics, the
proportional gain of the controller should
not be reduced indefinitely. One
approach to achieve optimum control
characteristics is provided by adapting
the control parameters to the respective
operating point. For the mechatronic
pressure and mass flow control unit, the
controller parameters can be adapted in
dependence on the pressure setpoint.

MTZ 0212012 Volume 73

CONCLUSIONS AND OUTLOOK

The optimization task proved to be highly
complex because the proportional control
valve shows strong non-linearities due to
inductance and eddy currents as well as
the current limit, tribological effects, mag-
netic hysteresis and the free flow cross-
section. This provides, in addition to the
proven map-adapted PID (proportional-
integral-derivative) control, a further opti-
mization step using the possibility of an
evolutionary design process for develop-
ing a fuzzy rule structure. An essential
condition for the controller optimization
by an evolutionary algorithm is to develop
a fuzzy quality measure for evaluating the
dynamic behaviour of the proportional
control valve for different excitations in
both the small and large signal range,
which is based on characteristic parame-
ters derived from the control response.
With the help of the designed quality
measure, the automated optimization of
controller parameters could eventually
take place via an evolutionary algorithm.
These studies are currently being inten-
sively investigated. In the near future the
extent to which such approaches can
improve the control behaviour of the
mechatronic pressure and mass flow con-
trol unit will be demonstrated.
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DEVELOPMENT MEASUREMENT

CRANKCASE VENTILATION
INLINE MEASUREMENTS OF OIL AEROSOLS

Oily blow-by gases out of the crankcase affect the life time of parts of the engine and of the intake as
well as the emission of a motor vehicle. Well-established gravimetric methods for the characterization of
oil mist emissions provide comparatively pour information in spite of high costs. With the use of the
inline measuring method developed by Topas, Mahle and BMW, it is possible to collect complete engine
operation maps in a few hours combining it with an intelligent gravimetric procedure. Additionally,

changes in particle sizes of oil droplets can be determined.
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MOTIVATION

Oily emissions of the crankcase particularly
are mainly aerosols. Particle size measure-
ments normally show a lot of droplets in
the area of 1 pm size [1, 2]. The small par-
ticles are generated mainly in the piston
area. Condensation, atomization at rotating
shafts and spraying out of the lubricating
circuit can also be origins of the emission
of these oil aerosols. At charged engines,
small particles can reach the crankcase via
the oil return of the turbocharger. In the
crankcase the particle size distribution is
affected by secondary effects like decompo-
sition or coagulation of droplets, interac-
tions of the droplets with the wall or sedi-
mentation. In spite of the oil mist separa-
tors used, closed crankcase ventilation
systems are relevant for the total oil con-
sumption of reciprocating engines. Due to
the mandatory closed crankcase ventila-
tion, contaminations of valves and inter-
coolers are possible with the consequence
of reduced life time and less cooling effi-
ciency. Oil components in the combustion
also effect particle filters and catalytic con-
verters. Regarding the total oil consumption
per operation point of less than 10 g/h
today, the crankcase ventilation is becom-
ing more and more important.

Gravimetry is a quantitative analysis
method for many applications. The meas-
urement of the quantity of materials is
based on the gravimetric determination of
collected material. At dynamometer test
benches, emissions of the closed crankcase
ventilation are determined by measure-
ments of the full aerosol flow at stationary
operation conditions. Filters that are used
for these measurements differ in size and
material according to the engine re-
spectively the blow-by volume flow. Usually
filters of glass fibers are used. Before and
after a measurement they have to be condi-
tioned and charac-
terized. It is nearly
impossible to deter-
mine the influence
of load or speed
changes of the
engine on the oil
consumption with
gravimetric meth-
ods. A lot of time is
needed for the
measurement of
complete engine

PC connection

Differential presssure

operation maps. For the determination of oil
components at a low detection limit, mass
spectroscopy can be used as an alternative
method [3, 4].

MEASURING INSTRUMENTS AND
STRATEGY OF MEASUREMENTS

Using the measuring instruments shown in
this paper, oil aerosols out of the ventilation
can be characterized in a short time and
with a lot of information. The new gravi-
metric measuring system (GMS 141), @,
allows the comfortable detection of the oil
content in blow-by gases using filter blank
sheets or filter cartridges directly at
dynamometer test benches. Many applica-
tions like improvements of closed crankcase
ventilation systems, optimization of piston
geometry or the examination of the droplet
generation in turbochargers are possible.
The blow-by can be led through the filter
housing for measurement or a bypass for
conditioning the system shown in ® (yel-
low box). The actual load of the filter can
be monitored by the differential pressure
across the filter. Therefore adapted measur-
ing times are possible. Condensation of
components of the blow-by can be avoided
by heating the pipes and the filter housing.
After loading the filter with blow-by aerosol
the samples are analyzed in the laboratory.
There it is possible to characterize the com-
position of the blow-by in addition to the
determination of the mass of the filter. Addi-
tionally, the volume flow can be determined
by an orifice system during the experiment.
As a result, the oil mass flow and the blow-
by volume flow are connected by the mass
concentration:

o 87 _ 8
oo m, [E] = Coy [E ’

m?
Vblow-by [ h ]

The determination of the oil mass coming
out of the crankcase directly at the
dynamometer test bench was the goal of
the development. Because of pulsating
blow-by volume flow the developed meas-
urement devices are integrated directly
inline to the pipe system. Due to different
aspects during the development of closed
crankcase ventilations, two different inline
photometers have been developed. They
use the interaction of light with the aero-
sols. The concentration of oil masses can
be determined after a gravimetric calibra-
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DEVELOPMENT MEASUREMENT

Measuring section

$

PAP 610

ILEDred (@ wep-

|

JLED blue @) mesp-

|

|

|

I

| LED

1 red/blue

|

1 ¥y
PAP 612 : ® @

I Scattering

|

|

|

|

1
@ Extinction

Alternating
measurement

LED Extinction

red/blue
‘1
@ Scattering

(2] Measuring principle of the aerosol photometers PAP 610 and PAP 612

tion. The results of the photometers were
compared with a mass spectrometer and
approved in laboratory and at dynamome-
ter test bench. Because of high oil concen-
trations in the crankcase ventilation, only a
time resolved and a qualitative comparison
could be performed [3].

The process aerosol photometer PAP
610 was designed and developed for inline
concentration measurements of blow-by
aerosols. The measuring principle is shown
in @. The instrument uses the attenuation
of light through a measuring volume caused
by an aerosol. The dimensionless extinc-
tion of light describes the attenuation and
is proportional to the oil concentration of
the aerosol. The photometer measures the

extinction of two different wavelengths
(blue: 470 nm, infrared: 875 nm). Know-
ing the extinction of two different wave-
lengths, it is possible to calculate an
equivalent particle size applying the the-
ory of Mie [5]. The ratio of both extinc-
tions and the refractive index are an indi-
cator for the particle size in a range of
approximately 0.1 to 1.5 pm.

The PAP 612 is an inline extinction and
scattered-light photometer that can be used
for the detection of wall films in pipes as
well as for the measurement of high drop-
let concentrations. @ shows a schematic
diagram of the measuring principle. The
photometer particularly supports the choice
of the blow-by gas sampling position of
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trations

the crankcase. Due to its compact design
the PAP 612 can be used in laboratory, at
dynamometer test rigs on swivelling test
benches and for test drives in field.

Combining the presented instruments
inline as shown in @, efficient measure-
ments are possible. With the optical meas-
uring instruments PAP 610 and PAP 612,
the extinction and scattering intensity of
the blow-by are measured permanently.
The extinction shows an almost linear
behavior regarding the oil concentration
of the blow-by (Eq. 1). For calibration it is
necessary to determine only a few sam-
pling points gravimetrically with the GMS
141. © shows the extinction measured by
the PAP 610 and the gravimetrical deter-
mined oil concentration. Operation points
without gravimetric measurements can be
interpolated by the linear regression line.
The same procedure can be applied to the
PAP 612. After this calibration process, the
photometers PAP 610 and PAP 612 allow
the determination of the oil concentration
of the blow-by gases by inline measure-
ments. Using Eq. 1 the oil mass flow can
be calculated easily. The number of time-
consuming gravimetric measurements is
reduced significantly.

RESULTS

Subsequently some exemplarily results are
presented for measurements of a gasoline
engine, a truck application and a passenger
car turbocharger. @ shows the result of
measurements of an operation map of a
recent gasoline engine. The oil mass flow is
plotted against the dimensionless engine
speed and load; all values are without
dimension in % and related to its respec-
tive maximum. The raw data were recorded
during an automated test procedure with
the PAP 612 in a few hours. Obviously
there is a significant increase of the oil
mass flow in particular at high loads. The
load has significantly more influence on the
oil mass flow than the engine speed. With
the knowledge of this information, further
measurements can be done efficiently.
Characterizations of diesel engines can
be performed the same way. In this case,
the detailed description of all measuring
values will be passed on. @ shows a com-
parison of two different piston configu-
rations for an application of commercial
vehicles. The difference can mainly be
found in the concept of cooling. The cool-
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ing temperature was set to a constant
value during the tests. The ration of blow- ]
by oil mass flows in % of both configura-
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tions is plotted against the dimensionless 80
engine load and speed. One of the configu-
rations shows significantly less oil mass
flow than the other one. All measuring
points are lower than 100 %. The result
underlines the big influence of the cooling
configuration of the pistons on the oil con-
centration. This is an interesting aspect of
the optimizations of engines.

Besides the area of the pistons, oil aerosol
can also reach the crankcase via the oil
return coming from the turbocharger. The :
volume flow is low compared to the piston
area but it contains a high concentration of
oil droplets. @ shows the oil concentration, ]
the light extinction and the calculated equiv-
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The results of the turbo engine show signifi-
cant differences to the results of reciprocat-
ing engines: slightly bigger particles, higher
concentration of oil droplets and lower oil
mass flow because of the lower volume
flow. The manifold interactions of oil drop-
lets in a crankcase are the reason for the
interest of this emission source.

SUMMARY

Compared to actually measuring methods
used, the presented solution shows big
advantages for the determination of infor-
mation about blow-by gases. With dynamo-
meter test benches, the measuring times
concerning the oil consumption of the
closed crankcase ventilation of an engine

Nondimensional engine speed [%]

O Gasoline engine operation map: oil mass flows in dependence on the engine load and speed

100

53

43

33

17

Nondimensional oil mass flow [%]

operation map can be reduced significantly.
The result of these measurements can be
an optimization for the choice of sampling
points of closed crankcase ventilations
and for the evaluation of oil mist separa-
tors. Other points of interest are the aero-
sol generation of turbochargers or the
optimization of piston geometry.
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0 Turbocharger: oil concentration, light extinction and equivalent particle sizes of
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HIL/SIL SYSTEM FOR THE SIMULATION
OF TURBOCHARGED DIESEL ENGINES

The development of management and diagnostic systems plays a significant role in the design of powertrains,

and requires suitable development and testing procedures. The University of Parma and Fiat Research
Centre/Fiat Powertrain have jointly developed a Hardware-in-the-Loop system based on a PC board for the
simulation of turbocharged diesel engines.

48



MTZ 0212012

AUTHORS

PROF. ING. AGOSTINO GAMBAROTTA
is Professor of Thermal Machines
and Internal Combustion Engines at
the University of Parma (ltaly).

DR.-ING. ANDREA RUGGIERO

is Manager of the Diesel Controls
and Systems Department at Fiat
Powertrain R&T in Turin (ltaly).

DR.-ING. MICHELE SCIOLLA

is Coordinator of HiL Equipment
Development at Fiat Powertrain R&T
in Turin (Italy).

DR.-ING. GABRIELE LUCCHETTI
is Researcher and Simulation Model
Developer at the University of Parma

(Italy).

Volume 73

MOTIVATION

Management and diagnostic systems play a significant role in the
design of current powertrains, especially when targets such as
specific fuel consumption and pollutant emissions are taken into
account. Mathematical models are useful tools in this field, with
applications that range from the definition of optimised manage-
ment systems and Hardware- and Software-in-the-Loop testing
(HiL and SiL) to model-based control strategies. The University
of Parma has developed a library of models for the real-time simu-
lation of automotive engines, which is used within an original
HiL system developed by Fiat Research Centre/Fiat Powertrain.

ADVANTAGES OF HIL SYSTEMS

The optimisation of control systems requires suitable development
and testing procedures, such as HiL, @, and SiL techniques that
are nowadays an integral part of the design process with the aim
of reducing the number of road tests [1 to 5]. Mathematical mod-
els play an important role in this field: as a typical example, HiL/
SiL system allows electronic control units (ECU) to be tested by
coupling them with a simulator of the controlled system. The simu-
lation is extended by the addition of a comprehensive simulation
model of the engine, powertrain and vehicle, together with a flex-
ible I/0 device. The main advantages of HiL/SiL systems are:
: They allow control strategies to be verified at an early stage in
the development phase.

They reduce costs and development time for prototypes.

. They can define test cases and procedures with high repeatability.
Furthermore HiL/SiL systems must be particularly versatile to
allow different engine/powertrain configurations, thus reducing
costs and development time. The adaptation of mathematical
models and the related sub-systems (i.e., engine, transmission,
vehicle, etc.) enable a “virtual powertrain” to be developed that
is able to simulate system behaviour with good approximation

Electronic ECU Electronic
interface interface
»| Controller
v
Signal Output
conditioning drivers
Electric
interface
Sensors Actuator
simulation simulation

Engine simulator

Drivetrain
simulator

© Schematic repre-
sentation of a Hard-
ware-in-the-Loop

Vehicle simulator

Real-time simulation

system (from [31])
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PHY I

pHIL Simulator

Real loads

and simulation times lower than “real
time”. Simplifications have to be introduced
for physical/chemical processes to avoid a
detailed description [1 to 5], thus leading
to a combination of physical and chemical
principles (white box models) and empiri-
cal relationships (black box models). This
approach does not allow high-frequency
phenomena to be followed (i. e., pressure
wave propagation), and only averaged
values of thermodynamic variables are
considered (“Mean Value Models”, MVM,
[1]). Considerable effort has been dedi-
cated to developing mathematical tools to
model each component and the whole
powertrain, thus providing virtual proto-
typing of the powertrain from the very
first step of the design process [1 to 3].

Models proposed in the literature for real-
time engine simulation are mainly based
on Quasi-Steady Flow (QSF) and Filling-
and-Emptying methods (F&E) [1 to 3].
They are usually zero-dimensional, lumped-
parameter, cycle-averaged models [1,3,4]
that can describe low-frequency transient
processes [5], but cannot describe high-
frequency phenomena. Similar tools are
nowadays commercially available, such as
en-Dyna Themos [6], Automotive Simula-
tion Models-AMS [7], AMESim Engine
library [8], IFP HiL systems [9], real-time
models based on GT-Power simulation
[10], etc.
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@ The pHiL system and the components connected externally

DEVELOPMENT OF A HIL SYSTEM

The hardware and software components
in the described HiL (pHiL, powertrain
Hardware-in-the-Loop) were developed at
Fiat Research Centre/Fiat Powertrain. A
significant innovation of the simulator is
that a PC platform is used for the execu-
tion of both the user interface and the
simulation model (tasks that are usually
allocated into two separate units).

HARDWARE ARCHITECTURE

The simulator is based on a PC platform
integrated into an industrial rack. It can
include up to 16 modules connected to the
PC platform through a cPCI connection.

This configuration allows the emulation of
complex systems with one or more ECUs.
Control units are connected to the simula-
tor through a wiring harness, and the same
link is used for electrical loads. Overall di-
mensions are limited (45 cmx18 cmx43 cm)
and therefore it can be easily used on a
lab bench or desk, @. The same PC plat-
form is used for running both the user
interface and the model of the controlled
plant. Modules fitted in the rack have the
same architecture, while the interface
module to the control unit has been devel-
oped following a different scheme. For the
presented simulator, three modules have
been developed. The first one is dedicated
to the power supply of the tested control
unit, and is responsible for the communi-
cation channels and emulation of the sig-
nals from the crankshaft sensors. The sec-
ond module is a typical general purpose
I/0 unit, fitted with programmable ana-
logue inputs, channels for the emulation
of active or resistive sensors, digital inputs
with programmable embedded electrical
loads and programmable digital and PWM
outputs. The third module is used for con-
nections to the usual automotive electrical
loads (e.g., fuel injectors) and the acquisi-
tion of voltages and currents.

SOFTWARE ARCHITECTURE

The software architecture of the pHiL

system is divided into three layers:

. the Presentation Layer

: the PCI driver and Hardware
Abstraction Layer

: the Low Level Firmware.

The Presentation Layer runs the main

user interface. Each I/0O port of the pHiL

system can be configured and described

in detail by means of physical signal char-
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Control unit

© The Diesel Engine with
Multi Air and Control System
research project [14]
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acteristics, e.g. signal type, physical range,
resolution, etc. A user-friendly graphical
interface allows operating parameters and
I/0 specifications to be set. The Hardware
Abstraction Layer (HAL) guarantees the
low level access to the PCI bus, and pro-
vides an easy-to-use interface to the pHiL
hardware boards and easy access to each
feature and each physical channel of the
boards. Finally, the Low Level Firmware
layer, running on each pHil board, drives
I/0 signals on the boards, receiving com-
mands from the PC interface and provid-
ing acquired data sets in return. The soft-
ware interface between the Low Level
Firmware and the Hardware Abstraction
Layer is managed through a dual port
RAM fitted in each board, where a defined
data set has been used for the information
exchange. A specific synchronization mecha-
nism has been developed to avoid conflicts
when accessing the dual port RAM.

Real-time operation is guaranteed by
means of the Real Time Operating System
running on the pHiL boards, since hard-
ware connections allow the board to gen-
erate a periodic interrupt in order to syn-
chronize the real-time operation of the
processes running on the PC.

ACQUISITION OF CONTROL
SIGNALS OF FUEL INJECTORS
AND SOLENOID VALVES

In the latest generation of diesel engines,
multiple injections can be actuated in a
cycle. Since the engine ECU drives injec-
tors with dedicated outputs, a specific chan-
nel of the simulator is used for each injec-
tor to send the related information to the
simulation model as a 12 x4 matrix, where
each row contains data referring to an actu-
ation (which is defined in terms of start,
end and duration of injection). This archi-
tecture allows the acquisition of up to 12
actuations updating data at every execu-
tion step of the simulation procedure. This
structure will be used in future develop-
ment with crank-angle based engine models.

SIMULATION OF
POWERTRAIN MODELS

For the simulation of the controlled pow-
ertrain within the pHiL, a specific Mean
Value Model (MVM) has been developed
using the simulation library created at
the University of Parma for the real-time
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simulation of automotive engines and
powertrains [4, 5]. QSF and F&E approaches
were used for the simulation of system
components, and the library has been
organised in a hierarchical structure in
order to improve its portability and flexi-
bility. Components are classified as vol-
ume components (or capacitances) and
non-volume components (or resistances),
the former allowing mass and energy ac-
cumulation, which is not possible in the
latter. Volumes are simulated following
the well-known F&E method [1] based on
mass and energy conservation equations
Eq. (1) and Eq. (2):

dm _
EQ. 1 v M, -ZM .
dTmﬂrL
d
EQ. 2
h, M, -Eh, M, -u "/,

in out

m - C

v

where ¢ is the heat flux through walls.
Non-volume components are modelled
through QSF techniques, i.e., through
algebraic equations. Valves and restrictions
are described with Eq. (3) and Eq. (4):

EQ. 3 M = fl(pm’ Py Tin’ 5)

EQE ’I:mt = fz(pm’ pouz’ Tin’ 5)

which give the mass flow rate M and exit
temperature T taking account of causal-
ity [1]. A similar approach was used for
the compressor and turbine, with reference
to reduced parameters [11]. For a fixed
geometry compressor, the equations Eq. (5)

and Eq. (6) were used:

EQS Mr,c = fl (ﬁ’ n'r,tc)

EQE nc = fz (Mr,c’ n'r,zc)

where B=p_ /p,, while the power P can
be expressed in terms of compressor effi-

ciency 7. For a variable geometry turbine
(VGT), they can be rearranged as follows,
Eq. (7) and Eq. (8) :

%7 M, = fi (& Ny Sy

L& n, = f, (w/e)

&=p,/p,, and the expansion efficiency n,
are used to evaluate the turbine power. The
turbocharger dynamics is modelled through
the classic equation from Newton’s second
law. A QSF technique was used for heat
exchangers (e.g., intercooler and EGR
cooler), evaluating the heat flux through
the efficiency € estimated from a black-
box model based on empirical correlations
[12]. Combustion and in-cylinder proc-
esses are described through a simplified
black-box approach: temperature rise
across the cylinders AT and bmep are
evaluated as functions of engine speed,
and fuel mass flow rate through interpo-
lation of experimental data. The overall
mass flow rate through the cylinders has
been determined by means of a black-box
QSF model based on the evaluation of
volumetric efficiency A, [4, 5] corrected as
suggested in [13] to take account of changes
in intake temperature due to EGR.

The fuel system model has been devel-
oped by taking account of the fuel rail dy-
namics, described by the following Eq. (9):

bulk

K
prail(t) = prail(t()) i m ’

s floum- Q,,(0) - Q1) -

Qleak(t) ] dt

where p__ is the fuel pressure in the rail,
K, . 1s the rail bulk modulus in [bar], V_,
is the rail volume in [mm?], Q,, is the high
pressure pump delivery in [mm?/s], Q,  is
the fuel flow rate through the injectors in
[mm?3/s], Qy is the backflow from the in-
jectors in [mm?/s], and Q,,, is the flow rate
in [mm?/s] due to leakages in the system.
The fuel mass flow rates Q are evaluated
through black-box sub-models (defined

starting from experimental data).
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(4] Object variation (AirQref) with EGR-LP control strategy: (a) effects of step
changes in air mass flow set-point (AirQ) and (b) oxygen sensor output (Glamlam)

The vehicle model has been defined to
simulate the longitudinal dynamics of a
car. The classic differential equation from
Newton’s second law is used to simulate
vehicle longitudinal dynamics: masses and
inertias are reduced to the crankshaft.

A dedicated pre-processing tool has
been developed in order to allow for the
identification of each component sub-
model from required data (measured on
test bench).

APPLICATION TO AN
AUTOMOTIVE DIESEL ENGINE

The pHiL simulator is currently used at
Fiat Research Centre/Fiat Powertrain with-
in an advanced project for the development
and testing of the software functions for

set-point (Prail)

the control system of a turbocharged die-
sel engine with a low-pressure EGR loop
and Multi Air technology, © [14]. The sim-
ulation model was identified starting from
available data: characteristic of the turbo-
charger (Eq. (5) and Eq. (8)) were defined
from the manufacturer’s data, and for
valves and restrictions (i.e., EGR), coeffi-
cients of Eq. (3) and Eq. (4) were deter-
mined from steady-state experimental
data. For the evaluation of combustion
process, interpolation functions were
defined through a least square method,
starting from experimental data. Similar
data fitting techniques were used to de-
fine loss coefficients, heat exchanger effi-
ciencies and an interpolating correlation
for volumetric efficiency. The pHiL system
proved its capabilities and its versatility in

(5] Object variation (PrailRef) through step changes in rail fuel pressure

the simulation of any considered transient
operating conditions in “real-time”. A
few examples are reported in the follow-
ing with reference to transients induced
by changing the value of defined set
points or of input parameters to the sys-
tem ECU.

@ shows the effects of step changes
in the air mass flow set point in terms of
simulated engine air mass flow rate and
linear oxygen sensor output. The system
allows the behaviour of the fuel system
to be simulated, @. The closed-loop con-
trol properly acts on the high-pressure
pump metering valve (mDuty green
curve) in order to follow the desired
value. The performance of the model can
be further explored by acting on the tur-
bocharger. In the example shown in @,
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O Control variation VGT (CVGT_POSLIN): (a) boost pressure (PboostAbs) and T .

(b) air mass flow (AirQ).
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steps in the VGT actuator position (green
line) are considered, leading to changes
in boost pressure and in the air mass
flow rate.

SUMMARY AND CONCLUSION

The hardware and software components
of the HiL system presented in this paper
were been developed by Fiat Research
Centre/Fiat Powertrain by using a single
PC platform that generates both the user
interface and the simulation model. The
modular configuration of the library, the
flexible interfaces and identification tools
for each sub-model, which were devel-
oped at the University of Parma, proved to
be very useful in HiL applications, as is
shown by results reported in the paper.
Models for after-treatment devices in the
development phase and in-cylinder proc-
esses for crank-angle simulations are now
being developed.

MTZ 0212012 Volume 73
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COMBUSTION MODELS FOR LEAN-BURN
GAS ENGINES WITH PILOT INJECTION

Efficient development of Combustion Engines requires detailed models which reli-
ably predict engine behavior over a broad range of operating conditions. Within the
framework of an FVV research project two combustion models were developed at
two research centers: At the Aerothermochemistry and Combustion Systems Labora-
tory (LAV) of the Swiss Federal Institute of Technology Zurich (ETH) a model for 3D
CFD Simulations was developed. At the Institute of Combustion Engines (LVK) of the
Technische Universitdt Minchen (TUM) a phenomenological model for engine cycle
simulations was developed. Both models are validated by means of a large number
of experiments from an optically accessible single stroke free floating piston engine
at LAV and a modified heavy-duty single cylinder engine at LVK.
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INTRODUCTION

SINGLE STROKE RAPID COMPRESSION MACHINE
COMBUSTION ENGINE EXPERIMENTS
SIMULATION MODELS

SUMMARY

a| R W N

1 INTRODUCTION

Gas engines with pilot injection are a promising concept regard-
ing future demands for the reduction of CO, emissions as well as
pollutants like NO_and PM. Although widely used in marine [2]
and stationary large bore engines, premixed combustion of a homo-
geneous methane/air mixture ignited by a small pilot spray involves
complex processes which are not fully understood and still large-
ly optimized by trial and error procedures. For the optimization of
corresponding combustion engines a better understanding of the
fundamental processes and the availability of appropriate simula-
tion models is essential. Existing models developed specifically for
premixed combustion ignited by means of conventional spark plugs
cannot be used as there are major differences especially during
the ignition and early combustion phases when employing pilot in-
jection. Therefore two combustion models were developed to simu-
late the combustion process of gas engines with pilot injection.

Experimental data from both an optically accessible test rig and
a modified heavy-duty engine have been used for model develop-
ment and validation and provide valuable insight with respect to
processes occurring in dual-fuel combustion.

Mass balance pision moves
io the back and pressunses al

Waorking piston moves
to the front

High pressure
oil acts on
working paston
Comprassed ar
| PFESEITE

Compressed air

(1] Working principle of the ETH Zurich Single Stroke Machine

BORE D=84 mm
STROKE

Continuously, 120 mm-250 mm

COMPRESSION RATIO ¢ Continuously, 5-30

Top hat piston bowl, depth 4 mm,

PISTON d=52 mm (window)

CYLINDER HEAD Flat, with two injectors

DIESEL PILOT
INJECTION SYSTEM

Bosch Common rail system,
2nd generation, IAV FI2RE

@ Relevant parameters for the experiments on the single stroke engine
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2 SINGLE STROKE RAPID COMPRESSION MACHINE

The measurements were carried out on a free floating piston single
stroke machine (SSM) with a bore of 84 mm and which features a
variable stroke and, as a consequence, a variable compression ra-
tio. Combined with an easily interchangeable cylinder head, and a
piston equipped with a large quartz window, the SSM constitutes a
highly flexible test rig in terms of optical access, operating condi-
tions and modifiability. An overview of the characteristic specifica-
tions of the machine can be found in @ and @. The piston is driv-
en by pressurized air acting indirectly on the working piston there-
fore the stroke of the machine can be adjusted by choosing the load-
ing to driving pressure ratio. A detailed description of the working
principle can be found in [3].

Pictures with an intensified high speed camera with OH-filter
were acquired at a frequency of 10 kHz during ignition and com-
bustion. The machine parameters for the experiments were cho-
sen according to the engine experiments at LVK/TU Munich
described in detail below. The observation domain of the SSM is
appropriate for the investigation of the autoignition process of the
diesel pilot and the subsequent early flame development phase of
the premixed flame. The ratio of loading to driving pressure and
temperatures of cylinder liner, piston and cylinder head in the SSM
where chosen to result in the same pressure and temperature con-
ditions of the mixture at TDC as in the test engine at LVK.

The optical recordings of the chemiluminescence for both noz-
zle configurations show ignition and combustion of the pilot spray
and the methane-air charge, as shown in @ for an air/fuel ratio of
Aen,=1.5. Methane which is entrained into the pilot spray or is close
to the spray, is ignited by the heat released from the autoigniting
pilot spray. Subsequent premixed flame propagation can be ob-
served originating from these autoignition spots. Even for very lean
mixtures (up to A,,,=2.7, results not shown) the same initial flame
shape could be observed, although under such lean conditions no
flame propagation in the unburnt mixture can be sustained.

At = 0.2 ms
[ i

© OH-Chemiluminescence three-hole injector (top) and six-hole injector (bottom)
for A,,=1.5
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To be able to investigate micro pilot injections, the amount of
injected fuel mass had to be further reduced. Therefore, based on
the original six-hole nozzle geometry, a three-hole nozzle was man-
ufactured by blocking half of the original nozzle holes (my means
of welding). To increase the predictability of the developed com-
bustion models, both nozzle geometries were analyzed with an In-
jection Rate Analyzer produced by IAV applying different injection
parameters. The obtained information about total injected mass
and time resolved evolution of the mass flow rate through the in-
jector was used to improve the spray related boundary conditions
in the simulation.

3 COMBUSTION ENGINE EXPERIMENTS

At LVK, experiments were carried out using a single cylinder re-
search engine. The measurement data such as cylinder pressure
and combustion rate were used for the adjustment of the model pa-
rameters and the validation of the phenomenological model. The
research engine, a modified engine based on an MTU type 396, @,
has formerly been used for research projects on Otto gas engines
with spark plug ignition and scavenged pre-chamber ignition. It was
equipped with the same pilot injection system that was used on the
single stroke machine at LAV ETH Zurich. During the experimental
testing each operating parameter was varied singularly in order to
investigate its influence on the combustion. Unlike the experiments
on the single stroke rapid compression machine, the influence of
different pilot fuels, e.g. rape oil, and several different gases could
be investigated in the engine experiments.

4 SIMULATION MODELS

On the basis of the experimental results two combustion models
were developed. Both share the concept of splitting the whole com-
bustion process in two separate regimes namely the autoignition
and combustion of the pilot spray and the subsequent premixed
combustion of the methane-air charge.

4.1 CFD COMBUSTION MODEL

The computational mesh corresponds to a sector of 120° which
allows the modeling of the three-hole nozzle as well as the six-hole
geometry using the same grid. Mesh motion is performed follow-
ing a measured piston position trace from the experiments (due to
the absence of crank related piston kinematics).

A standard two-equation model with default parameters is em-
ployed for turbulence, namely the k-e RNG model [4]. For spray
atomization, Huh’s model [5] is used and droplet secondary
breakup is treated by the Reitz-Diwakar [6] model. Further details
regarding the governing equations and the standard parameters
can be found in [7].

Premixed combustion of the methane-air charge and flame propa-
gation was modeled using the Weller model [8, 9] for partially
premixed regimes. It is a flame area model in which the wrinkling
factor describes the flame surface together with a regress variable.
The laminar flame speed is determined following the approach of
Gulder [10]. All governing equations can be found in [7].

Auto ignition and combustion of the pilot spray is modeled using
a 2D CMC approach (Conditional Moment Closure). Details regard-
ing the governing equations can be found in [11, 12]; while fur-
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BORE D=165mm

STROKE s=185 mm

DISPLACEMENT VH:3960 cm?

COMPRESSION RATIO £=10.65...12.05

MAXIMUM PRESSURE p,. =150 bar

SPEED N, =1800 rpm

SWIRL Shrouded valve in inlet duct (optional)

PISTON SHAPES Omega, lense and flat

GAS SUPPLY Timed gas injection close to the inlet duct

O Technical data of the MTU 396 test engine

ther information concerning the interfacing with the CFD solver
and the numerical procedure is documented in [13, 14]. The ap-
plied reaction mechanism for n-heptane consists of 22 species
and 18 reaction steps as proposed in [15] including methane as
a reactive component, allowing the modeling of the influence of
methane on the ignition behavior of the pilot spray.

The hot spots computed by the CMC model serve as ignition
sources for the premixed combustion model, a coupling through
user coded subroutines was realized. A check for ignition is per-
formed in every time-step and for every cell of the computational
domain. If ignition in the CMC model has occurred, premixed com-
bustion is started in these ignition cells together with an enthalpy
source modeling the energy released by the ignition processes. @
shows schematically the structure and working principle of the full
model, for which further documentation can be found in [16].

The optical results from the EHT experiments are used for vali-
dation of the combustion simulation. By using a detailed reaction
mechanism together with the described coupling, calibration of
the combustion model is not necessary since it contains no tun-
ing parameter. Comparison of the values for the ignition delay com-
puted and measured in a regression plot, @ (left), shows excellent
agreement of the coupled model with the experimental data.

The ignition delay of the pilot spray tends to increase with the
amount of premixed methane in the ambient gas mixture, ®
(right). This has been observed in several studies before [17-19].

The 2D spatial OH chemiluminescence imaging data (line of
sight along the cylinder axis direction) provides time resolved in-

i StarCD

Check for ignition

NO

YES

Start of premixed combustion &
enthalpy source

A

(5] Coupling of the full CFD combustion model
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formation on the ignition location and subsequent combustion,
allowing for comparison of the recorded images with the calculat-
ed iso-surface of the flame front. The latter is characterized by the
change in the regress variable which changes from a value of 1.0
in the unburnt to O in the burnt gases at the flame front position.
@ shows the evolution of the OH distribution and the iso-surface
of the regress variable at a value of 0.3 for an air/fuel ratio of
Aeys=1.5. The shape of the initial flame kernel is predicted well

E
-
=

1.9 ms

distnibution <o
2]

OH

3

surface b
-

OH di

3

+]

=g surface

@ Evolution of the mean OH distribution and computed iso surface for b=0.3 for
a A, value of 1.5
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() Comparison of
computed and meas-
ured ignition delay in

a regression plot (left)
and as a function of
the amount of premixed
methane in the sur-

cna 1] rounding gas mixture
(right)

01 02 03 04 05 06 0.7
1/2,

by the simulation and the propagation of the flames towards the
injector location in the center is also well captured.

4.2 PHENOMENOLOGICAL MODEL
The basis for the phenomenological model were the combustion
models for spark plug ignition and scavenged pre-chamber igni-
tion developed at the LVK [20]. These are two zone combustion
models that distinguish between burned and unburned gas zone,
©. The models additionally contain a flame zone that thermody-
namically is a part of the unburned gas zone [20].

The mass within the flame is calculated by integrating the mass
flows in and out of the flame zone.

.1 m,=[(m,-m,)dt

The mass flow out of the flame zone depends on its mass m,, a
characteristic burning time T_and a model constant C_:

Fa. 2 dm, m,

a a G T

Burned zone
Flame zone
\ /
Unburned
zone S|
N

(5] Concept of the model for premixed flames
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© Assumed shape of the flame jet for the computation of volume and surface [Auer]

The calculation of the mass flow into the flame zone is based on
the propagation of the flame front area A with the turbulent burn-
ing velocity s. into the unburned zone with the density p,.

dm,
EOE dt =pu.AFF'ST

For the application of such a model for combustion engines with
pilot injection two major submodels need to be modified. These
are the modeling of the ignition delay and the propagation of the
flame front in the early stages of the premixed combustion.

Based on the optical measurement data, @, it is assumed that
the combustion starts with jet shaped flames. From there the
flame fronts propagate into the unburned region and finally over-
lap. To model this linear transition from the flame jets to the
spherical flame front is chosen. As the penetration depth I, of
the pilot fuel spray is larger than that of the flame jets for the
scavenged pre-chamber, the linear transition takes effect for a
longer period.

1 TP

T rame(P)
FF Lo A jer -

EQ. 4 A 7

L ] “LYE hemispherical

The geometrical shape of the flame jet is necessary for the calcu-
lation of the surface area. It is assumed that it consists of a trun-
cated cone and a hemisphere, @. Thus the surface of the flame
jet can be calculated during the combustion calculation while the
flame front of the hemisphere is calculated in a preprocessing step
and stored into a flame front area map.

As long as the flame zone is smaller than the maximum spray
region unburned pilot fuel influences the pre-mixed combustion
of the gas-air-mixture. This is accounted for by a model parameter
that has an influence on the flame speed. The turbulence param-
eters were adjusted in a way that for the standard injector C_=1.

EQ. 5 S =C.-S

When simulating the setup with a three-hole injector it was seen
that C_=1.5 leads to good results. It is assumed that the differ-
ence in the combustion behavior is due to the different spray
break-up of the injectors, which is characterized by the Weber
number. Comparing the actual Weber numbers of the two injectors

60

it can be seen, that the quotient of the square roots of the Weber
numbers leads to the applied value. For the validation of this equa-
tion more experiments with different nozzle geometries would be

necessary.
Wearhale
s We

6-hole

EQ. 6

(@)
Il

More experiments with different injector nozzle geometries would
be necessary to investigate the extent of validity of this equation.

Modeling the ignition delay leads to more substantial changes
to the combustion model. As the injection is of dominating impor-
tance a parcel model [21, 22] was used. Within this model the
spray is divided into discrete parcels which composition changes
after a distinct break-up time due to entrainment and evaporation.
The state of each parcel is computed for each time step as tem-
perature and composition form the basis for the calculation of the
ignition delay. A one step mechanism was developed, @, based on
chemical reaction kinetics calculations with Chemkin using differ-
ent reaction mechanisms [23, 24]. w is the mass fraction of
Diesel fuel within a parcel.

Diesel

EQ. 7 T..=C. *

1 -0.65 . ei
ZvV T

i -p‘-19 XDiesel
Gas-airmixture Peyl

To account for the non-constant boundary conditions an ignition
integral is computed according to the models for Diesel engines.
Thus the condition for ignition can be described as

L odt>1
TZV

EQ. 8

S~

The results of the calculations are compared to operating data of
the research engine for the final validation of the combustion mod-
el. As is typical for phenomenological models the parameters of
the combustion model were adjusted to a single reference point
which is presented in black in the figures. As an example differ-
ent injection parameters are simulated using the phenomenologi-
cal model, @, and compared to measurement data. Moreover the
influence of the configuration of the injector on the combustion

= hemkin
=LVE model

= 107
)
210
3
§ 104
E‘ 10 Hwﬂ}ﬂ
0.02
0.040,06 5 o5
0012
Mass fraction heptane [-] 0.14 g 15 1300 Temperature [K]

(i} Comparison of ignition delays calculated with Chemkin and the one step mecha-
nism created for the phenomenological combustion model, p=40 bar, A=1.66
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120

P, Ibar]

an
@ Results of the variation of
rail pressure and start of in-
jection on cylinder pressure 20
and combustion rate starting
from the reference point:
duration of injection 350 ps,

start of injection 25° before EDU 330 360
TDC, pg,; =400 bar, p =1.04 i
barR, A=1.5 phi ["KW]

model is shown, @. Based on the configuration for the reference
point an operating point using the three-hole nozzle was comput-
ed. An additional operating point using the three-hole nozzle with
a raised injection pressure of 800 bar shows that the simulation
results for the applied value of C_=1.5 are coherent.

Further varations of the boundary conditions [1] show that the mod-
el is capable of predicting the engine operating behavior for a multi-
tude of parameters, e.g. loading pressure, injection duration and com-
pression ratio. When applying the model to the use of different pilot
fuels and gases it can be concluded that the pilot fuel and its break
up behavior have a dominant influence on the first half of the com-
bustion. As the shape of the piston has a major influence on the flow
and especially the turbulence within the combustion chamber opti-
mization in this research area requires 3D CFD calculations.

164 FEmm— [re— -
==Reference |
il ==y, BO0 bar
g 501 207 before UDC
= Simulation
1201 —Simulation
Simulation
E 100}
Z
E B0t
T
g &0
40t
20t
] Ol g :
380 420 300 330 360 390 420
phi [FKW]
5 SUMMARY

Two models for lean-burn premixed gas engines with pilot injec-
tion were developed based on data from an optically accessible
test rig and from a modified heavy-duty single cylinder engine.
The first can be used for combustion simulation within the frame-
work of 3D CFD solvers whereas the second model is of a phe-
nomenological nature and can be employed in work cycle simu-
lations. Both share the concept of using different models for the
computation of injection and self-ignition on the one hand and
premixed combustion on the other. The models are based on sub-
stantial experimental data, mainly carried out using a single stroke
free floating piston test rig and a modified single-cylinder research
engine. Thus the fundamental processes dominating the ignition

120 1607
140}
100 |
120}
80 g |
% 100+
E - |
2 6 z o0
=3 -4
; 60
Eh] /
/ 40}
i v 201
ok =i " - e
300 330 360 390 420 300
phi [*KW]
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GF\W |

@ simulation of the three-
4 hole injector nozzle for differ-
| ent rail pressures based on
the simulation of the refer-
ence point: duration of injec-
tion 350 ps, start of injection
25° before TDC, p,, =400
bar, p,=1.04 barR, A=1.5

330 360 390 420
phi ["KW)
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and flame propagation phase could be investigated. Moreover the
test data was used for the adjustment and the validation of the
combustion models.

It was shown that with both models it is well possible to predict
the combustion behavior under different operating conditions.
Moreover the results of the research project improve the under-
standing of the ongoing physical and chemical processes as well
as the influence of the internal engine processes on combustion.
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PREDICTIVE COOLING SYSTEM CONTROL
TO REDUCE FUEL CONSUMPTION

In this post by the BTU Cottbus, a predictive component is added to the cooling
system control. It considers the behavior of the driver and the vehicle environment.
Basic idea is the use of the thermal inertia of components and fluids, to raise the
average component temperatures, without exceeding the standard peak tempera-
tures. Significant fuel consumption savings have been identified with the predictive
control, which can be realized without additional sensors/actuators.
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INTRODUCTION: STEADY STATE AND TRANSIENT TEMPERATURE BEHAVIOR
PREDICITVE THERMAL MANAGEMENT

COOLING SYSTEM CONTROL AND RESULTS

CONCLUSION AND OUTLOOK

B W[N| =

1 INTRODUCTION: STEADY STATE AND
TRANSIENT TEMPERATURE BEHAVIOR

One of the design points of cooling system is heat transfer in the
maximum effective horsepower point. The cooling system is over-
sized for the heat dissipation in partial load and at low speeds and
thus adjusts to low component temperatures, see left diagram in
@. The coolant and thus the device temperature is raised, can be
potential of fuel consumption saved without further measures, as
shown in @ on the right diagram.

Due to the usual system pressure boundaries the coolant tem-
peratures can’t be set higher than about 115 °C. This results in a
certain value of heat removal, depending on coolant pump speed.
This value can’t be underrun. There is a minimum flow rate nec-
essary to avoid the handling of (deliberate) local bubble boiling in
film boiling and thus the formation of insulating vapor layers with
hotspots. For stationary operation the coolant and thus component
temperatures so not to raise without serious changes to the cool-
ing system.

The theoretically possible consumption benefits by raising the
average temperature of the components were determined on en-
gine test bench, and are shown in @. The amount of air needed
decreases during increasing mechanical efficiency with increasing
temperature. Two effects are responsible for the lower air effort.
On the one hand, thermal de-throttling takes place with increas-
ing temperature, on the other hand, the air intake at the same col-
lector temperature in the cylinder at higher temperatures of the
parts is heated more than in the series. This means higher com-
pression end temperatures with less necessary fresh-air mass. The

compression work decreases. The higher temperature level leads
to faster burning and reaching a higher peak pressure. There is
therefore an approach to the constant-volume cycle. These laws
apply in the entire engine map, however, hardly a temperature in-
crease is possible at high speeds and loads.

Component temperature gradients, which are mainly load and
speed dependent arise in real road trip. A quiet and a dynamic
driver on each same track are compared in @. Despite the aver-
age of performance requirement of the dynamic driver is four times
higher as the the value of the calm driver is, nearly same average
component temperature is set. With high performance require-
ments the cooling system large coolant flow rates and low tempera-
ture adjusts so, that the component border temperatures at sus-
tained high load would not exceeded. Reduces the load quickly;
as is the case on extra urban roads and in cities; is the tempera-
ture of the component then to significantly lower values than for
example in steady state operation. This has strong cooling of the
engine in this low-load phase and only slow heating with short puls-
es of load result. Target of a predictive controller is the estimate
of expected heat coupling from combustion and friction and the
cooling potential expected.

2 PREDICITVE THERMAL MANAGEMENT

2.1 BASIC IDEA

A forward-looking component is to be provided to the ECU, in par-
ticular to the cooling system controller. This is to make the fuzzy
estimation of heat removal expected and the cooling potential ex-
pected. Thus, the controller has the ability to compare between
the two and on the basis of the current, calculated and the precom-
puted parts temperature set at least need cooling performance.
This should highly dynamic processes, for example in the taking
on a highway or the rapid overtaking occur, lead as long as not to
increase the cooling performance, use up the cooling component
protection must start. The driving conditions are influenced main-
ly by the driver, track type and -profile, and the traffic environ-

Temperature exhaust valve crosspiece, steady-state map
T =20°C

ambient

100

Torque [%]
(&)
o
1
Torque [%]

0O 10 20 30 40 50 60 70 80 90 100

Engine speed [%]

Fuel saving potential by

increasing temperature Fuel Consumption

in relation to
EBorder temp. by standard cooling system standard [%]
B . El
100 [ Border temp. by standard ECU map 110
T 108
907 106
30— 104
R 102
707 100
_ 98
60 ] %
50— 94
] 92
407 90
30— 88
b 86
20] 84
10+ 82
80

1000

2000

3000 4000 5000 6000

Engine speed [min]

@ Standard component temperatures (left) and potential for fuel consumption by raising the temperature of the coolant (right)
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RESEARCH COOLING

ment, @. Each driving state reflects a combination of all factors
with each discrete values. Based on the data of the various factors,
it should be possible to compare the current with the prospective
values of cooling requirement and cooling potential. In addition to
the reduction of specific fuel consumption as a result of higher
component temperatures, a consumption advantage by the lower
average drive power of coolant pump and fan is to expect.

2.2 RELEVANCE AREAS OF

PREDICTIVE THERMAL MANAGEMENT

Knowledge of the frequency distribution of the driving conditions
and the resulting frequently engine operating points is useful for
the assessment of practicable consumption potential. To do this,
field tests were carried out with several people on public roads.
There were also data from the engine-CAN and vehicle-CAN meas-

ured to transfer driving test values to the dynamic engine test
bench to handle the calibration of predictive controller for cooling
system under realistic conditions.
The following statements can be derived from the frequency dis-
tribution is shown in @:
Idle represents the most common point of operation with a 12 %
share, the second most common point of operation is at 13 %
of load and 23.6 % of maximum engine speed.
The vehicle was operated in more than 80 % of all run-time com-
ponents in lower partial load at low speeds, the full load rate is 2 %.
A very calm driver in the city is represented approximately with
the NEDC.
Real ride a temperature of 126 °C in the cylinder bar adjusts in
the most common operating point, steady state, however, of
144 °C. Considered engine the fuel consumption potential hid-

Engine speed = 3000 rpm, torque = 20 Nm

ICE
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den alone in the dynamics is at a temperature elevation of 18 K

at around 2 %.
In cities is driven with low load in a relatively broad speed range,
on country roads with slightly higher loads in narrow speed range
and on motorways with medium-sized loads in an once again nar-
rower speed range. Dynamic driver widen the load as well as the
speed ranges from calm.

Thus, raising the average component temperatures in the lower
and middle section of engine map can cover most of the actual
operating conditions of the engine.

2.3 TYPE DETECTION

The predictive control of cooling system is dependent on the
knowledge of the type of driver and the type of road. The driver
type provides information about the dynamics of the engine per-
formance requirement and thus of generation of heat. The road
type describes the average level of performance requirement and
generation of heat. The road type must be complemented by a de-
tection of inclination and gradient rides. They mean an offset of
effective power output in positive or negative direction. Journeys
with maximum payload or towable mass can be depicted so also.
To achieve the type of detections without additional sensors, only
data of the standard existing in-vehicle control units were ana-
lyzed. Navigation data were not included.

To set the maximum time intervals for decisions of the cooling
system controller, the time constants in the test with correspond-
ing application of the standard cooling system controller have been
identified.

MTZ 0212012 Volume 73
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(3] Comparison of a calm and a
dynamic driver on the extra urban
roads

The road type was distinguished in town, road and motorway.
Here, not the actual topographical accuracy, but the figure of the
respective operating status is important. The road type variables
to recognize quickly and reliably on the one hand the operation
corresponding to the three track types, on the other hand to avoid
fast back and fro between the types.

From the variety of the available variables were the meaning-
ful with the help of a hypothesis matrix selected and combined
by subsequent classification. Most expressive for the distinction
of the three types of track the variables proved gear, engine
speed, driving pedal angle, injection volume, yaw angle and brake
application.

For the resulting variable SE,_, typical value ranges for each
type of track were determined by frequency distribution.

Using value queries a variable can be made now track type ST,
which arises from the mean value of each variable and the route
recognition SE,_and takes only values between -2 for cities and
+4 for motorways. Each variable is represented twice, on the one
hand direct, on the other hand indirectly by SE  , each weighted
in ST. As a result, a misinterpretation can be minimized, for ex-
ample if a variable lights atypical values. As an example rolling at
high speed idle that listed, the size of SE,_ take negative values
by very small values for the n_ .. engine? and a value of O for gang-
worme THis would lead to the classification as urban track. The indi-
vidual review of the variable and SE, and the subsequent aver-
aging falls ST only to values for extra urban road. This is shown in
O for downshifting from 6t gear in the 3 represented at 120 km/h,
see values at t=1890 to 1895s.
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By including the speed hit accuracy arise between 71 and 81 %
with respect to the topographical track types. Here, it should again
be noted, not the topographic road type transition, but the driving
state dragging modified by the driver to be meaningful for heat re-
moval and cooling potential.

Uphill driving is determined by means of comparison of the de-
livered power to the wheels with the drag equation. The wheel per-
formance obtained from the engine torque model, the engine
speed, as well as test bench correlated towing performance cor-
rections was compared with the necessary drag performance re-
sulting from the drag equation. Gradients are reliably detected with
this method and exactly reproduced on approximate, 0,5°. On
downbhill driving, it is important to distinguish between braking and
downhill. While the signal of the brake application delivers a clear
statement, but does not reflect the strength of the brake application.
Therefore, a finding a match based on the averaged longitudinal
acceleration and the position of the driving pedal was carried out.
Thus, downbhill rides can be reliably identified, a statement about
the gradient angle cannot be made however.

The driver type variable is intended to influence the rapidness
of cooling system controller. Information about changing ampli-

tudes, their gradient and the frequency of the quantities affecting
the generation of heat and cooling potential are necessary. Engine
performance proved it most appropriate, the entries of the heat
from combustion and friction are included in it. Drive power, re-
quired for a specific driving state, only dependent on the vehicle
and the drag coefficients. With enough long viewing time, the val-
ue for the set performance for all driver types adopts similar val-
ues, for example in urban driving are about 2 to 5 kW required for
the considered vehicle. However, the necessary times are too long
for the cooling system control. It is interesting for the assignment
of a particular driver to the range of the total surveyed drivers as
an average adjusted performance is realized.

@ shows significant differences for five drivers (which are all ex-
amined drivers representative) in the performance requirement.
Driver 2 provides a high performance and switches with high fre-
quency. The current variation of the mean moving about 60 s moves
often at values of 50 to 100 kW. This driver can be described as
very dynamically with high performance requirements. Driver 4 pro-
vides a very low performance on average. The variation of the mean
moving about 60 s maximum 25 kW of long fields but only O to
5 kW. This driver can be considered to be calm with low load re-

Loading Traffic situation
Minimum Maximum
Extra urban Urban/city ~ Autobahn
Stadt
Cold Warm l
% /9 e Plain Downhill/uphill

Room to move

Stop & go

Driver influenve

Calm Dynamic

O Influences on the observed and predicted driving state
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Start condition

Cold start Warm start

Normal Hot

Stop condition
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Frequency of load, engine speed and component temperature
field test and NEDC
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(5) Frequency of load, speed and component temperature from field tests

quest. The interval of 60 s for the moving average proved a most
appropriate, on the one hand the individual driver differences clear-
ly highlight and on the other hand the time constants of the cool-
ing system does not meet, which would lead a thermostatic regu-
lation similar to oscillations in the course of the temperature.

The gradient of the driving pedal angular speed often used for
the driver type assessment for adaptive automatic transmission

Engine speed [%]

Temperature cylinder bridge [°C]

controls [1] was also investigated for its suitability as a vivacious
driver assessment. The comparison of the current deviation from
moving mean about 60 s for this size with the which drag pow-
er showed that misinterpretations are possible when using the
driving pedal angle due to lack of information about the gener-
ation of heat, that when using the drag power as a raw value does
not occur.
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The classification of the type of driver is done using analog val- 3 COOLING SYSTEM CONTROL AND RESULTS
ue ranges from the combination of the set effective power and the
current variation of the moving mean of it. Both enter into with the ~ The concept of control shown in @ compares the heat removal to
frequency of their occurrence in the classification. be expected with the cooling potential expected and takes deci-

Current difference to the running mean of effective engine power
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sions on the regulation of coolant pump and mapped thermostat
afterwards. The road type predicts the expected range and the driv-
er type the kind of performance requirements.

The controller concept was adapted on engine test bench with
real driving profiles from the field tests. This was an in-vehicle
used identical engine used. To cover the consumption statements,
every attempt was driven three times under identical environmen-
tal conditions.

The comparison of dynamic and calm drivers on road trip (each
same section), each with the standard ECU map of cooling system
control compared with predictively applied regulation to the test
is shown in @.

The average temperatures of the parts from the calm driver in-
creased to 4 K and from the dynamic driver raised to 15 K. Com-
ponent temperatures reached maximum about 10 K higher than
in standard map, however, are still far from the component border

MTZ 0212012 Volume 73

integration

(8] Concept of predictive cooling
system controller

temperature. Consumption was be reduced by 0.25 % for the calm
driver and 1 % for the dynamic driver.

In urban driving, ®, a temperature increase to 26 K succeeds
in dynamic driving. This leads to a fuel saving of 3%. In a calm
driving, about 5 K be achieved higher temperatures, however, did
not lead to any significant benefit of consumption.

4 CONCLUSION AND OUTLOOK

With the predictive cooling system control significant advantages
can be achieved by raising the middle component temperatures.
The shown potential is achieved only by taking advantage of the
dynamics in the vehicle and the heat storage capacities in com-
ponents and fluids. The comparison of currently existing heat in-
put and cooling potential with the predicted values is the base of
the controller. Road types, profiles and driver types are used, the
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personal buildup for Force Motors Limited Library



RESEARCH COOLING

values of them are generated by classification and consideration
of the frequencies from variables of ECU.

The potential for fuel consumption each is the minimum for the
examined driving states and driving situations. The full potential
of forward-looking control requires the use of artificial neural net-
work (KNN) as the controller. It results from the demand to set op-
timum component temperatures for every driver in every situation

on all road types. These cases can be operated with conventional
controls only with appropriate safety margin to the component tem-
perature or with a not manageable calibration work.

The system can be further improved by a quick three-way valve
replaces the standard map-controlled thermostat. In particular
the closing of conventional thermostats is directly dependent on
the coolant flow rate and the temperature of the coolant at the
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and predictive calibration, dynamic
and a calm driver on urban road, part
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wax cartridge, the thermostat closes so when faster removal of
load too slowly.

Contrary to reduce fuel consumption improve filling by fast cool-
ant and component temperature reduction is when the controller
expected high performance requirements. However, it is to be ex-
pected, insofar as the benefit of filling in the performance is no-
ticeable with very good acceptance.
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