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ENGINES

AND EMOTIONS

Dear Reader,

Driving a car is characterised by emotion.
Anyone who has the slightest fascination
for technology and does not see a car sim-
ply as a means of “getting from A to B”
will agree. We see, smell and feel a car -
and we hear it. Especially the engine. But
lately, engine sound has increasingly been
relegated into the background.

Depending on the type of engine in-
volved, it is not a question of fewer deci-
bels reaching the driver’s ear. Diesel en-
gines in particular suffer acoustically un-
der the strict and necessary development
objective of emitting less CO,. High pres-
sures may be efficient, but they are not
quiet. The sound of a diesel engine at
work makes only a minor contribution to
the emotionality of a car. And there is lit-
tle space available for technically feasible
sound design with the aid of resonators.

The petrol engine has it somewhat easier.
But even here, less emission is more im-
portant than more emotion. And in times
of rising petrol prices, this is also directly
in the interests of the consumer - not to
mention the environment. Added to this
is a change in social acceptance: where
we used to enjoy the muscular sound of a
V8 engine, we now think primarily of its
fuel consumption.

But there are exceptions to the rule, and
we occasionally experience them in our
test cars. Currently in the form of a Ford
Focus RS, which gives the impression that
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the (five-cylinder) engine is still allowed
to be a real engine. It angrily consumes
any thoughts about efficiency in the form
of excess petrol at places that are not the
first choice. And in doing so, it arouses
emotions. And let us hope that one day,
when the challenge of emissions has fi-
nally been satisfactorily overcome, we can
return to this attractive side of an engine
- without a bad conscience. We shall even
be addressing this topic in the cover story
of the next MTZ.

/7/@#4/-

RUBEN DANISCH, Vice-Editor-in-Chief
Wiesbaden, 27 April 2010

EDITORIAL
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NUMERICAL FATIGUE
STRENGTH ASSESSMENT
FOR CRANKSHAFTS

Experimental assessment of the fatigue strength of crankshafts in large-bore four-stroke diesel engines is very

expensive and time-consuming. Available theoretical methods are often based on analytical methods and
simplified equivalent stress hypotheses, which can result in conservative designs. There are also limitations in
determination of time-dependent stress distribution. In order to overcome these restrictions, the development
and implementation of a numerical procedure at MAN Diesel & Turbo SE has been carried out for assessing
operational reliability. Due to increasingly demanding performance specifications, this method is playing a
crucial role in the design and rating process.
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© FE mesh of global overall crankshaft model

DEMANDS ON CRANKSHAFT DESIGN

The crankshafts of large-bore four-stroke
diesel engines can be more than 10 m
long and weigh up to 30 t. As a result of
these dimensions and its associated high
manufacturing costs, it is nearly impossi-
ble to conduct fatigue strength tests on
these components. For this reason, analy-
tical and numerical approaches to the
determination of mechanical stresses and
providing assessment of operational reli-
ability must be pursued.

According to the current state of the art,
the crankshafts of large-bore diesel engines
are rated and evaluated with regard to
operational reliability by ship classifica-
tion societies, based on IACS guideline UR
M 53 [1]. Characterised by transparency
and easy, inexpensive implementation, this
analytical procedure has proven extremely
useful in practice. However the disadvan-
tage of the procedure is that it tends to com-
paratively high conservative results. In
connection with the development of new
engine designs, it becomes essential to
develop components with higher perfor-
mance or reduced mass. In order to reach
this objective, it is absolutely necessary to
attain a higher material loading without
compromising operational reliability. There-
fore, a deep knowledge of all available
loading potential within the component
are obligatory, which in turn requires inten-
sive studies with a high grade of detail. In
order to determine the time-dependent
stress distribution, the numerical strength
assessment presented here is carried out
for the entire crankshaft giving special
consideration to known high-stress areas
(fillets: radius transitions between journal
and web, oil drillings).

In order to be able to implement such a
method efficiently, different approaches
are selected and investigated with respect
to time, cost and quality in its applica-
tion. Parts of this article are based on a
presentation given at a Femfat user meet-
ing [2].

MULTI-BODY SIMULATION
WITH FLEXIBLE BODIES

Multi-body simulation (MBS) offers the
necessary basis for determining both the
timing and the positioning of the mechan-
ical stresses. The transient simulation is
carried out under consideration of the
general equation of motion and of rigid
body kinematics. Non-linearities and
gyroscopic effects are taken into account.
Speeds, accelerations and displacements
of the bodies are determined and, in addi-
tion, the forces or moments at the cou-
pling points are determined. For a fatigue
strength assessment, the component must
be flexible and locally deformable. For
this reason, finite element models with a
fewer degrees of freedom are used in the
multi-body simulation.

REDUCTION AND MODELLING

For the crankshaft with inner part of
damper, a FE model with approximately
200,000 nodes is generated, @. The
number of available degrees of freedom
must be reduced considerably without
changing the global rigidity characteristics
or the basic dynamic properties of the body.
To that end, both modal and static modes
are measured. These are superimposed in
the later simulation, in order to determine
the deformation of the reduced body.
Hence every change in geometry which
affects rigidity necessitates a new reduc-
tion. The modes to be calculated must be
selected carefully in order to achieve the
lowest possible number of remaining
degrees of freedom that are nonetheless
necessary. For the global behaviour of the
crankshaft, 50 to 100 modal modes are cal-
culated. In addition, 200 to 250 static modes
are determined at points where local force
transmission occurs. After the reduction
with the FE program Abaqus [3], the
degrees of freedom of the crankshaft are
reduced from approximately 600,000 to
approximately 300.

MTZ 0612010
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The reduced flexible bodies are entered
into a MBS system (First/Tower [4]). In
addition to the crankshaft, the cylinder
crankcase, damper and flywheel are also
taken into account as elastic bodies. The
frame is mounted at the centre of gravity
against rigid body movements. The crank-
shaft is incorporated into the frame via
hydrodynamic radial and axial bearings. A
characteristic map solution (impedance
method) is used for calculation of the
plain bearings. Parameters used to model
the bearings include bearing diameter,
width, clearance and viscosity. Clutch, fly-
wheel and dampers are modelled with the
corresponding rigidity and damping char-
acteristics. In addition, gas pressure char-
acteristic, ignition sequence and an ana-
lytical, rigid crank drive are incorporated
into the simulation.

SIMULATION

The simulation is carried out with the
solution of the general Newtonian equa-
tion of motion in the time domain. In
doing so, the rigid body motions are inte-
grated separately from the deformations.
The gravitation and the hydrodynamic
damping are incorporated together with
structural damping of the components.

A limit frequency prevents the integrator
from taking very small steps. Above this
frequency, the associated modes are still
taken into account but the modal masses
are increased virtually. It is possible to
incorporate external forces, structure cou-
plings or non-linear spring characteristics.
The simulation is carried out for multiple
working cycles. For numerical reasons
(transient oscillation of the system), only
the last working cycle is used to deter-
mine the results. These can then be evalu-
ated by means of two different methods:
1. Method (Channel-Max):

In this simpler approach for the overall
modelling of the structural dynamics, the
results are used directly for the fatigue
strength assessment.

2. Method (Trans-Max):

The disadvantage of this approach is

that it requires an additional step with

a finite element simulation, the results

of which form the basis for the fatigue
strength assessment. Its advantage is

the more detailed conclusions which

can be reached regard to local mechani-
cal stresses.

6
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@ strain gauges in fillet of crankshaft (top); comparison between measurement and simulation of normal

stresses at fillet (bottom)

A simulation according to the finite ele-
ment method (FEM) can be useful in the
stress analysis of complex components
under multi-axial loads. A MBS analysis
provides the elastic deformations for each
node of the FE model. The deformations
are exported as input data for the FE pro-
gram Ansys [5] for a sufficient number of
time steps and the resulting stresses are
calculated.

CALCULATION/MEASUREMENT
COMPARISON

A calculation/measurement comparison
serves to verify the boundary conditions,
correct model arrangement and that all
relevant variables have been taken into
account. It can be carried out via stress-
strain comparison, for example, or also
via a comparison of the torsional moments
in the main bearings with other simula-
tion methods.

The results from a transient First/Tower
calculation are compared with the results
of strain gauge measurements of the

stresses present in a fillet of the crank-
shaft of a large-bore diesel engine. For the
measurement, rosette strain gauges were
applied for the determination of the multi-
axial elastic strain, @ top. The strain
curves measured were converted into nor-
mal stresses along the longitudinal axis of
the engine (bending load). A comparison
between the stresses determined in the
simulation and those of the test shows
that they correlate very well in terms of
the amplitudes, mean stresses and the
shape of the curve, @ bottom.

Another option to verify correct model-
ling is to compare the results with a simula-
tion method in the frequency range. The in-
house software Lidmoa (which has been
used for many years now at MAN Diesel &
Turbo SE) models the crankshaft with the
crank drive, flywheel with clutch and tor-
sional damper as an one-dimensional tor-
sional vibration system around the torsional
axis. Lidmoa determines the shear stress in
the crankshaft at a specified system for dif-
ferent load points. The torsional moments
calculated for the engine represented are

personal buildup for Force Motors Ltd.



compared with those from the MBS for
modelling the global dynamics, ®, and
also exhibit a very good correlation.

FATIGUE STRENGTH ASSESSMENT

The fatigue strength assessment is carried
out with Femfat software from ECS [6].
The complete stress information is evalu-
ated and the critical plane approach is
used to transform it to a scalar compara-
tive stress. Here, the scaled normal stress
hypothesis is applied and the correspond-
ing mean and amplitude stresses are cal-
culated. The local safety factor is given as
the final result at the node. For this pur-
pose, the two methods mentioned - Chan-
nel-Max and Trans-Max - can be used.
These will be discussed in greater detail
below, @.

FIRST METHOD: CHANNEL-MAX

If a component is subjected to time-de-
pendent loads (which are otherwise con-
stant in terms of position and direction)
without non-linear effects, then opera-
tional fatigue strength can be calculated
using channels (Channel-Max method).
Here, the modes and the associated scal-
ing factors are read into the system. Each
channel can have its own variation in
time. This method offers the following
advantages:

: fully dynamic fatigue strength assess-
ment without ignoring individual
vibration components with all of
the possibilities of non-linear MBS

. transient time curves of unrestricted
length

: data volume comparable to that
of an FE modal analysis

: easy implementation and rapid
application

: no additional stress calculation
with the FEM.

This method does have the disadvan-

tage, that no further evaluation with a

high degree of detail can be carried out

for the component. Thus it is only suit-
able for the assessment of the overall
dynamics.

SECOND METHOD: TRANS-MAX

As a result of the multi-body simulation,
the local elastic deformations are first de-
termined in a body fixed coordinate system.
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1. Method 2. Method
(Channel-Max) [Trans-Max)
-
» Modes Multi body simulation
e o (MBS) with flexible Elastic deformations
« Scale tactors bodias
-
hl
Finite Elements simulation
-
+ Mo nonlinearities Evidence of fatigue « Monlinearities
« Only fixed loads strenght = Mo fixed loads
-

o Interdisciplinary procedure starting from a multi body simulation with flexible bodies to a fatigue

assessment

These then serve as the boundary condi-
tions for a finite element simulation, as
for the fatigue strength assessment of a
component subject to loading that changes
position or direction and/or non-linear
effects, FE stress data must be available at
all times (Trans-Max method). The disad-
vantage of this method is that the stresses
are simplified quasi-statically and a fur-
ther, more complex step is required. More-
over, owing to the large number of load
steps, the volume of data to be processed
can be very large under certain circum-
stances. The advantage of this method,
however, is that after calculation of the
FEM for any number of areas of the com-
ponent, FE submodel calculations and

subsequent evaluation can be carried out
with a much greater degree of detail.

RESULTS

A comparison of the two mentioned
methods shows results which correlate
well [2]. As the elastic deformation in the
MBS is determined from the linear super-
position of the modes calculated in the
reduction, the ability to take non-linear
effects into account with the second
method has no impact. A more detailed
submodel calculation and subsequent
evaluation can be used for this purpose.
This is necessary for a more precise exam-
ination of points subjected to maximum

personal buildup for Force Motors Ltd.
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and crank pin, respectively
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@O Cross section of crankshaft web with main bearing journal and crank pin: meshing
of fillets (fine sub model) (left); interpolation area of elastic deformation from global overall
model to fine sub model (dotted line) (right)

STRENGTH ASSESSMENT
WITH SUBMODELS

The overall model used up until now rep-
resents primarily the global dynamics of
the system. However, if from a strength
perspective it is necessary to determine
the local mechanical stresses in greater
detail, more geometrically exact submod-
els of the fillets and oil drillings of the
crank pin are required. Therefore the 2nd
method Trans-Max is generally used for
both. The fillets are subjected to multi-
axial stresses due to both torsional and
bending loads. The strength assessment is
carried out numerically by means of Fem-
fat software. The oil drilling, on the other
hand, involves a nearly single-axial stress
state. In addition to the known Femfat
evaluation, an analytical strength assess-
ment is also possible, e.g. based on the
FKM-guideline [7].

FILLETS - MULTI-AXIAL
STRESS STATE

The fillets are meshed in the area of the
radii according to the CIMAC guidelines of
the ship classification societies [8], @
(left). At the interface (interpolation area),
the elastic deformations are exported from
the global overall model to the fine sub-
model for each load step. As displacements
for each load step of the submodel com-
putation, these elastic deformations are
then taken into account as boundary con-
ditions, ® (right).

Comparison of the fatigue strength
results of the fine submodel with the glo-
bal overall model provides a very good
correlation between the two evaluations,
@. In the submodel, the safety factors
against fatigue fracture are slightly lower
than those of the overall model. In the
crank pin, there is a good correlation
between the respective stress distribu-
tions. The distribution and positioning of
the highest mechanical stress among the
main bearing journal fillets are nearly
identical. In this example the influence of
mesh quality on calculated mechanical
stresses is relatively low. Because this is
not assured generally at different crank-

personal buildup for Force Motors Ltd.



@ Sub model oil drilling mesh arrangement (left); interpolation area of elastic deformation at fine sub model

(dotted line) (right)

shaft geometries (e.g. due to different
stiffness behaviour) the application of
submodel technique is recommended.

OIL DRILLING - NEARLY
SINGLE-AXIAL STRESS STATE

The outlet areas of the oil drillings in the
crank pin are very finely meshed. In a
process similar to the one described above,
the deformations for each load step are
exported at the marked interface, @. The
forces of the crank drive are applied as a
boundary condition in the submodel. In
order to prevent any influence on the area
around the oil drilling, interior nodes are
applied at 2/3 of the crank pin diameter.
In addition, the rotational speed w is
taken into account.

In comparing the results of the fatigue
strength analysis, basic agreement between
the overall model (left) and the submodel
(right) is once again apparent, @. At the
top of the image there is an area of low
load (blue area), which transitions into
higher loads (gradient from green to yel-
low). In the lower area of the image, the
torsional band with higher loading in the
crank pin is clearly evident in both mod-
els. For reasons of efficiency, the oil drill-
ings cannot be taken into account in the
overall model. High stress gradients are
likely in this area, which would occur as a
result of a local deviation of the safety fac-
tors between an overall and a fine mesh.
Consequently a higher degree of detail in
the mesh arrangement is necessary for
fatigue strength assessment at the oil drill-
ings. According to this, the 2nd method
with the fine submodel is used.

The area of the oil drillings is subject
to a nearly single-axial, tangential load.

MTZ 0612010 Volume 71

@ clearly shows the distribution of the
safety factors in detail, whereby the low-
est factor occurs in the right oil drilling.
For this point, the system gives the sca-
lar comparative stress curve calculated by
the Femfat software and the tangential

Global overall model

stresses according to the FEM over one
working cycle, @. In the Femfat graph
below both the amplitude and the shape
of the curve match very well with the tan-
gential stresses in the y-direction from the
FEM. For the nearly single-axial stress state,
both the static and the dynamic strength
assessment are carried out according to
the FKM guideline. The dynamic safety
factor is equivalent to the results of the
lowest safety factor from the Femfat soft-
ware [2].

CONCLUSION

In addition to the analytical methods used
up to now, the design process of a modern
large-bore diesel engine crankshaft requires
a numerical fatigue strength assessment
that determines the time-dependent distri-
bution of mechanical stresses. This ensures
that the demand for higher material load-

Fine sub model

<

.
/NN

N/

(&) Comparison of fatigue strength assessment of global overall model with sub model at crank pin
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(10} Comparison between distribution of equivalent stress calculated by FEMFAT (top) and stresses in a local
coordinate system at oil drilling of FE-simulation (bottom)

10

ing through lightweight design and higher
performance does not compromise opera-
tional reliability. For this reason, MAN
Diesel & Turbo SE is using the interdisci-
plinary approach presented here. This
makes it possible to efficiently determine
the maximum of loading in a component
and to realise its improvement potential.
It has been shown that a comparison
between the two methods, Channel-Max
and Trans-Max, referring to fatigue
strength assessment delivers comparable
results. The Channel-Max method is
based on a global FE mesh and a struc-
tural dynamics simulation with the MBS.
Therefore it offers an overall optimisation.
A detailed optimisation with evaluation of
local mechanical stresses requires the
Trans-Max method. In this case, an addi-
tional FE simulation is necessary. For fil-
lets and oil drillings, which are particu-
larly relevant to fatigue, submodels are
generally used. The distribution of the
safety factors determined numerically cor-
responds well here to the overall model.
Due to the local stress gradients, however,
the fatigue strength of the oil drillings can
only be assessed by means of a submodel
technique. An analytical assessment
according to the widely used FKM-guide-
line also shows very good agreement for
this uni-axially stressed area.
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TIER [11 EMISSION ROADMAP FOR
MARINE ENGINE APPLICATION

The Upcoming IMO Tier Ill emission legislation in 2016 is at the moment the strongest driver for the marine
engine applications development. NO, (Nitrogen Oxide) reduction in the range of 80 % compared to the present
level clearly implies the need for a technology leap in the products. Furthermore the future coexistence of

IMO Tier Il and IMO Tier Ill emission areas will boost the demand for engine operation flexibility. Wartsila gives
an insight into the most promising emission reduction technologies tested and developed by showing the
potential in terms of NO, reduction.
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INITIAL SITUATION

Shipping is the most cost effective way of
goods’ transportation. Lifetime and over-
haul intervals are important for optimizing
lifecycle costs. Some ship installations
operate above 7 000 hours per year and
make a dry dock every third year. Ideally
for a ship owner the engines would have
maintenance only during ship dry docking
which would result in up to 22.000 running
hours between overhaul. Comparing this
to the automotive industry the target can
be considered extremely challenging. The
ship owners are becoming more global by
the day and they are expecting to operate
their ships without limitations due to local
emission restrictions or fuel availability. The
trend of measuring the carbon emission
on consumer products will result in a fur-
ther focus on CO, emissions from shipping.

Conventional technologies for emissions
reduction used in other industries such as
Exhaust Gas Recirculation (EGR) and ca-
talysers are creating challenges due to the
vast variety of fuels in the shipping indus-
try. Liquid fuels starting from automotive
fuels up to fuels with sulphur content of
3,5 % and viscosity’s to 800 cSt (centi-
Stroke) creates challenges in terms of ma-
terial choices and design solutions. In
normal operating conditions the exhaust
gas temperatures after turbo chargers are
around 340 °C which is on the lower limit
for a functional SCR catalyst.

The high content of sulphur in fuel in
combination with ash and vanadium con-
tent creates fouling and wear of engine

[MW] MW 3 4 6

Wartsila 20 | H
Wartsila 26
Wartsila Vasa 32
Wartsila 32
Wartsila 38
Wartsila 46
Wartsila 46F
Wartsila 64
Wartsila 34SG
Wartsila 34SG-B
Wartsila 32LNDG |
Wartsila 46GD |
Wartsila 32DF
Wartsila 50DF ‘

RT-flex35
RT-flex40
RT-flex48T-D/RTA48T-D

Diesel engines

RT-flex50-D
RT-flex58T-D/RTA58T-D
RT-flex60C-B
RT-flex68-D/RTA68-D

Gas and dual
fuel engines

RT-flex84T-D/RTA84T-D

RT-flex82T/RTA82T
RT-flex82C/RTA82C
RT-flex96C/RTA96C

8

components which in combination with
high exhaust gas temperatures (before
turbo charger) > 550 °C results in reduced
component lifetime and deterioration of
engine performance. Already a 1 % loss in
engine efficiency has an impact as a ships
fuel cost is calculated in millions of Euros.

The future legislation will promote high-
er grade fuels which opens the possibility
to utilize technologies like EGR on medium
and slow speed engines.

Since emissions requirements are be-
coming more stringent, gas (methane) as
energy source for shipping has become an
alternative. Gas is a clean fuel with low
emissions. Gas engines with a unit output
up to 17.1 MW (18V50DF) are available,
@, as usually smaller (12V50DF/6L50DF)
units for redundancy is preferred. The first
installations with large gas engines came
quite naturally through gas carriers as the
trend is now moving towards more tradi-
tional ships like ferries. The DF (dual fuel)
technology is based on having a liquid
fuel (heavy or marine diesel oil) as backup
fuel which might be needed if there is an
interruption in gas availability. In loca-
tions where the gas availability is secured
the SG (spark ignited gas engine) is con-
sidered an option.

This paper provides an overview of the
emission reduction technologies devel-
oped by Wartsild and highlights the poten-
tial in terms of NO, reduction. Candidate
IMO Tier III solutions for four-stroke me-
dium speed engine application are as well
presented and assessed according to their
impact on the product lifecycle cost.

10 15 20

30 40

60 80 MW

Speed, rpm
142-167

124-146
102-127
99-124
84-105
91-114
76-95

61-76

68-80

87-102
92-102

Q Wartsila engine portfolio (left: four-stroke, right: two-stroke)

MTZ 0612010 Volume 71

13

personal buildup for Force Motors Ltd.



COVER STORY LARGE-BORE ENGINES

Revised Marpol Annex VI

NO, [g/kWh]

Wartsila

-80 % engines

2000 Tier | limit
17.0-11.3 g/kWh I1SO NO,

2011 Tier Il limit
14.4-9.0 g/kWh ISO NO,

2016 Tier I limit
3.4-2.3 g/kWh I1SO NO,

Only designated area (ECA)
(Baltic Seat, North Sea, Costal Water)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

Rated engine speed [rpm]

® Tier | — 130 kW — New ships 2000

® Tier I - 130 kW — New ships 2011

® Tier |1l - 130 kW — New ships 2016 in designated areas

(2] Upcoming NO, emission limitation

UPCOMING EMISSION LEGISLATION

The IMO Tier II (Marpol Annex VI) stand-
ard for marine engine application will
come into force in January 2011, @. The
NO_ limit reduction from the present

IMO Tier I level is in the range of 15 % for
the low speed engine (two-stroke applica-
tion) up to 20 % for the medium speed
engine (four-stroke application).

IMO Tier III standard will come into
force in 2016, and will be applied only in
designated emission control areas (ECA).
Expected areas where IMO Tier III will be
applied are for instance the Baltic Sea, the
North Sea as well as the US and Canada
costal water. IMO Tier III standard will
introduce a drastic reduction on the cycle
average NO_emission limit equal to 80 %
of the current standard. Furthermore the
new standard will require that the meas-
ured emission level in each point of the
emission cycle must not exceed 1.5 times
the cycle average limit, with the exception
of the 10 % load point. This new limita-
tion is very challenging for the low load
optimization, where normally higher NO_
emissions are accepted in order to reduce
the particulate and smoke formation. IMO
Tier IIl and IMO Tier II will be coexisting
standards from 2016 onwards, and most
of the ships will move frequently from a
Tier II to a Tier III area. This implies that
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engine must be flexible in handling differ-
ent emission limits with the best possible
operating efficiency.

Coexistence of IMO Tier I and IMO
Tier III areas after 2016 will additionally
demand more flexibility in the engine tun-
ing; customized solutions might be thus
needed according to the specific applica-
tion and customer needs in order to
achieve the best possible operating cost
and keep the market competiveness.

The fuel sulphur content limit, @, in
the Sulphur Emission Control Area (SECA)

Fuel Sulphur content

4,5 %

— Global

—— SECAs (Baltic

3,5% -

1,5% —
10% Low sulphur fuel or Ex
,0%

0,5% —

aust Scrubber

I . ‘ Future possible SECA/ECA
(Tier I11) area:

was 1.5 % and has been reduced to 1.0 %
from 1 January 2010. Controlling the fuel
quality is a way to reduce not only the
SO, (Sulphur Oxide) but also the particu-
late emission, strongly linked to the fuel
sulphur content. In the SECA area the
“High Sulphur” operation will be allowed
if an exhaust scrubber is used.

Fuel quality requirement has as a clear
impact on the ship operating costs since
the Low Sulphur Fuel (LSF) price can be
twice that of current residual fuels (HFO).

In 2015 the fuel sulphur cup in the ECA
will be reduced to 0.1 % implying that
IMO Tier III will be operated either with
LSF or alternatively with exhaust scrubber.

NO, REDUCTION TECHNOLOGIES

In order to reduce the emissions at the
exhaust stack it is possible to work on the
following options:

: engine technology

. after treatment technology

. fuel type and quality.

In developing the new concepts to meet
the IMO Tier III emission level Wartsild is
focusing on all the above mentioned as-
pects. Different technologies for NO_
reduction have been explored, and some
of them are already implemented on
Wiartsild engines. A brief overview of the
available technologies is presented below.

HIGH PRESSURE CHARGE AIR SYSTEM

This technology is based on the effect of
the Miller Cycle (early inlet valve closure,

and North Sea,

English Channel
+additional new
areas)

o
0l% T T—T 1T T T T T T T T T 1
0 o o —~ «o M < {n\ O ~ 0 o
o O — = — = v—{‘ — — o~
o O o O O o O o o o o o
N N N N ¥ N | w N N N «

2020 —

- US & Canada costal water
— Mediterranean sea

2021 —
2022 —

© MO fuel sulphur cap
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Pressure ratio — NO, trade off
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O Wrtsils 20 prototype two-stage system

IVC, before bottom dead centre) on the
combustion temperature. By anticipating
the inlet valve closure the effective com-
pression ratio is reduced leading to a lower
temperature in the compression and ex-
pansion phase. Since NO, formation is
thermally activated, the Miller cycle has a
remarkable potential in terms of NO, re-
duction. To keep the same air-to-fuel ratio
(thermal load), higher boost level is needed
to compensate the reduction of the effec-
tive displacement during the intake stroke.

Consequently the biggest limiting factor
in applying the Miller Cycle is the pres-
sure ratio demand from the turbo charg-
er (TC). Based on the test results, the
boost pressure needed to maximize the
gain in terms of NO_ reduction is clearly
beyond the single stage turbo charging
system potential, as a consequence the
two-stage TC system is the preferred solu-
tion for such technology.

The two-stage TC system has been tested
on a Wartsild 20 medium speed engine,
O, where a NO, reduction of 40 % was
achieved with overall compressor pressure
ratio of 9 [1].

Other benefits of the two-stage system
are the superior TC efficiency (about 10 %
higher than the single stage) resulting in
improved engine fuel consumption and
the possibility to increase the engine out-
put (brake mean effective pressure) thanks
to the boost pressure availability.

The main drawback of the two-stage
system is the part load behaviour where
the combination of the TC system charac-
teristic (sharp drop in boost at low engine
load) and the Miller timing leads to gener-
ally poor performance (steady state and

MTZ 0612010 Volume 71

transient). To cope with this problem
Wartsild has developed the VIC system
(Variable Inlet valve Closure) that enables
the Miller timing tuning at different loads.
This system is already in production on
the Wartsild 32 D in combination with a
high pressure single stage charger and
Miller timing.

Similar effect of the four-stroke Miller
cycle is obtainable on Wartsild two-stroke
engines by closing the exhaust valve later
and compensating again for the lower
effective compression ratio by increasing
the scavenging pressure. Such tuning
gives similar benefit in terms of NO_ re-
duction as on the four-stroke engines.

LOW NO, COMBUSTION TUNING

The Low NO_ combustion tuning, @, is
achieved by increasing the compression ra-
tio as close as possible to maximum firing
pressure and, at the same time, by slowing
the injection rate in order to minimize the
pressure increase rate in the combustion
chamber. The target is to get close to the
constant pressure combustion (theoretical
Diesel Cycle) resulting in a lower combus-
tion peak temperature and consequently
lower NO_emissions. Piston top design
and injector lay-out are optimized accord-
ingly. The emission reduction potential is
the range of 10 to 15 % with limited fuel
consumption penalty.The penalty in fuel
efficiency has been minimized by increas-
ing in-cylinder pressures up to 230 bar.

By utilizing the flexibility of the elec-
tronic fuel injection equipment it is pos-
sible to tune the combustion for low NO_
emission along the whole engine opera-

tive field. For this reason, common rail
technology is part of the concept as well.

EXHAUST GAS
RECIRCULATION SYSTEM

Exhaust Gas Recirculation (EGR) is a tech-
nology largely applied in the automotive
industry. By recirculating cooled exhaust
gases in the combustion chamber the
effective lambda (air-to-fuel ratio) is re-
duced without impacting the engine ther-
mal load. As a result of the lower air to
fuel ratio and consequently of the lower
oxygen concentration, a remarkable re-
duction on NO, emission can be achieved
(-60 %). Main drawback of this technol-
ogy for the marine application is the in-
compatibility with High Sulphur Fuel (HSF).

Use of EGR requires further development
of the fuel injection equipment in order to
cope with the particulate emissions and
soot. Injection pressures need to be further
increased from today’s 1800 bar and post
injection will become a standard.

WETPAC TECHNOLOGY

Water can be used as a mean to reduce
the NO, emission. Water vapour acts as a
temperature damper and dilutes the oxy-
gen concentration in the combustion air,
reducing the NO, formation rate. If water
is directly injected in the combustion
chamber it has the additional affect of
cooling the combustion process directly
(energy is required for heating up and
evaporating).

Different Wetpac technologies have
been developed by Wartsild to control the

15

personal buildup for Force Motors Ltd.



COVER STORY LARGE-BORE ENGINES

NO, emission: Wetpac H, Wetpac E,
Wetpac DWI.

In the Wetpac H (Humidification) con-
cept the combustion air is saturated with
water immediately after the compressor.
By increasing the air temperature after the
compressor cooler it is possible to reach
Water to Fuel (W/F) ratio up to 1.3, re-
sulting in NO_ reduction of 40 % [2].

In the Wetpac E (Emulsion) concept
fuel is mixed with water before injection.
Achievable water fuel ratio is related to
the injection system capacity, and normally
it is possible up to 0.3 with a resulting NO,
reduction of 20 % [2].

In the Wetpac DWI (Direct Water Injec-
tion) water is directly injected in the com-
bustion chamber. 50 % NO, reduction is
achievable with a W/F ratio of 0.6 [2].

Main concerns in using wet technol-
ogies are linked to high water consump-
tion, its availability on board and the cost
to treat it.

NITROGEN OXIDE REDUCER

Selective catalytic reduction is one of the
most effective ways of reducing NO_emis-
sions. Urea injected in the exhaust pipe
evaporate to form ammonia (NH,) that
reacts on the catalytic substrate, reducing
NO_ to N, (Molecular Azoth).

Test results on the Wartsild Nitrogen
Oxide Reducers (NOR) prototype installed
on the Wartsild 26 laboratory engine, @,
have shown NO_ reduction rates up to
90 % . Total hydrocarbon (THC) and par-

I (MO limit
- & - RT-flex IMO-compliant

I RT-flex tuned for IMO-20 %
- A - RT-flex tuned for IMO-20 %

N
o1

] *
] A, T~
20T AR 2
] T A S ..
£ B N ~ D ’
% 15 N 4 N
s ] A - -
Z 10 +
= ]
51
0 1 1 1 1
25 % 50 % 75 % 100 % Weighted
Load Load Load Load average

O RT-flex58T-B sequential injection for low NO, tuning

ticulate emissions are also positively af-
fected. Since the NOR technology allows
to meet the IMO Tier III level, Wartsild
has started the design and the production
of a modular NOR family to cover the
engine portfolio.

Biggest challenge for the application of
NOR is the engine integration. NOR re-
quires a specific operating temperature
range as a function of the fuel quality (sul-
phur content) and this has to be matched
with the overall engine performance (ex-
haust gas temperature). The integration is
more challenging on two-stroke engines
where NOR has to be installed before the
turbocharger for temperature reasons.

DUAL FUEL AND GAS TECHNOLOGY

Wartsild offers different gas engine tech-
nologies in its portfolio: SG (Spark ignited
gas), DF (Dual Fuel), GD (Gas Diesel).
Differently from the GD concept where
the gas is directly injected in the com-
bustion chamber, the gas is injected at
low pressure into the intake port in the
DF and SG engines. The combustion mode
is homogenously premixed and lean (air-
to-fuel ratio close to two) resulting in a
lower and even combustion temperature,
leading to very low NO_emission levels
(more than 85 % reduction versus

IMO Tier I).
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In particular the DF engine is currently
very attractive for some specific Marine
market segments (e. g. LNG carrier) be-
cause of the possibility of running on dif-
ferent fuel (LFO, HFO, “low pressure” GAS).
In future this concept will be even more
interesting since it has the potential to be
IMO Tier III compliant in gas mode (ECA
area) and IMO Tier II compliant in liquid
fuel mode (non ECA area).

EVALUATION OF CANDIDATE
TECHNICAL SOLUTIONS

Most of the technologies for NO, reduc-
tion are not sufficient to achieve the IMO
Tier III emission level. Only with the
Nitrogen Oxide Reducer and Gas engine
technology, it is possible to hit the future
Tier III emission target, @.

Potential combinations of different tech-
nologies can be used to reach the limit. At
this point in time it is crucial to test the
compatibility of the different technologies,
to evaluate the technical risks and to under-
stand the implications on the total cost of
ownership. For this purpose, various candi-
date Tier III solutions, which were derived
from combinations of compatible individ-
ual technologies, have been analyzed from
a lifecycle cost point of view, thereby con-
sidering specific engines from the Wartsild
portfolio. In this context, various typical
scenarios regarding operational characteris-
tics and fuel quality requirements have
been taken into consideration. In the deter-
mination of first and operating cost effects,
current market data have been used, sup-
plemented by estimates on the basis of
prototype installations as necessary.

For the four-stroke engines, we can con-
clude that there are various options which
are largely similar in terms of their lifecy-
cle cost effect. However, the combination
of two-stage turbo charging technology
and SCR seems to be particularly interest-
ing. The analysis also clearly indicates that
the cost increase related to the use of Low-
Sulphur Fuel in ECA Area represents the
dominant factor of the cost calculation.
This study hence suggests that the exhaust
scrubber technology, enabling the opera-
tion with residual fuel also in the ECA
area, would have a relevant impact on the
ship operating cost.

Anyhow, due to the uncertainties on the
future fuels and urea market prices, it is
difficult at this stage to take a final deci-

MTZ 0612010 Volume 71

O High pressure TC sys. (2-stage)
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sion on the best Tier III technology and
other promising combinations such as the
Wetpac and EGR plus two-stage TC sys-
tem deserve further evaluation.

IMO TIER Il AND TIER IlI
EMISSION ROADMAP

Within 2009 the Wartsild product portfolio
will be IMO Tier II compliant with limited
penalty in terms of efficiency and/or out-
put compared to the Tier I concepts. At
the same time, improved Tier II solutions
mainly utilizing the new turbo charger
generation, flexible valve timing, and up-
dated engine design for higher firing pres-
sure are under development.

The development of Tier III concepts
with after treatment is currently ongoing.
Engines will be tuned for low specific fuel
consumption and high exhaust gas tem-
perature (340 to 360 °C) to enable SCR
operation with high sulphur residual fuel.
This concept will be optimized for waste
heat recovery as well.

Tier III concept based on internal en-
gine methods will be by far the strongest
focus in next four years. In this timeframe
the most promising technical solutions
will be tested and developed into a prod-
uct. High pressure turbocharging com-
bined with Miller Cycle and increased
valve timing flexibility will be the base for
the concept development.

Gas engine Tier III concept development
will be run in parallel. Main focus will be
on Dual Fuel engine and in particular on
liquid fuel mode performance. Efficient
HFO operation is needed in order to im-
prove the operating cost in the non ECA

area where the engine could run on liquid
fuel according the IMO Tier II emission
limit. At the same time Tier III multiple
engine solutions (pure gas for ECA area
and Tier II Diesel for non ECA) will be
investigated. Final goal for Wartsild is to be
prepared for the 2016 + market with com-
petitive technical solutions fulfilling at best
the need coming from different customers.

CONCLUSIONS

The upcoming IMO Tier III emission
limit is very challenging. Based on cur-
rent knowledge, high pressure turbo-
charging, multi fuels operation and after
treatment (NOR) seem to be the key
technologies for the future.

Operating flexibility between different
emission areas will be a key success factor
for the future engine concepts. Required
fuel quality (LSF) in the ECA areas might
affect significantly the lifecycle cost for the
ship operators. Scrubber technology could
be a key factor to tackle this challenge.

In the coming years Wartsild will con-
tinue exploring and testing different tech-
nology combinations for NO, emission re-
duction aiming to develop the best pos-
sible Tier III solutions based on engine
internal methods, after treatment and gas
technology.

REFERENCES

[1]1 C. Wik, B. Hallback: Utilization of two-stage
turbo charging as an emission reduction means on
a Wartsila four-stroke medium-speed diesel engine.
Paper no. 101, 25" CIMAC Congress, Vienna 2007
[2] J. Hupli, D. Paro: Humidification methods for
reduction of NO, emissions. Paper no. 112, 24"
CIMAC Congress, Kyoto 2004

17

personal buildup for Force Motors Ltd.



P17 SI010N 82104 Joj dnpjing [euosiad
e E .....1\ .........nf. Jqﬂ

e A
T

=T
(S
X
=
<C
o
O
o
L
(m)]
=
=
>
O
>
o
-
n
>
o
=z




MTZ 0612010

is Manager R&D Process and
Abrasives Development at Nagel
Maschinen- und Werkzeugfabrik

AUTHOR HONING SIGNIFICANTLY REDUCES FRICTION

In the past few decades, continuous improvement to the finish-
ing process (honing) of engine cylinder bores has led to a
considerable reduction in engine friction, wear, and oil con-
sumption via modifications to the surface topology. Further
process optimizations, such as helical slide honing, have been
JOSEF SCHMID integrated into production through developments to the honing
machine, hone tooling, and hone process. In addition to
improving the surface structure, honing, as a quality-determin-

GmbH in Nirtingen (Germany). ing finishing process, could also contribute to a further reduc-

Volume 71

tion in frictional losses by compensating for bore distortions;
e.g. torque plate honing (honing under tension to simulate cyl-
inder head bolt-up distortion). In some cases, the material or
surface optimization potential (in the case of great distortion)
has only been recognized as a result of this.

HONING TECHNOLOGY DEVELOPMENT
AS A SOURCE OF INNOVATION

Machinery suppliers alone cannot take all the credit for these
advancements. Honing machine manufacturers, who are
responsible for the finishing process, depend on the coopera-
tion of engine development engineers and related component
suppliers. In order to exploit even more potential, the develop-
ment of honing technology must not be considered to be more
than one single measure. Today, this is considered to be both a
source of inspiration as well as a reactive measure to a com-
plex interaction of many variable individual factors, @. Here,
this finishing process has different requirements to meet, both
from the development side, as well as from the production per-

O The honing process, taking the constraints of the engine into account

Ventilation bores

Honing overrun
* Ring tension = Stability: Deslgnr?
= Material * Peak fire pressures. Distortion

* Geometry/shape | | » EGR rates [static, dynamic eic,)

What is the regquired
minimum ail film
thickness?

Honing with torgue plate

Lazer structuring

amond honing

Laser exposuring
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INDUSTRY CYLINDER CRANKCASE
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spective of the customer, @. The tribo-
logical process present in an operating
combustion engine is very complex and
to date, only some of these processes
have been researched. A lack of knowl-
edge has led to a wide variety of honing
theories, and therefore to numerous hon-
ing variants employed throughout the
industry.

UNECONOMICAL VARIETY
OF PROCESSES

These many variations in the finishing
process for the basic combustion engine
employed by engine manufacturers are
not desirable; for cost and quality reasons
and for logistical reasons. In addition, fur-
ther developments and/or release proce-
dures are required for every combination
of surface variant and corresponding pis-
ton ring. Therefore, the machinery sup-
plier and engine manufacturer responsible
for final the production process must criti-
cally scrutinize all “honing theories” to
dispel prevalent misconceptions relating
to the hone process.

STUDIES CONTRADICT THEORIES

For example showed an analysis of the
long held theory “oil pumping”, whereby
engine oil can be pumped by the piston
ring with every stroke through the
numerous honing valleys in the combus-
tion chamber and is supposedly the pri-
mary cause for oil consumption, that it
cannot be true. If this were true, the oil
consumption of “normally” honed
engines would lie in the range of the fuel
consumption [1]. It also can be shown
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that “isolated micro-pressure chambers”
do not exist. As soon as a hydrodynamic
lubricating film builds up, which is actu-
ally self-evident, this system is then a
communicating system. The direct con-
tribution of the graphite (“open graphite
for self-lubrication”) to the tribology of
the combustion chamber surface is
extremely questionable, since these are
recessed after a short time due to cavita-
tions, @. Further proof against this the-
ory is the widespread use of diamond
honing (which increases the imbrications
in the graphite lamellas) has prevailed as
the most common reliable and economic
production process.

The assumption that a relatively rough
honed surface is required for compensa-
tion of bore distortion in order to “seat”
the piston ring to the cylinder wall is also
incorrect. The correction potential of a
rough honed surface is 1 to 2 um, whereas
the static distortion due to cylinder head
mounting is in the range of 20 to 40 pm.
Therefore, it makes more sense to hone to

1000

© Recessed graphite lamellas on a run cylinder surface

@ The honing process, taking the production conditions
into account

a finer surface finish, minimizing friction,
than honing a rougher finish for the pur-
pose of high run-in wear.

SLIDE HONING

One of the most important measures when
developing a production process is ana-
lyzing the run-in surface of the finished
cylinder. As a result, slide honing (i.e. the
generation of a pseudo “run-in” surface
topography via the honing process) has
been developed and has been implement-
ed in more than forty production applica-
tions worldwide in just a relatively short
time span. Production implementation in
a wide range, from compressor applica-
tions to passenger car engines and truck
engines (gasoline and diesel) has been so
quickly realized because the development
of the abrasive was integrated with the
hone process development at the machin-
ery supplier. This allowed for quick, indi-
vidual reaction to the respective compo-
nent and material differences.
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4] Cylinder microscope image passenger car engine after 1200 h test run

HELICAL SLIDE HONING PROCESS

This experience in the non-automotive
area (compressor applications) has led to
re-evaluation of the honing angle and its
function, especially in the reversal areas.
For the O.D. honing of piston rods, the
inclusion of axial honing valleys for
reducing friction and wear has been
prevalent. Due to their slow stroke
speed, these do not run in the hydrody-
namic range. These areas also exist for
piston power machines at the reversal
points and are subject to the highest
wear. It was therefore logical to investi-
gate whether this was transferable to the
combustion engine. Here, it was shown
that during the 1.D. honing of cylinder
bores, the optimum honing angle lies in
the range of 140°, taking the production
machinery as well as product functional-
ity into account.

Together with a reduction in the hon-
ing valley width, a wear resistance,
unreachable before, was achieved due to
the topography produced by the helical
slide honing process, while simultane-
ously reducing oil consumption in pro-
duction engines [2]. For the same range
of Rvk values, there is an improved sur-
face stability as compared to a standard
plateau honed surface. Increasing with
run-time, there is lower wear and fric-
tion, @, especially in the reversal areas.
The reduced friction values were con-
firmed within the scope of the EU project
“Qil-free powertrain” on an unfired test
bench [3]. An advantage of this honing
method is its wide range of applications.
Production applications reach from
industrial engines to utility vehicles to

MTZ 0612010 Volume 71

gasoline passenger car engines. With
material-related adaptations, helical slide
honing is now also used in production
applications of aluminium cylinder sur-
faces. Especially in the case of the alu-
minium application, the cooperation of
all areas of expertise, from engine devel-
opment, machine manufacturers and pis-
ton ring and material suppliers, has con-
tributed to its success. The implementa-
tion of the helical slide hone process
now allows the focus of alloy develop-
ment to be directed towards strength
rather than by silicon crystals determined
tribological functionality. The latter is
now determined by the honing.

ALTERNATIVES TO
SURFACE STRUCTURING

Further development of the finished cyl-
inder surface includes varying methods
of “structuring” the bore surface. Some-

O Further developed, finer laser structure

times referred to as ,laser honing*“, struc-
turing of the cylinder surface employing
a laser has been in production since
2000. As opposed to the valleys of a heli-
cal slide honed surface, relatively wide
structures from 50 to 80 pm are typical of
the laser structured surface.

Another application of this laser tech-
nology in production is laser exposuring.
As opposed to structuring, not only is the
topography changed, but also the mate-
rial properties in the area near the sur-
face. Special cylinder bore pre-machining
methods are employed in the production
implementation of this process. Cur-
rently, finer laser structures (< 40 pm)
are being investigated with regard to
their production applicability, @.

Advances in machine technologies;
control systems and tooling allow the gen-
eration of new surface structures, even
with diamond honing, e.g. with different
characteristics in the axial direction, @.

O Variable honing structures in the axial direction
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INDUSTRY CYLINDER CRANKCASE

BaE pEasy)

ar -

Cylinder C1

Cylinder C2

Cylinger C3

@ Simulated deformation of piston bores by the assembly of a cylinder dummy head

Cylinder C1 Cylinger C2 Cylinder C3 Cylinder C4 Cylinder C5
CYLINDER (el c2 c3 c4 C5]
CYLINDRICITY
3.2 3.8 3.4 3.6 5.1 pm
ROUNDNESS
Level 1 (5.00 mm) 19 1.5 1.4 1.8 1.6 pm
Level 2 (7.00 mm) 1.8 1.5 1.5 1.7 1.5 um
Level 3 (9.00 mm) 1.8 1.6 1.5 1.7 1.3 pm
Level 4 (17.00 mm) 15 2.0 1.8 1.9 1.1 pm
Level 5 (24.00 mm) 1.7 2.3 2.1 2.5 1.1 pm
Level 6 (39.00 mm) 2.4 2.7 2.6 2.9 2.1 ym
Level 7 (70.00 mm) 25 1.9 1.8 2.0 3.1 pym
Level 8 (110.00 mm) 2.8 1.9 2.0 1.9 3.1 ym
STRAIGHTNESS
Angle 1 (0.0°) 1.7 1.3 1.5 1.4 1.3 pm
Angle 2 (90.0°) 1.0 1.5 1.9 2.3 1.1 ym
Angle 3 (180.0°) 1.9 2.1 1.6 15 2.7 pm
Angle 4 (270.0°) 1.2 2.7 2.0 1.7 2.8 pm
PARALLELISM
Angle 1 (0.0°/ 180.0°) 19 2.1 2.1 17 28 um O cyiindricity after honing
Angle 2 (90.0° / 270.0°) 43 30 24 2.7 44 um with a torque plate and the

LOW-FRICTION MATERIALS

corresponding shape values

personal buildup for Force Motors Ltd.

ed for race applications, as these engines
practically have no run-in phase. Especial-
ly high demands are put on the honing
quality of cylinder bores for racing appli-
cations. Even high volume production, a
similar porous surface without protrusions
is indispensable for reliable function.

The range of alternative materials for
which honing methods have already been
pre-developed is very broad and ranges
from ceramic layers to metal/ceramic lay-
ers all the way to multiphase metal layers,
which can be applied as powder or wire,
using a flame, arc or plasma. An advan-

AND COATINGS

Another field of activity for production

development is the fine machining of fric-
tionally favourable materials; e.g. coatings.
Plasma coatings have long been establish-

22



tage of a porous sprayed layer is that the
surface topography remains practically
constant over the entire service life of the
engine, regardless of wear.

AVOID BORE DISTORTION

One potential factor for reducing friction,
which cannot be underestimated, is the
minimization of bore distortion. How-
ever, this fundamentally must come from
the component design. There are many
causes for cylinder distortion, which can-
not be completely remedied by “form-
correcting” honing.

But also in the case of constructive
measures, e.g. monoblocks or stronger
materials, cooperating with the develop-
ment department of the engine builder is
required for providing the right tools
and/or abrasives, for example.

Honing with a torque plate is a proven
way of compensating for the static distor-
tion seen during cylinder head assembly.
This static distortion is simulated when
the torque plate is bolted on prior to fine
boring and honing, @ and @. This tech-
nology has been standard in racing for a
long time, and is commonly used in the
production of many diesel and some
gasoline engines. From a production
standpoint, this method is more expen-
sive, but it allows the ring tension (espe-
cially the oil scraper ring) to be greatly
reduced, which contributes to an overall
reduction in engine friction. This is espe-
cially evident when an optimized honing
process, such as helical slide honing, is
employed and is already used in series
production.

FREE-FORM HONING

As an alternative to torque plate honing,
and theoretically, “free-form” honing
offers more freedoms in engine block
design. There are two approaches to this,
first the position-dependent piloting of
(short) honing ledges. A non-round, non-
straight bore is generated directly with
the goal of reproducing a negative form
of the assembled distortion. Distortion
direction and magnitude varies by bore
and location within the block, so each
bore must be corrected individually. Wall
thickness variation and other form devia-
tions due to core shift when the blocks
are cast, cannot realistically be taken into

MTZ 0612010 Volume 71

consideration. Whether or not “free-

form” honing will be employed in a pro-

duction process depends, in no small
part, on how the problems regarding in-
process measurement, surface consist-
ency, machining times, and tool wear are
solved.

Second, an alternative method is to
hone using tension, which is generated
by applying an external force in the verti-
cal and horizontal directions.

Even though only simple deformations
of low order can be generated this way,
this method could be implemented in a
reasonable time frame on existing ma-
chinery. Currently, investigations are on-
going as to whether the theoretical
potential of this process can be achieved,
in combination with a friction-optimized
surface, and at a non-prohibitive cost [4].

Other advantages for this process
include:

a round bore is still machined the tar-

get form is only created after relaxa-

tion of the tension forces, as is the
case with torque plate honing, all

existing in-process measuring and
process correction options can be

utilized

the position of the bore (perpendicu-

larity, parallelism, straightness) can

still be maintained (using long honing
ledges)

the effect of casting core shift is taken

into consideration.

Fundamentally, the future potential of

form honing cannot be overestimated,

since it cannot reasonably compensate
for the non-static deformation (or only to

a very limited degree), which arises dur-

ing real motor operation. Possible causes

for cylinder deformation are:

: static distortion due to assembly (e.g.
cylinder head, additional units)
dynamic distortion (ignition pressure)
thermal distortion (in general and
additionally in material compounds,
e.g. Fe-Al)
distortion due to aging processes
distortion due to piston movement
(friction, buckling).

Furthermore, when form honing, remem-

ber that because piston clearance keeps

getting smaller, this method has limits for
piston assembly, respectively the crank-
case might have to be retensioned. Thus,
form honing can only support construc-
tive measures, but cannot replace them.

CONCLUSION

For each application case, check which
measures from the areas of construction,
materials and honing technology result in
the optimal cost/benefit ratio to reduce
friction, wear and oil consumption.
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INDUSTRY MEASURING TECHNIQUES

NO, conversion efficiency
/

SCR catalyst fill Urea injection quantity

SCR CALIBRATION USING DESIGN
OF EXPERIMENTS

NO, catalysts play a key role in reducing oxides of nitrogen. Further degrees of freedom
are introduced into the calibration process when a selective catalytic reduction (SCR)
system is incorporated. Ricardo and General Motors have developed an advanced calibra-
tion process which counters the increasing complexity of powertrain calibration by using
Design of Experiments (DoE). A reduction in development outlay can be achieved despite
increased system complexity.
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ENGINE AND SCR SYSTEM
OPTIMISED IN PARALLEL

In the relevant emissions regulations for
diesel engines due in the coming years the
reduction of oxides of nitrogen (NO,) in
exhaust gas is of great importance. Experi-
ence shows that the successive optimisa-
tion of engine and selective catalytic re-
duction (SCR) systems does not necessar-
ily lead to optimal powertrain calibration.
Engine calibration strategies, like exhaust
temperature management, are necessary
and these should ideally be calibrated in
parallel with the SCR system but, for prac-
tical reasons, are often done before SCR
calibration. Therefore, time intensive and
costly development cycles may result from
SCR calibration.

The authors like to present an alterna-
tive calibration methodology for the cali-
bration of an engine and SCR system.

For this purpose the method set out here
involves design of experiments (DoE). The
advantage of this method lies in the combi-
nation of an engine model and an exhaust
system model. In the case of the engine, as
with other conventional applications of
DoE, the model is created from test data.

A unique characteristic of the presented
procedure is that a DoE model of the
exhaust and aftertreatment system is
employed in conjunction with the engine
model. This makes it possible to simulate
and optimise the system as a whole for a
desired drive cycle. The goal is to calibrate
the ECU to give the lowest fuel and urea
consumption with allowance for the appli-
cable emissions legislation. Through simul-
taneous rather than successive optimisa-

tion, a reduction of the development cycle
for the calibration of an SCR exhaust sys-
tem can be achieved. The paper is based
on a collaboration work for the DEPE con-
sortium [1, 2].

APPROACH

For the described development programme,
a turbocharged diesel engine of approxi-
mately 2 litre capacity with common rail
fuel injection system was used. A diesel
oxidation catalyst (DOC) was fitted in the
exhaust system. After the DOC, the NO_
catalyst was located with the necessary
dosing unit for the urea. The SCR system
consisted of two bricks with copper zeo-
lite coated cordierite substrate (cyclosili-
cate). @ shows the principal exhaust-gas
system layout with the measurement
points.

The calibration process can be broken
down into two phases. In the first phase
the DoE model for the engine and the
exhaust system are set up. In the creation
of the DoE models for the engine the
standard control unit variables were taken
into account, namely injection timing,
injection mass, EGR rate, rail pressure and
boost pressure. Differing from the normal
calibration process the exhaust system is
represented by a model capable of pre-
dicting instantaneous NO_ conversion effi-
ciency. Both DoE models are combined
and used together during optimisation to
generate a base engine calibration and an
initial urea injection map.

In the second phase the engine calibra-
tion is optimised. Therefore, a DoE test is
carried out utilising the real SCR system

@ Schematic of the exhaust-gas

';h:’”m“tﬂt points: system with five components and
. Engine ou .
5 PreDOC megsgrement points for temperature,
3. Post-SCR emissions and mass flow
4, Pre-SCR
5. Post-SCH catalyst or “tailpipe”
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| DOC
(11111
SCR
| e |
|
5 ==
e |
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Fuel kg/h Turbine out temperature °C
(6]0] g/h DOC inlet temperature °C
HC g/h DOC outlet temperature °C
NO g/h SCR catalyst inlet temperature °C
NO, g/h SCR catalyst outlet temperature °C
NO, g/h ECU fuel demand mg/cycle
Soot g/h Boost pressure hPa
Particulate matter (PM, estimated) g/h Exhaust-gas mass flow rate kg/h
Combustion noise dB(A)

© Modelled measurements

on a test bed. The goal is to optimise
urea dosing quantity depending on speed
and load.

PHASE 1: CREATION OF
DOE MODELS FOR THE ENGINE

A global DoE model was developed for
the engine. In the global approach, which
produces very substantial reduction in test-
ing compared to conventional key point
methods, engine speed and load are input
variables in the DoE design. With addition-
al consideration of SCR behaviour, it is
possible to carry out the final optimisation
of the engine map based on the global
engine model for any given drive cycle.

In @ the design space for the engine
DoE model can be seen. It is possible to
see the asymmetric distribution of test
points which results from the use of 3D
design constraints. These constraints
avoid variable combinations where the
engine is not able to run. The test plan
was carried out on a fully automated test-
bed with a total duration of 25 hours for
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200 test points. The DoE models, which
characterise the behaviour of the engine,
are shown in ©.

The modelling of the given measure-
ments in ® required less than a day to
complete. The applied modelling approach
is based on stochastic process models
(SPMs) [3]. A key advantage of SPMs,
compared to other advanced methods, is
that an expert user is not required to get
good results. The generated models for
compressor out temperature, combustion
noise, soot, NO, and NO are shown in @.

CONSIDERING THE THERMAL
INERTIA OF EXHAUST SYSTEM

As all measurements were steady state the
models developed from the measured data
only give information about the engine
behaviour in steady state conditions.
When temperature SPMs are used for a
later drive cycle optimisation, the resulting
temperature variations, caused by the ther-
mal inertia of the exhaust system, must be
considered. For this reason, a phenomeno-
logical temperature model of the exhaust
system upstream of the SCR was applied
to predict pre-SCR temperature from the
modelled turbine out temperature. The
phenomenological model was a simple
heat loss model for a pipe and DOC.

GENERATION OF A DOE MODEL
OF THE SCR SYSTEM

As the last step in phase 1, a DoE model
for the SCR system was created. As is

30

NO [t
]
(=]

HO, [gh]

Soat [gh]
n ra

ok ,// S~ —

90
ig 52 _"_,_./'\“\—._ —
Z3 85
= B4
£ 30
EE 300
£2 25;. —_——
€ 2I:l|:l
E% 150
10301?5025002’0 70 120 800 950 1100 -2 1 4 B0 &5 70 440 470 500
Terdui Rail prissurs Main timing VHT Pesition MAF
lln'l'rll'll [MNm] [Bar] [*BTDC) %] [mgfink.]
Cow 1w & 1 C o5 1 & ) s

(4] Engine model — visualisation of chosen stochastic process models (SPMs)
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(5] Graph of SCR model created by DoE

shown in @ the SCR system involved a
urea injection system. The phenomeno-
logical model of the SCR catalyst was cre-
ated in Matlab/Simulink. The computer
model incorporates the urea-based NO_
conversion chemical reactions and also
the reaction kinematics which are depen-
dent on the concentration of reactants.

In real SCR systems it can be seen that
when exhaust NO/NO_ ratio is 0.5 the
conversion performance at low exhaust
temperatures is considerably increased.
This fact can be used, for drive cycle

Call Pririe 1 5PN
mcdels for emperature
& post DOC emissions

D Inputs: . 5
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based calibration optimisation. Due to the
complexity of the Simulink model the
simulation of drive cycles takes a long
time. Therefore, it is advantageous to
“translate” such a physical model into a
SPM to realise the benefit of fast calcula-
tion of system response. Thus the engine
and SCR calibration is able to utilise fully
computer based optimisation, which typi-
cally runs through hundreds of thousands
of optimisation situations. The SPMs of
the SCR system created by Simulink are
shown in ©.
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The SCR model shown in ® gives the
behaviour of the SCR system on a second
by second basis. For drive cycle simula-
tions the SCR model is calculated time-
based to take the continually changing
NH, amount into account which is stored
in the SCR system. This is necessary as
the NH, catalyst fill level has an impact
on NO_ conversation efficiency. It can be
seen that the NH, slip increases sharply as
soon as the amount of stored ammonia
reaches the saturation (“NH, stored”).
The presented SCR model can be linked
to the engine model in @.

CLOSED-LOOP OPTIMISATION
OF ENGINE AND SCR CALIBRATION

The Phase 1 DoE models are used to gen-
erate the engine calibration and the initial
urea injection quantity map. The optimi-
sation objective applied is the lowest
“total fuel plus urea cost” over the NEDC.
The main constraints taken into account
were NO_ and soot emission targets. The
steps in the process, which were carried
out during the time-based drive cycle opti-
misation, are shown in @.

In a first step the NO and NO, emis-
sions, the exhaust mass flow and the
exhaust temperature of the engine were
calculated. Then the temperature at SCR
inlet was found with the dynamic tempera-
ture SPM. The amount of ammonia avail-
able to the SCR was calculated from the
virtual urea map, which characteristics are
object of the processed optimisation.

Based on an original virtual engine cali-
bration, the maps of engine ECU and in-
jected urea solution are calculated. This
sequence was repeated until a solution
was found where the optimisation criteria
were achieved. The cells in every operat-
ing map were interpreted by the optimisa-
tion tool as independent variables which
could be individually changed. To illus-
trate the magnitude of the interaction

(6] Steps in the process for the combined
optimisation of engine and SCR calibration

¥o)
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OBJECTIVES AND CONSTRAINTS

OPTIMISATION VARIABLES

NEDC RESULT NO,

Minimise engine out NO, (subject to constraints on other emissions and

fuel economy): no urea injection Engine calibration only 190 mg/km
2 Minimise tailpipe NO, (using fixed engine calibration from 1) Urea dose calibration only 108 mg/km
3 Minimise tailpipe NO, Engine and urea dose calibrations together 38 mg/km

Q Comparison of individual calibration phases
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® Models for NO and NO, conversion efficiency of the real SCR catalyst

between base engine calibration and urea
dosing calibration, optimisation results
are presented in @.

Reviewing these results, it is clear that
optimising the base engine and urea dose
calibrations simultaneously, rather than in
series, leads to a significantly better result:
80 % less NO, emissions are achievable
for the calibration methodology presented
here. The impact of the introduced NO_
emission reduction approach will vary
between the used SCR hardware. But this
difference is representative of cycles where
significant base calibration changes are
required to put the SCR catalyst in the
correct temperature window.

PHASE 2: DOE BASED CALIBRATION
OF THE SCR SYSTEM

In the second test phase, the objective is to
optimise the urea solution quantity and
injection pulse rate for each speed and load.
A DoE test was carried out based on per-
turbing the quantity of urea solution either
side of the values in the optimisation maps
generated during Phase 1. The behaviour of
a SCR catalyst depends on the amount of
ammonia stored. For that reason, the fill
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level of the SCR catalyst must be a DoE var-
iable. A procedure was developed that was
able to achieve a pre-determined level of
NO, storage in the SCR catalyst.

DOE TESTING AND
FINAL OPTIMISATION

The design used for the DoE test had

30 cases. Low speed and torque combina-
tion have been excluded from the test
matrix as the NO_conversion at those
load conditions is not possible. @ shows
the DoE models for NO and NO, conver-
sion efficiency of the real SCR catalyst. It
can be seen that the SCR catalyst fill of
NO, has a great influence on the conver-
sion behaviour.

The Phase 2 NO_ conversion efficiency
models are now used with an optimiser to
determine the dose and injection frequency
that maximises conversion efficiency or
achieves a target value. For Euro 6 and other
cycles of equivalent NO_ stringency, it is nec-
essary to maximise NO_ conversion efficien-
cy whether or not the particular operating
point has an active heating strategy. Additi-
onally, the models can be used to verify the
accuracy of the Phase 1 SCR catalyst model.

CONCLUSIONS

The optimisation results for Phase 1 dem-
onstrate the importance of optimising
base engine calibration and dosing in a
single coherent process. In Phase 2, both
urea quantity and frequency were signifi-
cant variables. By using DoE, the behav-
iour of complex systems can be modelled
and visualised. Optimisation of the DoE
models can be performed on PC with
advantages in time effort and cost. Over-
all, compared to a conventional SCR cali-
bration process, the total test duration is
reduced

The high testing requirement for
conventional SCR calibration is partly
explained by the need to put the SCR
catalyst into the correct temperature
region; without negatively affecting the
fuel consumption characteristics. The
temperatures are difficult to achieve due
to the low engine load of the driving
cycles. This time intensive and costly
project phase is, in this concept, reduced
by more extensive use of computer simu-
lation. In conclusion, it can be estab-
lished that, in comparison to conven-
tional SCR calibration, a reduction in
total test time in combination with bet-
ter overall optimisation is achieved.
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NEW FLOW BENCH
FOR CYLINDER HEADS, INDUCTION
AND EXHAUST SYSTEMS

Cylinder head measuring station with
automatic valve adjustment unit, stabilizer
pipe delivery and cylinder head support

In 2008/2009, the BMW Group in Munich completed a section of its Test Equipment Centre, outfitting it with
numerous test stations for engines, drive trains and aggregates. The continuous improvements being made in
modern combustion engines and the resulting demands on test stand technology also called for a new flow
bench for cylinder heads, induction and exhaust systems in Munich. Edag Test Systems in Recklinghausen,
Germany, handled this task for the BMW Group.
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TASK

The cylinder head is the assembly that
plays a decisive role in defining the per-
formance, fuel consumption and exhaust
emission characteristics of a combustion
engine. For some considerable time now,
BMW has been determining and optimis-
ing the flow characteristics of cylinder heads
and other components in the intake and
exhaust tract of combustion engines that
are relevant to the gas exchange cycle on
suitable test stands.

When the new Test Equipment Centre
was being constructed, some thought was
given to the idea of modifying an existing
test stand and moving it from the old pre-
mises in the Riesenfeldstrafie into the new
building.

However, after briefly considering and
observing the many additional functions it
would offer, it was decided that a new test
stand would be the better option. This de-
cision offered the opportunity of operating
the old test system without interruption
until the new test stand was started up.

The new flow bench has a surface area
of approximately 170 m2 in three rooms in
the Research and Innovation Center (FIZ)
of the BMW Group in Munich. The system,
@, comprises two measuring stations, one
for cylinder heads and the other for gen-
eral measuring purposes, each of which is
located in a separate room and operable
independently of the other. There is also
a machine room housing two large screw-
type compressors, a vacuum vessel, a

pressurised vessel and various control cir-
cuits. There is a control room from which
the system is monitored and operated.

The test stand, developed and supplied
by Edag as a turnkey system, was put into
operation in 2009.

FUNCTIONAL EXTENSIONS

The idea behind the planning and the
design of the new test stand is to enable
the functions of the previous tests to be
extended. In this way, the measuring and
control range for mass flow and pressure
were enlarged in order to have sufficient
reserves for future engine concepts even
in the upper performance range. The equip-
ment concept was designed for either open
or, if preferred, closed operation to make
it possible for the test object to intake air
freely from the atmosphere, but also to set
variable degrees of low pressure or over-
pressure as well as differential pressures.
Intended to provide pressure and suction
modes relating to the test object connec-
tion, the concept, in conjunction with a
wide variety of flow path change-over
options on the cylinder head measuring
station, covers virtually any flow instance
imaginable. Due to the extended, fully
automatic functioning of the valve adjust-
ment of the cylinder head measuring sta-
tion, it should be possible to record the
performance data of all the cylinders in a
cylinder head in sequence without the
operator having to intervene or to make
adjustments. It should be feasible to run
both test stations concurrently in order to
ensure the most economical use.

GENERATION AND CONDITIONING
OF COMPRESSED AIR

Two absolutely oil-free, water-cooled screw-
type compressors are used for the genera-
tion of compressed air. These are located in
the machine room and supply both flow
benches with pressurised air, the ,,cylinder
head measuring station with valve adjust-
ment“ and the ,,general measuring station*.
The screw-type compressors are speed-
controlled in sequence. The asymmetrical
design of the compressors permits infinite
adjustment of the mass flow between 500
und 4000 kg/h by controlling the speed of
the drive systems and applying a suitable
switch-on/switch-off concept. Two com-
pressed air reservoirs are used to discon-
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nect the compressor station and the test
stand as well as to stabilise the pressure on
the pressure and inlet sides.

At both compressors, intercoolers and
aftercoolers pre-cool the air to approximate-
ly 30 °C. In the following pressure pipes,
the air is intermittently heavily restricted.
For this reason, there is a further heat ex-
change device before each test station by
means of which the air temperature can be
adjusted to 20 °C + /- 1 °C. This means
that, as measuring is always carried out at a
standard temperature, there is no need to
correct the results in this respect.

Starting from the vacuum and pressu-
rised vessels, the cylinder head measur-
ing station and the general measuring sta-
tion have independent pipe networks
with their own measuring and control
engineering. Volumetric flow is measured
by means of a measuring cascade consist-
ing of several laminar flow elements and
a venturi tube. The evaluation of measur-
ing data, the internal comparison of the
measuring stages for “infinitely variable
measuring” and the calculation of the
mass flow with further measured varia-
bles are all performed by a flow compu-

(2} Cylinder head at the valve adjustment unit

ter. This means that measuring accuracy
across the entire measuring range is bet-
ter than 1 %. A cascade in the inlet and
return pipes, comprising of one control
valve and one needle valve, controls
admission pressure, differential pressure
or mass flow. The control elements were
designed by Edag. The integration of a
bypass pipe between the inlet and the
pressure tanks with a high-resolution
needle valve enables even very small
mass flows to be set at the test stations.

Pressure mode

Exhaust

Intake Exhaust Intake

fn

Intake Intake
Suction mode
Exhaurst

FHn

© Flow instances at the cylinder head measuring station
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The concept described permits a very
wide spread of measuring and control
ranges for pressure and mass flow which is
further increased in the volumetric flow.

CYLINDER HEAD
MEASURING STATION

In this measuring station, @, cylinder
heads of engine blocks with a maximum of
six cylinders undergo fully automatic
measuring. At the heart of the station is a
device which sets each cylinder head on a
component-specific adapter plate. The inlet
port, the outlet port and the combustion
chamber of the test object are adapted to
the flow path by means of stabilizer pipes.
Working continuously and independently
of each other, four position-controlled
servo-motors operate the inlet and dis-
charge valves, positioning them with a pre-
cision better than +/- 0.05 mm. Piezoelec-
tric force sensors are used to find the zero
point of the valve lift. There are a variety
of different settings with linear and angular
adjustment helping to fit the various cylin-
der head geometries on the test stand.

The infeed of the cylinder head from
cylinder to cylinder, the stabilizer pipe car-
rying to the port on the flow path and the
valve operation on the cylinder head all
occur fully automatically. Tests on the indi-
vidual cylinders are carried out one after
another without any additional adjust-
ments, overnight for instance.

The pipe system is fitted with numerous
switching valves so that air can be passed
through the cylinder head in the closed sys-
tem (pressure mode, six flow instances) in
each direction of flow between the inlet,
outlet and combustion chamber. For overlap
testing between the intake port and exhaust
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port, a dummy piston can be inserted into
the adaptation in order to simulate a realis-
tic reconstruction of flow conditions.

In another operating mode (suction
mode, three flow instances), there is the
option of adapting the inlet duct, the
outlet duct or the cylinder to the test
stand’s suction line. Then, inflow is via
the other two ports which remain open
during these tests. A swirl and tumble
measuring device applied below the cyl-
inder head provides data on flow turbu-
lence in the combustion chamber on two
axes. In closed operating mode, either
the mass flow, differential pressure or
pressure ratio can be controlled. In free
intake operating mode (alternative
mode), only the intake pressure behind
the test object can be adjusted within
the limits of -0.05 to -0.3 bar as differen-
tial pressure to the atmosphere. In this
operating mode, the mass flow adapts
itself to the specific test object.

Virtually any flow path, @, occurring at
the cylinder head in real life can be repro-
duced with the concept described here. The
acquired performance data with various
valve lifts serve to evaluate and optimise the
design and production of the cylinder head.

HMI cylinder head HMI universal
test rig test rig
Delphi Delphi

O General measuring station with a charge air cooler as test object

GENERAL TEST STATION

Air flow directing components such as ex-
haust systems, throttle valves, air mass
sensors, etc. can be examined in the gen-
eral test station, @. To this end, the meas-
uring station has one rotating suction line
and one rotating pressure line. Each has a

Test rig
status display
Delphi

variety of contact points to which the test
objects can be adapted to pressure and
temperature measuring points by means
of quick-acting couplings, tubes and stabi-
lizer pipes.

In closed operating mode, this test station
also offers the choice of mass flow, differ-
ential pressure or pressure ratio control.

Bachmann control system

BMW Ethernet

M1
I
i
EDAG Ethernet Profinet EDAG Ethernet Profinet ‘i’-:
(="
BMW Ethernet Profibus DP =
=
CAN-Bus CAN-Bus =
Controller EDAG Mass flow
needle valves mreasurement g
i
Valve positioning £
device
TRmE] EDAG control Swirl and tumble
o butterfly valves measurement
Maobile HMI Maobile HMI
cylinder head test rig universal test rig
Compressor
57 control system @ Automation scheme
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In free intake operating mode, the intake
pressure behind the test object can be ad-
justed within the limits of -0.05 to -0.3 bar
as differential pressure to the atmosphere.
In this mode, the mass flow, as a depend-
ent value, adjusts itself.

Further, the measuring of exhaust sys-
tems calls for a clear blow-out mode.
Here, the pressure is adjusted in front of
the test object and the component-specific
mass flow results.

The characteristic lines and resulting
flow parameters - mass flow, loss of
pressure and temperature - are recorded
throughout the tests. An I/O interface per-
mits further sensors to be linked to the
test object. In this way, temperature and
pressure curves for complex exhaust sys-
tems can be recorded or air mass flow
sensors on the system gauged.

AUTOMATION

An intelligent MSR system, type Bach-
mann M1, which communicates with the
subordinate sub-systems via Profibus, CAN-
Bus, Ethernet and an analogous interface
is used for the automation, @, of the test
stand. The Bachmann system takes over
all measuring, controlling and regulating
functions performed by the software as
well as most of the online calculations. It
is programmed in Structured Text in ac-
cordance with IEC 61131.

In the control room, one industrial PC
per test station is used as the central inter-
face to the operator. A comprehensive
Delphi application installed on this com-
puter carries out all superordinate control
applications as well as data acquisition
and storage. A further observation PC in
the control centre shows all states and
conditions throughout the entire system
and can in addition be used for mainte-
nance purposes.

The test parameters and results record-
ed on the two test stations are stored in
an Access database where they can undergo
further processing. Measurement files can
also be converted into either an Excel or
MDF format and exported. This means
that they are also available for external
evaluation.
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SCREW-TYPE COMPRESSORS

DESCRIPTION

COMPRESSOR 1

COMPRESSOR 2

Rated intake volume flow

380 to 1300 m¥/h

970 to 1920 m3/h

Mass flow 480 to 1680 kg/h 1280 to 2500 kg/h
Min. input pressure (absolute) 0.5 bar 0.5 bar
Max. output pressure (absolute) 6 bar 6 bar

Compressor speed

634 to 1800/min

900 to 1655/min

Engine power 250 kW 315 kW
CYLINDER HEAD MEASURING STATION
DESCRIPTION MEASURING RANGE ACCURACY

Air-mass flow 3 -2000 kg/h < 1% from reading
Primary pressure (relative) at specimen max. 4 bar < 1% from reading
Differential pressure via specimen 0.05 to 4 bar é(:;ggorm reading respectively
VALVE POSITIONING DEVICE

DESCRIPTION START END TOLERANCE UNIT
Number of cylinder in-line 1 6 - -
L;avviiservomotor valve positioning 0 ;zgrox +005 mm
Valve travel 0 20 +0.05 mm
Force per valve max. 1000 - N
Number of synchronous operated valves 1 4 - unit
Cylinder head travel 0 max. 940 <0.1 mm
GENERAL MEASURING STATION

DESCRIPTION MEASURING RANGE ACCURACY

Air-mass flow

50 - 4000 kg/h

< 1% from reading

Primary pressure (relative) at specimen

max. 4 bar

< 1% from reading

Differential pressure via specimen

0.05 to 4 bar

1 % from reading respectively
5 mbar

O Technical data of the flow bench

SUMMARY

In terms of energy efficiency and perfor-
mance yield, BMW has taken a leading
position at international level. The Group’s
engine range goes from four-cylinder mid-
capacity brackets through to large-volume
V12 engines. Increasing stringent legislation
on exhaust emissions and limited raw
material resources have led, among other
things, to the development of super-
charged engines with small to mid-range
engine capacities. In the last few years,
BMW has significantly reduced the fuel

consumption and pollutant emissions of
its fleet in Europe. That environmentally
friendly fuel saving technologies in no
way diminish the pleasure of driving is
the philosophy behind the award-winning
“BMW Efficient Dynamics” technology
package. The enhancement of existing
engine concepts and the development of
new ones call for extensive testing. The
new test stand which shows the following
technical data, @, contributes to this with
its significantly improved functionality,
increased performance data and higher
degree of automation.
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INDUSTRY EXHAUST AFTERTREATMENT

- 3 Inlet

ANALYSIS TECHNIQUES FOR DIESEL
OXIDATION CATALYST AGING PHENOMENA

Increasingly stringent emission regulations in combination with high durability demands for the exhaust
aftertreatment systems require detailed knowledge of the related aging phenomena. In this paper by Empa,
Swiss Federal Laboratories for Materials Testing and Research, contemporary analysis methods are imple-
mented in order to demonstrate chemical and thermal aging on a Diesel Oxidation Catalyst (DOC).
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MOTIVATION

The upcoming Euro-6 emission legislation
poses high demands on the performance
and the long term durability of the exhaust
aftertreatment systems of passenger cars
and trucks. Especially the long term du-
rability can be severely limited due to
aging phenomena, ultimately resulting in
not fulfilling the required emission limits.
An additional problem, attributed to the
increased complexity of exhaust aftertreat-
ment systems, is the impact of aged com-
ponents on other aftertreatment devices.
The continuous passive regeneration of
Diesel Particulate Filters (DPF), for exam-
ple, requires high upstream NO, concen-
tration. Therefore the oxidation of the en-
gine-out NO has to occur in the upstream
DOC. Increased DOC aging results in re-
duced NO, supply thus increasing active
regeneration requirements. Active regen-
eration on the other hand occurs with the
thermal assistance of the combustion of
excess, deliberately generated hydrocar-
bons within the DOC, thus increasing its
thermal load [1, 2].

DOC activity is restricted by chemical
as well as thermal aging [3, 4, 5]. While
the former can be traced to additives in
the lubricating oil blocking the diffusion
of the pollutant molecules to the active

© sem image (a) with superimposed EDX mappings

(b-d) of a DOC, sample with thin deposit layer;

sites, the latter occurs with high thermal
loads and results in the sintering of the ca-
talytically active precious metal particles.

Results regarding different aging pheno-
mena on a used DOC of a small truck are
reported within this paper.

ANALYSIS METHODS

Scanning Electron Microscopy (SEM) provi-
des micrographs of structural changes and
deposits on the catalyst surface. In combina-
tion with Energy Dispersive X-ray (EDX) ana-
lysis element composition as well as associ-
ated spatial distributions can be determined.

With High Resolution Transmission
Electron Microscopy (HR-TEM) structures
at the nanometer scale (e.g. catalytically
active platinum particles) can be resolved.

Contrast based imaging of heavy pre-
cious metals (Pt in this study) suspended
in a matrix of lighter elements (here ALO,)
can be achieved by HAADF-STEM (High
Angle Annular Dark Field - Scanning TEM).
Both the precious metal distribution in the
wash coat and the agglomeration advance-
ment can be quantified.

X-ray Photoelectron Spectroscopy (XPS)
enables the identification as well as quan-
tification of elements on surfaces.

Diffuse Reflectance Infrared Fourier Trans-
form Spectroscopy (DRIFTS) of carbon

gt
R

colour code: (b) red: Al, green: Si; (c) red: P, green: Zn; (d) red: Mg
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monoxide (CO) adsorption on Pt can be
used to investigate the structure of the ca-
talytically active platinum particles. The
vibration frequency of CO strongly depends
on the different Pt sites on which it adsorbs.

The oxidation state of Pt particles is
decisive for their catalytic activity and can
be determined using X-ray Absorption Near
Edge Structure (XANES) spectroscopy. The
height of the platinum absorption signal
(whiteline) is determined for the sample 20 pm
and compared to reference materials like
metallic Pt and PtO,.

The catalytic activity of the DOC with
regard to a certain exhaust gas species is
determined in a plug flow reactor using
precisely defined feed-gas compositions.

CHEMICAL AGING

The identification as well as the distribu-
tion of aging components were determin-
ed by SEM/EDX and is displayed in @.

@ a shows the wash coat from the upstream
gas entrance section (DOC, ) of the exam-
ined DOC. Clearly discernible is the wash
coat (grey colour, on the left) as well as
an approximately 5 pm thick deposit layer
(light grey) on top of it. The right area of
® a shows a part of the empty catalyst
channel. ® b to ® d show the distribution
of different elements in the wash coat and/
or the deposit layer. The coloured pigments

inside the empty channel (right area in : ) ) ) ) ) )

. . X . @ sEm images (left) with superimposed EDX mappings (right) of a DOC, sample with thin (a, b) and thick
each lmage) originate from Slgnal noise. deposit layer (c, d) and of a DOC_, sample (e, f); colour code: (b) red: P, green: Zn; (d) red: P, green: Zn,
In @b, red corresponds to aluminium blue: S; (f) red: P

confirming the high Al content of the
wash coat; no Al exists in the deposit

20 pm

layer. An additional wash coat component 18 7 © surface convcentration of elements in a DOC, |
sample determined by XPS
identified is Si, originating from SiO, or 16 ]
zeolites. Nevertheless Si has also been 1
identified in the deposit layer, possibly 14 -]
originating from fuel based foaming ]
inhibitors. Z 124
® ¢ shows the distribution of phospho- E 1
rus (P, red) and zinc (Zn, green); both in- i 10 -]
gredients of lube oil additives. While zinc é 1
was only identified in the deposit layer, £ 5]
phosphorus accumulates in the deposit E ]
layer as well in the wash coat. Yellow 2 5]
areas in @ c correspond to simultaneous ,E ]
Zn and P detection suggesting the forma- @ 4.
tion of zinc phosphate species. ]
@® d shows the distribution of magne- 2
sium, a further constituent of the lube oil ]
additives, which contributes in form of o4
e.g. magnesium phosphates to the deposit Al ¢ in Mg Co Fe P Si
layer. Minor amounts of calcium have also Element
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been detected (not shown in ®). Phos-
phorus however is the only lube oil addi-
tive constituent with high diffusion into
the wash coat. Zn, Mg and Ca only accu-
mulate in the deposit layer.

@ displays SEM/EDX images from vari-
ous locations of the aged DOC. @ a and
@ c show two representative areas of DOC, ,
while @ e shows a representative area of
the DOC outlet (DOC_ ). @b, @d and @f
display the corresponding EDX element
mappings.

The SEM images in @ a and @ ¢ show
two characteristic structures of the
deposit layer in DOC, . The layer in @ ¢
is approximately 15 pm thick and notice-
ably thicker than the 5 pm thick deposit
layer in @ a. Two distinct areas can be
identified in the deposit layer of @ c. The
first 2 to 3 pm thick inner layer on top of
the wash coat mainly consists of phos-
phorus (red) and zinc (green) com-
pounds @ d. The composition of this
inner layer is similar to the composition
of the thin layer in @ b. The second sub-

=t 20 nm
O HAADF-STEM wash coat images of a DOC

new

stantially thicker layer (approximately
13 um, @ ¢) mainly consists of sulphur
(light blue, @ d) originating from the
lube oil and the fuel. Sulphur could not
be detected within the wash coat.

An SEM image of DOC_ is displayed
in @ e. Interestingly no deposit layer

1.8 1

Morm. absorption

© Normalized XANES
spectra (Pt L, edge)

of DOC,,, (red), DOC,
(light blue) and DOC
(blue); spectra of Pt
and PtO, are shown

for reference

out

T T T T
11.58

Energy [keV]
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11.60 11.62

200 nm ——

(a) and DOC, sample (b); white dots: Platinum particles

could be identified. Phosphorus signal
intensity in the wash coat is very similar
to the noise intensity indicating very
weak, if any, phosphorus deposition.
Since no deposit layer could be observed
in DOC_, consequently no Zn, Mg, Ca,
or S compounds could be identified.
Thus, chemical aging is concentrated in
the DOC, .

XPS delivers quantitative information of
the deposition elements in the first nano-
metres of the surface. @ exemplifies on a
100 pm analysis spot the quantitative ele-
ment composition of DOC, . Zinc, magne-
sium, phosphorus and calcium originate
from lube oil additives. Ferrites originate
from engine wear. In general, all XPS
probes exposed to ambient air feature a
carbon (C) signal originating from
adsorbed airborne hydrocarbons. The
resulting carbon signal intensity usually
amounts to 6 to 9 atom %. The substan-
tially higher values of approximately 17
atom % observed in these samples hint to
soot deposition. Aluminium detection by
the highly surface sensitive XPS demon-
strates the irregular distribution of the
deposit layer. Certain areas must be free
of deposits for the wash coat based alu-
minium to be detected. High Si signal
intensities originate from the wash coat as
well as from deposits.

THERMAL AGING

Exhaust gas temperatures of diesels do
not exceed 550 °C, at least upstream of
the DOC. During phases of active DPF
regeneration large amounts of unburned
hydrocarbons are oxidized in the DOC.
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Even then, the temperatures reached are
not high enough to cause significant
wash coat sintering. However, sintering
of platinum particles can still be pro-
moted. @ a shows HAADF-STEM images
of the wash coat of a new DOC (DOC_),
while @ b depicts the wash coat of the
aged DOC. White points corresponding
to the Pt particles have an average diam-
eter of approximately 4 nm in the new
DOC, @ a. Pt particles in the aged DOC
are approximately four times larger
(average diameter of 20 nm). Isolated,
significantly larger Pt particles have also
been identified.

A further thermal induced effect is the
alteration of the oxidation state of Pt in
the aged DOC. This can be recognized from
the whiteline of the XANES spectrum of
the samples recorded at the Pt L -edge,
©. The spectrum of DOC_ reflects the
presence of both reduced and oxidized Pt.
The attenuation of the whiteline from
DOC,,,, to DOC, (light blue)/DOC_, (blue)
and the comparison with reference metal-

O HR-TEM images of Pt particles from DOC, (a), DOC
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lic Pt and oxidic PtO, reveal that the engine-
aged DOC features metallic Pt as a result
of particle growth.

COMBINED IMPACT OF CHEMICAL
AND THERMAL AGING

O displays high resolution TEM images of
individual Pt particles from DOC, , ® a, as
well as DOC_, ®b, ® c. For a direct com-
parison Pt particles of DOC_, are displayed
in ® d. The differences in morphology
and size are striking. Pt particles of DOC,
are round and smaller than Pt particles of
DOC,,,, which, in addition, are polyhedric.
Comparison of the DRIFTS spectra of
adsorbed carbon monoxide (CO) on DOC,
and DOC_,, @, confirms the structural
changes along the monolith. Adsorbed CO
on even surfaces (blue signal, 2092 cm™)
is significantly lower in DOC_ in compari-
son to the fraction of CO adsorbed on the
edges (red, 2080 cm™ and green, 2055 cm’!
signal in @) of the Pt particles. This is in
agreement with the morphological changes

(b, ¢) and DOC_, (d)

observed with the HR-TEM. While the
sintering of the Pt particles is temperature
induced, the morphological changes are
determined by the environment. In the
phosphorus abundant DOC, Pt sintering
leads to round particles. In DOC_, only
negligible amounts of phosphorus were
detected and sintering leads to the forma-
tion of polyhedric particles [6].

CATALYTIC ACTIVITY

The catalytic activity of all examined parts
of the aged DOC is lower than the one of
the new DOC, @ a only NO conversion is
shown. A comparison of the catalytic
activity of DOC, and DOC_, shows no sig-
nificant differences in NO, CO and HC
conversion. A significant difference con-
cerns the NO, selectivity, ® b, of DOC,
and DOC_,. NO, formation begins at
about 275 °C in all examined aged DOCs.
Nevertheless, the NO, amounts formed in
DOC_, are significantly larger than the
amounts formed within DOC, . The differ-
ences correlate with the different morphol-
ogy of the Pt particles.

CONCLUSION

Chemical and thermal aging phenomena
on DOCs have been characterised with a
variety of analysis techniques. The spatial
distribution as well as the elemental com-
position of deposits have been studied using
SEM/EDX. On upstream parts of the DOC
(DOC,) two different types of deposit lay-
ers with different thickness and elemental
composition were identified. Downstream
parts of the DOC (DOC_ ) were practically
deposit free. Both types of deposit layers
are consisting of lube oil and fuel additive
based elements like Zn, Mg, Ca, S and P.
Phosphorus was the only element identi-
fied inside the wash coat. Surface concen-
trations of the elements have been deter-
mined using XPS.

Thermal induced sintering of the cata-
lytically active Pt particles has been
identified using HAADF-STEM. While
the average particle size in a new DOC
was about 4 nm, the average Pt particle
size was approximately 20 nm in the
aged DOC. According to the HR-TEM
images, the sintered Pt particles found
within DOC,_ had a round structure
whereas the Pt particles found within
DOC,  possessed a polyhedric structure.
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@ DRIFTS spectra of adsorbed CO on Pt particles of DOC, (upper diagram) and
(lower diagram) with corresponding signal deconvolution (blue, red, green)
— the various signals represent Pt-CO species adsorbed on different Pt sites
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DRIFTS measurements confirmed the
different structures. The particle struc-
ture is correlated with the presence of
phosphorous in the wash coat. Pt-P
interactions result in round Pt agglomer-
ates during sintering.

XANES measurements revealed that for
DOC,, platinum is present both in metal-
lic as well as in oxidized form. In case of
DOC, and DOC_, platinum is almost ex-
clusively present in metallic form.

Catalytic activity of DOC, and DOC_,
was investigated with a model exhaust
gas. All samples showed almost identical
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2000

DOC
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(blue) -

activity with regard to HC and CO con-
version. DOC,  showed substantially
lower NO, formation than DOC_,. This
circumstance can be attributed to the dif-
ferences in the structure of the platinum
particles.
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INDUSTRY SIMULATION

SIMULATION OF DIESEL
COMMON RAIL INJECTION SYSTEMS

The Common Rail Diesel Injection Systems are complex systems with many influencing parameters. A major
challenge is to meet the multiple injection quantity tolerances stringently. In order to optimize the cost, narrow
tolerances must be avoided as much as possible. In this context, it is important to distinguish between impor-
tant and unimportant parameters. The numerical simulation offers thereby decisive advantages which is proven
in this article by University of Applied Sciences Regensburg and Continental.
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Simulation has become essential in the
development of complex products. During
the quotation, simulation helps to ensure
feasibility. Subsequently, the simulation
accompanies development, particularly in
the early sample phases, and gives impe-
tus to the adjustment of the most influ-
encing parameters to ensure the function-
ing and adherence to specified limits.
Advantages of the simulation are:

early evaluation of a concept
: better understanding of the functionality,

by separation of influencing parameters.
The simulation works as a “mathematical
loupe” with which the innermost physical
relationships can be illuminated, espe-
cially the areas which are not accessible
with measurement techniques. The sound
understanding of the physical connections
is a prerequisite for the goal-oriented
development.

However, in practice the potential of the
simulation is restricted by
: high computation time, especially for

large models
: restriction of the available licenses.
Due to these problems, at Continental, in
addition to commercial programs, a free
simulation software HSSIM (Hydraulic
System Simulation) is also used. With this
program, the problem of time consuming
computation is solved. For example, simu-
lations of the complete fuel injection sys-
tems, as well as optimization of Piezo
Common Rail Injectors with the help of
genetic algorithms.

THE COMPUTATIONAL
PROGRAM HSSIM

HSSIM is a new development on the basis
of the program HYSIM, which was devel-
oped at the Technical University of
Munich [1]. HSSIM consists of a solver
and a graphical user interface. While
developing the solver, the main objective
was the realization of low computation
time even for large systems. For this pur-
pose, the core is written in C+ +. The
graphical user interface is developed in
JAVA and storage of all data in XML file.
The user interface supports hierarchical
models, so that complex systems can be
clearly composed by subsystems, thus
partial models (e.g. injector) are also used
in other simulation models.

MATLAB interface is available for the
parameter variations. It makes possible to

XML file
JAVA native
interface J HssIM
HSSIM solver
C++, Fortran libraries

TCR/IP interface
casimulation

MATLAE interface
parameter variation:

]

'

(1] Computational Program HSSIM

run algorithms such as optimization
methods, where control of simulation is
implemented in MATLAB. TCP/IP inter-
face is available for the Co-simulation of
HSSIM with other programs. For example,
coupled simulations (HSSIM with Fluent)
are carried out to optimize the dynamics
of pump valves. @ shows the program
structure schematically. HSSIM runs under
Windows and Linux.

PIEZO COMMON RAIL INJECTOR PCR2

@ shows the working principle of 2nd
Generation Piezo Common Rail Injector of
Continental and a corresponding HSSIM
model. The opening and closing of the
injector occurs via a hydraulic servo sys-
tem with a Piezo actuator, [2].

The HSSIM model consists of basic
electrical, mechanical and hydraulic com-
ponents. The triggering of the Piezo actu-
ator is carried by a power amplifier model.
Due to the dynamic control, the mass and
elasticity of all the moving parts are taken
into account. The parameters (mass and
stiffness) are obtained from FEM simula-
tions. Hydraulic components are validated
with 3D-CFD simulations, such as flow
rate and flow forces on the nozzle needle.
An injector is described by approximately
60 coupled differential equations.
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© shows the comparison of measured
and simulated injection quantity characteris-
tics for low, medium and high rail pressure.

The characteristic of PCR2-Injectors is to
be improved with the help of numerical
optimization. Due to nonlinearities, classi-
cal optimization methods are ruled out,
since they do not find global optimum.
Genetic algorithms are able to identify a
global optimum, but only with a high cost
of computation.

The idea of genetic algorithms is to fit a
“injector-population” via successive selec-
tion, inheritance and mutation. The good
injectors with high probability and bad
injectors with low probability are selected.
This selection prevents sticking of the opti-
mization algorithm in a local minimum [3].

The quality of an Injector is described by
the evenness of the injection quantity char- @ PCR2 injector and HSSIM model
acteristic. The smoother the curves, the lo-
wer the sensitivity to parameter variations.

With the help of genetic algorithm, the

injection quantity characteristic of PCR2- The valve models are also designed with quantify this effect, the injection quantities
Injector was smoothed, @. Thereby ten CFD simulations. of complete system are calculated and com-
parameters were varied. For the optimiza- The pump has two high pressure ports, pared with the individual Injector simula-
tion of the curves 540,000 simulations connected to the two rails. The pipes con- tions. The individual Injector simulation
were necessary. A simulation takes about necting the Pump-Rail and Injector pipes considers pressure waves that lead to quan-
1 s, the entire cycle on a computer takes are FEM models, to realize the effect of tity deviations for the multiple injections,
about six days. pressure waves. For the damping of pres- but not the interaction with other injectors.
In Linux, the simulations can be distri- sure waves, orifice at the Rail outlet can be The entire injection system consisting
buted over multiple processors. With 18 considered. At each Rail, 4 complete Injec- of a pump, ten pipes, two rails and eight
processors, the time is reduced to less tor Models are connected. The injectors are ~ PCR2 injectors with electronic control units
than nine hours (overnight). triggered via power stage models (ECU), can be simulated within a few hours. As
which are available for each bank. an operating point, a triple injection (Pre,
COMMON RAIL V8 SYSTEM The following example is used to esti- Main and Post injection) at maximum
mate the influence of pre and post injec- pressure is selected.
In this section, a HSSIM simulation model tions on the injection quantity of other The fire order contains two successive
for the 8-cylinder system is described with  injector. With late post-injection, it comes injections on the same bank (rail). All
a simulation example. almost simultaneous to pre-injection of other injections are alternating between
The model is hierarchical and mainly another injector. If the injectors are on the the banks. In the simulation model, the
consists of components same bank, then reciprocal influence of the two successive injectors on one bank are
: common rail pump with three pistons injection quantities are expected. In order to called injector 1 and injector 2. The pres-

and flow control valve
: eight PCR2 injectors at two rails
. power stage (ECU)

. pressure control. Mcnsulem{:nt.
@ shows the top level of the HSSIM model. = Samulation
The model is described by approximately
600 differential equations.

The pressure is built by a 3-piston high
pressure pump with flow rate control. The
rail pressure is constantly being compared
with the set-point and adjusted by a PI con-
troller. The controller output is connected to
the flow control valve of the pump. 3

The pump model includes high pres-
sure cylinders with inlet and outlet valves.
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Characteristic of injection quantity

Basic injector
Optimised injector

(4) Optimized injection quantity characteristic

sure waves induced by injector 1 influence
the injection of injector 2. The resulting
mass deviations shall be calculated. The
available quantity correction function is
not taken into account.

In order to cover different operating
conditions, the start of the third injection
is varied.

O shows the chronological variation of
the post injection in eight stages. The
point of the pilot injection and main injec-

3-piston high Rail
pressure pump

Speed =
Setpeint
system Pl contraller Pipe pump rail
pressure

Pressure sensor

LA

(5 AV complete system model

tion are defined. The stability of the pilot
injection in the complete system is deter-
mined by varying the post injection.

In @ the results of single injector simu-
lation and the results of complete system
simulation are compared. It is clearly visi-
ble that one can compare deviation of post-
injection quantities with each other. This
itself justifies the high influence of the main
injection on subsequent injections. Since
the main injection leads to the largest pres-

Injector 1 12345678 12345678
Injector 2
&
§
g | | | |'
= ‘l
Time

(6] Timing variation of post-injection (without injection quantity correction function)

Pre-injection

Injected quantity per stroke

Single
Injector Injector 1 Injector 2

Complete system

Post-injection

Injected quantity per stroke

Single
Injector Injector 1 Injector 2

Complete system

(7] Injection quantity deviation due to variation of post-injection
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sure drop, it has the greatest influence.
The following post injection is mainly
influenced by the main injection. This
effect is nearly the same for all injectors.

The pre injection quantity in the single
injector simulation model is not disturbed
by any previous injection. Therefore the
quantity for all injections is equal. Here it is
clear that the complete system is required
for the investigation of quantity deviations
of pre-injection. Injector 1 shows, in com-
parison to the injector 2, a different behavior
in injection quantities deviation. The pilot
injection quantity from injector 1 differs
through the predominant pressure waves in
the Injector pipes and Rail. These pressure
conditions are caused by the pump and
from previous injections. The pre-injection
by injector 1 is hardly affected by the injec-
tions on the other bank, just before Injector
1. The behavior is different at injector 2,
where the pre-injection is directly influenced
by the injection of Injector 1, because both
the injectors are on the same bank.

CONCLUSION

The computational program HSSIM is an
alternative for commercially available in-
jection system simulation programs, which
is especially advantageous for computing
time consuming simulations.
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dation (DFG) for the magazines to be inclu-
ded in the “Impact Factor” (IF) list.
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FAILURE ESTIMATION OF
THERMO-MECHANICALLY LOADED
HOT PARTS IN TURBOCHARGERS

Components directly exposed to the exhaust-gas streams of combustion engines
are increasingly thermo-mechanically loaded. A keystone for dimensioning is the
calculated failure prediction. Within the FVV research project No. 916 (“Hot Parts”),
a model for the calculated simulation of thermo-mechanical fatigue was developed
for the cast iron material SiMo 4.05 in the division Mechanical Behaviour of Materials
at the Federal Institute for Material Research and Testing (BAM). Using this model,
the location and the time of the occurrence of first cracks in exhaust-gas turbo-
charger housings may be estimated in good approximation.



INTRODUCTION

MATERIAL CHARACTERISATION

MODEL
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ADJUSTMENT OF THE MATERIAL-SPECIFIC
MODEL PARAMETERS AND VALIDATION OF THE MODEL

(5

VERIFICATION ON A COMPONENT

6 SUMMARY

1 INTRODUCTION

Due to decreasing engine displacement, casings of exhaust-gas
turbochargers and other components, which are directly exposed
to exhaust-gas streams of combustion engines, are subjected to
increasing thermal and mechanical loadings. The gas temperature
at the entry point of the turbine reaches today up to 970 °C. There-
by, the temperature difference inside a unit may be up to 800 K
in the stationary phase. During the next years the gas inlet tem-
perature shall increase up to 1050 °C [11.

Dimensioning of such parts is mostly still performed by empiri-
cal methods amended by calculations using finite elements and an
elastic or elastic-plastic material law. Though the locations of high
loading may be reasonably determined in doing so, the life time
may only insufficiently be estimated. It ends with the initiation of
cracks as a result of the interaction of superposed temporally shift-
ing thermal and mechanical loads. Already shortly after their first
forming, cracks grow through the wall of the casing leading to leak-
age. To estimate when the first critical cracks develop in casings of
exhaust-gas turbochargers as a result of such loadings, a model for
calculation was developed. It was calibrated using the frequently
applied cast iron material EN GJS XSiMo 4.05. The model was
then verified for a casing of an exhaust-gas turbocharger under near
reality test conditions.

2 MATERIAL CHARACTERISATION

Next to the testing program consisting of tensile, relaxation, life
cycle fatigue (LCF) and thermo-mechanical fatigue (TMF) tests for
determining the parameters of the deformation and damage mod-
els, the accomplished investigation of the material also included
metallographic and microscopic investigations prior to and after
crack development. Furthermore, thermal-physical properties of
the material were identified, such as the coefficient of thermal ex-
pansion, the density, the conductivities of temperature and heat
and the specific heat. Also, the Young’s and shear moduli were de-
termined as functions of temperature and the transversal contrac-
tion was calculated.

The tests to determine the model parameters were performed
using machined round specimens. Tensile tests at room tempera-
ture, relaxation and LCF tests at various temperatures ranging be-
tween room temperature and 800 °C and TMF tests were carried
out. The latter focused on 180° out of phase loading, since this
represents the typical cycle for heating of a component under con-
strained strain condition. Furthermore, this represents the most
damaging loading case for the surveyed material.

Relaxation tests were loaded under strain control up to 2 % elon-
gation, arrested at this strain for up to 200 h while measuring the
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resulting stresses. Isothermal LCF tests were carried out under stain
control, partially with hold time in compression for 180 s. The
number of cycles to failure was defined at 20 % load drop in the
tensile regime. TMF tests were carried out with temperature rates
of 5 K/s using variations of temperature in the scope from 300 to
800 °C. The loading was imposed with a strain ratio of R =-1 and
the loading was imposed 180°-out-of-phase with constant strain
rate and hold times of 180 s at maximum temperature.

Life time investigations for calibrating the material model pa-
rameters were basically performed with specimens with the cast-
ing skin removed due to machining. Components, however, were
not refinished after casting for cost and manufacturing reasons,
that means their casting skin remains on the surface. Therefore,
the question whether and to which amount cracks develop earli-
er in casting skins than in refinished surfaces is essential to pre-
dict product life of components. Therefore, a testing configuration
was chosen in which the effect of casting skin can be investigated
on specimens. A four-point bending test turned out to be appli-
cable. Test pieces with rectangular cross sections were used and
the casting skin was preserved on the tensile side for some of the
specimens. The test results showed that specimens without cast-
ing skin endured about 4 to 5 times as many bending cycles un-
til failure compared to specimens with casting skin. An explan-
ation for the earlier failure of the specimens with casting skin
could be found in the surface layer of the casting skin, which dif-

A) MECHANICAL ITEMS AND OTHER VARIABLES

€ € inelastic strain tensor, tensor of the inelastic strain rate

accumulated inelastic equivalent strain, inelastic

pop equivalent strain rate
Py scaling constant
c, 0 stress tensor, deviator of the stress tensor
X, X, X, tensor of the inner back stress, components
qu equivalent back stress
. Qimensionless variable to calculate isotropic hardening,
' its rate
o, o, =12 kinematic hardening tensors, their rates
) damage variable, 0 < D < 1, damage rate, damage
D, D, AD increase damage variable, 0 < D < 1, damage rate,
damage increase
(c,,,) temperature at maximum stress
B) MATERIAL SPECIFIC PARAMETERS
k initial yield strength
R increase of yield strength due to isotropic hardening
K viscosity coefficient
n flow exponent

Qb7 q material specific parameters to describe isotropic

hardening
a, ¢, d, m mit  material specific parameters to describe kinematic
i=1,2 hardening
A, m,n, material specific parameters of damage development
E(T) temperature related Young’'s modulus

C) OTHER FORMULA SYMBOLS

Nf, N;“’, N;’”’, cycles of failure, experimentally determined, determined
NfWT by simulation, by SWT estimation

(1] Explanation of used formula symbols
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@ Stress relaxation at 700 °C (comparison of experiment and simulation after 1 h (left) and 20 h (right))

fers from the homogeneous base material. In this layer the graph-
ite pebbles of the base material are missing. Instead, the graph-
ite appears as lamellae which can lead little cracks into the
inner structure.

3 MODEL

The model consists of two components. In a first step a model is
formulated to describe high temperature deformation behaviour
under complex multiaxial thermo-mechanical loading. In a second
step an incremental local damage rule is developed, which gath-
ers the life time consumption resulting from the loadings at the
corresponding location. By integration over the time the accumu-
lated damage can be determined and thus the time span until a
critical damage occurs may be estimated.

The critical region of a structure is finally obtained by comparing
the damage values of all locations of the structure. The damage
rule and the deformation model are implemented into a so called
material routine of a finite element program. The routine is used
to calculate the strains and stresses at an integration point as a
result from external loadings.

A variant of the model of Chaboche [2] was used to describe the
stress and strain behaviour. This model was developed for high
temperature behaviour of metals, and, next to the phenomena of
cyclic plasticity, that means the dependency of the deformation
rate from the level of the stresses, it is able to describe stress re-
laxation during strain controlled arrests as well as creep. The under-
lying equations of the model partly represent evolution equations
of inner variables. So, the inelastic deformation rate results from
the flow rule:
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(3] Hysteresis of the first (left) and a saturated cycle 3 (right) of a strain controlled LCF test at 700 °C with 180 s hold in compression

(comparison of experiment and simulation)
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Plastic flow occurs only when the yield surface is exceeded, that
means if the term in angular brackets is greater than zero. The ini-
tial yield stress k, the increase of the yield stress as a result of
hardening R, the flow exponent n, and the viscosity coefficient K
are material parameters, @. The direction of flow is determined by
the deviation of the stress deviator ¢” from the inner back stress X.
The function J, is defined as:

3
EQ. 2 J,(A) =13 I|A]l

The isotropic increase of the flow resistance R is formed using a
dimensionless variable r:

EQ. 3 R =0Q(T)r,0<r<1

for which again an evolution equation is used:

3
p-34,

m
2
o

R
I
(r
m
.
\S][9%)
o

X, .
i a,

with the initial conditions o, (£ = 0) = 0. The exponents /m,and the fac-
tors ¢,and d.as well as the parameters @, b, f and the exponent g are
material specific; and p is the equivalent inelastic strain rate, which
is being calculated from the inelastic deformation rate €, through:

. 3.
N

Its time integral gives the accumulated inelastic equivalent strain p.
A complete description of the model can be found in [3].

From incremental crack growth equations for creep fatigue fail-
ure [5, 6], an evolution equation due to a critical crack length can
be found for the life time consumption in dependency on the in-
elastic strain and its growth in the distant field of the crack. Here,
as in [4] and [5], the inelastic strain is replaced by the inner back
stress X which is suitable for the behaviour of cast material. Final-
ly, the following evolution equation for the life time consumption
is derived:

EQ. 4 r=bA-Np-frir(t=0) =0

The variable R specifies isotropic widening of the elastic domain,
whereas the back stress X in Eq. 1 corresponds to the centre of
this domain in the space of the stress deviator. To capture the dif-
ferent gradients within one hysteresis more precisely, X is split into
two components:

EQ. 5 X=X, +X,mitX, = $a,0,i=12

Each of them consists of a material specific parameter a, with the di-
mension of a stress and a dimensionless tensor valued inner variable o,

dD =( X

. my(T) m(T) . 3
s D=l & 2 5= Exi

It is formulated using the von Mises equivalent inelastic strain rate p
of Eq. 7, and the equivalent back stress Xeq. Herein, bo is a scaling
constant and A, m, and n, are material parameters. Using Eq. 8
the growth of damage per time increment is determined. The ac-
cumulated damage reaches its limiting value of 1 as soon as a criti-
cal macroscopic crack develops. In cyclically repeated loadings as
they appear in temperature loaded exhaust-gas turbochargers the
number of load cycles to failure Nf then results from the increase
of damage aD during one saturated cycle:

. . . . EQ. 9 AD - N =1
The latter depends on an evolution equation for its rates o;:
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(4] Hysteresis of the first (left) and a saturated cycle 3 (right) of a non isothermal TMF 180° OP test with 180 s hold at 700 °C (comparison of experiment and simulation)
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4 ADJUSTMENT OF THE MATERIAL-SPECIFIC MODEL
PARAMETERS AND VALIDATION OF THE MODEL

To adjust the parameters of the deformation model to the mechani-
cal tests the model equations are used in their uniaxial form. Then,
the parameters are adjusted to reproduce the behaviour of uniax-
ial relaxation tests and cyclic LCF and TMF tests as well as possi-
ble. @ displays the stress relaxation behaviour of a compression
test at 700 °C for 1 and 20 h, respectively, @ the hysteresis of a
strain controlled LCF test at 700 °C with 180 s hold in the com-
pression regime. @ shows the hysteresis of a non isothermal TMF
180° out of phase (OP) test with 180 s hold at 700 °C.

Tests on machined specimens were simulated to adjust the pa-
rameter values of the deformation and damage model. The result-
ing life time estimations of isothermal LCF and TMF tests are de-
picted in @. The open symbols represent tests used for the cali-
bration procedure.

These were LCF tests with and without hold time up to 500 °C,
above 500 °C without hold, and TMF tests with hold. If tests had
been repeated, then they had been used for the numerical optimi-
sation as well. They can be identified by the identical value of N)f””.
The model was not adjusted to the fatigue tests represented by
filled symbols in ®. Their life time predictions are verifications.
These verifications include five different TMF tests (90° and 180° OP
with different strain and temperature ranges) and isothermal LCF
tests. However, isothermal high temperature LCF loading are con-
sidered to be irrelevant for the dimensioning of components, since
they are generally thermo-mechanically strained. This shows, how-
ever, that the influence of hold times is overemphasised for iso-
thermal LCF loadings at high temperatures (grey symbols), and
that the model systematically underestimates the life times of
these loading conditions. But, ignoring these less relevant tests for
the component design, the life time discrepancies between simu-
lation and experiment of all other tests lie inside a factor of 2.

In the practice of component design of cyclically loaded parts,
frequently the approach of Smith, Watson and Topper (SWT) [7]
is used for life time estimations. It supposes that the number of
cycles to failure is a function of strain amplitude, maximum stress
and Young's modulus. The function itself is determined by pre-
tests. To compare both methods for the estimation of the number
of cycles until failure, the SWT parameters:

Calitration
LCF <= 500 °C

& LCF > 500 *"C
a TMF

| Vieriteratnga:
= LCF 500 *C
#® |CF » 500
# LCF = 500 °C +HZ
& TMF

100 1000 10000 100000
L]
Nr

(5) Comparison of by simulation determined versus experimentally determined
cycles of failure; the open symbols represent test used for the calibration
procedure; the model was not adjusted to the tests represented by the filled
symbols; these serve only for comparison

e E(T(c_))

max —a max

EQI0 PSWT = \/6

were calculated for those tests in ®, which had been used to cali-
brate our model. They are depicted in @ versus their cycle number
of failure. From these a trend-function was established using a
straight line in the double-logarithmic diagram, ©.

Then, for all tests in ® the numbers of cycles of failure N/SWT
were estimated by using this SWT trend function. According to ®,
the calculated cycle numbers are plotted versus their experimen-
tally found cycles to failure in @. In this case, the predictions show
obviously a wider scatter than a factor of 2. This results from dif-
ferent testing temperatures and loading types, which are not ac-
counted for by the SWT function, Eq. 10.

5 VERIFICATION ON A COMPONENT

To verify the applicability of the method in practice and for addi-
tional verification of the model parameters, a computer aided simu-
lation was carried out on a component and the results were com-
pared to those of a rig test. The company BorgWarner Turbo Sys-
tems provided casings of exhaust-gas turbochargers and examined

1000 T T

P, [MPa]
i

10000 100000

W=
(6] P, Values of the tests used for model calibration and the trend line of these values
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@ Number of cycles to failure by P, estimation versus experimentally deter-
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© Positions of damage
(red area) in the simulation

(9] Dyed cracks in the test casings

them on their own test rig. In the tests hot and cold air of 800 and
100 °C was blown through the casings alternating for 5 min, while
the temperature development was recorded at various points of the
casings. In periodic intervals the casings were dismounted and ex-
amined for cracks.

For the simulation the casings were meshed from CAD data.
Then, using a CFD analysis the temperature development inside
the casing wall was calculated, compared to the recorded tempera-
tures and stored for a FE analysis as a function of location and
time. The FEM simulation was performed by the commercial pro-
gram Abaqus [8] extended by the material module which was de-
veloped at BAM and using the model parameters determined for
the investigated material. The positions of the calculated highest
damage in the simulation correspond perfectly with those where
the first cracks had been found in the casings, ® and @.

The simulation as well as a metallographic examination of the
casings after cracking showed that the cracks always initiated from
the surface. The calculated time for appearance of first cracks pro-
vided about 4 times as many cycles compared to their occurrence
in the rig test. If one takes into account the results of the investi-
gation of the casting skin, namely that refinished surfaces, on
which the model parameter identification is based, have a four to
five times higher life expectancy, then the simulation reproduces
almost exactly the real life time of the components with a discrep-
ancy of about 10 %.

MTZ 0612010 Volume 71

6 SUMMARY

Within the FVV research project No. 916 (“Hot Parts”), the division
Mechanical Behaviour of Materials at the Federal Institute for Ma-
terial Research and Testing (BAM) investigated an approach to es-
timate the life time of hot components in exhaust-gas turbochargers.
The presented method for estimating the life time of thermo-
mechanically loaded hot part components proved to be stable and
applicable in the design practice. The calculation time using the
presented model is comparable to the one using an elastic-plastic
material law.

The life time determined by simulation proved to be superior to
that determined by empirical methods and got good results in direct
comparison with rig tests, if the different surface properties were
taken into account. Besides the schematic mode of calculation, an
advantage of this approach results from the fact, that the damage
value at every point of the structure merely increases monotonically,
and thus, the most strained position can be found easily.
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