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4.1 Final publishable summary report

4.1.1 Executive summary

An indispensable subsystem in surface transpontatehicles (rails bound, automotive) is the
engine cooling module with its demand of externadrgy and its sound emission. Under specific
operational conditions the cooling system is thgomaoise source and the component with the
second largest consumption of energy (after thenehgThe overall objectives of ECOQUEST were
novel contributions towards reduced noise radiaind decreased G@missions by (i) revision of
the general system layout, (i) optimization of gmnents from the thermal, acoustic and fluid
dynamics viewpoint, and (iii) modification of thevrdrol strategy. For that, innovative complex
multiphysics computational methods had to be deeglo either by combination or by extension of
known methods - and validated.

In a first step, ECOQUEST focused on fundamentaustic modeling and sound prediction
methods. A distinction was made between tonal armhdiband noise, and broadband noise
scattering. In all of these fields the theoretlwatkground was enhanced. Aero-acoustic sources were
computed by means of Computational Fluid DynamiC&§), a simulation code for acoustic
prediction was implemented and applied, and resulese validated against measurements.
Moreover, the three mechanisms were integratedaiisiogle sound prediction tool.

In a second step, we revisited the state-of-theéharmal layout of automotive and locomotive
cooling systems. Optimization methods were appliatheting on cooling capacity, energy
consumption, and noise emission. Optimization idetl the thermo- and fluid dynamics of the
circuits and the implementation of advanced constategies. Given the thermally optimized
systems, innovative components such as optimizediféts designed for maximum efficiency and
very low noise emission and novel sound attenudtased on micro-perforated plates (MPPs) were
developed. In contrast with earlier design procedguthe components were tailor-made for their
applications, which was achieved by consideringaifegion effects at an early stage of component
optimization. The effectiveness of the new compémevas proven by (i) model tests, (i) full scale
mock-up tests, and (iii) full-scale vehicle tesks. order to assess the effect of the individual
measures, driving cycles of the vehicles were satedl. For the automotive vehicle a standardized
driving cycle was used, for the Diesel locomotiveesv generic cycle was defined.

The new automotive cooling unit showed a reductibtotal sound power by 1.5 to 4.5 dB(A).
A reduction of CQ production by 7% compared to the baseline desgyranticipated which
corresponds to 0.2 grams of €@er kilometer. The cooling capacity of the newolamit was
enhanced by 10% while the external energy conswmpkiopped by 20%. The overall sound power
level decreased up to 7 dB, the tonal noise by riwe 10 dB. C@production could be decreased
by 51 g/km which reduces the annual expenses &riyiaround 1000 € assuming a typical driving
cycle.Side benefits of ECOQUEST are (i) a new simulation method for broadband fan noise
radiation and scattering that will be commercialized in one of the partners existing
acoustic software packages and (ii) a performance prediction model for Diesel locomotives

Results of ECOQUEST were disseminated in numeroayswamong others by three
applications for a patent, exhibiting at the Intgronal Trade Fair for Transport Technology
InnoTrans in Berlin 2012, some 30 publications @er#ific conferences and in archival journals,
and four PhD theses. Additionally, a lecture seae¥on Karman Institute for Fluid Dynamics in
which scientific findings were taught to engineosn industrial companies was held.



4.1.2 Summary description of the project context ath objectives

Background

An important subsystem in surface transportatiomoles (rails bound, automotive and heavy
duty) is the cooling unit. Present European staisléor interoperability of rail bound traffic regai
low noise levels while manufactures need to meetubhicle performance and energy efficiency
requested by the operators. The stringent EU6 @midanits expected to come into effect will
increase dramatically the demand for cooling poweroad vehicles without accepting a noise
penalty. Manufactures need innovative methods dducing costs of development and testing and
thus further improving their competitiveness in ghebal market.

The objectives are innovative contributions towandsel cooling units with reduced noise
radiation and decreased ¢@missions. We aim at new compact layouts, innegatheat
management strategies and low energy/noise comfmnériermediate objectives concern (i)
implementation of an integrated simulation platforior noise mechanisms, scattering and
propagation; (ii) development of design proceddoesthermally and acoustically optimal cooling
units; (iii) research on innovative fan designs ar&lv passive noise control measures and their
integration into novel cooling units. Mass produ@domotive units and large locomotive systems
produced at small numbers are considered simulteshgo strong synergies and cross-fertilization
are expected.

The project is structured in five work packages. Weals with the project co-ordination, WP2
focuses on the acoustical models and their integratVP3 takes into account realistic train and
automotive environments, WP4 deals with full scadbicle tests and WP5 concludes the project
with an assessment and an exploitation plan arsgihsation. Being an upstream-research oriented
project, a majority of the person-month and budgspecially within WP2 and WP3, are committed
to three universities and a research establishiiéR¢ and 5 are performed primarily by industrial
partners to enable immediate exploitation of theults. A more detailed discussion of each work
package (except the management part in WP1) isgnvehe following.

WP2: Extension, validation, and integration of acostic prediction methods

WP2 is concerned with the combination of differanbdeling strategies involved in the
prediction of the noise emitted by generic coolingts. Regarding source modeling, we address
individually the tonal and broadband noise and bheadband noise scattering. Combining the
methods yields a simulation platform addressingnalse features. This integration/interfacing is
performed with the aim of obtaining a seamlessngetproprietary simulation strategy.

Regarding tonal noise, modeling approaches have deeeloped for the tonal noise emitted by
fans at low rotational Mach numbers. A first famiy modeling approaches is based on the
replacement of the moving surfaces by point foréecommon underlying assumption of these
approaches is to consider a listener placed iratoestical and geometrical far field of the radigti
fan. This allows simplifying the mathematical dettion, but restricts the applicability to propedler
in free field or at most placed in duct systemshvaimplistic geometries, i.e. not representative of
the problem at stake in this project. We addressifisue by evaluating more accurate tonal noise
modeling approaches that are also valid in the-helar of the fan. The numerical performance and
accuracy of two alternatives is assessed and vetiday comparison with an analytical approach in
the case of a fan-wedge noise interaction probkesecond family of modeling approaches, popular
for ducted fan configurations, is based on theetan of the acoustic near field over permeable
surfaces that are delocalized from the moving segaThe fan component is then represented as an
acoustical multi-port. This method is attractiver ib does not necessarily require a thorough
knowledge of the pressure field in the rotatingrfeavork and is more generally applicable in duct



systems. Its robustness, however, has to be prespecially with regard to the required quality of
the CFD data.

For better modeling of broadband noise, we developethodology based on Amiet’'s theory,
which assumes some a priori knowledge of the termeé statistical quantities (spectral shape,
turbulent kinetic energy and spatial correlationgt of the unsteady blade surface pressure). We
apply a novel hybrid method based on RANS and/arsmLES calculations to obtain the required
scaling data, and achieving a trade-off betweenuracy and computational effort. Besides our
strong focus on incoming turbulence noise, we silath assess the relative importance of self-noise
using established theories and considering degreé@sflow turbulence for automotive/truck and
locomotive applications.

Addressing scattering effects, we explore a newerigal simulation approach for broadband
noise throughout the cluttered path towards therer position, and asses the performance of the
method. The assessment is based on experimerdaladsinall fan is placed in an anechoic room and
the scattered sound filed is measured.

The performance of the new simulation tool is galubg a so called validation. In simulation
technologies validation is the process of compapireglicted with experimental results and assessing
the validity of the physical/mathematical modelss#n for simulation. Since the tool to be validated
in this WP is focusing on flow induced acoustics;omling unit without thermal function, hence
referred “isothermal”, is sufficient. A laboratosgale generic cooling unit consisting of statoorot
axial fan with radiator and inlet mock-ups is chus€onal and broad band noise are measured and
compared with prediction. The relatively simple gea cooling unit allows analyzing detailed
parameters such as the flow velocity and theirridistion which are essential parameters in the
aeroacoustic models. In addition the variationrdfcal geometry parameters such as the fan inflow
region can be studied easily.

WP3: Integrated design and mock-up tests

In WP3 realistic train and automotive environmeatse considered. The design of mobile
cooling systems is revisited in a more integrateschmer as compared to the state-of-the-art. Within a
multidisciplinary study we optimize the thermal day of cooling systems and the overall flow
employing advanced numerical simulation tools. Hwe automotive application, a typical car
platform is selected. For the specified heat deggyps, various module configurations are modeled
and analyzed with system tools such as the mubsighysimulation software Kliand Flowmastét
The cooling module has three baseline heat exchsitngeadiator for the cooling loop, a condenser
for the climate control loop and a charge air coqfeAC) for the turbocharged air loop. The
consequent module configurations can then ranga frailti-layers layouts to side-by-side layouts
and mixed versions. The initial single fan systemnfiguration which restrains the design space to
heater core that have an aspect ratio close tguafe configuration) is also relaxed to account for
dual fan systems and heater cores that have agfies closer to 2. Attempts are also made to have
various fan system axial depths to allow for vasidesign options such as axial, mixedflow or radial
fans and fans with stators of different kinds. @a ibcomotive side, addressing all aspects of engin
cooling requires a detailed view on the coolanticeficy ratio, noise emission and energy
consumption, space required and weight, integr#tebito a powertrain and packaging. Therefore
in a first step a one-dimensional system analysth vespect to the thermal management of the
cooling systems is performed. In a following stepaaametric study by varying the cooling unit lay
out is done. This includes number/size of radiatowsmber/size of fans, radiator at intake ore
pressure side, variation of rotational speed, faticthermore various options of controlling stragsgi
for the cooling unit (e.g. slow acceleration of ti@tor speed, predictive cooling, use of vehicle
speed for cooling (bypass, flaps etc.)) are ingastid. Eventually this simulation is combined vath
holistic simulation of the vehicle on a track.



Given the thermally optimized layouts, innovativeamponents are developed including energy
efficient and low-noise fans as well as sound atéors. The fans are optimized under the
constraints of spatial and temporal distortionsallgtencountered in cooling modules. A successful
axial fan design strategy with respect to spatifibw disturbances is blade sweep. However, as a
matter of fact, blade sweep also increases the lit@ses and thus decreases the efficiency due to
increased secondary flow effects in the rotor.His work package the optimization of fan blade
geometry is extended towards minimization of urdydalade forces (i.e. the acoustic sources) due
to generic spatial inflow distortions and turbule@mlow. For that we design a series of fan rotors
with moderately to highly swept blades. The mosinising fan designs are further analyzed and
improved by USI employing the 3-D, steady and uadye RANS- and SAS-flow simulation method
as implemented in ANSYS CEXIn order to assess the typical behavior in thea@nvironment,
we carry out under hood CFD simulations on a fultoanotive configuration. The passive
attenuation of noise can be arranged by addingsdicoliners. This is however impractical as it
typically yields considerable additional weight aredume, which goes against energy efficiency and
neutral CQ-impact. We propose two innovative approaches &ssfwe noise control, susceptible to
bring huge acoustic benefit at neutral L@pact. The first approach consists in the integraof
specifically designed microperforated liners, iraqa of existing elements such as guide vanes,
housing surfaces and walls inside heat exchandersecond approach is optimizing a natural
acoustic barrier and absorber: the heat exchantiemsiselves. By performing the acoustic
characterization of the heat exchangers, we proyiggelines to include acoustical constraints ® th
design of these elements, which are usually onhgiciered for their heat extraction capabilities.

Eventually a variety of new cooling system designsvaluated which allows the final selection
for full scale manufacturing. Then, experimentalckrap test serve validating the impact of the new
design strategies on the goals. The intensive wavoént of the industrial partners ensures a strong
industrial relevance. The outcomes of these tagkstty point to WP4 where a full scale test in a
car/truck and a locomotive is carried out.

WP4: Full-scale tests

WP4 uses the outcomes from WP2 and WP3. The implathe new design strategies is
validated by full scale tests. Two full scale mayl one for car/truck and another one for
locomotive are implemented in vehicles and expemiadly investigated under realistic test
conditions. The technologies developed are asses#bdrespect to thermal efficiency, energy
consumption (C@emission), noise benefits, packaging and cost® f@sults are used in the
technology implementation plan. In addition, a hpghformance numerical acoustics simulation
method is adapted, validated by a separate sdrssail scale model tests at the acoustic laboyator
and eventually used to predict the far field ndigehe vehicles under the existing test environment
This is rated as an important tool for future comgrt development e.g. with respect to the
envisaged certification of the vehicle. WP4 is parfed primarily by industrial partners to enable
immediate exploitation of the results.

The work performed in the full-scale tests regamstly near-field propagation. However, for
the purpose of certifying vehicles, the acousgtdfimust be evaluated at a precise far-field pmsiti
prescribed in standards (standstill test for loctweo pass-by test for automotive). The predictdn
the far field is also essential for assessing ffecieof noise producing components during vehicle
development and the effect of reflecting surfacethe vicinity of the vehicle. Subtasks are:

= Development of a method for the sound propagatiom fvehicles at large distances in the
far acoustic field, involving sophisticated numatitechnologies such as a fast Multipole
Boundary Element Method.



= Manufacture of a 1:20 model of a vehicle and immgata a model source (small fan or
loudspeaker). The source frequency content is teelestich that acoustic similarity between
model and full scale (i.e. the equality of the Hiebttiz number) is ensured. The acoustic far
field of the model is measured a anechoic room.

» Validation of the far field noise prediction methotilizing the model test results.

= Assessment of relevant acoustic installation facteuch as non-ideal test environments
(partially reflecting ground, reflecting walls étc.

= Validation of the far field noise prediction methotlizing full scale vehicle tests results.

WP5: Exploitation plan and dissemination

WP5 deals with the overall assessment of the owtsoonf the whole project, guidelines,
exploitation plan and dissemination of the knowkedgenerated during the project beyond the
Consortium.

The outcomes of the project are assessed in teftestmological break through and costs vs.
benefits. With the assistance of the industriaknas USI compiles guidelines on new validated
methodologies as well as new design rules.

Two exploitation managers (VAL and VTA) overviewetrevolving market situation and
communicates this to Consortium members; they mfahe Consortium on how the product
requirements are affected by the evolution of maéonal or local noise standards; they co-ordinate
issues related to Intellectual Property Rightsytlssue an Exploitation Plan aimed at technology
implementation.

VKI plans to make its world-wide recognized Lect@eries program available to disseminate
the results of the project in dedicated short aegirgn addition KTH is the leader of the ECO2 centr
(www.eco2vehicledesign.kth.se) where a number aditegy European industry partners is members.
Via this centre all open results from the projeorkvcan be disseminated.

4.1.3 Description of the main S&T results/foregrouds

Major progress was achieved in the fields of
= acoustic modeling and prediction
= cooling circuit simulation of mobile cooling units realistic tracks
= energy efficient and low-noise axial fans
= modeling and application of acoustic absorbers
= advanced testing methodology

Some highlights of the technical improvements are:
= automotive cooling system: G@eduction of 0.5 g/km, 4.5 dB sound reduction
= |ocomotive cooling system: GQ@eduction of 51 g/km, 7 dB sound reduction

Subsequently, a set of achievements is descriluidduaally.

Near-field effects in tonal interaction noise fronfans

In this Task, we focused on the role played by 4fiedst terms in the acoustic scattering.
Existing formulations, such as presented by Goidstéiscard explicitly the near-field terms to
derive an elegant formulation for tonal fan noiseplving Bessel functions that represent the phase
modulation related to Doppler effects. However, &oghowed recently that the near-field terms can



account for important phase-shifting effects, whialm play a significant role, even in the amplitude
of the acoustic far field, if for example the edgea semi-infinite plane is present in the neaddfief

the fan. The work performed in this task pursuad #nalysis for several cases of interest to the
present project. Firstly, the importance of nealdfiterms was assessed in free-field, in order to
quantify the distance from the fan beyond which thefield approximation can be retrieved.
Secondly, the implementation of the fan as a sourd¢be context of Boundary Element and Finite
Element Methods was validated by placing it witldncylindrical straight duct with anechoic
boundary conditions at both ends. This permitsdetion of the approach by comparison with the
analytical solution based on the duct modes. Tra-field solution was applied to the case of a
Valeo fan, for which the BLHs were obtained thro@ffD simulations.

The accurate prediction of the tonal noise emitigda low-subsonic fan relies on two main
ingredients: the modeling of the force field exdrtey the blades during their revolution, and the
proper accounting of the scattering by the ductlsvad general and by the duct inlet mouth in
particular. Synthetic blade forces and Computatiéihaid Dynamics have been adopted regarding
the first aspect. A numerical approach was alspgsed and validated for the acoustic part, which
accounts for near-field effects in the calculatidrthe scattering. The results demonstrate thakewhi
the near-field terms can be regarded as negligitesource-listener distances exceeding one
wavelength in free field, these near-field effezs be significant when a scattering entity is teda
in the acoustic near- field of the fan. The genévaihulation including near-field effects has been
applied to a generic automotive fan provided byedalURANS simulations performed by Valeo
have been used to provide unsteady blade forcetheoacoustic solver Virtual.Lab, and the
preliminary results show that the rotor dominatesdound field for the first BPFH, while the second
and third harmonics seem to be dominated by therstamitting predominantly in the fan rotation
plane. Significant discrepancies are however olesebetween the Virtual.Lab predictions and the
measured acoustic field, which deserve furtherstigations to be fully understood and eventually
improved.

Figure 1: Role of near-filed effects in the preiictof the tonal noise of an axial fan from Valeo.
Red line: far field approximation. Blue line: enlead general solution.

Analytical modeling of tonal Interaction noise fromfans including installation effects

Facing the large variety of fan system configuraiogeneric test cases that can be treated
analytically are useful for a better understandofgboth the aerodynamic sound generating
mechanisms and the main installation effects. Thekwvas devoted to simple prediction models



addressing two main mechanisms, namely rotor-statstator-rotor wake-interaction noise, and the
potential-interaction noise of a rotor operatingha close vicinity of a downstream or upstrearatstr

or obstacle. Only the tonal noise at the harmooidke blade passing frequency was considered, and
the broadband noise is addressed in another task.

When the fan noise sources radiate in a space leduinyg solid surfaces, the scattering by the
surfaces must be accounted for. This again waewaabie analytically for very simple geometries.
Two examples were considered, namely the half-pdentethe corner.

The source models were assessed on a test cotibbguira/olving a small-size, rotor-stator fan
used in electronic bay cooling and a cylindricaliahobstacle installed closely upstream of themot
In the experiment, the sound was measured withvatibut a scattering screen of large dimensions
mimicking a rigid half-plane. The measured datahhiatthe free-field and with-screen conditions
were compared with the analytical predictions.

A first series of acoustic measurements has bedarped in the baseline configuration of the
fan in free-field for which a priori only the waketeraction noise makes sense. In parallel anallytic
predictions have been performed, based on a $teipry approach with two segments. A very good
agreement obtained at the blade passing frequesspitd crude assumptions made in the predictions
states that the wake interaction is clearly the idamt mechanism, as expected, and that the
analytical approach is relevant. In contrast thedtions depart from the measurements for the
second tone, with an unexpected main lobe aroumebtts. This suggests that wake-interaction noise
iIs hidden by a secondary mechanism at higher hdaosio®n-axis radiation corresponds to the
symmetric mode and could originate from a residimiple distortion associated with the mounting
of the fan on its support. This distortion has been further investigated because it contributes at
very low level, typically 20 dB below the domind@®F tone.

In a second series of experiments a radial, cybatiobstacle of 7 mm diameter has been
mounted 8 mm upstream of the rotor leading edgeder to generate a strong azimuthal distortion.
Therefore two main sources of tonal noise are deperow, hamely the aforementioned rotor-stator
wake interaction and the interaction of the rotothwthe obstacle. Free-field measurements in a
plane containing the fan axis and normal to thelrade been made and compared to the baseline
configuration. The level of the first tone is jusbderately increased with a slight angular shifthef
directivity pattern. This suggests that both the&eventeraction noise and the rod-interaction noise
contribute and interfere at this frequency. In casit the second tone is increased by up to 10 dB
with two inclined main lobes. this part of the astt signature is essentially attributed to the
installation of the rod. Finally, the harmonic 3 BRIso experiences a weak sound level increase,
whereas the harmonic 4 BPF is nearly unchanged.

In a last step the support plate has been installedically in the anechoic room for
convenience, and the measurements are made owec amthe horizontal plane containing the fan
axis. The rod was kept installed.

For negative angles from which the fan is direeilible and away from the axis, the sound is
globally reinforced in the presence of the screes t the rigid reflection. But the non-compactness
interference fringes of the set of sources madéheffan and its acoustic images causes either
reinforcement or attenuation at higher frequencié& sound measured in the presence of the screen
starts to be lower than the free field around Qstim the continuation of the plate, unlike whaindo
be expected for a plate extending to infinity. Bmnificantly positive angles such that the famas
visible anymore, the masking by the screen becoefiestive and makes the sound level drop
increasingly with increasing frequency.

It must be noted that the similarity of the speattith and without the screen installed, in 20
directions roughly normal to the screen, is in favof the assumption that adding the screen does



not significantly changes the source mechanisnteefan. A closer inspection of the results shows
that edge scattering causes a different amountasking on the tonal noise and on the broadband
noise in the shadow zone and over an extendeddneguange.

RANS/LES based methods for broadband turbulence nee

In this task, the acoustic prediction methods desdrbased on Amiet’s theory for leading and
trailing edge noise have been implemented andde¥{e also pointed out the relative importance of
both noise phenomena in rotating machine applioatand the necessity to account for both of them
in order to have a correct noise prediction inwhm®le frequency range. In addition we focused on
the development of interfacing techniques betwebosd acoustic prediction methods and
LES/RANS incompressible computations. Innovativehods to take into account spanwise flow
variations along the airfoil span were developdusvas required for rotating machine applications.
Based on the necessary inputs for the acousticadsthnd their respective extraction position, we
developed a methodology to provide the requiredtiniata. The computational cost and accuracy of
the new proposed methods compared to classicalogethased on Curle’s analogy have been
evaluated. We measured the self noise and turkeilgeicerated by locomotive heat exchangers. This
data is also required for reliable sound prediction

A study about competing sources of fan broadbaridenevealed that all statistical models
indicate that broadband-noise intensity or powdumlamentally proportional to the product of the
wetted span length and of the spanwise correld¢iogth of the sources, as far as the latter is much
smaller than the former. This holds generally fobulence-impingement noise, trailing-edge noise
and vortex-shedding noise. For highly correlateénamena such as stall noise generation, this
scaling could be with the squared span length. Imowgh estimate of the broadband noise
contributions of the leading edge and the trailedge of an airfoil embedded in turbulence,
significant error or misunderstanding could arfsa the same time turbulence-impingement noise is
overestimated because thickness effect is ignooed,the one hand, and trailing-edge noise
underestimated because the enhancement by theigegadient or flow separation is ignored, on
the other hand.

Another study was the assessment of the respeutivies of deterministic and statistical models
for predicting the sound emitted by turbulence adbuairfoil-like bodies. Two main simulation
strategies were considered. In the context of #@axoustic analogy, the most straightforward
approach consists in a numerical implementatiothefLighthill/Curle analogy, where the acoustic
solver is given as input a source field processed funsteady Computational Fluid Dynamics
(CFD) simulations such as Large Eddy Simulation§)LEr Detached Eddy Simulation (DES). This
method has proven its value for cases when thecedigld is essentially dominated by dipolar
contribution, synthesized from the unsteady presfiafd at the surface of the body. In cases where
the quadrupolar sources contributes significar@tlthe sound field as well, this approach can Iséll
applied, however at the expense of a much largéasda to process. In parallel with this
deterministic approach, a statistical approach dase Amiet's theory was investigated. In this
procedure, the turbulence is described in termgsoPower Spectral Density (PSD), decomposed
into Fourier modes (gusts) and used as input toeaiized airfoil theory for the calculation of the
perturbation lift. The sound field emitted by dletgusts is then recombined to yield a far-fieldngb
PSD. This approach can be considerably less CRiisite than the deterministic way described
above, since a statistical description of the tleece can be obtained by scaling canonical spectra
using integral parameters. These can be obtaired flough estimations of quantities like the
turbulence intensities and integral length scaleqyy processing Reynolds-Averaged Navier-Stokes
(RANS) calculations that are orders of magnitudeagter to obtain compared to LES or even DES.
However more insight is required from the user ideo to apply the proper scaling and provide
meaningful input turbulence spectra. In this tag&,described the respective ranges of application,



advantages and drawbacks of both strategies agnmepited by LMS, assessed from the viewpoints
of the CPU cost, ease of use and required user fkmow It will be seen how both methods can be
eventually combined to cover the significant sospéctrum in the ECOQUEST applications. The
accuracy of both methods proved very satisfacteripag as the correct flow behavior was captured
by the CFD and/or obtained from statistical paramsetThe results indicate that a combination of
both methods — deterministic at low frequencieatistical at the high frequencies — offers the best
compromise between the cost/generality of the detestic method and the speed of the statistical
approach. It can be therefore concluded that thecbbes have been achieved, resulting in a
simulation methodology based on both the detertiénend statistical theories for leading and

trailing edge noise.

Further research was done to improve Amiet’s théoitgke into account the spanwise variation
of the flow along the span of the blade are finstspnted. Two different applications related to
leading-edge noise (jet-airfoil interaction casep drailing-edge noise (Valeo CD airfoil) were
proposed. For both cases, strategies to extraatfilah RANS or LES computations were analysed.
An uncertainty quantification study was then préséron the reconstruction methods developed for
RANS strategies for trailing-edge noise.

Self noise and turbulence generation by heat exchgers

The investigation of the heat exchangers is importa add their self-noise into the sound
prediction tools and to estimate the turbulenceegmion which is an input to the fan noise
modeling. Two heat exchangers were investigatedhvproved to have similar turbulence inducing
characteristics. It could be revealed that the toioling fins have almost no impact on turbulenne.
contrast, the ten times thicker water bearing deceste an enormous turbulent intensity in the
vicinity of the heat exchanger. Further downstre#ime, turbulence decays rapidly and reaches its
minimum after around 250 mm. The maximum was fodirdctly behind the test object (water
bearing ducts) or at some 35 mm (cooling fins).kRedues amount to 35 %. Close to the minimum
of turbulence, there is only little influence oktheat exchanger type and the impact of ductstis no
measurable at all. The turbulent intensity then am® to some 4 % with an exponential decay
between the extremes. The decay roughly followsetmpirical formula by Roach. A moderate
influence of inflow velocity was revealed. Close ttee heat exchangers, turbulence decreases
through higher flow velocities. This effect is resed further downstream. The inflow velocity
furthermore effects the distance where the infleen€ the different obstructions vanishes. The
integral length scale of turbulence shows a strd&gendence on distance to the test object. In the
first 150 mm it follows the empirical law by Roadhrther downstream higher values are obtained.

Broadband noise scattering - theoretical modelingrad simulation

The prediction of the broadband noise scatteretthé®yan environment involves several aspects:
the prediction of the noise emitted by the fan twisahe listener as if it were placed in free field
(incident field), and the calculation of the scedtefield in a second step. When the fan source is
described in deterministic terms, i.e. when the evéronts emitted by the fan are known in both
phase and amplitude, the calculation of the seattéeld by numerical means (Boundary Element
Method or Finite Element Method) is relatively sgtdaforward. However, in the present case the
fan source is known in statistical terms, and tke field Power Spectral Density that is predidigd
standard methods is not a suitable input to theemizad approaches cited above. The approach that
has been pursued here consists in expressing tineesfeld within a formalism compatible with the
numerical software developed by LMS, following tAeoustic Transfer Vectors approach in
particular. Another important point is the proxiyndf the fan blades with the acoustic environment.
As a result, the classical formulations of Amiet aot applicable since they assume that the listene
(or scattering surface in the present case) igddcem the acoustic and geometrical far-field o th



fan blade. Besides, the fan blades have to be segthan order to account for the spanwise variation
of the flow properties, and the long-span assumptannot be used anymore.

The results demonstrate that in order to obtainarigally consistent results where the far field
assumption is not valid, spanwise near-field effanust be included in a generalized derivation of
Amiet’s theory for incoming turbulence noise. Thiusion is compared with a direct numerical
integration and an important improvement is obsger¥#nally, the presence of solid surfaces in the
neighbourhood of the radiating airfoil, as for earhe flap or slat noise for example, imposes to
compute the scattering of the incident sound fielitained by the generalized Amiet model
presented herein. A method based on Acoustic Tean&ctors, obtained by means of a Boundary
Element solver, was proposed and validated agaixstriments for two different configurations.
The results showed that the analytical model coetbinith Acoustic Transfer Vector approach is a
useful tool to predict the scattered acoustic fiflé stationary airfoil due to its installatiorfesdts.
The acoustic production of the axial fan was therestigated in both free and scattered-field. A
method based on Acoustic Transfer Vectors, obtalnyesheans of a commercial Boundary Element
solver, is proposed and validated against the idasé model. A fair agreement was observed in

comparison with experimental data gathered in tiezlaoic room using an industrial low-speed axial
cooling fan.

Spp,,, (dB) - Spp,, . (dB)

f (Hz)

Figure 2: Comparison of the scattered componetiteofcoustic field determined by measurements

(red) and numerical prediction (blue). The trendahes satisfactory, especially towards higher
frequencies.

Model test of a generic isothermal cooling unit

The objective of this task was the applicationhe aeroacoustic simulation tools developed in
before to a cooling unit, specifically designedpermit the detailed validation of the flow and
acoustic fields. The model is largely made of Rj&s to allow PIV measurements, and is designed
to be representative of a scaled-down locomotiaiteg unit. The model was fitted upside down in
an anechoic room of the von Karman Institute, ptimgj to measure the noise emitted outside of the
module through the heat exchangers and inlet §hd.noise that would be radiated through the roof
in the real configuration is here propagating tiglow duct equipped with azimuthal microphone
arrays, for the investigation of the spinning atimusiodes. The flow field has been simulated using
the OpenFOAM software from which the necessary tmfor sound predictions models were
extracted. The incident broadband acoustic fislddattered on the mock-up geometry using a



specific numerical methodology based on a Bounddeynent Method validated in previous tasks.
The heat exchanger is there represented by a lunmpedel characterized through transfer
admittance matrix.

Before validating the full configuration, tests lwen artificial noise source were conducted. The
fan module was replaced by a flat plate, drilledtsncenter with a 1 cm-diameter hole, below which
a loudspeaker was placed and fed with various Egr&everal measurement campaigns were
conducted in order to validate the acoustic sinmuat with increasing complexities. The first tests
were conducted without the plexiglas box (belovernefd to as monopole-nozzle configuration), to
validate the monopole source model and identify rtdnege of frequencies for which the residual
vibrations of the steel plate, output of the lowatger-nozzleplate system and anechoic properties of
the room give a large enough signal-to-noise ratiod reproducibility for the next tests. The next
step consists in placing the plexiglas box, withthe inlet grid and without the heat exchanger
(monopole-box configuration). The last tests wayedticted with the grid only (monopole-box-grid
configuration), the heat exchanger only (monopake-HE configuration), and both grid and heat
exchanger (monopole-box-grid-HE configuration)gu¥e 3 compares the results. It can be seen that
the accuracy between measurement and predictiopatas with increasing complexity.
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Figure 3: Comparison between measured (red) arttigped sound (blue). Top-left: monopole-
box configuration. Top-right: monopole-box-grid ¢igiration. Bottom: monopole-box-grid-HE
configuration.

After using the artificial monopole sound sourcke treal cooling system with fan was
investigated. The broadband fan noise model detaibmve was employed for 2 spanwise strips. In
order to model the heat-exchanger, the transfatioal admittance through the heat-exchanger
surface was. Combining all the models and emplojiegflow properties extracted from the RANS
simulation and hot-wire measurements, the acodigtid emitted by the axial fan was computed.



Figure 4 shows the measured and predicted acosptictra at the observer points. The red line
stands for the measurements. The black solid Imkcacles represent the free-field and scattered-
field predictions using the data extracted from FBABImulation. No agreement has been observed
between the measurements and predictions. Bothitanhgland trend of the predictions are different
than measurements. However, using the data exiréiisn hot-wire measurements, the free-field
propagation (blue solid line) shows agreement énttand. This is due to the larger turbulence llengt
scales exported. The free-field spectrum is smadtien the one of measured, simply introducing
the scattered-field contribution from the RANS fesuit can be seen that the pattern due to the
interference fringes is captured accurately. Howeteere is still a 20 dB difference between
predictions and measurements. This may be dueeteftact of the other sound source mechanisms
applying on the blade and vanes. One possible eafitan can be that the heat-exchanger is lowering
the turbulence intensity in the flow and the floe@cbmes close to laminar. Hence, the dominant
source of the sound is not turbulence-interactioynmeore. However, even though the source term is
not captured accurately, it can be seen that tinéribation of the scattering obstacles is captured.
The difference between the free-field and scattéiedd results can reach up to 10 dB, such that the
free-field propagation assumption is not accuratgrere.
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Figure 4: Acoustic spectrum at the observer passtioneasurements (red solid), free (black solid) an
scattered-field (circles) predictions using RANSadand free (blue solid) and scattered-field (blue
square) predictions based on hot-wire data.

As a final conclusion it must be stated that - etresugh the different aspects involved in the
full simulation have been validated separately iompke configurations - their combination to our
combined mock-up yields a significant under-pradictof the measured spectrum. A likely
explanation for the discrepancies stands in thetfet potentially important sources of noise have
been neglected such as the rotor trailing-edgeenatator noise or the noise associated to the
complex vortical motion that develops between theosded rotor ring and the casing. More
investigations are required as well about the &irecof the turbulence ingested by the rotor, which
appears to poorly represent the turbulence physiosss the heat exchanger, while properties such
as the turbulence intensity and correlation leqpd@ly a crucial role in the level and spectral dechy
the acoustic field generated by the fan rotor.

System auto/truck - thermal optimization

A system-level thermal optimization of automotivedk cooling modules has been conducted
using two different approaches. The first methodstgts in studying different configurations via a
Kuli model and was applied to a Renault Lagunae Kiali model was calibrated to account for the
car's geometry by post-processing wind tunnel testslts. The second method is more general, and
consists in running a numerical Design Of Experimesing Computational Fluid Dynamics in order
to construct a neural network that is capable ohmating a velocity map on the heat exchanger
instantaneously. The velocity map takes into actaystream mean flow distortions due to the



dissymmetry of the front-end air intake or to tmess-beam as well as the effect of the downstream
blockage that is due to the combustion engine.néwral network covers 22 geometric and physical
parameters and requires 129 simulations to be run arder to be initialized.
The first approach was much more straightforward] resulted in the selection of one (or more)
optimal solution(s) for the selected platform.

The initialization of the neural network was stiigoing when the task report was written due to
the considerable computational time resulting fribl numerous simulations, but it is completed
now. The neural network was constructed, and wapled with a Kuli model similar to the one that
was previously constructed.

After studying several single and dual fan systethe, optimal solution for C®and cost
reduction was found to be a single-440-mm- diamé&tar The fan has a major influence on the
system’s thermal efficiency, thus, there is stdom for improvement by improving the fan’s
efficiency. This was subject to T3.3.

Figure 5: Final design of the newly developed awtive cooling unit (top) and assembly with the
engine and other vehicle components (bottom).

Sytem loco - thermal optimization

In this task, we focussed on the general layoutdesign of locomotive cooling unit including
the complete system. First, the cooling system wggpect to the thermal management, the noise
emission, the energy consumption and the systeoutayas performed in a 1D simulation suite. In



following steps this system was optimized with extpto the objectives of the ECOQUEST project.
This parameter study includes controlling, strategg layout variations of the total cooling system.

As a result, the energetic and acoustically optionaling system can be determined. Different
variants of the complete cooling system were aealysith the 1D system simulation. Very good
acoustic results can be achieved by an optimizedralostrategy. The Fuzzy controller (PD based
controller) has been found to be suitable. Therteah implementation of the optimized controller
could be realised without additional work and exgeenThe energy consumption of the fan can be
significantly reduced by using a balancing strategyween the both water circuits. The simulated
balancing system with a connectable heat exchamgan additional variable water heat exchanger
shows a great prediction for energy consumptiorer@ore the connectable water heat exchanger
obtains the best energetic performance but itffecdit to realise. The system with the variabletara
heat exchanger is a good compromise in terms adtifumality and cost/benefits. By combining the
controller management with the Fuzzy controller #relbalancing system an acoustic and energetic
optimum can be achieved. These results are basadatal system simulation. The simulation result
does not allow reducing the initial cooling systeize.

Figure 6: Final design of the newly developed lootiwe cooling unit.

Innovative axial fan blades

New fans for the automotive and locomotive coolisgstems were developed. The main
objectives were increased energy efficiency andeed sound emission.

First attempts to design the automotive fan used ahalytical 2D fan design tool “dAX”
developed by USI. The designs were then simulated/AL. However, it was found that the
extraordinary design point prohibits this procediareseveral reasons such that a decision was made
to do without analytical methods and to optimize tan blades by CFD simulations embedded in an
evolutionary optimization algorithm. Evolutionarigarithms are powerful optimization tools which
are able to satisfy several target functions siamgously. The incorporation of constraints canlgasi
be implemented and the algorithm is less proneotverge to local optima than other optimization
tools. The biggest disadvantage is the huge cormpoédh effort which was, however, accepted for
this project.

In the present application, the target function wesimization of total-to-static efficiency and
was evaluated by RANS simulations. Since the mamedsions as well as the rotational speed are
fixed, the optimization parameters only comprise Ibhade design. The resulting optimal parameters
are discussed in detail in Deliverable D3.3. Infihal report, only the very surprising result bkt
stagger angle distribution is considered. The ogitistagger angle decreases from hub to mid-span
and increases again towards the shroud. Thisgsntrast to common design assumptions in which



the stagger angle always decreases from hub taighiae to the difference in circumferential
velocity. The finding of the unexpected optimal tdizution is the main reason for the massive
increase of efficiency from 50 to 70%.

The locomotive cooling system was analyzed by a GHbulation of the benchmark system.
Losses were allocated to the individual componehtshich the heat exchanger were found to be
most significant. However, several CFD studies gubwhat these losses can hardly be influence.
This also applies to the second biggest loss mésian.e. the meridional component of the exit
velocity. Hence, the biggest potential for enexgetiprovements lies in the implementation of guide
vanes reducing the circumferential exit losses.ufthier possibility is the enhancement of fan
efficiency by adapting the design to the inflowoaty profile. Both components were optimized
with modern optimization algorithms. The targetdtions (efficiency, loss reduction) were always
evaluated by CFD analysis.

Since a CFD based optimization loop with respecti¢ooacoustic target functions has an
immense computational cost, the measures for acousprovement are based on analytical
considerations without the help of optimizationaaithms. The major changes are reduction of
rotational speed, reduction of fan diameter, higheal length, and constant chord length.

These measures were fixed and not changed in ttwmipation loops. A comparison of the
optimized system with the benchmark system revealeti3% energy saving, mainly due the
reduction of swirl energy at the exit.

The acoustic comparison is based on experimentsavit:4 model of the cooling module. The
measured sound power levels are depicted in Figuhe was shown that the specific sound power
level decreased by approximately 2.5 dB. The (gdlyemost annoying) tone at the blade passing
frequency decreased by even 5 dB. The experimartteefmore confirmed an increase of flow rate
by 10% at equal rotational speed, and hence aaared cooling capacity.
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Figure 7: Acoustic comparison of the benchmark @ptthized locomotive cooling system model.



Innovative passive noise control

Within this project two different main objects flan passive noise control have been examined
both experimentally and theoretically; the heathexger and inlet parallel baffle silencers. For the
first object seven heat exchangers were experintgrassessed, using a modified version of 1ISO
15186-1:2000, to test the acoustic transmissiormafdiffuse field. In addition a sample from each
heat exchanger type was cut out and tested by megdhe acoustic two-port in a duct, i.e., the
transmission and reflection at normal incidence ewetetermined. Theoretically, the basic
configuration is assumed to be a matrix of parate rectangular narrow channels. The developed
model is based on a so called equivalent fluidaforanisotropic medium. It is mainly dependent on
the heat exchanger geometry combined with the Kofhmodel for thermo-viscous wave
propagation in narrow tubes. This model is a caatiion of earlier work by Yan and Abom. In order
to reduce the transmission through heat-exchartgeyscan be fitted with parallel baffle silencers.
In ECOQUEST a new type of such silencers using Mieerforated Panels (MPP:s) have been
designed and tested.

Results from this work are presented showing thah VPP baffle silencers can provide up 10-
20 dB added damping in the frequency range of esterA model for sound transmission through
plate type heat exchangers was developed. Thisdiypeodel is valid as long as the characteristic
length scale of the heat exchanger inner strudggirauch smaller than the wavelength. The data
needed for the model can be estimated from the gggnof a given heat exchanger. The
propagation losses are then modeled by applyinéitobhoff model for visco-thermal sound waves
in narrow tubes. The flow related losses can bienastd via pressure drop data. The model gives a
good agreement with the measured results but canreesome tuning in order to account for details
in the inner structure, e.g., louvers. Here this wlane by adjusting one parameter (the effective
hydraulic) radius based on measurements of a keatieger piece in a two-port test rig. A new type
of (MPP) micro-perforated parallel splitter (bajfleype of silencer has also been proposed and
examined both experimentally and theoretically. Tlaasmission loss and pressure drop have been
investigated for seven prototypes of this new sienlt is found that the transmission loss can be
enlarged by increasing the number of baffles, iezlucing the ratio free air space to baffle thaeds
(h/H), adding inner rigid walls inside the baffledausing inclined baffles. The inclined MPP baffles
with inner rigid walls have the largest transmisdiass. The inclination increases the high freqyenc
performance while the inner rigid walls give anrgese for the mid frequency range. The flow effect
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for flow speeds up to 10 m/s is small and can lggected. Theoretically, the basic configuration is
assumed to be a matrix of parallel and rectangthlannels with an acoustic lining boundary. The
acoustic lining is a MPP sheet mounted on a logalacting core without impervious backing. The
model shows good general agreement with the mehsiatea.

Prediction of noise emitted by full-size cooling stems

The prediction of the noise scattered by the famrenment involves several aspects: the
prediction of the noise emitted by the fan towatlds listener as if it were placed in free field
(incident field), and the calculation of the scedtkfield in a second step. When the fan source is
described in deterministic terms, i.e. when the evéonts emitted by the fan are known in both
phase and amplitude, the calculation of the seattéeld by numerical means (Boundary Element
Method or Finite Element Method) is relatively ggtdgforward. The difficulty lies in the source
representation. An additional difficulty is the pemce of the scatterer in the near field which
significantly makes the computation of the inciderdre complex. This step is extensively presented
in deliverable D2.1 for tonal fan noise scatteringhen the fan source is known in statistical terms
(broadband fan noise), and the free field PowercBaleDensity that is predicted by the methods
explored in Task 2.2 is not a suitable input to nlkenerical approaches cited above. The approach
that has been pursued in the project has condistexpressing the source field within a formalism
compatible with the numerical software developed B\, following the Acoustic Transfer Vectors
approach in particular. Another important pointhie proximity of the fan blades with the acoustic
environment. As a result, the classical formulagiaf Amiet are not applicable since they assume
that the listener (or scattering surface in thes@né case) is located in the acoustic and georaktric
farfield of the fan blade. Besides, the fan bladage to be segmented in order to account for the
spanwise variation of the flow properties, and litveg-span assumption cannot be used anymore.
Those steps are extensively presented in delive@®l2 for the incident broadband fan noise and in
D2.3 for broadband fan scattering. In task 3.1 arj system level Auto and Loco cooling units
have studied and CFD analyses have been perfornged/dbeo and University of Siegen
respectively. The CFD analyses were used to perfacoustic analyses and convergence studies
based on the approaches mentioned above. The @cansiyses and studies are presented and
compared to experimental results obtained in taBKd the auto and 3.7 for the loco.

The comparison between the simulation results apérenents shows severe underestimation
by the simulations concerning the tonal automativise. At this stage the root cause of this ndy ful
understood but it is highly expected by the padrbat this is due to the noise generated by tit ri
around the blade which proved to be quite noisyis Twould explain why the noise seems to be
globally under estimated, as the broadband noismderpredicted by around 20 dB, too. It is also
found that taking the contribution of the scattefietd can reach up to +13 dB, hence free-field
propagation is not a valid assumption anymore &edeffect of the scattering obstacles should be
taken into account. The under-prediction compaoeekperiments can be due to under-prediction of
the turbulent length scales. A preliminary tesp&formed by simply assuming larger turbulence
length scales (5 times) in free-field propagationd adding the scattered-field contribution. The
comparison between experiments and new predictimars shows a good agreement at the most of
the frequency range of interest. Especially at deggties lower than 400 Hz, the effect of the
scattering geometry around the axial fan is wadtgeed.

Better results are obtained for the locomotive icgpsystem, see Figure 9. While the first tone
is still under predicted by 6.5 dB the results the 2 and especially the'Btone are much better,
which are under predicted by 1.5 dB and over ptediby 2.1 dB, respectively. The discrepancy is
attributed to the fact that the 11 stators weretakén into account in the simulation. After close
checks, it turned out that the stators should playmportant role and should be taken into account
subsequent computations.
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Figure 9: Comparison between simulation resultsexmeriments for the optimized fan.

Automotive mock-up tests

In this work the interest is the sound power geteelrdoy automotive cooling units. The units
were mounted in a wall between two rooms, one rbemg the ISO qualified reverberant test room
at the Marcus Wallenberg Laboratory (MWL), KTH. Bytating the units this room could be used to
determine both the up- and down-stream sound pouwseng) the ISO 3747 method and a reference
source. The back ground noise has been cancelddoauthe final results. All measured results in
this report have been performed using Spectra PLBBT Spectrum Analyzer and the results are
presented as 1/3 octave-bands.

Based on the project plan and meetings and dismssbietween the task partners it was decided
to change the fan shroud to a micro-perforatedep{®&PP), in order to study its effect on Fan
Cooling Unit radiated sound power. Both of the sinitere then fixed in the wall between the
reverberant and anechoic rooms at MWL and testddfatent fan operating conditions.

Based on the measured results presented in thisrsesummarized in Figure 10, it can been
concluded that the MPP shroud reduce the radiadeddspower up to 4 dB(A) on the downstream
(fan) side. The reduction on the upstream sidet (eeehanger side) is less than 1 dB(A). The MPP
plates used for this and all the tests in T3.6 efabe same type as described in the report fo4,T3.
see Figure 27, i.e., normalized resistance aroudicrid 1 mm thickness. This is the standard MPP
plate provided by the partner SNT.

A detailed experimental investigation combiningtdifferent types of fans (a five bladed semi
radial fan and an eight bladed axial fan) was edrout. The effect of shroud, back plate material
and a dummy engine block on the acoustic souremgtin (radiated sound power) was measured
under different controlled conditions using the 1IS©7 method. The dummy engine was positioned
at 110 mm from the fan units (back-plate or shroiot)all tests. For the back plate two MPP
arrangements were used. A single (standard) MPte pled a double wall MPP with two standard
plates separated ~10 mm by a space filled with miela foam. The cooling unit was mounted
between two acoustic test chambers with the raagi@ownstream) side in reverberant chamber
where a rotating boom was used to measure theesstrength for different fan RPM’s.

The radiated sound power could be reduced withdB@®\) by using a MPP shroud compared



with the original metal shroud. This is smallerritthe first tested case in section 2 mainly because
of the smaller area covered with MPP, around 22%heftotal area of the shroud, but it can be
increased to 4 dB(A) by also making the back pttéMPP. However, it can be noted that this
reduction goes down as the RPM goes up. The raagbat a MPP has a frequency limit where the
imaginary part of its impedance starts to domingte.the MPP used this is around 1-2 kHz and for
frequencies higher than this the damping is pobrs Timit can be controlled by using a MPP with
smaller holes, which will push the frequency limit in frequency. Another alternative to handle this
problem discussed in section 4 is to use a resamdmine on the back side of the MPP. The use of a
double wall MPP has a small effect and gives noiaant improvement.

In summary it is concluded that based on the tequksented, a MPP shroud can reduce the
total sound power radiated from the cooling fanthe range of 1.5 to 4.5 dB(A) depending on
covered area and fan speed. Also the absorptidgheoangine side is increased which can reduce the
installed noise further. The concept of using qerantave resonators to tune the damping maximum
of a MPP to a desired range is tested with promisasults. At the optimum working condition and
for the same volume flow the new Axial Fan protatyp quieter than the new Semi — Radial Fan
prototype.
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Figure 10: (a) Reduction in sound power when addiMPP shroud. (b) Total sound versus fan speed for
original and modified shroud.

Locomotive mock-up tests

All experiments were conducted at the test fieldV@iA in Heidenheim-Mergelstetten. The
cooling unit was operated without thermal load, ne coolant was pumped through the heat
exchangers. Moreover, only the rear part of thdisganodule is considered, wherefore the front fan
remained in standstill and the module was dividg@ vooden separating plate. The fan was driven
by a hydraulic motor in the fan hub which is alssed in the full-scale tests and in everyday
operation. Hydraulic pressure was provided by auinmven by an electric motor. The drive was
operated in emergency mode meaning that there ihnottling of in the hydraulic cycle and the
rotational speed of the fan is directly controll®dthe speed of the electric motor (= pump speed).
Potential throttling of the air flow due to contaraiion of the heat exchangers was simulated by
covering 10 % of the heat exchanger area withsstrip

A total of six microphones by Bruel & Kjaer (Typel@D) were placed around the cooling
module. All of the microphones used were set agight of h = 1750 mm from the floor which is



approximately the height of the module roof. Theuwstic pressure was captured via two NEXUS
Conditioning Amplifiers. The sound power was detieed according to ISO 3741 via a reference
sound source which was placed above the hydrawiomin the fan hub, thus at a position close to
the fan center. Pressure transducers and revolationters were installed in the same manner as in
serial tests by VTA to measure the hydraulic presslownstream of the pump and the rotational
speed of the pump and the fan, respectively. Vidsciwere measured manually by vane
anemometers. Four test cases were distinguish@dbefichmark fan without attenuator, (ii)
benchmark fan with attenuator, (iii) optimized faathout attenuator, and (iv) optimized fan with
attenuatorhlEach configuration was operated aindistan speeds between,, = 600 min* andnmax

= 1540 mirr.

It was found that the optimized fan leads to a l@igher flow rate when operated at equal
rotational speed as the benchmark fan. This cooredgpto a higher cooling capacity which was not
the primary target of the research in ECOQUEST, ibutevertheless an important improvement
from a practical point of view.

The power consumption could be reduced signifigadtie to the optimized fan. The ratio
between Configuration Il and IV (benchmark vs. oytied fan both with attenuator) is remarkably

constant over the flow rate and amountsP@V )/ P, (V )=121 meaning a total energy saving of

21 %. The differences between the configurationth \ahd without attenuators originate from the

fact, that the sound attenuator is an additiora ftesistance. However, in a practical application
there always needs to be a protection grid whichlavdave the same effect. Thus, the increased
power consumption due to the sound attenuatortisisoussed any further.

From an acoustic point of view, both, the souncerathtor and the optimized fan were
successful. This is shown by the spectra depictgdr& 11. While there is only a moderate sound
reduction due to the attenuator the optimized fauces sound significantly. The most important
effect occurs at the blade passing frequency arahats to around 15 dB.
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Figure 11: Acoustic spectra of the benchmark artohaped fan in the locomotive mock-up tests.



Full-scale tests of automotive cooling unit

Tests on vehicle tests were conducted in the damatnd tunnel located at La Verriére
(France). The selected car was equipped with Vedeaponents, designed and prototyped during the
Ecoquest project. Various configuration of the amgpimodule have been used and have lead to the
recording of several sets of results. Two typesaafling were tested, i.e. the direct cooling whie t
baseline, and the indirect cooling with the “Ulti®aCoolingTM” module. On this latter, several
adaptations of fan system were tested: a solutitmavdual fan system, a solution with an optimized
single fan system, and an innovative solution \&ittoncept of semi-radial fan.

Results of heat rejection, electrical power and matcal consumption were used to calibrate
different Kuli models. These methods are applicablsystems with direct or indirect cooling as the
one promoted by Valeo with Ultimate CoolingTM. Timeodels allow testing and comparing
"virtually" vehicles on driving cycles by predicgrthe effects on consumption and CO2 production.
The analysis includes the complete system withrengooling and climate control.

The indirect cooling module takes advantage of d&gramics gains and of a better thermal
control which prevents temperature peaks. Gain€02 production for the two indirect cooling
modules tested are about 4 to 7% compared to hase&bhich represent about 0,1 to 0,2 g. o, CO
per km. It is possible that in the future additiogains could be obtained when full advantage of
optimization tools will be taken, and when desigles favoring aerodynamics will be applied.

Some results showed the importance of aerodynamfgsh is prominent on consumption
compared to fan system power. This gives as awratidn that it is preferable whenever possible to
promote heat exchangers rejecting more thermal pewan if they are more resistant. The limitation
lies in the operating points at low speeds, whieeeféan must overcome a higher resistance and will
have to consume more. However, since the time efaidull power is limited, its use will not be
detrimental to the overall energy balance. Foraimsg, studies on the radiator resistance showeéd tha
0.5 g. of C02 can be saved if the cooling at loeeshbis successfully managed. These aerodynamics
need can be fulfilled without additional cost ifetifan operating point fit perfectly to the
characteristic of the cooling module. Optimizatitechniques developed during the project are
intended to promote a perfect matching of all congmts, working together at their higher level of
efficiency. This conclusion validates also the ngend observed with the spreading of new
functionalities: fan speed control and activeshiutters to close the front end whenever possible.

MNEDC driving cycle Baseline | UC Dual Fan System ‘ UC Optimized fan
Effect of Fan systems g C02/km and reduction %

Tamb =24°C / No AC 3,15 3,00 -5% 3,03 -4%
Tamb =24°C / With AC 3,32 3,13 -6% 3,18 -4%
Tamb =33°C/ No AC 3,27 3,06 -7% 3,10 -6%
Tamb =33°C / With AC 3,42 3,19 -T% 3,24 -6%

Figure 12: Comparison of CO2 production with diffiet fan systems.

Full-scale test of loco cooling unit

The locomotive full-scale tests were conducted uneJ2012 in Lineburg, Germany. It was
distinguished between three states of the locorantiv

1. Locomotive in standstill with fixed fan speed ameklve microphones placed around it
(see Figure 13, top).

2. Six fixed microphone positions passed by the lodbreat constant speed (40 km/h)



3. Onboard measurements with three microphones attachhe locomotive which drove
a 23 km test track with 500 t of load and realigtioving conditions with respect to
velocity, acceleration, breaking, and terrain stope

This short summary of the experiments is structuaedording to the three states. The
experiments with standing locomotive were usedammare the benchmark fan with the optimized
fan and the benefit due to replacement of the ustgdection grid upstream of the heat exchangers
by micro-perforated acoustic absorbers (MPPs).ds Wound that both, the optimized fan and the
sound attenuators, reduce noise. While the redudlice to the damper is limited to directions
perpendicular to the heat exchanger, the optimiaededuces noise in all directions. The benefits i
overall sound pressure level are up to 4.5 dB (Gar@.7 dB (attenuator). In case of the optimized
fan, an additional immense reduction of the ton¢hatblade passing frequency (up to 15 dB) is
observed.

The tests with passing locomotive only compared dfiect of the optimized fan. The
locomotive was accelerated to 40 km/h and passedmticrophones with fixed fan speed. The
example with maximum fan speeth= 1540 mift) is depicted in Figure 13. In can be seen how
the sound pressure level increases as the locomnapiproaches and decrease after it has passed. The
difference originating from the fan configuratiaalmost constant over time and amounts to 5 dB or
7 dB when flow rate correction is taken into acdourhe flow rate correction considers the
difference in cooling performance and assumes tthatoptimized fan could be operated at 10%
lower speed to obtain the same cooling capacity.

The onboard measurements were used to comparethgden configurations but also to assess
the new cooling strategy with fuzzy controller doalancing heat exchanger. The balancing heat
exchanger can transfer heat from the high temperatuthe low temperature cooling cycle which
leads to a more similar cooling demand of the twdes. This is valuable as the fan speed is always
driven by the cycle with the instantaneously higbead.

The test track was split into five parts of whiglot(#3 and #5) are most suitable for comparison
due to the very successful reproducibility in terwfs driven conditions (speed, acceleration,
breaking). The maximum sound radiation decreases tdunew cooling strategy. This effect is
strongest in cycle 3 and reaches almost 7 dB(AjaREng energy efficiency, there is only a very
little improvement at cycle 5, but a remarkable ioyement at cycle 3 (24%). The optimized fan has
a similar acoustic benefit. However, the accumudl@eoustic effect of both measures together is not
much higher (still around 7 dB(A)). In contraste thnergetic efficiency increases dramatically due t
the two innovations. Now, significant improvemertan also be observed in cycle 5. The
improvement in cycle 3 increases to 39%.

Altogether, the full-scale tests were very satigfac All measures (cooling strategy, optimized
fan, attenuator) lead to considerable sound reaoluctVioreover, there are also remarkable energy
savings originating from the new fan and balant¢iagt exchanger.
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Figure 13: Top: Locomotive and measuring set-upstandstill measurements. Bottom: Benchmark
fan (v204) vs. optimized fan (v240)mt 1540 mif® for passing locomotive measurements.

Acoustic environment effects

This task is about the experimental characterinatid the sound field around a simplified
locomotive at 1/16 scale in semi-anechoic room, theccomparison with BEM simulations. Sources
mimicking the fans or the air-inlet grids are lamheither on the top or on the sides of the mocRkup.
reflecting ground and an optional vertical rigidlmat different distances are considered. Sound is
measured for broadband excitation in a horizortaigbetween the locomotive and the wall (the so-
called platform area), at equivalent height of harhaad. Sample post-processed data are discussed
and interpretations of major observed effects aoxiged. Characterizing fan noise in absence of
any surrounding surfaces provides key informationtiee sound generating mechanisms and is
relevant for strategies of noise reduction at seuddowever exposure of passengers in the
environment of a railway station involves otherexgp related to the scattering of fan noise by the
locomotive itself, on the one hand, and to multipbdlections and diffraction by architectural



elements of the station, on the other hand. Tylyigeople on a platform can be quite close to the
locomotive or close to a vertical building wallsatme limited distance. The effect of that wall be t
annoyance can be as important as the sound gemertself. This is why an academic experiment
has been decided in the ECOQUEST program to addredsa situation of practical interest. The
main objective is to identify key effects that @pected for a locomotive in the presence of two
perpendicular half-planes. Typically it is focusaal the difference between sound fields with and
without side-wall, for the sake of assessing thiéitalof some prediction models to reproduce it.
However many configurations can be encountereckah stations and a complete modeling of the
environmental effect would not be tractable ifgdbmetrical details were included. It is guessead th
major effects only involve design details that remaf the same order of magnitude as the acoustic
wavelengths of interest. This led to the follownrgeria for the definition of the experiment.

= The true shape of the locomotive can be stronghpkfied. It can be manufactured ignoring
geometrical details. Geometrical simplificatioralso the condition for the problem to remain
tractable numerically using a boundary-element oat{computational effort provided by
partner LMS). Furthermore diffraction is more pranoed at relatively low and middle-range
frequencies, whereas high frequencies could beridesicusing simplified approaches based
on ray-tracing theory.

= The ground-only (full ground plane) configuratios considered as a reference case,
corresponding to the absence of building around rtfahine. Two configurations with
distances 2L and 3L of the vertical half-plane (véb the side of the locomotive are
investigated, L being the width of the locomotivEhe measurements make sense in
horizontal planes that are believed representaisfivhuman hearing, typically 1.6m at full
scale.

= The scale of the mockup must be compatible withitls¢rumentation and the size of the
anechoic room. The value 1/16 has been selectad.igkwhy the measuring plane has been
fixed 10 cm above the ground.

The results of the impact of the scattering plawesburces on the roof show that with respect to
the reference pattern in absence of wall, the pesef the wall at 3L causes horizontal wiggles in
the map. The wiggles are interference fringes predwby interfering direct and reflected sounds, as
confirmed later. They are also observed at diffelenations for a wall at distance 2L. Wall-
reflection fringes are more easily quantified bgtfphg SPL profiles along lines of constant x value
in other words vertical cuts in the color maps. $hee analysis for BPF1 is repeated for sources on
the platform side. Such sources directly radiateatds passengers or technical staff with a minimal
diffraction by the locomotive itself. The referencadiation map is characterized by three lobes
featuring a playing-card club symbol, one lobe giogmnormal to the side and the other two aligned
with the side, in forward and backward directiombe backward lobe is modulated by additional
vertical fringes that are attributed to sound witen of the front wall of the cabin; the cabireifsis
indicated by the red segment on the x-axis. Redasiound extinction areas appear in blue. One is
pointing obliquely from x/d = 20; it results fromasking by the corner of the cabin. The wider other
one is near the top of the map for x/d > 20. Addingertical wall has a strong effect. The low-noise
areas now receive much more sound. The three-lgagtern is strongly distorted and clear
horizontal interference fringes smoothly bendingdads the x-axis are observed. The fringes are
much more pronounced than for aforementioned roofces.

Tests with the loudspeakers positioned on the giatfside have been repeated with the full
locomotive mock-up and without the baluster of #@me side. Indeed in this configuration the
baluster acts as a screen between the sourcedaan/ers standing on the platform. Optimizing its
shape could be an efficient way of reducing souubsure. The effect of adding the baluster is to
partially deactivate the cancellation of direct @ndund-reflected sound fields, and consequently to



regenerate sound in the extinction area. In thém dhe presence of the baluster is not a benefit.
Nevertheless, the baluster will still globally reéuhe sound level and has the tendency to sphead t
noise emission (i.e. maxima of sound drop but manimcrease), getting closer to homogeneous
exposure. This might be of benefit for people opegaaround the locomotive. The typical radiation
at 1BPF in absence of the baluster features thr@e fbes one of which points normal to the
locomotive wall. In this direction sound first attetes with increasing distance (along y axisk the
has a minimum and grows up. The same lobed pateiound with the baluster except that now
there is less evidence of a minimum; it is alsosged that the minimum could be displaced beyond
the limit of the measurement area.

By its simplicity and the anechoic quality of thetup, the experimental protocol developed in
the task could be reused in future studies to addmdditional topics, such as balustrade
optimization, synchronizing of tonal sources, getsroal modifications and so on.

Figure 14: Acoustic measurements of the model |@tv®.

Novel auto/truck cooling units: Guidelines on methdology, design and cost/benefits

Valeo has conducted during this project investayegtion automotive engine cooling systems.
The work included important considerations on ewpegjficiency, helping to reduce fuel
consumption and CQemission, and aiming also to reduced noise polutEven beyond the mere
cooling module, the studies have considered theceffon the vehicle drag and on the climate
control loop (air conditioning compressor and heathangers).

The work was conducted with the goal of buildinglatform for cooling module design that
includes numerical methods and analytical modelsfudure studies on cooling systems will take
advantage of these improved methodologies, arglakpected that new technologies and scientific
progress could also be added progressively irsttisf tools.

Many lessons have been made for thermal systemslat®n systems, for integration into the
vehicle. It must be added those acquired in thasad modeling, simulation and optimization



(thermal and acoustic). Several procedures haven leveloped and are used. Enhanced
methodologies due the ECOQUEST project compriseball performance prediction due to fan

simulation, fan design by optimization methods, Céithe shroud for fan system simulation with

“PCC” geometry, simplified module simulation, pgstcessing of global performances and flow
distribution, unsteady simulation with various floates, tonal noise minimization with rotor stator
interaction, unsteady simulation for tonal noisedpction, fan system selection according to
customer specifications, KULI calculation with EXCEontrol, dynamic modeling of an engine

cooling system, aeraulic calibration of an engioeliag system - according to wind tunnel test
results, air conditioning system modeling with KUHLAC system and cooling system interaction,
and direct and indirect cooling system modelindhidtJLI.

A new best practice guidelines was created in ie&l fof cooling module aerodynamic
resistance and the effect on CO2 balance consgleliag and thermal management. This work
presented earlier in the project has involved twibei@nt techniques that have been coupled.
Another best practice guideline deals with fan genfances on the cooling efficiency during MVEG
cycle and the effects on the CO2 balance of thécleeh

Thermal performances have been predicted usingahflibwv-stream technique that computes
precisely heat exchanges between air flow and mgdiiuid. Mechanical power needed for the
cooling at different vehicle speed has been asdess# compared to thermal exchanges for different
conditions. Final results are presented for NEDinly cycle and different conditions, i.e. 24 or 33
°C and with or without climate control. Gains on Z@roduction are about 4 to 7% compared to
base line, which represent about 0,1 to 0,2 g per k

These gains are only due to the fan system andréprgsent a significant advance in terms of
impact on the automotive fleet and regarding thditemhal cost which is null. It is even found that
the single fan-system solution is almost at thel fara system level, despite this latter is deemed
more expensive, heavier and noisier. This is eafijgaiemarkable since the surface coverage of
single fan system on the heat exchanger was |dveer the dual one (Figure 27).. A better area ratio,
which would appeal to less elongated exchangepscélly square section) could probably further
improve the performance.

The project has promoted the development of tectesidor analyzing the efficiency of vehicle
thermal management. The numerical simulation has bedely used and it has provided predictions
of aerodynamic and aerothermal performances. Thesks have been implemented in some
optimization processes based on a design of expatjnthe construction of response surface using
neural networks and research algorithms. All théhods investigated are incorporated in a virtual
platform for development of cooling systems.

Significant progress has been made for completellation of the cooling system, either for
cooling modules or for underhood conditions. Reswiere coupled with thermal modeling tools that
provided assessment on £froduction during driving cycles. The analysisluges the complete
system with engine cooling and climate control. Séhemethods are applicable to systems with direct
or indirect cooling as the one promoted by Valethviltimate Cooling". This latter significantly
improves the aerodynamics of the vehicle and tleental management, which results in reduced
production of CQ.

Comparisons were made between different typesrogyatem, either with a single fan, or with
2 fans, or with innovative geometries such as #migadial fan. In terms of conception, it has been
further demonstrated that the perfect adaptatidarohominal operating point to the cooling module
yields improvements and reduces the fan system poevesumption.

Aeroacoustics has been considered during the daewelot of analytical methods for predicting
the tonal noise and its directivity, and througlperxences dealing with effect of fan integration in



the shroud on the acoustic power. In addition ® d@kdvances in the analysis and the modeling,
micro-perforated plates for acoustic damping wergted and innovative stator geometries were
produced.

These methodologies are gradually incorporated auigtomer projects and should lead to a
constant improvement of cooling modules deliveredour customers. They also confirm and
substantiate the current technological trends, i.e.

= An increasing use of indirect cooling
= A willing to improving vehicle aerodynamics withmoolled flaps at air entrance
= A strong necessity to adapt perfectly fan systefiniehcy to their operating points.

Novel loco cooling units: Guidelines on methodologylesign and cost/benefits

We here cover three main issues: guidelines farréutan optimization, guidelines for future
system optimization and cost/benefit analysis. il Wwe shown, that the ECOQUEST project
considerably improved the methodologies and ECOQUESults will be used extensively in future
projects.

In the ECOQUEST project, we conducted system aisalysnulations of the benchmark system
at full-scale and model scale, optimization of fguide vanes and diffuser, simulation of the
optimized system at full-scale and model-scale, iagtationary flow simulations. In future designs,
some items might be spared. Especially the unstdbmly simulations have extremely high
computational cost which is by no means reasontbia an economic point of view. Owing to
increased trust in our methods, the full-scale fatmans can potentially be spared as well because
the differences between a simplified downscaledesysand the non-simplified full-scale system
turned out to be very small. This would in partaouldecrease the time for meshing and the
computational cost. The remaining tasks to be pexdd would then be: development and simulation
of a simplified and downscaled cooling module, assent of the results, fan optimization taking
installation effects into account, guide/vane difuoptimization, integration of the new fan unibi
the module and renewed system simulations, andreatisn of prototype cooling systems at model
scale and aerodynamic/acoustic experiments.

The optimization conducted within the ECOQUEST ecbjrequired much higher effort. Future
optimization work will benefit from the followinggints:

= development of the general method is no longeriredwas it can be applied to arbitrary
systems

= theoretical system analysis is existent in casesanee cooling module type will be reused

» the optimization algorithms are fully developed amgplemented such that they can be
applied in arbitrary optimization work

» automated CFD loops are existent and just need tadulified for new tasks

» the relevant geometrical parameters for fan andeguane optimization are now known
such that from now on the first optimization lodysld already lead to a good design

» the parameterized generation of geometry (requwedCFD and CAD work) is existent
and just needs to be scaled for other sizes

» drawings for the test rig are parameterized andezeily be adapted to other dimensions
of the components

» the measuring equipment as well as scripts foruati@in of measuring data have been
purchased/programmed and are suitable for anydwesigns



» there is an immense gain of experience of the geiopblved in the project

The cooling module in a locomotive interacts mugualith other components in a locomotive
where as the system ‘locomotive’ is part of thegéasystem ‘track - train - environment’. Most
components of the locomotive’s powertrain produeath according to their efficiency - that has to
be transferred into the environment at a huge rafgenbient conditions. With the focus on diesel-
hydraulic locomotives the diesel engine in tractrande and the hydrodynamics transmission in
braking mode are the major heat sources and retherenost cooling. Modern cooling systems are
based on complex coolant networks with differemerature levels in different hydraulic systems.
State-of-the-art systems consist of two water disct he first circuit handles, at a high temperatu
level, the heat management of the diesel enginetlagowertrain. The second low temperature
level circuit indirectly handles the heat regulatimf the charged air for the diesel engine. Duthéo
design of a locomotive, the ram pressure createthbyehicle can not be used so that cooling
system needs fans to create an active forced gpalifiow. These fan drives consume considerable
energy and the fans are, as already describedjramose source of the locomotive. Therefore, the
research and development of components and sy$temesoling has been an ongoing activity for
many years as a large number of publications iteli¢cdowever, the overall energy consumption and
noise emission does not necessarily depend onbletails of the fan design, but, in general, on the
interaction of all components in the complete syst&€he cooling unit as taken into account in this
study includes the hydraulic network, the aerodyicafan, the hydrostatic drive and associated
network and the controlling system with their reggnetative geometrical and physical parameters.
Because of the complexity, the complete systemadeted by means of a multi-domain simulation
tool, here LMS Imagine.Lab AMESim. This tool allo@slynamic analysis of all components and its
interaction as function of locomotive loading, drieycle and environmental conditions and a
subsequent optimization of the complete systemisoidted components. In more detail, the cooling
unit is split into different subsystems:

= The hydraulic network is parameterized for the mpsign and additional components. For
instance the water pump, the bypass system andekehanger were adapted to the pipe-
work. These models compute the transient pressopeahd flow rates within the network,
depending on thermal, mechanical and aerodynamindary conditions.

= Analogue to the hardware design, the control umitmplemented with the temperature
sensor, control logics and signal processing. Emeperature of the coolant is monitored
and controlled by the controller.

= The control variable is the input for the hydrostaubsystem which powers the fan. With
the input of ambient conditions (e.q. track topglocurved track, ambient temperature) and
a chosen control strategy the driving performantcéhe vehicle can be analyzed in the
complete vehicle-track system. For brevity the sud@els are not given here in detail but
the modeling level is similar to the fan model ddsed earlier. Finally the vehicle-track
model is coupled with the cooling unit model.

With the model described a system optimization asried out. We select the two target
functions “energy consumption” and “emitted sougvpr”. In general they are functions of

= Principal system layout (Thermal coupling/decouplirof the water/oil circuits,
coupling/decoupling of water pump from drive tratc.),

= Control strategies (type of controller, integrataframbient temperature sensor etc.)

= Size and number of heat exchangers / fans ancefugbtometrical details of the ooling unit
= QOperating cycle

= Ambient conditions



4.1.4 Potential impact

Reduction of external and interior noise, also in eew of compliance with legislation

In the past, technical progress made in noise temuof vehicles was over-compensated by the
growth of ground transportation. Given the predictate of traffic growth acceptable noise levels
can be partly achieved through noise abatementuresagtunnels, barriers), but a substantial part of
the reduction has to be achieved through reduabiothe noise at source. For this reason the
automotive and rail industry (worldwide as wellthe European) has initiated a sustained research
effort. The European Road Transport Research AdyiSouncil (ERTRAC) sets “noise reduction”
as one of the major goals for future surface trariggsearch: “Noise levels (must be) appropriate t
individual locations including quiet zones. ... Ttesearch challenge is to deliver low emissions
while also meeting ... vehicle performance,....”

The European Rail Research Advisory Council (ERRRAENtifies very similar future efforts:
“Simulation tools for noise assessment, the effectess of noise reduction measures .... are asare
for further study.... Deliverables include reduntim noise .... in addition to what will have been
achieved through the FP6 projects SILENCE and QCITY

Thermodynamic principles require cooling systems dth present and future vehicle power
trains. The stringent EU6 emission limits expedi@acome into effect in 2014 may require up to
twice as high cooling power in road vehicles as garad to present technologies. Cooling systems
are a major noise source, especially at standstiitop and go traffic.

According to the latest European standards forroperability of rail bound traffic within
Europe the averaged sound pressure leyglqk must not exceed 75 dB for both, electric power
units and power units with internal combustion eegi (EU 2005); ISO 3095 (CEN 2005). The
research on noise prediction from mobile coolingsuis widespread. Several groups in Europe are
working on specific items to overcome the existgigprticomings and to extend the predictive
methods to this complex application.

The ECOQUEST project overcomes the fragmentatioresdarch in this particular field. Since
all major players in Europe are participating, fiveject brings the critical mass together which
guarantees major achievements in the developmenidastrial utilization of noise prediction tools
for mobile cooling units. In terms of noise levelse consortium partners agreed prior to the ptojec
that for the locomotive applications, gains of trder of 6-8 dB(A) could be achieved through the
thermal management and acoustic optimization puresd including passive noise control at the
source, that are developed in the project. Thigetawas fully achieved. In fact, even the fan
optimization alone lead to an overall sound reauctdf more than 7 dB. The sound attenuators
showed an additional benefit by 1-2 dB. The assesswf the benefit due to the optimized thermal
management is more difficult as it heavily depeoxdshe operating conditions. Tests on a 23 km test
track with a realistic driving profile revealed awerage reduction by 4 dB with special benefits
concerning maximum noise levels.

As for the automotive applications, which have b#ensubject of optimization for some time
already, the consortium estimated a further redactif 3-4 dB(A) prior to the project. Again, the
target was fully achieved. In contrast to the lootiwe, the sound attenuator played a more
important role while the fan only contributed mcatety.

Contribution to CO ; emissions reduction (or at least neutral impact talimate change)

Predicted traffic growth poses a significant hazaeod achieving C@ emission targets.
Furthermore, the EU6 emission limits require upwi@e as high cooling power in road vehicles as
compared to present technologies. In the pastnieghprogress made in emission by the vehicles



was over-compensated by the growth of ground ti@ateion. Again, the European Road Transport
Research Advisory Council (ERTRAC) sets “low enosSias one of the major goals for future
surface transport research: “...The research cig#lés to deliver low emissions while also meeting

. vehicle performance, reduction in green houas gmissions and improvements in energy
efficiency.” (ERTRAC, Strategic Research Agenda ®02Zhe European Rail Research Advisory
Council (ERRAC) identifies very similar future reseh needs.

In ECOQUEST no technology was accepted which aelsiewise reduction by adding weight or
increasing energy consumption of the vehicle. Thius,technologies aimed at are £@utral or
CO2 reducing. This was provided by introducing reemulation tools for optimization, novel noise
reduction measures such as innovative fan desigghsincreased or neutral efficiency and micro-
perforated components rather additional dampinggrizet

Typically the combustion of 1 litre gasoline proda@.38 kg of Cg) of diesel fuel 2.66 kg. For
cars the latest EU-wide goal of @@mission of 120 g/km corresponds to 5.0 litre gascor 4.5
litre Diesel consumption per 100 km. As a ruletfafrhb 100 kg less vehicle weight reduces the fuel
consumption by 1 litre per 100 km. Thus, decrea#iiegweight of an automotive cooling module by
2 kg yields an improvement in fuel consumption 9, li.e. a reduction of COby 1.2 g/km.
Although this does not seem a lot the automotidistry is putting tremendous effort on reducing
weight of each component - even by the gram - wikwéntually sums up to a substantial weight
reduction of the complete vehicle. In addition,iacrease of efficiency of the electric or hydraulic
fan (typical power consumption: 100 W to 1 kW), $8y5%, reduces the Gé@mission in the same
order of magnitude. The actual result of the projeexactly in this range, see reports (especially
D3.3, D3.6, D4.1).

The Diesel engine in a large locomotive is rat&3,kW, the maximum power required by the
cooling fans is 270 kW. Typically the specific fuginsumption of the locomotive at full load is 191
- 195 g/kWh. The power required for operation dejsevery much on the load (weight of the train),
the track and the climate. VTLT estimates thatducgion of the cooling fan power in a Voith loco
by 10% may lead to an overall fuel saving of 1,800i.e. 3 tons less G&emissions per year. This
target was considerably outperformed. The fan al@ukiced the energy consumption by 20%.
Together with the optimized cooling control strateghe reduction amounts to almost 40%.
According to the assumption above, the annual gaper locomotive will be 12 tons of G@er
year instead of only 3 tons.

European competitiveness and economic impact

ECOQUEST provides the European automotive and indinstry with demonstrated methods to
reduce noise at source while increasing energgieficy and reducing Gmissions. In doing so, it
contributes to achieve European industries’ obyjestifor greener vehicles to meet society’s needs
for more environmentally friendly ground transpoftpeople and goods, and to enhance European
global competitiveness. The economic impact of B@OQUEST programme on the European
ground transport sector will derive not only frontrieasing European competitiveness but also from
contributing to the removal of a potential limit thre natural growth of the sector worldwide.

Recent research in the USA and Japan has establshead in some of the technology areas
being considered. The work proposed in ECOQUEST awileast re-establish parity in those areas
whilst moving ahead across energy saving and €fission reduction concepts.

ECOQUEST is an essential element in ensuring thairgl traffic can grow in harmony with
other modes of transport. It has to be assumedathatestriction of this growth due to inability to
meet noise and CCemission targets will have a detrimental effectkuropean businesses which
would otherwise be using air transport for freigint passengers. Moreover, the development of
innovative modeling approaches and their implentemtan sophisticated software tools is meant to



enhance system assessment and facilitate decisa&imgnin ground transportation, but also in other
applications of economical relevance such as

= heating, ventilating and air-conditioning systemsr fany transportation (including
aerospace), residences and factories;

= cooling systems for electronic devices, that presgong similarities with the ECOQUEST
applications regarding cluttered environments:dpptfor example;

= energy processes, being not necessarily confinedhat show very similar broadband
noise issues such as wind turbines.

Finally, it must be anticipated that the futuregobund transportation will involve a growing
fraction of electrically-powered trains and hybadtomotive propulsion as well. It is nowadays
acknowledged that whichever hybrid technology bezmpredominant in the future (fuel cells, etc.),
the controlling electronics and power transformatall require sophisticated cooling management,
with two very strong challenges to be faced. Riystl the absence of an internal combustion engine
running, the cooling system will become the dominsound source for low-to-medium rolling
speeds. Secondly, energy intensity and storageybeaiy factors in these hybrid technologies, the
energy efficiency of the cooling system will becometerminant for the overall viability of the
system. ECOQUEST anticipates on these needs byessgidg altogether thermal efficiency and
acoustic performance of the cooling system.

Education

The consortium includes 4 renowned European Unikessand Research Centres, i.e. nearly
one half of the total partnership, a situation whi highly beneficial to training and educatior F
undergraduate, post-graduate and PhD studentspdtigipation to such programs is a unigue
opportunity: the research performed is of high myalue to the expertise accumulated in the
consortium, the concentration of financial resosr@d the innovative scientific route which
ECOQUEST develops i.e. new flow control conceptsaldo provides exposure to a multicultural
environment and to establish international relatiops that are useful to build and strengthen the
European Research Area.

As users, developers and suppliers of advancedvative technologies, automotive and
locomotive/train manufacturer know the value anghamiance of continuously developing human
skills, contributing to the European objective obwyimg toward a knowledge-based society. The
partnership brings students and scientists an lextelpportunity to gain experience in the European
scientific community in the field of engineeringiviag education a high priority ensures the long-
term supply of first-class, well-trained and sulyadpualified engineers and scientists.

The integration of PhD students into the projeeintdead to the successful completion of at
least two PhD thesis's, two being still in progrdesaddition, numerous students were involved as
research assistants in the project who gained éroapexperience in international research.

Dissemination

Dissemination was one of the major concerns througthe project which can in particular be
observed in the Tables A1 and A2. There was a gtrmcus on publication in journals 5
contributions) and on conferences/workshops (3%ritutions), all listed in Table A1 and A2.
Among the publications there are also two PhD #wswhich are based on work within
ECOQUEST. Two further PhD thesis's shall be finiskeon. Besides, there have been some other
events where we presented our project and its mégsoThe two most important events were a three
days lecture series and a contribution to the Iman3 Exposition 2012.



The three days lecture series was held at von Kardmstitute for Fluid Dynamics April 22
24" entitled "Modeling, measurement and control oftitation and cooling fan noise". The first two
days were used for general lectures about acoustitsh partly covered novel ECOQUEST
outcomes. The last day was an ECOQUEST workshoghich we exclusively reported about
project results. All lecturers belong to the cotison. Lecture notes were created for each
contribution and distributed among the participafiisey were also disseminated. The individual
contributions are listed in Table 1.

Table 1: Contributions to the lecture series at VKI

Main lecture series

Title Lecturer Affiliation
Fundamentals of aeroacoustic analogies C. Schram | VK
Linearized methods for broadband fan noise M. Roger | ECL
Multiport education for ducted components M. Abom THK
Noise control in ducts M. Abom KTH
Boundary Element Methods for fan noise scattering . Thurnour LMS
Innovative passive control of cooling fan noise Abom KTH
Innovative blade design K. Bamberger | USI
Heat exchanger modeling M. Abom KTH
ECOQUEST workshop

Title Lecturer Affiliation
Efficient prediction of acoustic installation effec M. Roger ECL
Aeroacoustic modeling and validation of generiolnotive C. Schram VKI
cooling unit

Aeroacoustic and thermal optimization of automotweling M. Henner VAL
system

Advanced passive noise control using micro-perésxrat M. Abom KTH

The contribution to the InnoTrans 2012 was maintyanized by VTA with support from USI.
The exposition took place in Berlin, Germany, fr&@ptember I8until 21 InnoTrans is the most
important world-wide exposition for the railway ungtry. In 2012, around 126,000 professional
visitors and 20,000 public visitors came to seedtads of more than 2,500 exhibitors from 49
countries. One booklet at the VTA stand was exollg dedicated to our ECOQUEST project and
presents our major achievements concerning locemottooling. The EC funding was
acknowledged. The booklet was explained and handetb interested visitors and is also publicly
available in the internet:

http://www.voithturbo.com/applications/vt-publicatis/downloads/1962_e 2012-07-31-92283-
ecoquest_e_ screen.pdf

Commercial exploitation in automotive industry

This summary describes benefits of the mains intiava that have been considered during the
ECOQUEST project. A brief technical presentatioghtights main advances offered by the systems
studied. Potential gains in terms of reducing,@issions are presented for the new technologies.
Assessments on the market penetration and on tieenative growth are presented to figure out
future impacts of the innovations proposed forttlte@mal management.

Traditional systems for thermal management are titaoted by two loops, dedicated
respectively to engine cooling and climate confhaating, cooling, defrosting, demisting). Thermal
exchanges with the exterior are made on the fradt @hich is equipped with a cooling module.
Among the various heat exchangers, one can findrad&tor (engine cooling), the Charge Air



Cooler (engine air entrance), the condenser (efmigt loop) and sometimes an oil cooler
(transmission, driving assistance and/or gear box).

The concept that equips the ECOQUEST test vehiatelleen designed to minimize the total
thermal power, previously distributed on three safgaloops, and now shared on two simplified
loops. This concept named Ultimate Cooliigand developed by Valeo is presented in figureltl6.
proposes different thermal exchangers for eachtimm¢hat are indirectly cooled by only two loops.
High and low temperature loops are used for theew@bndenser (WCDS), the Water Charge Air
Cooler (WCAC), eventually by the Water Oil Cool&/@QC), the Water cooling for Exaust Gaz
Recirculation and of course for the engine cooling.

Cooling components are no longer designed for th&imum use of each function, and the
architecture optimizes the overall performancehm just needed. The main benefit comes from the
sizing of heat exchangers to the just needed tHeperéormance. All components are not used at
their peak level at the same time.

The cooling module architecture that has been rgdes with the Ultimate Coolifd
architecture yields to some aerodynamic effectslihge been investigated during the ECOQUEST
project. In particular it is found that the coolingpdule has a lower porosity, which leads to the
benefit of a reduced vehicle drag. This is explditg the decrease in airflow under the hood,
causing less friction and losses. This favorablecefis counter-balanced by the higher load whsch i
imposed on the fan system: at low vehicle speexinttural flow is insufficient and must be forced
by ventilation. It appears that the design of theale and its coverage by one or two fans becomes
an important criterion for the effectiveness of twacept. The combination of the two effects (less
drag, more fan power) is however favorable to tbecept UC showing gains on the fan system
power of around half a gram of G@er kilometer.

This concept brings also some modularity in itshaecture since additional functions can be
easily added (or removed) on the water circuit. ifiddal cooling is organized for battery,
electronics and electrical motor. The heat exchengee furthermore optimized to perform the
cooling at the closest location of the componentéocooled. It allows standardization and a
simplification in the management of the differeetsions across of powertrain across platform. For
hybrid vehicles, the battery, electronics and eleat motor are cooled by the same coolant liquid,
via the low temperature loop.

In terms of fan system sales, Valeo has the anmbitidncrease its market penetration from 8 to
11 %, and following the global market growth worlde it is expected to increase sales by 50%
between 2010 and 2023 (see figure 15). This ainiddo@ achieved if Valeo maintains its expertise
on this product by applying methodologies for agrainic optimization and acoustic level
minimization. The growth produced by this increasenarket share represents a global amount of
500 millions of Euros.

The total Charge Air Cooler market for Valeo is egfed to increase from 18 to 48 millions of
units between 2010 and 2023. The sharing betweentdechnology (CAC) and indirect technology
(WCAC) will evolve in the same time, the WCAC rigifrom 3% to 33% of penetration (see figure
16).
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Commercial exploitation in locomotive industry (1): Technical and methodical achievements

The exploitation plan is discussed with respecthtee major fields which will be described
separately.

Fan optimization

The team carried out fundamental systems analyseged as CFD simulations and acoustic
experiments with mock-up units. The following insig were gained:

» Reduction of the fan diameter smoothes the speefileprat the fan inlet and thus
decreases leading edge noise.

= Further noise reduction is achieved by optimizeddel profile and improved blade
sections (“sickles”), which also increases efficign

= The highest energetic saving potential lies in risguction of the exit losses through
guide vanes and diffusers. The solution combings bomponents in one compact unit.
Optimum aerodynamic design was achieved through Cdtulations and an
optimization algorithm. The geometry thus achieddters from conventional designs
and excels by higher efficiency.



= Homogenization of the exit flow decreases lossed @ompensates anticipated
drawbacks due to the smaller fan diameter.

Improvements achieved:
= Cooling capacity increased by approx. 10 %
= Energy consumption decreased by approx. 20 %
= Broadband noise levels decrease by approx. 6 dB
= Specific level at blade-passing frequency redugedhbre than 10 dB
System optimization

The energy consumption and the noise emissionsaling systems not only depend on the fan
design but also on the interaction of all systerammonents such as cooling unit, vehicle and
environment. Apart from the aerodynamic fan, theliog system used for this study also includes
the hydraulic systems, the hydrostatic drive widsaiated peripherals, as well as the control
systems with relevant geometric and physical pararseThe model for the complete vehicle-rail
system is divided into various sub-models (e.gseli@ngine, hydrodynamic transmission, vehicle,
driver, track profile), which characterize the gysts behavior and the interaction with the entire
vehicle. By coupling the vehicle model with the g system, the entire system can be examined.
The following variations were applied:

= Fundamental design studies and detailed compomtimiaation
= Control strategy e.g. of fan regulation
= Operating circuit and ambient conditions

Depending on the ambient temperature, significaetrgy saving and noise reductions can be
achieved. Minimum noise emissions can be realizethbdified control strategies for the reduction
of the dynamic fan speed. Minimum noise emissiarstoe achieved by modified control strategies
for the reduction of the dynamic fan speed. In comion with a load balancing mechanism
between the various water circuits and the codiygjem, the operating load of both circuits can be
adapted to the same level, which allows signifieardrgy savings.

= Energy savings of up to 50 %
= Noise reduction of up to 3 dB(A) just by systemimation
Sound attenuator design

Sound absorption systems have proven themselvesoiing systems as acoustically effective,
passive sound dampers. “Passive” in this contexdnsehat no additional energy is required for
sound absorption. The aim is to reduce noise gt by simple and space saving measures
without modifying the aerodynamic operating poifthee fan. For this purpose, the cooling grid of
the prototype locomotive was temporarily installadth sound damping elements to allow
measurements. With new locomotives, the two funetitprotection” and “sound absorption” have
to be constructively combined in the vehicle.

VTA achieved the aim of reducing the energy condionpand noise emissions with the
outcomes of the ECOQUEST project. Depending onrélaggirements of the customer, the energy
saving and noise reduction outcomes can be inegjratfuture cooling system designs.

Commercial exploitation in locomotive industry (2): Cost-benefit analysis

A TecRec is a UIC/UNIFE standard designed to bedusghin the European region. This
document provides a voluntary standard on the 'Bpaton and verification of energy



consumption for railway rolling stock” for use bgropanies in the rail sector if they so choose. The
document is set out in the same format than ENdstas including, where appropriate, normative
and informative annexes. This is so as to facdithe interface with the ENs.

The freight mainline profile over 300 km includésete planned stops plus two stops in front of
red signals. Two third of the line is horizonteddk whereas the middle part includes a mountain
passage. This reflects the fact that long distdreight train operation includes railway lines with
significant gradients in many countries, not orilyough the Alps. The gradients of the profile are
selected in such a way that a four-axle locomatae haul the same train as the reference train with
average mass as specified below. Although locorestand wagons of many freight trains may be
capable to run faster than 100 km/h, the profilemsted to 100 km/h, which is the maximum speed
for most loaded freight trains according to linesl avagons of Class D (22.5 t axle load). Timetable
requirements have to be interpreted in the same agafor intercity passenger traffic. Train and
timetable are applicable for electric trains ortfagight DMUs only. Trains hauled by diesel
locomotives can not hold the timetable for the ntaimsection, unless they have an uneconomically
high number of locomotives.

The system performance with the validated systenulsition model of the complete locomotive
is investigated for the freight mainline profilehd following figures show the huge benefit of all
systems (“new fan”, “balancing heat exchanger”, BBQUEST"):

= fuel saving: 0,5%

= CO,saving: 3,6kg/h or 51 g/km

= hydrostatic power saving: 24%

= sound pressure reduction: 3,9dB or 5,0 dB(A)

The results are input for the live cycle cost inigggion. The main quantifiable LCC argument
is the achieved fuel consumption saving within E@OQUEST developments. With the cooling
system cost (Funding cost and maintenance costided) the amortization time can be investigate.
Therefore standard values for operation hour, fugle and fuel price escalation is assumed. The
costs are based on manufacturing costs (standasigrad additional components) and development
cost (Based on a batch size of 20 cooling units).

Altogether, VTA achieved the aim of reducing themgy consumption and noise emissions with
the outcomes of the ECOQUEST project. Therefore dbwesortium develops new methods and
components for rail applications. A huge emissieduction 51 g/km and noise reduction up to 7
dB(A) can be achieved. The most designs can beemmghted in future cooling modules with
attractive cost/benefit ratio. The current inteioraédl or local noise standard does not necesdhate
immediate realization of all ECOQUEST outcomes. dMatandard specified no usual operation
point of the cooling module. Therefore the fan tisninning during certification measurement.
Moreover, the real operation cycle doesn’t considene certification process. On the other hard th
fuel consumption saving can become to a commersak to implement the ECOQUEST outcomes.
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Commercial exploitation in simulation industry

During ECOQUEST, LMS with other partners has inigeged a new technique for broadband
fan noise radiation and scattering. The approaokigal to be quite accurate for a number of well-
defined and control test cases.

The scattering part is based on the computatiamaosfer vectors (or transfer function) which
can be computed using any PDE methods such as BoukRtements and Finite Elements. Not only
this allows to apply the methods to FEM (combinedPerfectly Matched Layer for open domains)
but also makes it easier to apply to BEM technicgueh as Fast Multipole BEM or H-Matrix.

It is therefore expected that the approach wilcbmmercialized in the LMS Virtual.Lab aero-
acoustic solution. Nevertheless, the approach digrove to be convincing on the VALEO test case
and some further investigation and tuning are uof@tely needed. It is expected that the new
approach will open doors to new applications andl aliow to better iterate on the design
refinement.

4.1.5 Address of the public website
The address of the public website is: http://wwwaiagen.de/ecoquest/
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Contribution a la prévision du bruit tonal des machines
tournantes subsoniques: couplage des simulations France (or other
40 PhD Thesis VAL hy v . pag ) 05/07/2013 Paris, France | Scientific community French speaking
numériques et des modéles analytiques avec les )
) ) countries)
analogies acoustiques
ECL, Prediction of Free and Scattered Acoustic Fields of Low-
41 PhD Thesis LMS, 22/03/2012 Lyon, France | Scientific community Worldwide
Speed Fans
VKI
- . Scientific community
42 | Organisation of Workshops vk | Lecture Series: Modeling, Measurement and Control of | )4 | Brussels (higher education, Europe
Ventilation and Cooling Fan Noise (Part 1) Belgium
Research) - Industry
Brussels Scientific community
43 Organisation of Workshops VKI ECOQUEST Workshop 24/04/2013 o (higher education, Europe
Belgium
Research) - Industry
- . Scientific community
44 | Organisation of Workshops vk | Lecture Series: Modeling, Measurement and Control of |y | Brussels (higher education, Europe
Ventilation and Cooling Fan Noise (Part 2) Belgium
Research) - Industry
Scientific community
Berlin (higher education,
45 Exhibitions VTA InnoTrans 2012 (Day 1) 18/09/2012 ’ Research) - Industry - Worldwide
Germany o )
Civil society - Policy
makers - Medias
Scientific community
Berlin (higher education,
46 Exhibitions VTA InnoTrans 2012 (Day 2) 19/09/2013 ’ Research) - Industry - Worldwide
Germany L .
47Civil society - Policy
makers - Medias
Scientific community
Berlin (higher education,
47 Exhibitions VTA Innotrans 2012 (Day 3) 20/09/2012 ’ Research) - Industry - Worldwide
Germany s )
Civil society - Policy
makers - Medias
48 Exhibitions VTA InnoTrans 2012 (Day 4) 21/09/2012 Berlin, Scientific community Worldwide




Germany

(higher education,

Research) - Industry -

Civil society - Policy
makers - Medias

FZZfis hed in Scientific community
- gem.n (higher education,
49 Flyers Us l’ Advantage Through Research - The ECOQUEST Project | 18/09/2012 Germ:'m Research) - Industry - Worldwide
v Civil society - Policy
Now available )
e makers - Medias
in internet.
Scientific community
. . . ) (higher education,
Damit Autos und Loks leiser unterwegs sind - Siegen,
50 | Press releases USI | Erfolgreicher Abschluss des EU-Projekts ECOQUEST | P00 | Germany ’g;jf:or ZZ t} ’”gg;i’;/ - | Germany
makers - Medias
) S . . ) , Scientific community
51 Oral presentation to a scientific Us/ Locomotlve. Cooling Systems: A New Design Strategy for 21/03/2012 Karlsruhe, (higher education, Germany
event the Fan Unit Germany
Research)
) S . . ) ) . Scientific community .
59 Oral presentation to a scientific Us/ Lo?o‘motlve Cooling Sj(stems. Researach for High 04/10/2012 Tlrang, (higher education, Albania,
event Efficiency and Low Noise Albania Germany
Research)
Scientific community
53 Oral 'presentatlon to a wider Us Ste/gerung qer Energlee:fﬁZIenz von Axialventilatoren 27/07/2013 Siegen, (higher education, Germany
public durch optimierungsgesttitzte Auslegung Germany Research) - Industry -
Civil society
. . . L . Scientific community
54 Posters Us/ Aerodyfram/c, ' Thermgdynam/c and Acoust/c Optimization 03/09/2012 Siegen, (higher education, Germany
of Cooling Units for Diesel Locomotives Germany

Research)




Section B (Confidentiaf or public: confidential information to be marked clearly)
Part B1

The consortium did yet succeed to obtain a pafemattempt of Voith to patent the connectable le@hanger and thus the balancing between
the high and low temperature cooling circuit was successful. Three further patents are aspireddigo (see Table B2). Furthermore, LMS
plans to integrate project results into a commeésoéiware that is licensed for customers.

TEMPLATE B1: LIST OF APPLICATIONS FOR PATENTS , TRADEMARKS , REGISTERED DESIGNS, ETC.

Confidential Foreseen
Click on embargo date
YES/NO dd/mmiyyyy _
Application . .
Té?sh?;l.P reference(s) Subject or title of application Applicant (s) (as on the application)

(e.g. EP123456)

® Note to be confused with the "EU CONFIDENTIAL" céification for some security research projects.

A drop down list allows choosing the type of IPhtig; Patents, Trademarks, Registered designstytilbdels, Others.



Part B2
Please complete the table hereafter:

- Confide | Exploitable Timetable,
Type of Description ntial product(s) Sector(s) of | commercial Patents or other [IPR | Owner & Other
Exploitable of exploitable Click lication ® h exploitation Beneficiary(s)
Foreground ° foreground ickon | or application orany other (licences) involved
YES/NO | measure(s) use
Commercial CVZZ Zystfri,;;;;l ZfrZIZs Automotive During the next
exploitation of R&D P ) Yes Automotive fans | . g Patenting process ongoing | Valeo (VAL)
for aerodynamics and industry 10 years
results )
aeroacoustics
Acoustic damping in
Commercial automotive blowers Automotive Automotive During the next
exploitation of R&D | by use of micro Yes , . g Patenting process ongoing | Valeo (VAL)
cooling systems | industry 10 years
results perforated plate on
the housing
Commercial Acoustic damping in . . .
L . ) Automotive Automotive During the next . .
exploitation of R&D | an engine cooling Yes , . Patenting process ongoing | Valeo (VAL)
cooling systems | industry 10 years
results module
New techniques for
Commercial modeling and Any application To be integrated into and
exploitation of R&D prediction of Yes Noise simulation | in which fan During the next | licensed within the LMS (supplier),
o : Jlts broadband fan noise software noise is a 20 years software "LMS Virtual.Lab | VAL&VTA (users)
radiation and concern aero-acoustic solution”
scattering

19 A drop down list allows choosing the type of formgnd: General advancement of knowledge, Commeesiploitation of R&D results, Exploitation of R&D selts via standards,
exploitation of results through EU policies, expation of results through (social) innovation.
° A drop down list allows choosing the type sectdACE nomenclature) http:/ec.europa.eu/competition/mergers/cases/indee_all.htm|




Explanation of exploitable foreground of patents agired by Valeo

Traditional systems for thermal management are titatesd by two loops, dedicated
respectively to engine cooling and climate conr@ating, cooling, defrosting, demisting).
Thermal exchanges with the exterior are made orfrim end, which is equipped with a
cooling module. Among the various heat exchangeng can find the radiator (engine
cooling), the Charge Air Cooler (engine air entgnthe condenser (refrigerant loop) and
sometimes an oil cooler (transmission, drivingstasice and/or gear box).

The concept that equips the ECOQUEST test vehiéebeen designed to minimize the
total thermal power, previously distributed on thiseeparate loops, and now shared on two
simplified loops. This concept named Ultimate Coglt! and developed by Valeo is
presented in figure 16. It proposes different tredrexchangers for each function that are
indirectly cooled by only two loops. High and loamperature loops are used for the Water
Condenser (WCDS), the Water Charge Air Cooler (WA&ventually by the Water Oil
Cooler (WOC), the Water cooling for Exaust Gaz Redation and of course for the engine
cooling.

Cooling components are no longer designed for tagimum use of each function, and
the architecture optimizes the overall performatacthe just needed. The main benefit comes
from the sizing of heat exchangers to the just eddtiermal performance. All components
are not used at their peak level at the same time.

The cooling module architecture that has been fgdes with the Ultimate Coolird
architecture yields to some aerodynamic effects tleve been investigated during the
ECOQUEST project. In particular it is found thae tbooling module has a lower porosity,
which leads to the benefit of a reduced vehiclggdithis is explained by the decrease in
airflow under the hood, causing less friction andsks. This favorable effect is counter-
balanced by the higher load which is imposed onfaéimesystem: at low vehicle speed, the
natural flow is insufficient and must be forced\mntilation. It appears that the design of the
module and its coverage by one or two fans becoaresmportant criterion for the
effectiveness of the concept. The combination eftiio effects (less drag, more fan power)
is however favorable to the concept UC showing ga@n the fan system power of around
half a gram of C@per kilometer.

This concept brings also some modularity in itshaecture since additional functions
can be easily added (or removed) on the water itirBdditional cooling is organized for
battery, electronics and electrical motor. The heathangers are furthermore optimized to
perform the cooling at the closest location of @@mmponent to be cooled. It allows
standardization and a simplification in the manageinof the different versions across of
powertrain across platform. For hybrid vehicle® Hattery, electronics and electrical motor
are cooled by the same coolant liquid, via the temperature loop.

In terms of fan system sales, Valeo has the anmbttioincrease its market penetration
from 8 to 11 %, and following the global market\gtbh worldwide it is expected to increase
sales by 50% between 2010 and 2023. This aim coeldchieved if Valeo maintains its
expertise on this product by applying methodolodiess aerodynamic optimization and
acoustic level minimization. The growth producedtlg increase in market share represents
a global amount of 500 millions of Euros.

The total Charge Air Cooler market for Valeo is eg@d to increase from 18 to 48
millions of units between 2010 and 2023. The slighatween direct technology (CAC) and
indirect technology (WCAC) will evolve in the sanime, the WCAC rising from 3% to 33%
of penetration.



Explanation of exploitable foreground of software apired by LMS

During ECOQUEST, LMS with other partners has iniggged a new technique for
broadband fan noise radiation and scattering. Jipeoach proved to be quite accurate for a
number of well-defined and control test cases.

The scattering part is based on the computatiamnaokfer vectors (or transfer function)
which can be computed using any PDE methods sucBoasdary Elements and Finite
Elements. Not only this allows to apply the methtl&EM (combined to Perfectly Matched
Layer for open domains) but also makes it easiaapjly to BEM techniques such as Fast
Multipole BEM or H-Matrix.

It is therefore expected that the approach wiltbenmercialized in the LMS Virtual.Lab
aero-acoustic solution. Nevertheless, the appraidhnot prove to be convincing on the
VALEO test case and some further investigation amdng are unfortunately needed. It is
expected that the new approach will open doorsete applications and will allow to better
iterate on the design refinement.



4.3 Report on societal implications

Replies to the following questions will assist t®mmission to obtain statistics and
indicators on societal and socio-economic issuesesded by projects. The questions are
arranged in a number of key themes. As well asymiog certain statistics, the replies will
also help identify those projects that have showeshengagement with wider societal issues,
and thereby identify interesting approaches toghgsues and best practices. The replies for
individual projects will not be made public.

A  General Information (completed automatically whe®rant Agreement number is

entered.
Grant Agreement Number: SCP8-GA-2009-233541
Title of Project: Efficient Cooling Systems for Quieter Surface Tzon

[ (ECOQUEST

Name and Title of Coordinator:

[ Prof. Dr-Ing. Thomas Carolt

B Ethics

1. Did your project undergo an Ethics Review (and/oScreening)? NO

« If Yes: have you described the progress of compéarwith the relevant Ethics
Review/Screening Requirements in the frame of #réodic/final project reports?

Special Reminder: the progress of compliance with Ethics Review/Screening Requirements should be
described in the Period/Final Project Reports utigeiSection 3.2.2Vork Progress and Achievements'

2. Please indicate whether your project invokd any of the following issues (tick

box) :

RESEARCH ON HUMANS

« Did the project involve children? NO
« Did the project involve patients? NO
« Did the project involve persons not able to givasent? NO
« Did the project involve adult healthy volunteers? NO
« Did the project involve Human genetic material? NO
« Did the project involve Human biological samples? NO
e Did the project involve Human data collection? NO
RESEARCH ON HUMAN EMBRYO /FOETUS

« Did the project involve Human Embryos? NO
« Did the project involve Human Foetal Tissue / Calls NO
« Did the project involve Human Embryonic Stem CAIESCs)? NO
< Did the project on human Embryonic Stem Cells imeatells in culture? NO
« Did the project on human Embryonic Stem Cells imedhe derivation of cells from Embryos? NO
PRIVACY

« Did the project involve processing of genetic imfation or personal data (eg. health, sexudO
lifestyle, ethnicity, political opinion, religiousr philosophical conviction)?

« Did the project involve tracking the location orselvation of people? NO
RESEARCH ON ANIMALS
« Did the project involve research on animals? NO

« Were those animals transgenic small laboratory alsitn -

* Were those animals transgenic farm animals? -




Were those animals cloned farm animals? -

Were those animals non-human primates? -

RESEARCH INVOLVING DEVELOPING COUNTRIES

Did the project involve the use of local resour(@metic, animal, plant etc)? | -

Was the project of benefit to local community (azipabuilding, access to healthcare, educatiof -
etc)?

DUAL Use
» Research having direct military use NO
« Research having the potential for terrorist abuse NO

C Workforce Statistics

3. Workforce statistics for the project: Pleae indicate in the table below the number of
people who worked on the project (on a headcount Isgs).

Type of Position Number of Women Number of Men

Scientific Coordinator 0 1

Work package leaders 0 4

Experienced researchers (i.e. PhD holders) 0 9

PhD Students 0 4

Other 0 6

4. How many additional researchers (in companies ahuniversities) were 4

recruited specifically for this project?

Of which, indicate the number of men:




D Gender Aspects

5. Did you carry out specific Gender Equality Actons under the projec® o ;\(les
X 0

6.  Which of the following actions did you carry outand how effective were they?

Not at all Very
effective effective
@ Design and implement an equal opportunity policy O000O0
[ Set targets to achieve a gender balance in theferaek ONONONOXO)
@ Organise conferences and workshops on gender O0000
O  Actions to improve work-life balance ONONONOXO®)
O Other: |

7. Was there a gender dimension associated with thhesearch content-i.e. wherever people were
the focus of the research as, for example, consunseusers, patients or in trials, was the issue oégder
considered and addressed?

O Yes- please specify | |

X No
E Synergies with Science Education
8. Did your project involve working with students and/or school pupils (e.g. open days,

participation in science festivals and events, pres/competitions or joint projects)?
X Yes- please specify
Presentations and open days at the Universityexfesi.

O No

9. Did the project generate any science educationaterial (e.g. kits, websites, explanatory
booklets, DVDs)?
X Yes- please specify

Lecture notes of the VKI lecture series on ECOQUE&SUIts are available online.
O No

F Interdisciplinarity

10.  Which disciplines (see list below) are inled in your project?
X Main discipliné® 2.3
x  Associated discipling& 2.2 ‘ ) ‘ Associated discipliné:

G Engaging with Civil society and policy makers

lla Did your project engage with societal actors y@nd the research o Yes
community? (if 'No', go to Question 14) No

x

11b If yes, did you engage with citizens (citizenpanels / juries) or organised civil society
(NGOs, patients' groups etc.)?
O No
O Yes-in determining what research should be perarm
O Yes-inimplementing the research
O Yes, in communicating /disseminating / using theutes of the project

11c Indoing so, did your project involve actors whse role is mainly to o Yes
organise the dialogue with citizens and organisedwil society (e.g. © No
professional mediator, communication company, scied® museums)?

12. Did you engage with government / public bodies orglicy makers (including international
organisations)

O No

19 Insert number from list below (Frascati Manual).




O Yes-in framing the research agenda
O Yes-inimplementing the research agenda

O Yes, in communicating /disseminating / using theutes of the project

13a Will the project generate outputs (expertise oscientific advice) which could be used by
policy makers?
O Yes-—as primary objective (please indicate areas below- multipieweers possible)
O Yes - as asecondaryobjective (please indicate areas below - multgriswer possible)

O No
13b If Yes, in which fields?
Agriculture Energy Human rights
Audiovisual and Media Enlargement Information Society
Budget Enterprise Institutional affairs
Competition Environment Internal Market
Consumers External Relations Justice, freedom and security
Culture External Trade Public Health
Customs Fisheries and Maritime Affairs Regional Policy
Development Economic and Food Safety Research and Innovation
Monetary Affairs Foreign and Security Policy Space
Education, Training, Youth Fraud Taxation
Employment and Social Affairs Humanitarian aid Transport




13c |If Yes, at which level?
O Local/regional levels

O National level
O  European level
QO International level

H Use and dissemination

14. How many Articles were published/accepted fgublication in 4
peer-reviewed journals?

To how many of these is open accésgrovided? 1
How many of these are published in open aa=journals? 1
How many of these are published in open repitories? 1

To how many of these is open access not provided? 3

Please check all applicable reasons for nptoviding open access:

X publisher's licensing agreement would not permitlishing in a repository
O no suitable repository available

U no suitable open access journal available

U4 no funds available to publish in an open accessal

4 lack of time and resources

4 lack of information on open access

Qother® ...............

15. How many new patent applications (‘priority filings’) have been made? | 3
("Technologically unique": multiple applicationsrfthe same invention in different
jurisdictions should be counted as just one appigcaof grant).

16. Indicate how many of the following Intellectual Trademark 0
Property Rights were applied for (give number in [ Registered design 0
each box). Other 0

17. How many spin-off companies were created feaplanned as a direct 0

result of the project?

I ndicate the approximate number of additional jobsin these companies. | Q

18. Please indicate whether your project has a ftial impact on employment, in comparison
with the situation before your project:

O Increase in employment, or X In small & medium-sized enterprises
X Safeguard employment, or u In large companies
[ Decrease in employment, a None of the above / not relevant to the project
@ Difficult to estimate / not possible to quantify
19. For your project partnership please estimat¢he employment effect Indicate figure:

resulting directly from your participation in Full Time Equivalent (FTE =
one person working fulltime for a year) jobs:

Difficult to estimate / not possible to quantify g

11 Open Access is defined as free of charge accessjone via Internet.
12 For instance: classification for security project.




Media and Communication to the general public

20. As part of the project, were any of the benefiaries professionals in communication or
media relations?
O Yes X No
21. As part of the project, have any beneficiarieseceived professional media / communication
training / advice to improve communication with thegeneral public?
O Yes X No
22 Which of the following have been used to commurate information about your project to
the general public, or have resulted from your progct?
X Press Release a Coverage in specialist press
O Media briefing u Coverage in general (non-specialist) press
O TV coverage / report a Coverage in national press
O Radio coverage / report u Coverage in international press
X Brochures /posters / flyers X Website for the general public / internet
O DVD /Film /Multimedia X Event targeting general public (festival, confenc
exhibition, science café)
23 In which languages are the information products$or the general public produced?
O Language of the coordinator X English
@  Other language(s)

Qu

estion F-10: Classification of Scientific Disciplines accorditaythe Frascati Manual 2002 (Proposed

Standard Practice for Surveys on Research and iExpetal Development, OECD 2002):

FIELDS OF SCIENCE AND TECHNOLOGY

Mathematics and computer sciences [mathematid®ther allied fields: computer sciences androth
allied subjects (software development only; haréwagevelopment should be classified in the

Physical sciences (astronomy and space scigpttgsics and other allied subjects)

Earth and related environmental sciences ¢ggobeophysics, mineralogy, physical geography and
other geosciences, meteorology and other atmosgpégences including climatic research,
oceanography, vulcanology, palaeoecology, othardadiciences)

Biological sciences (biology, botany, bacterigl, microbiology, zoology, entomology, genetics,
biochemistry, biophysics, other allied sciences]uding clinical and veterinary sciences)

Civil engineering (architecture engineering)ding science and engineering, construction erggiing,
municipal and structural engineering and otheedlBubjects)

Electrical engineering, electronics [electrieagineering, electronics, communication enginggeaind
systems, computer engineering (hardware only) éimer @llied subjects]

Other engineering sciences (such as chemaieainautical and space, mechanical, metallurgiwdl a
materials engineering, and their specialised susidivs; forest products; applied sciences such as
geodesy, industrial chemistry, etc.; the scienaktachnology of food production; specialised
technologies of interdisciplinary fields, e.g. st analysis, metallurgy, mining, textile technglog

1. NATURAL SCIENCES
1.1
engineering fields)]
1.2
1.3 Chemical sciences (chemistry, other alliedestis)
1.4
15
2 ENGINEERING AND TECHNOLOGY
2.1
2.2
2.3.
and other applied subjects)
3. MEDICAL SCIENCES
3.1

Basic medicine (anatomy, cytology, physiologgmnetics, pharmacy, pharmacology, toxicology,
immunology and immunohaematology, clinical chergistiinical microbiology, pathology)




3.2 Clinical medicine (anaesthesiology, paediatiitsstetrics and gynaecology, internal medicinegesy,
dentistry, neurology, psychiatry, radiology, theratics, otorhinolaryngology, ophthalmology)

3.3 Health sciences (public health services, soo@licine, hygiene, nursing, epidemiology)

4. AGRICULTURAL SCIENCES

4.1 Agriculture, forestry, fisheries and alliedesgies (agronomy, animal husbandry, fisheries, figres
horticulture, other allied subjects)

4.2 Veterinary medicine

5. SOCIAL SCIENCES

51 Psychology

5.2 Economics

5.3 Educational sciences (education and trainimgcdner allied subjects)

5.4 Other social sciences [anthropology (social@nitural) and ethnology, demography, geography
(human, economic and social), town and countrymtag) management, law, linguistics, political
sciences, sociology, organisation and methods aiféseous social sciences and interdisciplinary ,
methodological and historical S1T activities ralgtio subjects in this group. Physical anthropology
physical geography and psychophysiology should atiynbe classified with the natural sciences].

6. HUMANITIES

6.1 History (history, prehistory and history, tdgat with auxiliary historical disciplines such as
archaeology, numismatics, palaeography, genea&igy),

6.2 Languages and literature (ancient and modern)

6.3 Other humanities [philosophy (including thetdnig of science and technology) arts, history of ant

criticism, painting, sculpture, musicology, dramatit excluding artistic "research" of any kind,
religion, theology, other fields and subjects partey to the humanities, methodological, historigat
other S1T activities relating to the subjects is tiroup]



2. FINAL REPORT ON THE DISTRIBUTION OF THE
EUROPEAN UNION FINANCIAL CONTRIBUTION

Report on the distribution of the European Union fnancial contribution
between beneficiaries

The figures in the subsequent table are based onth e Form Cs submitted to the
EC in August, 2013. At this time, there has not bee n any check by the EC.
Hence, figures can change according to the results of the official check. An
amendment of this report might be necessary!

Name of beneficiary Final amount of EU contribution per
beneficiary in Euros

University of Siegen (USI) 546,306.78
Ecole Centrale de Lyon (ECL) 277,200.88
Kungliga Tekniska Hogskolan (KTH) 354,424.93
LMS International (LMS) 279,019.27
Sontech Noise Control (SNT) 61,465.20
Valeo Sytemes Thermiques (VAL) 334,786.74
VVon Karman Institute for Fluid Dynamics (VKI) 4042.05
Voith Turbo Antriebstechnik (VTA) 131,854.37
Voith Turbo Lokomtivtechnik (VTLT) 36,367.66
Total 2,425,683.88




