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SUMMARY

This paper presents an efficient and automatedatligiocess able to design optimized passive
noise control devices known as flow obstructionsede flow obstructions are placed upstream
fans in installed conditions and have been shawhet able to reduce the fan Blade Passing
Frequency (BPF) noise levels by up to 13 dB. Withraglitional experimental method, the
design of the shape of the obstruction and itstipogng requires a tries-and errors approach
involving both prototypes arbitrarily chosen anehdi consuming and expensive experimental
campaigns. Such an experimental process on one daesl not guarantee to find the best
possible design and on the other hand takes timeatyy out and analyze. Leveraging an
association between accurate and fast aeroacosstictations and an advanced optimization
process, an innovative numerical approach has Hegaloped. This method is used in the
present study on a production fan-heat exchanggtesyin order to evaluate the ability at
automatically designing and positioning the mo§tieit flow obstructions.

INTRODUCTION

Rotating blades and especially fans are frequesilyrces of noise annoyance in the industry.
Driven by constantly more stringent acoustic regjoites, reducing the global radiated noise has
therefore become one of the industry major tardetthis study a cooling module constituted of a
centrifugal fan and an upstream heat exchangewestigated. This cooling module is productively
used to manage the thermal performances of heayyraachine engines. For this configuration the
tonal contribution appears to be a significant ésand has to be reduced in order to satisfy noise
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targets. The main origin of the tonal noise isteaato the ingestion by the fan of a turbulent and
non-uniform flow passing through the heat exchangler

A study by Péroet al.[1] investigates both experimentally and numelyctide effect of a manually
optimized passive noise control device known asow Dbstruction that is able to significantly
reduce the fan BPF noise levels [2-4]. Additionppealing aspects of this passive device are on
one hand to not introduce any significant penalbesthe broadband levels or on the airflow
performances and on the other hand to be relateasby to install. In this study, the obstruction is
located upstream the heat exchanger and centeretk dan axis. Measurements show that the BPF
noise level can be reduced by 10-13 dB. To comewvilip these results, upfront and arbitrary
choices on the design of the obstruction had tmade and involved a manual determination of the
axial and angular positions of the flow obstructi@he numerical approach used in [1] and based
on transient aeroacoustics predictions accuratghyuces the effect of the flow obstruction both on
the noise and airflow performances while satisfyilgyelopment turnaround times. Furthermore,
the simulation results are used to provide somehnsof the noise generation mechanisms
highlighting the role on the BPF noise of inlet atwherent flow structures developing on the
shroud and sliced by the blade.

Although the manual design optimization and catibra of the obstruction shows outstanding
acoustic and airflow performances [1], the desigicess has to be repeated for every new system
developed by manufacturers. Practically, for ealv nonfiguration, a set of possible obstructions
with different shapes and sizes have to be progatygnd their optimal axial and angular positions
have to be determined. This approach hence reqail@sof prototyping and tedious and extensive
experimental testing that can represent a consulanng the development.

This paper aims at proposing and validating a naueterical approach overcoming the constraints
mentioned previously. The approach consists infacient and automated digital process able to
generate and calibrate optimized flow obstructiesighs in a time frame satisfying the product
development cycles. In the present study, the desifjthe numerically evaluated obstructions are
generated using morphing features implemented m dgeometry tool PowerDELTA. The
Computational Fluid Dynamics/Computational AeroAsties (CFD/CAA) 3-D  solver
PowerFLOW based on the Lattice Boltzmann MethodMLBs used to predict the turbulent flow
and the associated noise [5, 7]. This CFD/CAA soisdransient, explicit and compressible, and
the full fan, obstruction and test bench geometiresincluded in the simulation domain. The fan is
truly rotating during the simulations using a Lodference Frame (LRF) approach [8]. The
transient turbulent flow field and its radiatingvi-induced noise contributions are simultaneously
predicted and no coupling with an acoustics propagaolver is required [9]. The acoustic power
corresponding to the BPF contribution is calculdtgdoerforming a spectral signal processing of
the pressure time histories at microphones locaBased on the simulations results and a Kriging
Response Surface Model, an Adaptive Sampling appradarived from the Weighted Expected
Improvement Function (WEIF) [10] is used iterativéb investigate unexplored areas of the design
space, to target high potential areas in the resp@urface and to converge as fast as possible
towards the most efficient flow obstruction designs

Considering the high performances of the CFD/CANe the complete design process involving
full 3-D transient and accurate aeroacoustics sitrarls are performed over a few days period.
This is a critical aspect in the sense that thismapation method satisfies the fast turnarounde8m
associated with the development cycles and can bieeonsidered as a real alternate design
solution.

The design parameters, the CFD/CAA approach ance snsight on the optimization method are
provided in the first section. The second sectimru$es on the results of the design process. The
analysis of the underlying flow physics and noisduction phenomena is discussed in the last
section of the paper.
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NUMERICAL APPROACH

L attice Boltzmann M ethod

The CFD/CAA solver PowerFLOW is used to compute passible and unsteady flow physics.
The code is based on the Lattice Boltzmann Meth@&M). Lattice based methods were proposed
a couple of decades ago [2-4] as an alternativeenoad method to traditional Computational Fluid
Dynamics (CFD). Unlike conventional methods basediiscretizing the macroscopic continuum
equations, LBM relies on the Boltzmann kinetic dopraat the “mesoscopic” scale in order to
predict macroscopic fluid dynamics. The Very Laitgeédy Simulation (VLES) coupled with a
modified ke two-equation model is incorporated in the LBM aygmh. Near wall flow is treated
with an advanced turbulent wall-model that takes account for pressure gradients. This model is
based on the generalized law of wall which is tieedy solved to provide an estimation of the
wall-shear stress.

For simulations of flow with arbitrary geometry atihg in time around a fixed axis, the 3-
dimensional computational domain can be divided em inner and an outer domain. The inner
domain has a grid fixed with the rotating geomestoythat the geometry does not have a relative
motion with respect to the grid. This forms a “bddked” Local Reference Frame (LRF) domain
with the rotating geometry. The grid in the outendhin is fixed with the ground and forms a
“ground-fixed” reference frame domain. Between itmeer domain and outer domain, there is a
closed transparent interface to connect fluid flowWse implementation of this interface region is
presented in [8]. Examples of application can hentbin [11-13].

Numerical setup

This study relies on the six blades backward ciegfai fan discussed in [1]. The entire system is
simulated including the bench, the fan and the ftdstruction, as illustrated in Figure 1. The heat
exchanger is modeled as a porous medium whichymeesss is defined as a function of the mass
flow and derived from the performance curve of i@ exchanger. The grid resolution used is the
same as in [1] and can be found in the referenapém

Fan rotation is imposed and set to 2200 RPM. Pressaundary conditions are applied to the
boundary of the simulation domain and atmosphemssure is imposed. The simulation domain
includes sponge zones to avoid any spurious redlectof acoustic wave from the boundary
conditions. The total physical time simulatedlis = 0.682 s, which corresponds to approximately
25 fan rotations. For the finest grid resolutione time step is\t = 3.3x10° s. The Reynolds
number based on the blade chord length and theelipcity is Re. = 1.94x16, and the Mach
number based on the tip velocity\g = 0.194.

Pressure histories are recorded during the sinoulati the four microphones locations represented
in Figure 1 and the maximum frequency that candpured at this location is ~10 kHz [1].

Acoustic Power radiated by the system is derivechfPower Spectral Density withAd = 10 Hz
bandwidth computed at microphones locations. Thad®|Passing Frequency (BPF) level is
extracted and is used as the objective functioritferoptimization process. The average mass flow
rate passing through the fan is evaluated for mang purposes.
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Figure 1: Microphones location used to evaluatedkeustic power of the BPF noise.

Optimization method

Since reducing product development cycles is ortheinajor constraints for manufacturers in the
fan industry, an iterative approach is used in shigly. Unlike conventional Design of Experiments
(DoE), intermediate results of the ongoing studg ased to refine the model representing the
response of the system. This allows a faster cgewee to efficient configurations and reduces the
number of simulations. The process can be deschibuiee steps:

The first step of this process is the Initial Cleaeaization. The aim of this first step is to explthe
design space and guide upcoming iterations. N et2af parameters are generated using a Uniform
Latin Hypercube distribution, which guarantees t relatively uniform over each dimension.
Based on the results of these simulations, a regpsmface is built using a Kriging surface model.

The second step consists in investigating unexglareas of the design space and targeting high
potential areas in the response surface using aptA® Sampling (AS) approach. Derived from
the Weighted Expected Improvement Function (WEIE3atdibed by Sobester et al. [10]. More
details on this process can be found in Sun ¢14)]. The concept of this method is to generate new
configurations, simulate them and integrate thelltesn the data set. From there, the response
surface is updated and the same process is repdaseting to an iterative refinement of the
response surface.

As a third step, a local refinement of the respawéace can be performed at any time by manually
choosing and simulating any configuration predidigdhe response surface model. This capability
can be used to validate the global optimum predibte the response surface model or to find the
best compromise between two objective functions.

Design parameters

Designing and calibrating a flow obstruction fonew fan or a complete system represents a real
challenge for manufacturers as it requires time lanohan effort to manually adjust the device
parameters. In this study, four geometry desigtufea and one calibration parameter are used to
automatically design optimized flow obstructionsnfr a generic geometry.

Starting from an outer 20 mm wide ring with the satiameter as the fan, the geometry tool
PowerDELTA 2.2 is used to apply four types of defation by morphing the mesh of the ring. A
6-lobes axisymmetric pattern is generated by aidigighe lobes height, the width of both sides of
the lobes and introducing a forward or backwardmation of the lobes. Scaling factors are used to
control the amplitude of the deformation for eacbrphing feature and are set as inputs for the
optimization process. The angular orientation @f flow obstruction playing a significant role on
the BPF levels [1] varies in the range [0, 60] @egrand corresponds to the fifth input of the
optimization process. The axial distance to the k&ahanger is set to 20 mm similarly to [1]. In
Figure 2, the original outer ring and the minimumd amaximum deformations applied to the
obstruction geometry is shown, giving an idea efdlesign space that can be explored.
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Height [0.3,2]  Right Width [-1,0.8] Left Width [-1,0.8]  Twist [-0.9,0.9]

Figure 2: Left: Generic ring geometry. Top: Minimweformation. Bottom: Maximum deformation.

OPTIMIZATION RESULTS

Considering that the manually optimized flow obstian studied in [1] already provides the best
achievable acoustic power BPF level (75.6 dB) andaeceptable airflow penalty (2.5%), the
objectives of this optimization is to design andilzate flow obstructions achieving an acoustic
power BPF level of 76-78 dB and an airflow penaftythe 2-4% range in a realistic product
development time frame.

Initial Characterization and Adaptive Sampling iterations

As described in the previous section, the firspsté the optimization process is the Initial
Characterization. Considering five optimizationgraeters, seven sets of parameters are generated
using a Uniform Latin Hypercube distribution. Aftsimulating these configurations, the second
step consists in five Adaptive Sampling iteratidsS), including the simulation of three new
configurations per iteration. A total of 22 configtions are simulated. Figure 3 presents the
distribution of the parameters sets in the desiygace for all iterations and shows that a large
portion of the design space is explored.

The evolution of the parameters values through/AtBaterations can be used to derive parameter
trends. For instance Figure 3 shows that the\Wstterations (6 configurations) are designed using
positive and relatively high Twist values. For thesmses, the obstruction lobes are following the
fan rotation and positively impact the system resgo No particular trend is observed on the
angular position distribution. This is expectedcsirthe optimal angular position is different for
each obstruction design.

a
o

* * L 4
0.7 4
0.6 3 * g 50 *
* ¢ M £ = *
03 * 5 02 'g 40
- =
2 . 2 * » 22 .
2 -0.1 * £-02 E ’0
20 * S 20
0.5 * € o6 * g
* < 10 <
0.9 10 $ ¢ $ o ¢ *
0.3 0.8 13 1.8 1 0.5 0 0.5 0 5 10 15 20

Height Left Width Simulations

Figure 3: Parameters distribution in the Design 8edor the first 22 configurations. Left: Heightdamwist. Middle:
Left Width and Right Width. Right: Angular position

#: Initial Characterization.# : AS 1© : AS :AST.AS 4.4 : ASS.
The aeroacoustics and airflow performance of thed#igurations are presented in Figure 4. The

simulated acoustic power BPF levels are within alBOange, highlighting the effects of the flow
obstructions on the radiated tonal contribution.oTpromising designs emerge from this study
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corresponding to Configuration 19 (77.2 dB, -1%laiv) and 22 (77.5 dB, +2% airflow). For these
two, the acoustic performances are in the init@d78 dB objective range and the corresponding
airflow are also in a very satisfying range, paacly for Configuration 22 due to its opened shape
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Figure 4: Left: Acoustic Power BPF level in dB (¢B 10™? W). Right: Mass Flow Rate in kg/s.
The results for the manually optimized obstrucfijrare represented with a dashed line

The acoustic power spectrum around the BPF forQGbafiguration 19 and 22 are plotted in
Figure 5, and compared to the reference configumatThe configurations 19 and 22 present

slightly higher levels at the blade passing freqyelout their overall acoustic performance is very
similar to the manually optimized configuration.
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Considering that less than a business week wasreeqto obtain these results, it makes this
automated digital process an interesting altereatvdesign optimized flow obstructions.
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Figure 5: Top Left: Simulation 19. Middle Left: Sitation 22. Bottom Left: Reference [1]

Right: Acoustic Power spectruin. Simulation-£9 Simulation 22= - Manually optimized.[1]

Response Surface exploration

Although the previous automated process providesfgag designs in a short development cycle,
exploring manually the response surface can helfjprtber improve the system performance. To
provide a representation of the Kriging based respsurface model, a fine sampling is performed.
20 000 configurations are generated using a Unifioatim Hypercube distribution. Acoustic power
BPF levels and mass flow rates are evaluated foh ed the 20 000 configurations and the
corresponding results are plotted with black dotmiFigure 6. The 22 simulated configurations are
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represented with red dots and the manually optichcnfiguration from [1] is represented with a
green dot.

It is shown that very few configurations on thep@sse surface have better acoustic performance
than the manually optimized design. This is expkstace this design provides the best achievable
acoustic power BPF level. Some configurations aom tibp left of the cloud of points can be
expected to provide better airflow performanceshvatmost comparable acoustic response. To
confirm this possibility three configurations arbosen in the area of interest of the response
surface and are represented with orange dots urd-ig)

Mass Flow Rate [kg/s]
s

74 76 73 80 82 84 86 88 90 92
Acoustic Power BPF level [dB]

Figure 6: Mass flow rate versus Acoustic power B&Fel map.

@ Estimated configuration®  Simulated configurasioh Reference configuration [1Q  Additional configtions.

The simulation results of the three additional aunfations are reported in Table 1 and compared
to previously estimated performances. Overall adgagreement within 0.5% is obtained in the
comparison of estimated and simulated mass floasrathe simulated acoustic power BPF level of
Configuration 23 and 24 are in satisfying agreemeitlh the estimated results, within 1.6 dB.

Considering that the Configuration 25 has a higBeF level than estimated, this highlights the
sensitivity of the system and that more simulatiovsuld be required to further improve the

response surface.

Table 1: Comparison of estimated and simulatedlte$or the manually selected configurations

Estimated Simulated

Acoustic Acoustic Estimated Simulated

Power BPF Power BPF Mass flow M ass flow

Configuration level [dB] level [dB] rate [kg/s] rate [kg/s|
23 76.7 78.3 4.06 4.04

24 76.3 76.5 4.04 4.04

25 75.8 80.8 4.02 4.01

The best configuration obtained using this proégegsonfiguration 24. Compared to the manually
optimized configuration (75.6 dB, 4.01 kg/s), abktly higher mass flow rate is obtained and the
acoustic power BPF level is less than 1 dB fromtibst achievable level. This confirms that in
addition to a fully automated process, further ioy@ments can be achieved by taking advantage of
the response surfaces and manually choosing caafigas in interesting areas.
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NOISE REDUCTION ANALYSIS

This section aims at analyzing the underlying flolwysics at the origin of the tonal noise reduction
brought by the flow obstructions. To focus on thesimsalient effects, the analysis of the
mechanisms is focused on the worst and best acallgtperforming obstructions, Configuration 3

and 24 respectively (see Figure 7).

Radiated tonal noise

Figure 7 presents the acoustic power spectra fofigiorations 3 and 24. The BPF noise level is
reduced from 87.7 dB (Configuration 03) to 76.5 @@Bonfiguration 24). This configuration is
therefore very promising since it shows almost aotebution from the blade passing frequency.
The effect on broadband noise and subharmoniasrislvnited, as observed in [1].

%0 BPF

80
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Acoustic Power [dB]

24

60
100 200 300 400 500

Frequency [Hz]
Figure 7. Acoustic Power spectrum—  Configion 3.— Configuration 24— Blade Paggirequency.

Figure 8 presents the intensity of pressure fluaina in decibels on vertical and horizontal planes
so called dB maps, centered on the fan axis atetdd around the fan BPF. The vertical plane
shows that the BPF contribution is radiated maiolyards the ground and diffraction effects are
visible. The radiated noise at the BPF in the twial plane do not present any privileged direction
and looks almost monopolar. The optimized flow olgton in Configuration 24 reduces the fan
radiated BPF contribution in all directions andpasticular effect on directivity is observed.

Figure 8: dB Map on a vertical and horizontal planeentered on the fan axis and filtered aroundBRE.

Ingested Flow T opology

In the case of rotating fans, radiated tonal n@sdosely related to the ingestion of a non-umfor
flow, often due to installation effects. [2, 15]n&e the obstruction has a significant impact an th
BPF contribution, transient and spectral analyses @erformed to better characterize the fan
incoming flow and its effect on the fan blades.

As the fan in this study is in installed conditidhe incoming flow is strongly non uniform. In both
configurations, the proximity of the heat exchanigame is creating pairs of steady flow structures
on the sides and at the top of the shroud conve&rgsrhighlighted by instantaneous isosurfaces of
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Lambdaz2 criterion for Configuration 3 in FigureTme animations reveal that these structures are
sliced by the fan blades creating flow perturbation both pressure and suction sides of the blades.

| X-Vorticity [1/sec] X-Vorticity [1/sec]
P T

-150 -50 50 150

Figure 9: Configuration 3: Instantaneous isosurfazfd_ambda 2 criterion colored by X-Vorticity (fladirection).

Instantaneous isosurfaces of X-Vorticity (flow ditien) are presented in Figure 10. For both
configurations, the flow obstructions lobes areatirgy 6 pairs of steady vorticity tubes which are
also ingested by the fan. The relative positiorihef vorticity tubes to the flow structures coming
from the heat exchanger frame is however differenConfiguration 3, the vorticity tubes coming
from the sides end up almost exactly at the sanséipo as the structures coming from the heat
exchanger frame, creating a bigger flow perturlmairgeracting with the blades. In Configuration
24, the side vorticity tubes end up right after tieat exchanger frame structures so that the fan
blades slice these structures in a first time ateract with the tubes in a second time.

Figure 10: Instantaneous isosurface of X-Vorti¢ftgw direction). Bluew. = -60 s'. Red:w, = 60 s

This analysis confirms that not only the fan see®m@uniform incoming flow due to installations
effect but the flow obstructions introduce addiabperturbations interacting with the fan blades.
Since acoustic analogy methods, based for instamcehe Ffowcs-Williams and Hawkings
equation, rely on the unsteady pressure field aofases to predict radiated noise in the far field,
characterizing the effects of the flow perturbasian the blades unsteady pressure field can give
indication of their potential effects on the radhBPF contribution.

Instantaneous isosurfaces of X-Vorticity as welpesssure fluctuations filtered around the fan BPF
on the blade surface are plotted in Figure 11 at fiifferent time frames representing a blade
passage, and focusing on the structures comingtinersides of the convergent. At time T1, before
reaching the side perturbation, both configuratisingw some pressure fluctuations on the leading
edge on the blades, probably coming from the iotema with the previous vorticity tube. At time
T2, just before reaching the perturbation, Configgon 3 shows almost no pressure fluctuations
whereas some are still visible on Configuration gigbably because of its interaction with the
previous perturbation. When reaching the side peation at T3, a strong pressure fluctuation is
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observed on Configuration 3 but the one on Conéiion 24 is of much lower magnitude. Finally
both configurations show low fluctuations levelteathe blade passage at T4.

"4 N | ‘ .". \ 2 A" FilterEandPass(P-ressure, MKS\) {217.5 - 222.5 Hz] [Pa]
T TR y s ‘
Figure 11: Transparent white: Instantaneous isoaaes of X-Vorticity (flow direction).

Colored: Surface pressure fluctuations on the béafileered around the fan BPF.

-30 -10 10 30

In the case of Configuration 3, the vorticity tut@ming from the flow obstruction covers the flow
structure coming from the heat exchanger frameaticrg a precisely located perturbation. This
seems to intensify the resulting pressure fluctunsti In the case of Configuration 24, not only the
blade reaches the flow perturbation with remairpngssure fluctuations from the previous vorticity
tube but the perturbation itself is larger and lesterent. This lack of coherence seems to
positively impact the pressure fluctuations obseéraethe blade surface and reduce the effect of the
flow structure coming from the heat exchanger frame

Fluctuating Lift field

Radiated tonal noise is related to the unsteadydigtribution on the blades generated by the
ingestion of a non-uniform flow by the fan [2, Further analysis not presented in this paper
confirm that the effects of the incoming flow orethlades pressure fluctuations filtered at the BPF
(Figure 11) are also observed on the blades fltio ft filtered at the BPF.

In order to evaluate the overall intensity of thfé fluctuations on the fan blades, transient lift
signals are integrated over each blades resuhirgsingle lift signal for each blade. A Fast Feuri
Tranform (FFT) is performed to evaluate the intgnsif the integrated lift fluctuations in the
spectral domain for each blade. Figure 12 predbetsft spectrum averaged over the 6 blades for
Configuration 3 and 24. The two configurations shaavy similar lift fluctuations except at the
BPF where a significantly lower level is observed the best configuration. In this case, and as
shown in the acoustic power spectrum the BPF, dhaltcontribution is almost not discernable
from the other contributions. This confirms thae tbverall lift (or pressure) fluctuations on the
blades are significantly lower at the BPF for tlesticonfiguration.

This analysis highlights the effects of the flowtpebations generated by the flow obstructions and
ingested by the fan. Their interactions with thewlstructures coming from the heat exchanger
frame seems to have a significant influence ornréiselting force and pressure fluctuations on the
blades at the BPF. But their overall effect on #weustic power BPF level might imply other
interactions between the incoming flow and the é&tadFurther analysis is required to fully
understand the differences in the unsteady flowuradothe blades and the noise reduction
mechanisms.
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Figure 12: Averaged lift power spectrum: Ggufation 3. Configuration 24— Blada$3ing Frequency.

CONCLUSIONS

An efficient and automated digital process for desig and calibrating optimized flow
obstructions in a short development time framerés@nted. Such passive noise control devices are
known to significantly reduce the Blade Passingjkesmcy noise caused by the ingestion of a non-
uniform flow by a fan in installed conditions. Dgsing and calibrating this device for new fan
designs or completely new systems traditionallyunexy extensive and time consuming tests
campaigns relying on a tries-and-errors approacth @ammerous prototypes, representing for
manufacturers significant constraints during depelent.

In the present study, four geometry features bamedmorphing are used to generate flow
obstruction designs from a generic outer ring gdomerhe angular orientation of the flow
obstructions is used for their calibration, formiag dimensions design space. The passive noise
control devices are placed upstream a productiothéat exchanger system in installed conditions.
The resulting 3-D turbulent flow and the inducedustic response are respectively simulated and
evaluated using the transient and compressible CAB/solver PowerFLOW.

After a first exploration of the design space bynuiating seven uniformly distributed
configurations, a Kriging model is used to derilie tesponse surface characterizing the effect of
the five parameters of the study on the acoustwep®PF noise level. Based on these results, an
iterative Adaptive Sampling approach is used t@gtigate unexplored areas of the design space, to
target high potential areas in the response sudadeto converge as fast as possible towards the
most efficient flow obstruction designs. Five itiwas including three configurations each are
simulated, resulting in a total of 22 simulatiofite best flow obstruction designed and calibrated
using this automated digital process presents anstic power BPF level within 2dB compared to
a manually optimized configuration and slightlyteetairflow performances. Requiring less than a
business week to complete, this automated digitatgss is able to provide calibrated flow
obstructions almost as efficient as manually optedidesigns.

In order to leverage the response surface model tantty to further improve the system
performances, three additional configurations aemunally chosen by looking at the acoustic and
airflow responses. Whereas the airflow performangesdictions of the response surface are
confirmed by 3-D simulations, the acoustic respaigaved more sensitivity, highlighting the need
for more configurations to improve the accuracyhef acoustic response surface. However, the best
acoustic and airflow performances are obtainedcioe of these configurations. Although the
automated digital process already provides efficgatutions in a product development time frame,
further improvement can be achieved by manuallyakmg the response surface.
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Transient simulations results of the configuratioslsowing the best and worst acoustic
performances are analyzed to give some insighhemoise reduction mechanisms provided by the
flow obstructions. The two flow obstructions areowsin to introduce vorticity tubes in the flow
ingested by the fan and interact differently wikbwf structures coming from the heat exchanger
frame. On the worst configuration, vorticity tubssems to intensify the coherence of the flow
perturbation, resulting in higher pressure fludgratlevels on the fan blades. On the best
configuration, the fan blades seem to face a laagdrless coherent flow perturbation, resulting is
much lower pressure fluctuation levels. Howeverdterall impact of the flow obstructions on the
radiated acoustic power BPF level may imply othewfinteractions and further analysis would be
require to fully understand the noise reduction ma@isms.
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