Document downloaded from:

http://hdl.handle.net/10251/80742

This paper must be cited as:

Broatch Meza, A.; Galindo, J.; Navarro, R.; R. Navarro; Garcia Tiscar, J. (2016). Numerical
and experimental analysis of automotive turbocharger compressor aeroacoustics at different
operating conditions. International Journal of Heat and Fluid Flow. 61B:245-255.
doi:10.1016/j.ijheatfluidflow.2016.04.003.

The final publication is available at

http://dx.doi.org/10.1016/}.ijheatfluidflow.2016.04.003

Copyright E|sevier

Additional Information
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Abstract

Centrifugal compressor aeroacoustics are analyzed by means of a 3-dimensional CFD model. Three operating points at nominal
compressor speed are simulated ranging from best efficiency point to near-surge conditions. Experimental measurements are
obtained using a steady flow rig mounted on an anechoic chamber. URANS and DES predictions of compressor global variables
and pressure spectra are compared against experimental measurements. Flow-induced noise increases as the operating point moves
towards surge line. Stall at the suction side of the blades exists even for high mass flow conditions, causing a high frequency
boundary layer oscillation. Low momentum cells rotating at the diffuser are found at points closer to surge, causing the so-called
whoosh noise. Inducer rotating stall is also present at these conditions. Point closest to surge shows a rotating tornado-type vortex

at the inducer, determining a moving low pressure region that increases low frequency noise content.
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1. Introduction and literature review

Literature survey about the ISO 362 vehicle pass-by noise
test conducted by Braun et al. [1] indicated that intake and
exhaust systems are regarded as one of the main noise sources
by most of researchers.

Particularly, Stoffels and Schroeer [2]] showed that radiated
noise in low speed range (below 2800 rpm) of a downsized tur-
bocharged gasoline powertrain is higher than that of an engine
with the same power but larger displacement. It is a common
belief that development of strongly down-sized engines with in-
creased low speed torque has increased turbocharger compres-
sor airborne noise [3]], due to the operating points being closer
to surge region [4]].

Compressor flow-induced acoustics is becoming a major is-
sue for automotive car makers. It is therefore understandable
the increasing number of publications concerning this topic in
the last decade, most of which are mainly experimental. Works
by Evans and Ward [3]], Teng and Homco [4] or Sevginer et al.
[S] identified compressor NVH issues by measuring noise radi-
ation. Particularly, a broadband noise denoted as whoosh noise
was identified. A common way to reduce noise radiation was
the use of resonators in compressor outlet hose.

Nevertheless, if flow phenomena leading to whoosh noise
were known, quieter centrifugal compressors could be designed.
Most common way of getting some insight of compressor aeroa-
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coustics has been the use of wall flush mounted pressure trans-
ducers.

Ha et al. [6] measured the internal pressure fluctuation of a
centrifugal compressor at different operating conditions at three
stages: before the leading edge, after the trailing edge and after
the diffuser. Moreover, external microphones were also used.
SPL at impeller inlet presented a sudden increase when mov-
ing from best efficiency point (BEP) to stall conditions, due to
onset of flow detachments and backflows. Impeller and diffuser
outlet spectra are alike: they show a broadband increase in 2-4
kHz frequency range when reducing mass flow from BEP. At
stall conditions, a tone appears at 90% of rotation order, being
attributed to rotating stall. Oriffice noise measured with ex-
ternal microphones is consistent with compressor inner probes
spectra: amplitude in low frequency range is increased as mass
flow is reduced.

Other experimental studies such as the ones carried out by
Mongeau et al. [7]] or Raitor and Neise [8]] are also based
on a detailed instrumentation with pressure transducers. This
approach is quite challenging for passenger car turbocharger
compressors due to their small size. In the last years, though,
researchers are able to investigate centrifugal turbomachinery
aeroacoustics using CFD because of the increase of computa-
tional capabilities.

Liskiewicz et al. [9] performed an experimental investiga-
tion of centrifugal blower acoustic signature in which pressure
spectral maps were obtained at different probe locations for dif-
ferent operating conditions. Subsynchronous narrow band dis-
turbances were found even at stable points. Before onset of
surge-related noise, the acoustic signature notably changes at
the maximum compression ratio point. This change was at-



tributed to inlet recirculation.

Jyothishkumar et al. analyzed the unsteady flow of a
ported shroud centrifugal compressor at design and near-surge
conditions using LES. Frequency decomposition of tangential

velocity traces obtained at several diffuser probes was performed.

A tone at 50% of rotational speed was observed at the operat-
ing point with less mass flow rate, indicating the existence of
rotating stall at near-surge conditions.

Bousquet et al. [T1] conducted a numerical study of a cen-
trifugal compressor. Three operating points were studied from
peak efficiency to near stall conditions. A virtual probe linked
to the relative frame located at 90% span at the impeller in-
let was used for pressure spectral analysis. Stator vane passing
frequency tone is the main feature for the two operating condi-
tions with higher mass flow. Near stall, lower frequency content
appears, particularly a tone at a frequency 6 times the rotation
order. Frequency content below rotation order was not investi-
gated.

Mendonga et al. [12] investigated turbocharger compressor
aeroacoustics by means of CFD. SPL spectra revealed a nar-
row band noise at a frequency about 70% of rotational speed.
Leading-edge detachment and stalled passages were found. Ro-
tating stall was detected in the form of a low momentum region
that rotates at a slower speed than the impeller, being regarded
as the source of the narrow band noise. The authors consid-
ered that tip leakage pushed the low momentum region to the
adjacent passage thus allowing the stalled passages to recover.

Fontanesi et al. [13] performed detached eddy simulations
of a turbocharger compressor with a compressor by-pass valve
(CBV). Two operating points at the same isospeed were inves-
tigated: one close to surge and the other at a two times higher
mass flow rate. At low frequency range (below 5 kHz), sim-
ulation with higher mass flow provides a lower overall noise
than the point close to surge. A narrow band noise at 2500 Hz
stands out in both spectra, wich is attributed to periodic flow de-
tachment and re-attachment at the CBV junction. Experimental
measurements also detect the aforementioned narrow band.

The literature review proves that CFD is useful to investi-
gate turbocharger compressor flow-induced acoustics, because
it could be used to find an explanation for pressure spectra fea-
tures, such as whoosh noise. In this paper, simulations of three
centrifugal compressor operating points at same speed are stud-
ied, comparing URANS and DES turbulence models against
experimental measurements.

The paper is organized as follows. Section [2| describes the
CFD model used in this paper. Comparison of URANS and
DES global variables and acoustic spectra against experiments
is performed in Section [3] Section []is devoted to the inves-
tigation of the flow field in order to identify the phenomena
responsible for the acoustic signature features. Finally, paper
conclusions are provided in Section 3}

2. Numerical model

A CFD model of a turbocharger compressor was developed
using Star-CCM+ [14]. The impeller with 6 full and 6 split-
ter blades was digitalized along with the vaneless diffuser and
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Figure 1: CFD domain including monitor types and locations and flow variables
imposed at the boundary conditions.

compressor volute. The domain depicted in Fig. [I]is completed
with the extrusion of 5-diameters-long inlet and outlet ducts.
The overall mesh consists of 9.5 million polyhedral cells. Back-
plate clearance along with tip gap are considered in the model,
as can be seen in Fig.[2] CAD clearance is considered instead
of actual tip gap existing when compressor is running because
Galindo et al. T3] found that centrifugal compressor noise pro-
duction in near surge conditions is not sensitive to tip clearance
ratio.

Transient simulations with a segregated, second-order time
accurate solver were performed with a time-step size so that the
impeller mesh turns 1° per time step, which was selected in ac-
cordance with the sensitivity analysis conducted by Navarro [16]].

Figure 2: Slice of computational grid, showing a close-up of tip clearance and
the boundary layer mesh inflation. Inlet and outlet ducts present the displayed
grid pattern until their respective boundary.



Impeller rotation was considered using the rigid body motion
approach.

Fixed outlet pressure and inlet mass flow rate boundary con-
ditions were used, as indicated in Fig. Broatch et al. [[17]
proved that NRBCs are not mandatory to predict the compres-
sor acoustic signature provided that a pressure decomposition
algorithm is used (further information is provided in Section[3.3).
3 operating conditions at 1.4, 1.8 and 2.5 times surge mass flow
at a constant compressor speed close to 160 krpm were simu-
lated. According to Serrano et al. [18]], compressor heat trans-
fer with the surroundings at this compressor speed is of little
importance, being thus neglected in the present paper.

Calculations of these operating conditions were performed
with URANS and DES turbulence models. In this work, URANS
simulations are performed with k — w SST turbulence closure
model [19]. This model is very suited for compressors, for
its accuracy in predicting flow with adverse pressure gradients
[20] 21]]. For the sake of comparison, DES also employs the
k — w SST turbulence model, “which functions as a sub-grid-
scale model in regions where the grid density is fine enough for
a large-eddy simulation, and as a Reynolds-averaged model in
regions where it is not” [22]. Particularly, IDDES variant of
DES is used [23]], in which WMLES and DDES hybrid RANS-
LES approaches are blended. URANS and detached-eddy sim-
ulations use the same 9.5 million cells mesh depicted in Fig. 2]
since the mesh independence analysis performed by Navarro [16]
showed that both turbulence models require at least this fine
grid to provide consistent predictions. Section [3] will include
a comparison of global compressor variables and noise predic-
tions depending on turbulence approach.

3. Comparison of overall performance and acoustic signa-
tures

3.1. Experimental setup

Experimental global variables and acoustic spectra are used
as a reference for the comparison between turbulence models.
A turbocharger test rig installed in an anechoic chamber was
employed to obtain the experimental measurements shown in
this paper. A detailed description of the gas stand is given by
Galindo et al. [24].

Figure [3| depicts a sketch of the turbocharger test rig, in
which straight pipes placed at the inlet and outlet of the com-
pressor are observed, along with piezoelectric pressure sensor
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Figure 3: Compressor piping layout, highlighting the CFD domain and the
Sensor arrays.

arrays. The use of these sensors instead of microphones in this
work is justified by the low sensitivity of piezoelectric sensors
to flow interaction and temperature effects, which are impor-
tant in the compressor outlet. In addition, the threshold of these
sensors at the frequency range of this study is low enough as
to provide a signal-to-noise ratio of the measured signals be-
tween 20 dB and 30 dB, depending on the operating point of
the compressor.

A careful calibration of these sensors was essential for the
correct application of the decomposition procedure, especially
since one must ensure that any difference between pressure records
corresponding to the different transducers is due to a difference
in the actual pressure signal, and not to any eventual discrep-
ancy between the behavior of the transducers themselves. To
perform this calibration, the traditional method [25]] based on a
quasi-steady calibration by means of a deadweight tester with
NPL and NIST traceability was carried out. Since the charac-
teristic time of the measured signal is much longer than the re-
sponse time of the transducer, a quasi-steady response of this
device can be assumed when measuring pressure fluctuation
in ducts. Under these assumptions, the relative error obtained
from the calibration of each transducer is limited to +0.7%. A
Yokogawa digital oscilloscope was used to sample these pres-
sure signals at 100 kHz during 1 second at each operating con-
dition.

Inlet and outlet linear arrays of three piezoelectric sensors
each were designed in accordance with Pifiero et al. [26]]. In
this way, the pressure trace can be decomposed into a forward-
traveling wave p,n,(f) and a backward-traveling wave ppqc(?)
by means of the beamforming-based signal analysis method de-
veloped by Pifiero et al.

A full description of the experimental apparatus used to ob-
tain the acoustical measurements was presented by Broatch et
al. [17].

3.2. Compressor performance variables

Compressor global variables obtained with both turbulence
models are first compared against experimental measurements.
Standard definitions of total-to-total pressure ratio, specific work
and isentropic efficiency are employed:
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Table || includes these overall variables for all operating
conditions, along with relative difference against experimental
measurements for numerical cases, defined as:
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Table 1: Compressor global variables measured in the experimental test rig and
predicted by the numerical model. In each box, the value is followed by the
relative difference against experimental measurements.

Case o I Wk kgl %]
[g ' s_l] (¢/€exp) (¢/€exp) (¢/Eexp)
60 2.22/— 121/- 62.2/—
Exp 77 2.24/- 112/- 67.9/-
109 2.19/- 101/- 73.0/-
60 2.21/-0.5 122/0.7 62.3/0.1
URANS 77 2.22/-0.8 111/-0.6 67.5/-0.5
109 2.14/-2.3 99/-2.1 72.0/-1.3
60 2.23/0.4 122/0.6 63.2/1.6
DES 77 2.22/-0.9 111/-0.8 67.6/-0.4
109 2.13/-2.8 99/-2.6 71.8/-1.5

Numerical simulations predict compressor performance vari-
ables in agreement with experimental measurements, the error
being no greater than 3%. In contrast to what may be expected,
operating conditions with higher mass flow rate present higher
error, even though flow is expected to be more regular and thus
easier to predict by means of CFD.

In terms of compressor global variables, URANS simula-
tions show better agreement with experimental measurements
than DES, particularly in pressure ratio evolution. However,
differences between numerical and experimental global vari-
ables are driven by a combination of numerical errors and model
uncertainty [27]], and it should be noted that phenomena such as
the eccentricity caused by shaft motion or heat transfer have not
been modeled. Therefore, performance of turbulence models
should not be assessed by prediction of overall variables alone.

3.3. Compressor acoustic spectra

The methodology developed by Broatch et al. [17] is used
in order to obtain the compressor acoustic signature for the con-
sidered operating conditions. Pressure spectral densities (PSD)
are estimated by means of Welch’s overlapped segmented av-
erage [28]. Hamming windowing is used at blocks with 50%
overlap. For each operating condition, the simulation is run un-
til it achieves a steady state. Then, pressure signals are recorded
at each time step (sampling rate of about 1 MHz) during no less
than 120 additional impeller revolutions (47 ms). Finally, the
signal is split into the number of blocks which provides the fre-
quency resolution closest to 150 Hz.

The acoustic analysis is performed dividing the spectra in
two regions: plane wave range and high frequency range.

Plane wave range starts at the lowest frequency attainable
and finishes with the onset of first asymmetric mode. The effect
of standing waves on low frequency range spectra in numeri-
cal simulations is mitigated by the use of pressure decompo-
sition [17]. As stated in Section experimental signals are
decomposed used the beamforming-based technique described
by Piiiero et al.[26], although it imposes a constraint on maxi-
mum frequency [17]].

This constraint can be understood as the equivalent of the
Nyquist frequency but for spatial instead of temporal sampling.
It depends on the spacing between array sensors and the speed
of sound, so it presents different values for inlet and outlet
ducts. These frequencies are included in Table |2 along with
other frequency values of interest:

Table 2: Summary of frequencies of interest.

Frequency Value [Hz]
CFD sampling 10°
Experimental sampling 10°
Beamforming max. (inlet) 3.4-10°
Beamforming max. (outlet) 6.4-10°
Asymmetric mode cut on (inlet) 47-10°
Asymmetric mode cut on (outlet) 74103
Impeller rotation 2.7-10°
Main blades passing 16 - 103

Pressure components in CFD are obtained by means of the
following expressions:
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which are inspired by the Method of Characteristics (MoC), as
described by Torregrosa et al. [29]. Averaging of flow field vari-
ables at inlet and outlet cross-sections (see Fig.|1)) is performed
s0 as to obtain the pressure components.

High frequency range begins when the first asymmetric mode
is cut on and is extended until 20 kHz. The onset frequency for
this mode was estimated following Eriksson’s method [30], be-
ing included in Table[2] .

Broatch et al. [17] showed that point monitors located at
wall ducts (see Fig. [I)) should be used in this frequency range
so as to capture higher order modes. Pressure decomposition
(Eq[3) is again used to obtain the numerical spectra in order
to reduce the impact of standing waves, whereas experimental
pressure traces cannot be decomposed and thus a single probe
of each array is used to obtain the raw PSD. Broatch et al.
proved that decomposed numerical pressure spectra can be safely
compared against raw experimental signals. Figures show
spectra obtained in the aforementioned way.

Experimental inlet PSD at low frequency range (Fig. |4) is
almost flat for 109 g/s, showing two humps centered at 700 and
2700 Hz. Both turbulence models accurately provide the same
spectrum behavior at this operating condition, although DES
slightly overpredicts the amplitude. Spectrum measured for 77
g/s mass flow rate is flat, being greater in average than 109
g/s PSD. 77 g/s spectra is almost identical for both turbulence
approaches, and mimics experimental PSD overpredicting the
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Figure 4: PSD of experimental (top) and numerical URANS (middle) and DES
(bottom) pressure components at inlet duct, for the different operating condi-
tions.

amplitude again. Finally, 60 g/s spectrum decreases with fre-
quency, intersecting 77 g/s PSD at 1500 Hz. For the point clos-
est to surge (60 g/s), numerical spectra does not depend on tur-
bulence model until 1800 Hz, where URANS overpredicts the
negative slope of the PSD.

Outlet measured PSD at plane wave range (Fig. [5) presents
a broadband elevation from 1.5 to 3 kHz near BEP (109 g/s),
followed by a small hump centered at 4400 Hz. URANS pro-
vides two broadband elevations in similar frequencies. Con-
versely, DES PSD for 109 g/s is flat. Both turbulence approaches
overpredict the amplitude at 109 g/s. Measured 77 g/s spec-
trum includes a broadband elevation from 0.7 to 2.5 kHz, ac-
curately reproduced by both turbulence models alike. Experi-
mental PSD presents humps at 3500 and 4000 Hz, which are
captured by numerical simulations as a broadband noise eleva-
tion. Near surge, experimental spectrum decreases until 3500
Hz, presenting a hump at 4000 Hz and then a constant value.
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Figure 5: PSD of experimental (top) and numerical URANS (middle) and DES
(bottom) pressure components at outlet duct, for the different operating condi-
tions.

Conversely, URANS is unable to predict the change of PSD be-
havior at 3500 Hz, thus providing a decreasing spectrum. DES
does reflect this change of PSD evolution, although it includes
a broadband elevation from 1 to 3 kHz that is not present in the
measured spectrum

Spectra depicted at Fig. [5] shows two broadband elevations
in almost every case: one at a frequency from 50% to 90% of
rotation speed and another from 120% to 170%, which can be
related to the whoosh noise phenomenon described in Section|[T}
These ranges agree with the features observed at the works by
Mendonga et al. [12] and Fontanesi et al. [13]], despite the dif-
ferences between sound speeds at outlet duct (caused by dif-
ferent pressure ratios). This fact suggests that whoosh noise is
an aerodynamic sound not related to cavity resonances. Using
the terminology of Mongeau et al. [31]], whoosh noise is not a
Helmbholtz effect but a Strouhal one. Particularly, compressor
speed plays a role in the onset of whoosh noise, as indicated by
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Figure 6: PSD of experimental pressure (top) and numerical URANS (middle)
and DES (bottom) pressure components at inlet duct, for the different operating
conditions.

Evans and Ward [3]. In fact, Després et al. [32]] did not found
any rotating stall at an operating point close to surge but at low
compressor speed.

Experimental inlet spectra at high frequency range (Fig. [6)
are alike for all operating conditions: they consist of a broad-
band noise elevation from 4.7 to 12.7 kHz followed by a de-
creasing PSD. The differences are that the broadband elevation
presents lower amplitude at 109 g/s and main blade passing fre-
quency (BPF) tone is more relevant near BEP (109 g/s). Nu-
merical simulations predict neither these broadband elevations
at 4.7 to 12.7 kHz nor a decreasing PSD at frequencies above
13 kHz. In fact, numerical spectra are almost flat regardless of
the turbulence model. DES predicts an increase of average PSD
as mass flow is reduced that is more in agreement with experi-
mental measurements than URANS results. It should be noted
that, as in the experimental spectra, BPF tone stands out in the
inlet numerical PSD near BEP.
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Figure 7: PSD of experimental pressure (top) and numerical URANS (middle)
and DES (bottom) pressure components at outlet duct, for the different operat-
ing conditions.

Outlet duct spectra at high frequency range (Fig.[7) presents
a similar description than inlet duct PSD (Fig.[6). In this case,
BPF tones are evident for all operating conditions and experi-
mental broadband elevation ranges from 13 to 16 kHz. Agree-
ment between numerical simulations and measurements is much
closer than with inlet spectra, even though the model is unable
to provide the broadband elevation from 13 to 16 kHz. Again,
the trend of average PSD against mass flow rate is better cap-
tured by DES.

Eventually, DES spectra provided in this section are quite
similar to those predicted by URANS. Either DES does not sig-
nificantly enhance the numerical prediction of pressure PSD for
this particular application or the detached eddy-simulation is
not properly capturing the large scales of the turbulence through
the LES branch. The former would imply that the improved
prediction of the turbulence of DES against URANS has little



impact on the aerodynamic noise sources and the broadband
sound generation due to turbulence does not significantly mod-
ify the acoustic signature.

On the other hand, even though the numerical configura-
tion of DES was selected aiming at the highest affordable res-
olution, it may not be enough to cause a great improvement
of turbulence prediction over URANS. Star-CCM+ [[14]] guide-
lines for DES were followed, therefore blending a 70% of a
bounded central-differencing scheme with a 30% of a second-
order upwind scheme for the discretization of the convection
term. Moreover, sensitivity studies of main setup parameters

were conducted by Navarro [[16] (see Sectioan[). Besides, Navarro

showed that LES mode of DES is estimated to be active on the
places in which large eddies are expected to appear, i.e., the re-
gion of the inlet duct just upstream the impeller, the inner part
of rotor region (away from the walls) and the core of the vo-
lute. This does not guarantee that the LES branch presents the
required accuracy, but some of the tools required for evaluat-
ing the resolution of Large Eddy Simulations (see the work of
Davidson [33]]) are not available when performing DES with
Star-CCM+ [14].

On average, each time step of the conducted detached eddy
simulations took 20% more computational time than the corre-
spondent one using URANS. As indicated by Mannini [34], the
expected increase of computational effort when moving from
URANS to DES is not mainly due to the greater cost of solv-
ing a set of discretized equations corresponding to one cell, but
to the demand of better spatial and temporal resolution. In this
work, the same computational grid and time-step size were used
for both turbulence modeling approaches as suggested by the
sensitivity studies conducted by Navarro [16].

In any case, the following section will be focused on the
analysis of DES results.

4. Flow field investigation

The flow field provided by the detached-eddy simulations is
analyzed in order to find aeroacoustic phenomena that could be
the source of the features observed in the PSD in Section 3.3
To do this, blade-to-blade surfaces at 50% span are considered.
Figure [§] depicts this postprocessing surface, that starts at the
impeller’s eye plane and finishes at the volute. In the following
analysis, meridional velocity contours are shown at each oper-
ating condition. Meridional velocity is preferred over pressure
contours because low frequency pressure waves are hidden un-
der BPF tone, whose amplitude and frequency are higher. For a
comparison of time-averaged flow field at these operating con-
ditions, the reader may refer to the work of Navarro [16].

Figure 9 shows 4 snapshots of meridional velocity at 50%
span surface for 109 g/s. These surfaces of revolution are un-
wrapped by projecting them on a normalized-meridional vs.
circumferential plane [33]. The angle rotated by the impeller
at each snapshot is indicated in the upper right corner of each
frame. The sequence of pictures of Fig. [0 hence covers one
main blade passing period. The volute tongue (VT) is marked
with an arrow.

Pressure (Pa)

60e+3 93e+3 126e+3 159e+3 192e+3 225e+3
|

Figure 8: Blade-to-blade surface at 50% span, showing contours of pressure for
60 g/s operating conditions.

At these operating conditions, the flow upstream the blades
is axisymmetric, becoming circumferentially periodic in the in-
ducer and losing any symmetry as stalled regions appear at the
exducer of some blades. Earliest flow dettachment occurs at
splitter midchord distance. Stall is more intense at the suction
side (SS) of the main blades, which indicates that splitter blades
should be closer to main blade pressure side (PS) rather than be-
ing a midpitch distance. Després et al. [32] also noted that pas-
sages corresponding to main blade PS deliver more flow than
channels which are delimited by the splitter blade PS for a mid-
pitch location of the splitter blades. Moreover, Jeon [36] noted
that, in a centrifugal fan, splitter blades located near main blade
PS produce less overall SPL than the same impeller with splitter
placed at a different pitchwise position.

The stalled regions, which in some cases present backflow
(white contours in Fig. [9), result in the wake part of the classi-
cal jet-wake structure observed at the trailing edge. Meridional
velocity displays almost a periodic circumferential profile again
at the diffuser. Choi et al. [37] already noticed that a centrifu-
gal pump presents negative radial velocity at blade SS even for
operating conditions with higher mass flow than BEP.

Pulsating jets, identified as islands of warm colors in Fig.[9]
appear at blades SS upstream the stalled regions. These jets
are directed towards blades PS as they progress in the exducer
due to flow slip, producing pressure waves which travel in the
streamwise direction. The initial (top) and final (bottom) pic-
ture of those depicted in Fig. [9]show similarities. For instance,
the jets at passage corresponding to the black splitter PS are in
the same chordwise position at both snapshots, so the frequency
of this phenomenon may be close to the main blade passing fre-
quency.

Pressure is registered by a point probe located at trailing
edge SS, which rotates in conjunction with the impeller as de-
picted by a black dot in Fig.[9] Figure [T0]shows PSD obtained
using this probe for the different operating conditions. As will
be seen later, the pressure field at the diffuser is strongly unax-
isymmetric at 60 g/s and 77 g/s, and thus a tone appears at the
rotating order and harmonics. For 109 g/s, this feature also ap-
pears but with less amplitude, because the diffuser flow is more



axisymmetric (see Fig.[0). In 109 g/s trailing edge spectrum,
a broadband centered at the BPF stands out, which therefore
could be related with the phenomenon reflected in Fig. 0] In
a similar way, Bousquet et al. [11] found that 6 vortices are
formed and shed per revolution in their centrifugal compressor,
thus being responsible of a observed tone at six times compres-
sor rotational frequency. Besides, Pavesi et al. [38] attributed
a tone corresponding to 66% of impeller rotation to a sequence
of vortices in the wake region originated at blade midchord in a
centrifugal pump with vaned diffuser.

Figure[TT|corresponds to 77 g/s operating conditions. Merid-
ional velocity upstream main blades is almost periodic, except
for one stall cell that rotates at about 30% of compressor speed.
Bad incidence angle results in flow detachment at main blades
leading edge, but passages do not stall until splitter blades lead-
ing edge chordwise location, upstream than in 109 g/s. The
amount of spitchwise section stalled is increased regarding 109
g/s, and the asymmetry of flow going through main and sec-
ondary passages is not as remarkable as in 109 g/s. Flow at
the diffuser is no longer axisymmetric: there is a zone of great
radial velocity after the tongue followed by a region of stalled
flow close to the volute.

The sequence of 4 snapshots included in Fig. [IT] covers a
timespan corresponding to one fourth of a full rotation. Pulsat-
ing jets at BPF are not found as in 109 g/s, which is supported
by PSD depicted in Fig. At 77 g/s, two low frequency phe-
nomena appear. Upstream the impeller, a rotating stall cell has
already been identified. At the diffuser and volute, stall cells
also rotate at a subsynchronous speed. Regions of flow de-
tached at the blades SS leave the trailing edge with the circum-
ferential velocity imparted by the impeller. Conservation of an-
gular velocity dictates that stalled cells reduce their tangential
velocity as they progress in the radial direction through the dif-
fuser. If these stalled cells are tracked, they move one twelfth
of a full rotation in the timespan of Fig. [T1] thus traveling at
one third of the rotational speed. Since two stall regions can
be identified, this phenomenon would result in an aeroacoustic
source of about 1.8 kHz. If a greater timespan is considered,
low velocity structures are convected through the outlet duct
covering a range of frequencies slightly lower than compres-
sor rotating speed. It is thus proposed that rotating stall is the
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Figure 9: Snapshots of meridional velocity contours at 50% span blade-to-blade Frequency [kHz]

surface, for 109 g/s operating point.

Figure 10: PSD of pressure trace calculated with DES at a probe located at the
SS of the traling edge, for different operating conditions.
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Figure 11: Snapshots of meridional velocity contours at 50% span blade-to-
blade surface, for 77 g/s operating point.
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Figure 12: Snapshots of meridional velocity contours at 50% span blade-to-
blade surface, for 60 g/s operating point.



source of subsinchronous noise known as whoosh noise.

According to Choi et al. [37], jet-wake flow pattern of one
passage disturbs adjacent passages, creating a rotating pattern
than precesses around the impeller with a speed lower than
shaft speed. In this way, even operating conditions not close
to surge could present diffuser rotating stall and subsequent
whoosh noise, as in the experimental spectrum for 109 g/s (see
top of Fig.3).

Figure[12)is the counterpart of Fig.[TT|but for 60 g/s, i.e., the
same timespan is covered by the sequence of snapshots. Flow
field at the passages, diffuser and volute looks alike 77 g/s. It
agrees with the fact that outlet spectra depicted at Fig. [5] and
Fig. [7] for 77 g/s and 60 g/s are very similar but for whoosh
noise, which is more remarkable at 60 g/s for DES. The main
difference between these two operating points is found upstream
the impeller. At 60 g/s, the reversed flow reaches several diam-
eters upstream the impeller whereas for 77 g/s the recirculation
does not even reach the impeller’s eye. Even though inducer ro-
tating stall exists at both operating conditions, in the case closer
to surge the rotating cells present a singular feature.

Figure [13] depicts a snapshot of the flow upstream the im-
peller at 60 g/s. Incoming streamlines, such as the ones colored
by absolute value of helicity,

H=V-(VAY), “)
in Fig. [[3] may suddenly find the recirculating flow, which
presents high angular momentum (as discussed by Galindo et
al. [13]]). If that happens, incoming flow rolls up, thus increas-
ing vorticity aligned with flow direction. This tornado-type vor-
tex creates a region of low pressure.

For instance, a threshold of pressure below 85 kPa is de-
picted in transparent blue in Fig.[I3] showing two low-pressure
bubbles associated to the vortices. These structures rotate co-
herently with the inducer rotating stall, as marked by the ar-
rows located over the cross-section which is colored by pres-
sure. The tornadoes are not aligned with the impeller axis be-
cause the shear stress created by the backflows induce positive
pre-rotation to the incoming flow. The case with 77 g/s cannot
present this phenomenon because the backflow does not go as
far upstream.

Mendonga et al. [12] considered that inducer rotating stall
was responsible for the numerical narrow band noise detected
at a frequency of 70% of rotational speed. For the compressor
and the rotational speed studied in this paper, maximum com-
pression ratio point sets the onset of both inducer and diffuser
rotating stall, along with whoosh noise. When mass flow is fur-
ther reduced, inducer rotating stall is accompanied by a rotat-
ing low-pressure region created by tornado-type vortices. This
phenomenon may increase the PSD below 1.5 kHz seen in Figs.

figures BH3|

5. Conclusions and future work

In this paper, URANS and detached eddy simulations of a
turbocharger compressor at different operating conditions have
been performed. Three points have been studied at nominal
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Figure 13: Snapshot of a pair of rotating tornado-type vortices at inlet duct for
60 g/s mass flow rate.

speed: one close to the BEP, other at maximum pressure ratio
and one close to surge. Pressure ratio, specific work and isen-
tropic efficiency are predicted with relative differences com-
pared to experiments below 3%.

Pressure spectra have been investigated. Experimental PSD
show that quietest point is the one with highest mass flow. The
other two operating conditions present similar spectra, although
point closest to surge is noisier below 1500 Hz. Spectra pre-

dicted by simulations display the same tendencies, save for URANS-

calculated point at mass flow rate of 60 g/s. Whoosh noise is
found as a broadband elevation in the range of 1 to 2.5 kHz.
The only experimental PSD feature that simulations cannot re-
produce is a broadband noise that appears at the inlet spectra be-
tween 4.7 and 12.7 kHz. DES did not provide a significant en-
hancement of the prediction of pressure spectra over URANS,
even though it is a more advanced approach to model turbulence
and takes 20% more computational time.

Numerical flow field predicted by DES at 109 g/s depicts
flow detachment at blades SS. The jet-wake pattern is found
to be pulsating at a frequency slightly lower than main BPF.
In any case, the flow is quite axisymmetric at these conditions.
The other two points present a pattern similar between them
and quite different from the one seen at 109 g/s. At the inducer,
stall cells are rotating below compressor speed. Moreover, a
tornado-type vortex causing a low-pressure bubble is also ro-
tating at the inducer at 60 g/s. Flow detachment at blades SS
is more pronounced than at 109 g/s. Circumferential profile of
radial velocity at the diffuser is no longer axisymmetric, being
dominated by a region with high speed near the volute tongue.
Rotating instabilities are convected to the outlet duct at a fre-
quency in the range of woosh noise. Therefore, it is the pro-
posed fluid mechanism for this acoustic phenomenon.

Simulations at other operating conditions should be per-
formed in order to complete the portrait of compressor acoustic
signature. At least, points with same relative surge margin but



different compressor speeds should be calculated to investigate
if the aeroacoustic phenomena observed in this paper appears at
different speeds. Isospeed points in the choke side could also be
studied to shed some light on compressor flow-induced acous-
tics at high mass flow conditions.
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List of Symbols

a speed of sound m- s~

¢,  specific heat capacity at constant pressure  J -kg™' - K~
H helicity m-s2

m  mass flow rate kg-s7!

N compressor rotational speed rpm

P pressure Pa

t time s

T temperature K

u axial velocity m-s!

V velocity m-s!

W compressor absorbed power kg -m?*-s73
W,  compressor specific work m? - 572

n efficiency %

€ relative difference %

0% ratio of specific heats -

0] generic variable

I1,, total-to-total pressure ratio -

T compressor torque kg -m?* - 572

Sub- and Superscripts

0 stagnation variable
back  backward travelling wave
CFD related to simulation
exp related to experimental measurement
in inlet duct
forw  forward travelling wave
out outlet duct
s isentropic
ref reference value
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