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Abstract

CFD has become an essential tool for researchers to analyze centrifugal com-
pressors. Tip leakage flow is usually considered one of the main mechanisms
that dictate compressor flow field and stability. However, it is a common
practice to rely on CAD tip clearance, even though the gap between blades
and shroud changes when compressor is running. In this paper, sensitivity
of centrifugal compressor flow field and noise prediction to tip clearance ra-
tio is investigated. 3D CFD simulations are performed with three different
tip clearance ratios in accordance to expected operating values, extracted
from shaft motion measurements and FEM predictions of temperature and
rotational deformation. Near-surge operating conditions are simulated with
URANS and DES. DES shows superior performance for acoustic predictions.
Cases with reduced tip clearance present higher pressure ratio and isentropic
efficiency, but no significant changes in compressor acoustic signature are
found when varying clearance. In this working point, tip clearance is im-
mersed in a region of strongly swirling backflow. Therefore, tip leakage can-
not establish any coherent noise source mechanism.
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1. Introduction

Turbochargers are present in almost all diesel engines and its use in gaso-
line engines has been steadily increasing in the last years. Turbocharging
allows reductions of engine displacement and weight without reducing the
power and torque produced, in a trend known as downsizing. This approach
reduces fuel consumption and emissions, which is a must for successfully
fulfilling the current regulations.

Yet strongly downsizing of engines and increase of low speed torque raises
an issue with turbocharger airborne noise [I], since compressor operating
points are shifted towards surge region [2].

Leakage flow from blade PS to SS across tip clearance is often considered
as a key point in the stability and noise production of centrifugal compres-
sors. Raitor and Neise [3] conducted an experimental study to analyze the
sound generation mechanisms of centrifugal compressors. Tip clearance noise
(TCN) predominates over BPF tone for subsonic flow conditions at low com-
pressor speeds. TCN is a narrow-band noise observed at frequencies about
half the blade passing frequency (BPF), which increase with speed. Raitor
and Neise considered that secondary flow through blade tip clearance is the
source of TCN.

In this frame, CFD is a tool used by researchers to investigate centrifugal
compressor flow field and particularly tip leakage flow.

Mendonga et al. [4] analyzed flow-induced aeroacoustics of an automotive
radial compressor using DES. A narrow band noise at a frequency about 70%
of rotational speed was detected. Rotating stall was found to be the source of
the narrow band noise. Tip leakage allows the stalled passages to recover by
pushing the low momentum region to the rotation-trailing passage, according
to Mendonca et al.

Tomita et al. [5] studied two compressors with similar map except in
surge vicinity. Unsteady pressure measurements performed just upstream
the impeller leading edge at low mass flow rate revealed differences between
compressors: the one with the narrowest operating range showed large pres-
sure fluctuations at subsynchronous speeds moving circumferentially at about
50%-80% of compressor speed, whereas compressor with wide operating range
did not exhibit this large amplitude fluctuations. 3D CFD numerical simu-
lations were also performed in order to analyze fluid phenomena at this low
mass flow rate conditions. Compressor with less surge margin presented a
tornado-type vortex between blades, blocking the incoming flow. This vortex



is convected downstream and a new one is created in the adjacent blade, in a
rotating stall pattern. Conversely, spiral-type tip leakage vortex breakdown
occurred at all blades for compressor with higher surge margin. Some ro-
tating instability was observed in this compressor, but not as severe as the
rotating stall experienced as in the other compressor. Tomita et al. [5] con-
cluded that tip leakage vortex breakdown could stabilize the flow structure
and thus increase surge margin.

Increased computational resources have made possible to include tip clear-
ance in most of the current CFD simulations of centrifugal compressor [4] [5].
However, compressor geometry is often obtained from reverse engineering or
manufacturer’s CAD, thus modeling a cold tip clearance that is not repre-
sentative of actual working conditions. Deformations due to temperature,
rotation or pressure are usually neglected, and shaft motion is not consid-
ered. Including these effects will led to coupled fluid-structure simulations,
which are very expensive. Nevertheless, the effect of these factors should be
studied to assess the validity of simulations using CAD clearance.

Many researchers have performed studies of tip clearance sensitivity on
global variables and local flow features.

Danish et al. [6] conducted a numerical study in which overall performance
and flow field were investigated for nine tip clearance levels from no gap to
16% tip clearance ratio (TCR). Numerical simulations were performed with
frozen rotor technique. Two different clearance increase approaches were
used: reduction of blade height while keeping same housing dimensions and
increase of shroud diameter with same blade height. For operating conditions
close to best efficiency point, maximum increase of TCR by decrease of blade
height caused a loss of 15% in pressure ratio and 10% in efficiency. If shroud
size is increased instead, pressure ratio is reduced by 13% and efficiency by
8.5%.

Jung et al. [7] performed steady simulations using the same impeller with
six different tip clearance profiles. Reductions in tip clearance caused an
increase in pressure ratio and efficiency. Particularly, a decrease in tip clear-
ance at the trailing edge improved the compressor performance more than
implementing the same reduction in leading edge tip clearance. A reduced tip
leakage flow was found to significantly improve the diffusion process down-
stream the impeller.

Measurements performed by Wang et al. [§] indicated that variations
of tip clearance caused small influence on stall inception. However, the rea-
sons could not be investigated because their mixing-plane, steady simulations



failed to converge at near surge conditions.

However, in these sensitivity studies, particular TCRs are not usually
justified by expected values of compressor actual working conditions and
effect on noise generation is not assessed.

According to the literature review, tip leakage flow may play a role in
noise generation and stability of centrifugal compressors. CFD can provide
a deeper insight into the issue, but clearance sensitivity to noise generation
must be first assessed to decide if clearance variations from baseline CAD
conditions can be safely neglected. In such a sensitivity study, TCRs should
be set in accordance to expected values while compressor is operating.

In this paper, the effect of tip clearance size on fluid flow and noise spectra
of a 49 mm exducer diameter turbocharger compressor is studied. Section[2]is
devoted to the estimation of tip clearance reduction during actual compressor
operation. In Section [3| the numerical set-up is described and the approach
to perform the clearance sensitivity analysis is explained. Tip clearance size
impact on global variables and noise generation is evaluated in Section [4] by
means of PSD comparison. Flow field is investigated in Section [5|in order to
explain the spectra obtained by different TCRs. Finally, Section [6] includes
the main findings of the paper.

2. Estimation of actual tip clearance

In Section [1, some effects usually not considered when simulating tur-
bocharger compressors were introduced. For the sake of accuracy, a two-way
coupled fluid-structure simulation should be performed to take into account
potential aeroelastic effects, along with impeller and housing deformations
caused by temperature, rotation and pressure differences. However, this ap-
proach would lead to unaffordable computational times.

Wang et al. [§] used a two-step calculation procedure to take into account
impeller deformation when simulating centrifugal compressor flow, avoiding
a two-way coupled fluid-structure simulation. First, the deformation of the
compressor blades were simulated with finite element method (FEM). Then,
the flow field was recalculated with the deformed impeller estimated with
FEM. In this way, tip clearance changed from a uniform clearance ratio of
7.3% into a non-uniform profile that presents greater reduction with increas-
ing meridional coordinate (TCR is 50% larger at the leading edge than at the
trailing edge). Moreover, incident and exit blade metal angles were also de-
formed. Particularly, tip outlet angle at trailing edge increased 3.5°. Leakage



flowrate is thus affected by impeller deformation, over all at trailing edge.

In this paper, sensitivity of TCR to centrifugal compressor aeroacous-
tics will be first investigated. Aeroelasticity is neglected because centrifugal
compressor blades are not as long and slender as in their axial counterparts,
which do suffer from phenomena such as flutter. Deformation due to ther-
mal and pressure loads and centrifugal forces can be taken into account with
a one-way fluid-mechanical simulation. If noise happens to be highly de-
pendent on TCR, the flow field should be recalculated with the actual tip
clearance geometry, following the approach of Wang et al. [§].

Besides, dynamic mesh approach should be employed to consider the
complex shaft motion pattern described (see for example the explanation of
Nelson [9]). This would imply a great increase in computational effort com-
pared to traditional sliding mesh technique, in which rotor region is meshed
only once and it is rotated across sliding interfaces, in accordance with com-
pressor speed. The possible effect of shaft precession on noise generation is
thus neglected in this paper. Instead, eccentricity measurements are per-
formed in Section to assess maximum clearance reduction due to shaft
motion, so as to be considered in the subsequent sensitivity analysis.

2.1. Thermal and rotational deformation

To estimate decrease of tip clearance due to impeller deformation, mean
wheel temperature (120°C) predicted by CFD and rotational speed (160
krpm) were used as an input to a structural simulation with FEM, which
computed the nodal displacement. The impeller is meshed with more than
12000 quad/tri elements. The equations are then solved using the precondi-
tioned conjugate gradient solved implemented in ANSYS Structural.

Pressure deformation was not considered because its contribution to im-
peller deformation is marginal [8]. Selection of mean value instead of temper-
ature distribution is justified by high thermal diffusivity of aluminum, which
is the material of most compressor wheels [10]. The simulation was done
with characteristics of the Aluminum Alloy (density = 2770 k9/m3, Young’s
Modulus = 71 GPa).

Figure 1| shows the total deformation of the compressor wheel. Maximum
deformation of the inducer blades is 11% of CAD tip clearance.

2.2. Eccentricity due to shaft motion

In order to estimate the tip clearance variation due to shaft motion, the
technique developed by Pastor et al. [I1] is applied. It consists in an im-
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Figure 1: Impeller deformation due to rotational and thermal loads.

age recording methodology with a processing algorithm to estimate the shaft
motion. Pastor et al. [I12] showed that this technique requires a less intrusive
apparatus than infrared sensor measurements, also providing direct observa-
tion of shaft motion phenomenon. Galindo et al. [13] used this methodology
to improve the knowledge of the behavior of the turbochargers in critical
conditions of lubrication, because, as Lépez [14] indicated, image recording
is better suited than standard inductive sensors for shaft motion measure-
ments in these lubrication conditions. For more details, please refer to the
work of Lépez [14].

Figure[2|depicts the layout of the image recording apparatus. The camera
is placed in front of the turbocharger on the compressor side, positioning it
as coaxial as possible to the turbocharger shaft and focused to the shaft tip.
A 90° elbow is attached at the inlet of the compressor housing with a glass
window to allow the proper display of the shaft through the camera. Images
are taken with a PCO Pixelfly 12-bit CCD Camera with spatial resolution
of 1280x1024 pixels. The distance between the compressor and the camera
is approximately 300 mm. The resolution obtained with this layout is ap-
proximately 5 um per pixel. This resolution allows the observation of shaft
movements.

The processing algorithm consists on differentiating specific zones of the
image in order to obtain their coordinates. Two screws are placed at the im-
peller’s eye plane (see Fig.|3]). They are used as reference points to calculate
the relative position of the shaft, avoiding errors due to structural vibrations.
Figure |3| shows a photograph of the shaft motion. The impeller’s eye can be
seen along with the reference points (left and right screws). The processing
algorithm identifies the shaft tip and its center (in blue in Fig. 3)), whose



Figure 2: Camera layout for shaft motion observation.

coordinates are calculated using the reference points for the subsequent de-
termination of the shaft motion.

Figure 3: Photograph of shaft motion, showing the estimated position of the shaft center.

The maximum eccentricity of the turbocharger is obtained by manually
achieving the physical limit of shaft motion. Figure [4] shows the maximum
eccentricity (ellipse with solid black line) and the shaft motion at 160 krpm
(blue dot markers). The shaft motion describes a zone with a radius be-
tween 100 pm and 150 pum regarding the center of the impeller’s plane eye.
This motion represents a 22% to 34% of reduction of the original clearance.
Therefore, the maximum reduction of the original tip clearance is between
33% to 45%.
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Figure 4: Shaft motion at 160 krpm.
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3. Numerical Model

3.1. Domain and numerical set-up

The impeller, vaneless diffuser and volute of the compressor were digi-
talized. A structured-light 3D scanner provided a point cloud of the bodies,
which were processed by reverse engineering software to reconstruct smooth
surfaces. In order to avoid influence of manufacturing variability, only one
main blade and one splitter blade were digitalized, creating the rest by rev-
olution. The impeller and the diffuser are thus 360° modeled. Backplate
cavity along with (cold) tip clearance are also provided by the digitalization
process. In addition, inlet and outlet cross sections were extruded 5 diame-
ters long to obtain the CFD domain shown in Fig. [l The full domain (inlet
pipe, impeller, hub cavity, vaneless diffuser, discharge volute and outlet duct)
is meshed with 9.5 million polyhedral cells. Navarro [I5] performed a mesh
independence analysis, showing that a mesh twice as fine does not provide
significant differences in terms of global variables and noise predictions.

Rigid body motion approach was employed for the computations, in which
heat transfer with the surroundings was neglected. Smooth walls were con-
sidered. Fixed outlet pressure, constant compressor speed of about 160 krpm
and mass flow rate corresponding to 1.4 times surge mass flow at this com-
pressor speed were set to represent a near-stall operating condition. Second-
order accurate transient solver was used with a time-step size so that the
impeller mesh turns 1° per time step, since Navarro [I5] proved that this
time-step is sufficient to accurately resolve pressure spectra within human
hearing range.



Turbulence modeling plays an important role in flow field and noise pre-
diction of a centrifugal compressor, particularly at near-surge conditions. In
this paper, Direct Numerical Simulations (DNS) are rejected due to their
infeasibility in terms of computational cost. In order to predict compressor
aeroacoustics, three approaches to model turbulence could be thus consid-
ered: Unsteady Reynolds Averaged Navier Stokes Simulations (URANS),
Detached Eddy Simulation (DES) or Large Eddy Simulation (LES).

LES are often used in computational aeroacoustics (CAA) [16], due to
their potential to capture broadband noise turbulent sources. Dufour et
al. [I7] reviewed some works using large eddy simulations for predicting tur-
bomachinery flow. By looking at their survey, it can be concluded that LES
is much more extended in axial turbomachinery than in their radial coun-
terparts. To the authors’ knowledge, LES in turbocharger compressors have
only been covered by Karim et al. [I8] and the set of works performed by
researchers from KTH and University of Cincinnati. Hellstrom et al. [19] 20],
Jyothishkumar et al. [21] and Semlitsch et al. [22] reported good agreement
between their large eddy simulations and experimental measurements, show-
ing the potential of LES to predict centrifugal compressor flow behavior,
particularly at near-surge conditions. However, LES is not considered in this
paper due to the computational cost that would imply using a LES-suited
grid.

In this work, URANS simulations are performed with £—w SST model [23]
closure model. This model is very suited for compressors, for its accuracy in

Figure 5: CFD domain.



predicting flow with adverse pressure gradients. Menter et al. [24] applied the
SST model for different turbomachinery cases, for which a good agreement
against experimental measurements was found. The model proved to be
good at capturing usual turbomachinery flow features such as flow separation,
swirl or strong flow mixing. Robinson et al. [25] also used the aforementioned
turbulence model to analyze the influence of the spacing between impeller and
vaned diffuser in a centrifugal compressor. Smirnov et al. [26] applied the k—
w SST model for the calculation of flow in a one-stage centrifugal compressor
with a vaned diffuser. Good agreement of the computed velocity field with
the measurements data at the impeller exit is obtained by Smirnov et al.
Downstream of the diffuser vane, prediction quality depends on the operating
point. A comparison between turbulence models was done at one operating
point. The SST model provided better agreement with experimental data
than k£ — ¢ and £ — w models.

Finally, DES model is an hybrid RANS-LES approach in which the bound-
ary layer is modeled using URANS and LES is employed for the free stream
detached flow. With such a blending between turbulence approaches, DES
is intended to save computational cost when compared with LES but retain-
ing some of the eddy-resolving capabilities, with the corresponding improve-
ment in broadband noise predictions regarding URANS. For this reason, DES
model is also used in this paper, although it is still not very popular in tur-
bomachinery simulations. Tucker [27] listed 40 turbomachinery cases with
eddy-resolving turbulence models, only 3 of them being hybrid RANS-LES.
In this work, DES will be performed in combination with a SST k —w turbu-
lence 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” [28]. Low-Reynolds number near-
wall resolution is used, since Mendonga et al.[4] showed that this approach
improved the prediction of the compressor map compared to experimental
measurements when using steady-state RANS k — w SST simulations. Par-
ticularly, IDDES [29] 30] is used, which combines WMLES and DDES hybrid
RANS-LES approaches. Mockett [31] studied several DES models, conclud-
ing that IDDES extended the range of suitable applications of DDES, by
reducing the issue with log-layer mismatch (LLM). The mesh used in this
paper may not be fine enough to take advantage of the WMLES branch in
IDDES, but at least this turbulence model should perform as DDES. Van
Rennings et al. [32] used DDES for simulations of an axial compressor near
stall. Imposed geometrical periodicity was found to affect large scale turbu-
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lent structures, concluding that the full compressor should be modeled for
the sake of accuracy.

Simulations using URANS and DES turbulence approaches were per-
formed using the segregated solver of Star-CCM+ [33]. DES results using the
described model has been already validated against experimental measure-
ments for aeroacoustic purposes by Broatch et al. [34]. Navarro [I5] showed
that LES mode of detached eddy simulations is present in the core of the
rotor passages and the recirculating flows upstream the impeller. A compar-
ison between predicting capabilities of URANS and DES will be performed
in Section [4l

3.2. Twp clearance reduction approach

In Section [2 a maximum clearance reduction of 45% is estimated. In
order to assess compressor performance indicators, flow features and noise
production sensitivity to tip clearance, three levels are considered: original
(CAD) clearance, 2/3 of original clearance and 1/3 of original clearance. In
this way, expected clearance reduction range is comprised in the sensitivity
analysis.

Tip clearance reduction can be done with two opposed approaches, either
increasing impeller size or decreasing shroud diameter. Impeller increase
would mimic temperature and rotational deformation, but tip clearance re-
duction due to shaft motion represents an approximation regardless of the
method used. However, unrealistic deformation of impeller geometry may
impact flow behavior more than subsequent reduction of tip clearance. In
this paper it is thus preferred to keep impeller size and reduce the shroud
to obtain the desired TCRs. In any case, Danish et al. [6] proved that these
two approaches to change tip clearance yield similar results.

The reduction of shroud that causes the three different TCRs studied in
this paper can be observed in the left-hand side of Fig. [6] The three meshes
produced with this approach present a similar amount of elements, being
about 9.5 million polyhedral cells.

4. Comparison of overall performance and acoustic signatures

4.1. Experimental setup

Aside from the numerical comparison between turbulence models and dif-
ferent TCRs, experimental spectra are used as a reference. The experimental
measurements shown in this paper were obtained installing a turbocharger
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Figure 6: Rotor region mesh: cross-section (left) and impeller (right), including a close-up
of tip clearance for the cases studied and isomeridional surfaces.

test rig in an anechoic chamber. A detailed description of the gas stand is
given by Galindo et al. [35].

Long, straight pipes were placed at the inlet and outlet of the compressor,
as depicted in Fig. [7] Position of piezoelectric pressure sensor arrays are also
included in the sketch. These probes were used to sample pressure signals at
100 kHz during 1 second at the desired operating condition, using a Yokogawa
digital oscilloscope.

Inlet and outlet linear arrays of three piezoelectric sensors each were
designed in accordance with Pinero et al. [30], to take advantage of their
beamforming-based signal analysis method to decompose pressure signals
into a forward-traveling wave py.,(t) and a backward-traveling wave ppacr (t).

50
. 50 ‘
g | g
Q S
243
Ll L' I
123
Sensor|array
210 |
1495 363 | 180‘ 1070

Figure 7: Compressor piping layout, highlighting the CFD domain and the sensor arrays.
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A full description of the experimental apparatus used to obtain the acous-
tical measurements is presented by Broatch et al. [34].

4.2. Compressor performance variables

In first place, compressor global variables are compared. Total-to-total
pressure ratio, specific work and isentropic efficiency,

tht _ Pout,0
pm,o
W 27N (rpm) .
R
ﬂ
i, oo (17 1)
s = W B Tout,O - T;n,O ’

(1)

are either experimentally measured or numerically calculated. Table
includes these global variables along with relative difference against exper-
imental measurements and relative difference against CAD clearance case
with the corresponding turbulence model, defined as:

Gezp(%) _ ¢CFD - gbex’p . 100 63/3(%) _ ¢CFD - ¢CFD,3/3 . 100. (2>
¢e:vp ¢C'FD,3/3

For both turbulence approaches, cases with original clearance provide
compressor performance values closer to experimental results than cases with
reduced clearance. Decreasing tip gap improves compressor isentropic ef-
ficiency and pressure ratio. In URANS simulations, a reduction of TCR
slightly increases specific work, but in DES there is not a monotonous trend.

URANS case with CAD clearance predicts compressor performance pa-
rameters showing better agreement with experimental measurements than
DES, particularly in terms of isentropic efficiency. However, a better esti-
mation of global variables does not necessarily imply that URANS is more
accurate than DES in predicting compressor noise generation, as the next
section will prove.
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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 and the relative difference against CAD clearance case with
the corresponding turbulence model.

o Tl Walkd kg
(¢/€exp/€3/3) (¢/€exp/€3/3) (¢/€ezp/€3/3>

Exp. 2.22/-/- 121/-/- 62.2/—/—
3/3  221/-0.5/— 122/0.7/- 62.3/0.1/—
URANS 2/3 2.26/1.7/2.2 123/1.2/0.5  63.9/2.7/2.6
1/3 231/4.1/4.7 124/2.2/1.5  65.3/5.0/4.9

3/3  2.23/0.4/- 122/0.6/— 63.2/1.6/—
DES 2/3 227/2.1/1.6 122/0.1/-0.5 65.0/4.4/2.8
1/3 2.32/4.2/3.8 122/0.7/0.1 66.5/6.8/5.1

4.3. Compressor acoustic spectra

In order to assess the effect of tip clearance on centrifugal compressor
noise, the methodology developed by Broatch et al. [34] is followed. Exper-
imental signals were sampled during 1 s, whereas numerical monitors were
stored at each case for more than 50 ms (corresponding to 140 impeller rev-
olutions) after reaching a steady state in terms of global variables. Welch’s
overlapped segmented average [37] is used to estimate pressure PSD, which
are the tool to evaluate and compare compressor noise generation. Hamming
windowing is used at blocks with 50% overlap. The number of blocks is
selected so as to obtain the frequency resolution closest to 150 Hz.

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

Planar wave range starts at lowest frequency attainable and finishes when
the first asymmetric mode is cut on. In this range, numerical simulations
require pressure decomposition to avoid the nodes of standing waves. Ex-
perimental signals are decomposed used the beamforming-based technique
described by Pinero et al. [30], although it imposes a constraint on maxi-
mum frequency [34]. Pressure components from the simulations are obtained
by means of Eqn.
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Figure 8: Low frequency PSD of experimental and URANS pressure components at inlet
(top) and outlet (bottom) ducts.
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which are inspired by the Method of Characteristics (MoC), as described
by Torregrosa et al. [38]. Flow field variables are averaged at cross-sections.

High frequency range starts with the onset of first asymmetric mode and
is extended until 20 kHz. Point monitors located at wall ducts should be
used in this frequency range so as to capture higher order acoustic modes [34].
Eq. [3]is again used to obtain the numerical spectra of pressure components in
order to reduce the impact of standing waves, whereas beamforming cannot
be applied to experimental pressure traces and thus a single probe of each
array is used to obtain the raw PSD.

In this way, Figs. are obtained. URANS and detached-eddy simula-
tions were performed using the configuration described in Section 3.1}
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Figures [§ and [9 show that, at the inlet, experimental spectrum at low
frequency range decays monotonously. Inlet numerical spectra is predicted
by both turbulence approaches alike. Simulations also provide decreasing
spectra, but amplitude is overpredicted. Moreover, TCR does not have an
impact on PSD.

At the outlet duct, experimental spectrum decreases until 3.5 kHz, pre-
senting a narrow band noise and a constant level afterwards. URANS PSD
depicted in Fig. [§] fails to predict this change in behavior, showing a constant
decay for all TCRs. Conversely, DES spectra (Fig. @ does present a narrow
band centered at a frequency from 3.5 to 4 kHz, depending on tip clearance.
Then, PSD are constant. The only difference between DES spectrum and
experimental one is the broad band that simulations predict from 1.3 kHz
to 2.5 kHz. It corresponds to the whoosh noise phenomenon detected at
experiments for higher mass flows (see Broatch et al. [34]).

The differences in spectra prediction between turbulence approaches in-
crease when frequencies above planar-wave range are considered. Figure
presents spectra provided by URANS simulation against experimental ones.
At the inlet, the broadband elevation from 5 to 12 kHz is clearly underpre-
dicted, showing a better agreement in the subsequent decay. PSD at the
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Figure 9: Low frequency PSD of experimental and DES pressure components at inlet (top)
and outlet (bottom) ducts.
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outlet duct is underpredicted, particularly for frequencies below 10 kHz.

DES (Fig. provides an inlet spectrum with a closer estimation of the
mean amplitude during the broadband elevation, although it fails to predict
PSD decrease above 12 kHz. The narrow band between 4.7 and 6 kHz is
not registered by the experimental measurement. At the outlet duct, PSD is
accurately reproduced using the DES, save for a broadband elevation from
14 to 16 kHz that the experiments include.

Even though planar wave spectra predictions for both turbulence ap-
proaches are alike, DES shows superior performance at high frequencies.
Only inlet spectrum above 12 kHz is overpredicted, and it does not represent
a major issue since inlet PSD is significantly lower than outlet one (average
of 10 dB), and human hearing sensitivity from 12 kHz onwards is limited.

5. Flow field investigation

In this section, flow field is investigated to explain why TCR is not rele-
vant to compressor noise generation in these near-surge operating conditions
(mass flow rate is 1.4 times surge mass flow at the speed line of 160 krpm).
Only detached-eddy simulations are analyzed, since Section [.3]has confirmed
their (slightly) superior performance over URANS in terms of noise predic-
tion.

Figure [12) shows the mean flow field for the cases with different tip clear-
ance. The different fluid variables have been time-averaged during more
than 10 impeller rotations. Line Integral Convolution (LIC) [39] is used to
represent relative velocity vectors as an oil flow over isomeridional surfaces
depicted in Fig. [6] These surfaces of revolution have been flattened by pro-
jecting them on a normalized-meridional vs. circumferential plane [40]. In
Fig. [12] LIC is blended with pressure contours.

The impeller rotation is transformed into a horizontal translation from
right to left in Fig.[12] Therefore, the left side of the blades corresponds to the
PS whereas the right side is the SS, as confirmed by pressure contours. The
solid black line shown in Fig. represents a change of sign of meridional
component of velocity. The majority of the impeller isomeridional section
presents incoming flow, save for the vicinity of the shroud, in which backflow
appear. Since tip clearance is included in this recirculating region, tip leakage
flow is not only driven by favorable pressure gradient across the blade tip.

In order to shed some light on tip leakage flow, Fig. shows the flow
field at isomeridional surface number 3 (see Fig. [G), for the three cases with
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different tip clearance. Time-averaged flow field is considered in the left side
pictures, whereas the pictures on the right side represent a snapshot of the
instantaneous flow. In addition to oil flow colored by pressure and a solid
black line indicating zero meridional velocity, as in Fig. [I12] relative velocity
vectors are depicted. It can be seen that some of these vectors indicate flow
going to the SS of the passages, i.e., there are cells with relative velocity
oriented in the rotational direction. The region in which relative tangential
velocity points to the left is highlighted and delimited by a solid violet line
in Fig. [13

Left side of Fig. [13|shows that the time-averaged flow goes in the stream-
wise direction and moves from SS to PS at the inner core of the passages
(close to the hub). Conversely, flow is going backwards near the shroud as
already noted, and a fraction of this recirculating flow goes from passage PS
to SS. In the shroud boundary layer, absolute velocity is close to zero, so rel-
ative tangential velocity points to the right. These changes in circumferential
flow direction results in the creation of secondary flows, such as the vortices
observed in Fig. Vortex cores are usually regions with local minimum of
pressure (see for instance the instantaneous flow for the case with 1/3 of the
original clearance).

Clearance: 1/3 Clearance: 2/3 Clearance: 3/3

Mean of Pressure (Pa)
75e3 94e3 113e3 132e3 157e3 170e3

Figure 12: LIC of relative velocity vectors colored by pressure at isomeridional surfaces
for DES cases with different clearance. Zero meridional velocity is represented as a solid
black line.
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The air flowing in two opposite directions in the tip clearance that can
be observed in the right side of Fig. [L3| creates a strong shear stress in this
region, thus disabling the inviscid character of tip leakage flow [41], at least
for near-stall operating conditions. If tip leakage mechanism were mainly
inviscid, tip clearance could be resolved with few spanwise nodes (less than
10) [42, 43]. In this paper, about 20 cells were used to mesh the spanwise
direction of tip clearance (see Fig. @ Van Zante et al. [44] already noted
that tip grid can influence prediction of stall inception.

Left side of Fig. [13]indicates that mean tip leakage flow moves from the
right to the left, and this is justified by the pressure gradient that exists at
the different sides of the blade tip. However, if the snapshots at right side of
Fig.[13|are considered, it can be noticed that instantaneous net tip flow can be
oriented in the rotational direction. The reason of the unexpected behavior
of tip leakage flow can be explained by Fig. |14} which depicts the mean flow in
a meridional view at midpitch distance between main blade SS and splitter

Time-averaged Instantaneous
° Mean of Pressure (Pa)

80000. 91000. 1.0200e+05 1.1300e+05 1.2400e+05 1.3500e+05

Figure 13: LIC of relative velocity vectors colored by pressure and relative velocity vectors
glyph at isomeridional surface number 3 for DES cases with different clearance. Zero
meridional velocity is represented as a solid black line whereas zero relative circumferential
velocity is represented as a solid violet line.
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mean Tangential Velocity (m/s)
145 230 315 400
I

Figure 14: LIC of relative velocity vectors colored by tangential velocity and relative
velocity vectors glyph at meridional surface for baseline clearance DES. Zero meridional
velocity is represented as a solid black line whereas zero relative circumferential velocity
is represented as a solid violet line.

blade PS. The solid black line representing change in meridional velocity
direction shows that recirculating flow near the shroud almost extends to
the trailing edge of the impeller for these operating conditions, although this
conclusion could also be drawn from Fig. [12] Highest tangential velocities
are obtained at the blade trailing edge, since it is the place where blade tip
velocity is greatest. The backflow transports the angular momentum that
the impeller transmitted to the flow when it was going in the streamwise
direction. When the flow is reversed, it will lose some angular momentum
because of the shear stress with the incoming flow, but also it will also gain
tangential velocity, as radius is reduced.

Figure [14] shows that mean tangential velocity is in the order of blade tip
velocity near the shroud, which explains the existence of regions in which
relative velocity is oriented towards the passage SS (marked with a solid
violet line in Fig. [I4). Flow leaking from blade PS to SS through the tip
is therefore diminished due to angular momentum of backflows. This fact
may explain the reduction of clearance flow rate detected by Liu et al. [45]
as operating condition is shifted towards surge.

Some researchers have studied tip clearance noise (TCN), which is at-
tributed to jet-like tip leakage flow, the roll-up of this stream into a vortex
and the interaction of these phenomena with adjacent blades [46]. TCN has
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been thoroughly investigated in axial turbomachinery [47, 48], but it is not
so well know in the case of radial turbomachinery. Raitor and Neise [3] re-
ported a narrow band noise in a centrifugal compressor that was considered
as TCN because it presented similarities to the case of axial turbomachinery.
Bousquet et al. [49] found a periodic vortex shedding due to tip leakage flow
in their simulation of a centrifugal compressor at near stall conditions, which
may produce a narrow band noise. However, no recirculating flow appeared
near the compressor shroud.

In order to produce a narrow ban noise, tip vortex shedding should occur
in a freestream flow without any other strong fluctuating phenomena. For
the operating conditions studied in this paper, the whole tip is immersed in
the recirculating region, which would mask any noise that may produce tip
leakage or even disable the noise source mechanisms. In the simulations, it
could not be found any periodic tip vortex shedding nor acoustic fluctuations
that could be related to tip leakage flow. Only rotating stall was found, but
it is a subsynchronous phenomenon that produces the so-called whoosh noise
(see the work of Broatch et al. [50]), and according to Figs. TCR does
not affect whoosh noise neither. The modification of tip leakage behavior
due to the existence of a strong swirling recirculating flow near the shroud
is the proposed mechanism to explain that noise generated by the centrifu-
gal compressor is not affected by TCR, at least for the near-stall operating
conditions studied in this paper.

6. Concluding remarks

In this paper, tip clearance sensitivity to flow field and noise generation
of a 49 mm exducer diameter centrifugal compressor has been investigated.
Measurements of turbocharger shaft motion show that, for a compressor
speed of 160 krpm, tip clearance can be modified by a factor of 22% to
34%. FEM predicts that temperature and rotation cause an additional tip
clearance reduction of 11%.

3D CFD simulations with three different tip clearance levels show that
clearance reductions cause increases in pressure ratio and isentropic efficiency,
but no significant changes in compressor acoustic signature. Two different
turbulence approaches (URANS and DES) are studied, and DES is found to
provide spectra with better agreement against experimental measurements,
particularly at high frequencies (above onset of higher order acoustic modes).
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Insensitivity of spectra to TCR is explained by flow field configuration.
Since the working point is close to surge, the flow in the vicinity of the
shroud is reversed and tip leakage flow is not only driven by pressure gra-
dient at blade tip. A complicated flow pattern is detected in this region,
but the recirculating flow comprises tip clearance. A coherent noise source
mechanism due to tip leakage flow cannot be established, so variations of
TCR do not have an impact on noise generation. Conversely, compressor
performance indicators are affected by TCR, because tighter tip clearances
lead to smaller backflow regions and reduced mixing losses.

These conclusions are valid for the studied operating conditions. Com-
pressors working with higher mass flow rates should present less backflows
close to the shroud and tip sensitivity to noise generation may be different.
In any case, the present paper shows that, for operating conditions close
to surge, researchers can rely on CAD tip clearance profile when analyzing
acoustic behavior of centrifugal compressors.
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