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% What is a centrifugal compressor?
o Compressor —» Increase pressure

o Type of compressor:
- Centrifugal — Radial direction

o Parts of a centrifugal compressor:

700 psi

[1] EnggCyclopedia. (2023).
Centrifugal Compressors.
EnggCyclopedia. Retrieved
May 10, 2026.

Inlet Shroud

Volute Main blade

Outlet

Splitter
blade
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% What is a centrifugal compressor?
o Impeller Backside Cavity (IBC)

o Ported-Shroud

- Extends the compressor operating
range

0.2 0.4 0.6 0.8 1 1.2

[2] Cravero, C.; Leutcha, P.].; Marsano, D. Simulation and Modeling of Ported Shroud Effects on [3] Xu, C. & Amano, Ryoichi. (2012). Empirical
Radial Compressor Stage Stability Limits. Energies 2022, 15, 2571. Design Considerations for Industrial Centrifugal
https://doi.org/10.3390/en15072571 Compressors. International Journal of Rotating

Machinery. 2012. 10.1155/2012/184061.
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¢ Compressor Noise

o Aeroacoustics?

o Tonal features

- Blade passing frequency
(BPF) and harmonics, buzz-
saw hoise etc.

o Broadband components

« Whoosh noise, tip-clearance
noise (TCN) etc.

o Surge noise

4 BPF

Sound Power Density, SWL

I
Plane wave range >I BPF harmonics
L=

>
1000 10000 Frequency, f

[4] Garcia-Tiscar, J. (2017) “Experiments on turbocharger compressor acoustics”. Doctoral Thesis, Universitat Politecnica
de Valéncia
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*»» Motivation
o New engines are quieter
o High computational cost (transient, LES, fine mesh...)
o Ported-Shroud:

- Tonal noise from the compressor at the BPF
— BPF noise increase in ported-shroud compressor

o Impeller Backside Cavity:

- Lack of previous studies on the aeroacoustic influence of the impeller backside cavity
(IBC) in CCs
% Objectives

o Develop a numerical tool to predict the BPF amplitude
« Sensitivity of the tool to ported-shroud geometry change

o Determine the IBC impact on CC
« Could the IBC be removed?

2026-5-14 MuMFC - Seminar 7
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Experimental Campaign

¢+ Test Instrumentation
o Compressor tested by CMT at UPV

o Sensors:
 Global Variables:
— Flow-meter - MFR
— Thermocouples - temperature
— Piezometric rings — pressure
* Acoustics:

— Piezoelectric sensors — acoustic
pressure signal

» Inlet1 & 2
» Qutlet
» Volute

Volute Outlet
_a

2026-5-14
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% Cases & Working Points

Working points Impeller Backside Cavity Cases
* Low-Load Regime « Wo IBC
- High-Load Regime « With IBC: LMFR 0%, 0.25% & 0.5%
1200 o e ] | | | /
®m CFD 100 o—@0—0—0—0
100! ] | T j
I ] 80 oo

Norm. PR (%)
[00]
o
Norm. © (%)

W

40 -
P &

Norm. MFR* (%) Norm. MFR* (%) LMFR
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< Ported Shroud Geometries Without Baffle

o Three compressor geometries j

o Baseline — Validate models
with experimental data. Baseline

o Two geometry changes to
modify compressor acoustics: N

« Without Baffle: \ ﬂ

— Increase of BPF noise | \ F
- Without Ported-Shroud: — b%w )

— Decrease of BPF noise /\

1 Without Ported-Shroud

2>
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%+ Compressor Mesh

o Meshing Approach:
« Polyhedral cells in the core
- Extruded Mesh (Sponge)
o @Grid Validation:
Cells/wavelength > 10
Ratio of resolved TKE
— 98.8% of the cells TKE > 0.7
Median y+ < 1
Median I+ < 70
o Boundaries — m inlet, p outlet

0O Nmse extracted from pressure Ratio BPF Wavelength
S|gna| <5 7.5 10

B
- Large Eddy Simulation
o STAR-CCM+ coupled solver

2026-5-14 MuMFC - Seminar 13
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% Numerical Campaign Strategy
o Convergence Procedure - First geometry (baseline)

Low Fidelity — > High Fidelity
RANS, steady 103000, | | -
6M cells 102500 : ! — Inlet Total Pressure Monitor
1 mzooog : : :
101500 ! : : :
@ 101000? : : : :
5 100500 I I I !
£ 100000 : , : I
Initial ] | | | wa«wm
conditions £ 9% : | | |
% 98500, : U ; ; :
2 98000—; : : : :
75001 6 M : 60 M : 60 M : 60 M : 60 M
97000-; URANS | URANS ! URANS ! URANS | LES
965001 At=40 At=40 ! At=20 ! At=10 ; At=10
et Sy T 'Io'.*l' " 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 09 095

Physical Time (s)
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% Numerical Campaign Strategy

o Convergence Procedure - Other geometries
Initial conditions: Converged 60M LES At=1° (baseline geometry)
Significant reduction in real time for convergence: 2-3 weeks vs 2-3 months

Inlet Total Pressure
103000 l

102500 = |nlet Total Pressure Monitor

102000
1015001

101000

1005001

100000 ]

99500 4

99000 -

98500

Inlet Total Pressure Monitor (Pa)

98000 ]
97500
97000

96500

96CIOO----|---|---|---|---|---|---|---|---| T T T T T LJNL L L LA L L L L L BN L N B N N L B L B L R R L LN B S B
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1 0.105 0.11 0.115 0.12 0.125

Phvsical Time (<)
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Numerical Model

» Turbulence Model Validation

. Geom. Meth. Regime Mo [kg/s] N[rpm] PR[-] 1s[%]
© GIObaI Varlables URANS 1.37% 0.01% 1.24% 0.75%
* Low differences (within £2%b) Baseline DES High 1.09%  0.01% -1.06% -2.00%
: LES
o Acoustic Spectra ] Turb. Model Comparlson ngh Reglme
- DES and LES differences against S Inlet2
URANS o 100 .
. : o 90% ;\\
— Generate a flatter signal (with fewer T 80 ) a
peaks) 3 70 ’WW sl \& «\\, o
. . . : g 60r | | | | | \’V q
— Higher intensity level, especially LES S 0o 2 4 6 8 10 5 14 16 18
— Replicate experimental PSD _ Frequency [kHz]
values better at medium and high ;;‘ o Volute
frequencies ® 100 -
- LES provides a wider tonal peak 3 ok
around the BPF than DES and URANS & gg i | | | | | |
— More similar to the EXP results S 0o 2 4 6 8 10 12 14 16 18

Frequency [kHZz]

= = EXP —CFD URANS CFD DES CFD LES

2026-5-14
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% Signal Postprocessing Approach

© ACOUStIC SpeCtrum: x10% Bandpass Filtering (Fpass =[12.3 12.54] kHz) ‘
- PSD (Power Spectral Density) 1 orgna
iltere

 CFD & EXP comparison — 05
Afcrp= AfExp 0

« Blocks —» Af = 1% of the BPF & 05
overlapping of 50%

o BPF Amplitude: 0 2 : 6 8 10 12 14
« SPL (Sound Pressure Level)

- BPF calculated utilizing a Finite
Impulse Response (FIR) Filter

— EXP: full signal is employed

— CFD: A single window is
considered at the end of the
signal, with Af = 0.5% BPF

Original
Filtered

Power Spectrum (dB)
o O

15 20 25 30
Frequency (kHz)

o
[$)]
—
o
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*+» Global Variables

o Wo IBC experimental validation
- PR and 5, errors noticeable but

IBC Configuration Sensitivity

Womas EFYE Results & Discussion — Impeller Backside Cavity

Low-Load
controlled 0 _u — |
- - sy 2 -0.25 I
o IBC configuration sensitivity = _Og_ EXP Valldatlon U

° i i O - i I
No big differences observed... 2 (1\;? | I Low-Load |
— ...except for lower n, due to the W =5 [ [ JHigh-Load -

02F | | i 1
IBC E° LMFR0%  LMFRO.ZM | LMF{lh 5%

- For the LMFR 0.25% high wo — . | |
regime case, MFR,,; is not 0 ' ! T !
0.25% < 025 ﬁ
— Simulation oscillations 5 _697'2 I

f— _1 =
W 4251 — —

LMFR 0%

LMFR 0.25%

LMFR 0.5%

N VER N B N

2026-5-14
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oo IEFPIRE Results & Discussion — Impeller Backside Cavity

++» Flow Field <-10 30 70 110 > 150
. Uy [m/s]
o Low-load regime
 Practically identical v, fields
- Boundary layer attached and thin

« Including the IBC slightly increase (v,.) fields
near the impeller/diffuser interface

« No significant Vv, within the IBC

2026-5-14 MuMFC - Seminar 21



oo IEFPIRE Results & Discussion — Impeller Backside Cavity

++» Flow Field <-50 12.5 75 138 > 200
- - v [m/s|
o High-load regime
Practically identical v, fields

« Boundary layer detached
— v, < 0 due to flow recirculation
— Independent of the LMFR configuration LMFR 0%

Including the IBC slightly increase #,. fields
near the IBC/impeller interface

— Slightly change diffuser flow field
No significant Vv, within the IBC

LMFR 0.5%

l\

2026-5-14 MuMFC - Seminar 22
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Womas EFYE Results & Discussion — Impeller Backside Cavity

+¢» Acoustics

o Low-load regime
« Experimental Validation:

- — —EXP | Wo IBC | LMFR 0%|
— Generally good agreement with EXP data —LMFR0.25% LMFR 0.5% |
32,100 . . . . ‘ : :
— Broadband: oy o2
o - 8 90 - . BPFU 08 o1 Inlet2
» Good prediction at low frequencies % % Iy N " BPF,
. g T sl
» Underprediction for f>4 kHz 5 o m,mpf‘%%w“m \‘-M*r*’mwwfwﬁ' o
« TCN? S s0f | | | TV
=
. Tonal nOise: 0 2 4 §] Freqiency‘lt[}kHZ]‘IZ 14 16 18
» Good prediction of BPF, & BPF; ;;1 O T el T T vorute
» Rotating orders not reproduced £ o0y, , J;W L o -
numerically T 80 e e el RN
e H . I'_L; 70 (N—Ph w‘?,dwv Vwb‘ "@7‘?“3 1\"‘“9\3_.
« Sensibility Analysis: £ 60 WEEVY U
. . . . (e] 50 I I I I I I I
Quite similar acoustic spectra and BPF 2% 2 4 & 8 10 12 14 16 18
vaIues Frequency [kHz]

— Differences within the numerical error
2026-5-14 MuMFC - Seminar 23




Womas EFYE Results & Discussion — Impeller Backside Cavity

“* Acoustics
o High-load regime
« Experimental Validation:
- - —EXP | Wo IBC |
— Broadband: ~——— LMFR 0.25% LMFR 0.5% |

LMFR 0%|

'8'_8' T
» Close agreement between =100 BRF, Iniet
methodologies 2 % .o \,
] : 3 80 AAns AR Ndad? Ua
» Some regions slightly under- and L W‘\ TR iy W\?.%.W
overestimated E ool
(o] I I I I I I I
* TCN? < 0 2 4 6 8 10 12 14 16 18
- Frequency [kHz]
— Tonal noise: S | | | |
» Good prediction of BPF, g 10f sPF, | Volute
o _ o 100t ’/N
® . A Is \
Sensibility Analysis: E 90@9\??% Fasy e WN .
— Quite similar acoustic spectra and BPF g gof VN "’\
ValueS g 700 I2 «fll 6 8 10 12 14 1|6 18
— Differences within the numerical error Frequency [kHz]

2026-5-14 MuMFC - Seminar 24



Womas EFYE Results & Discussion — Impeller Backside Cavity

‘:‘ Dynamlc MOde DecompOSItlon -2.0e-04 -0.0001 0 0.0001 2.0e-04 -1.0e-03 -0.0005 0 0.0005 1.0e-03
o BPF mOde i | o A — . 7 CI)[—]
o Low-Load Regime g 0‘
- Modal patterns quite similar for the
four IBC setups oW \\‘

-  Without IBC shows higher peak
absolute values

o High-Load Regime
- Compared to low-load regime:
— More excited flow

— Larger difference in @ peak values
between ducts

« Comparing IBC configurations
— Similar energetic pattern

& &
— Higher absolute & — Wo IBC Q“ | Q"ﬁ PP O T
ST AL/ T L 1

2026-5-14 MuMFC - Seminar 25
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» BPF Amplitude Validation

o Limited dispersion between CFD and EXP Numerical Validation

o CFD tends to underpredict BPF amplitude Moy — L 7
- arget Line u nie 7/
- Specially under low-load regime conditions o5 | FittedLine ~ ® Inlet2 | i
e O Confidence = Ou
o CFD model correctly capture acoustic Q o Low Reg. /&
differences between regimes @ 100 ¢ HighReg.
o Strong influence of probe location on both 3
. 95 L
methodologies 2
>
w90+
o
£
E 85
m
80 f Linear fit y=0.80x+20.63
//
)t R?=0.83

75 ' ' ' ' ' '
75 80 85 90 95 100 105 110
BPF Amp. CFD: Baseline [%]

2026-5-14 MuMFC - Seminar 27
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Results & Discussion — Ported-Shroud

¢ Acoustic Spectrum

o Low-load regime Acoustic Spectra: Low Regime

Outlet and Volute sensors:

’ S Inlet1
— Similar spectra between 2 138
geometries 2 B0}, Ao
N 70 A Nt
- Inlet duct sensors: 2 ol M"@’W f‘v-m NIRRT B
B ) ‘z’ 0 2 4 6 8 10 12 14 16 18
» Higher energy content than Frequency [kHz]
baseline S Inlet2
~ Without ported-shroud: 3 o0 |
o \
» Lower energy content than 3 59y ,.", -~ 1
- N 70 %i"lrﬂ Aﬁ - v -
baseline 5 60| JV* W AN = -
E 50 C | | | I. | .‘,“ _l
zo 0 2 4 6 8 10 12 14 16 18

Frequency [kHZ]

= = EXP: Baseline
- \Nithout Baffle

CFD: Baseline
Without P-S
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< Acoustic Spectrum . | S
o High-load regime = crD 100 oo
- Outlet and Volute sensors:

— Similar spectra between
geometries

« Inlet duct sensors:

L L 40 L L n

» Higher energy content than Norm. MFR* (%) Norm. MFR* (%)
CEREE

Inlet2
— Without ported-shroud:

» Higher energy content
(broadband) and BPF not so
tonal

« Solution oscillation

-
o
o

S
o

Norm. PR (%)
Norm. Q (%)

100 |
90 -

@ Ay ’)ﬁ

80 oy -: e \f., " -

70y ~7° A =

0 2 4 6 8 10 12 14 16 18
Frequency [kHZ]

Normalized PSD [%]

= = EXP: Baseline CFD: Baseline
- \Nithout Baffle Without P-S
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s BPF Amplitude

o Outlet and Volute sensors: o
- Similar BPF amplitude \Lﬁ _L{
between geometries & 5 -
o Inlet duct sensors: s’ NS
. Without Baffle: Geometry Sensitivity

-
N
o

BPF Amp. Without Baffle BPF Amp. Without P-S

— BPF tonal noise is higher 110
than the baseline case

 Without Ported-Shroud:

— BPF tonal noise is lower
than the baseline under
low regime conditions

—
o
&)}
— e
o O
o O

(o)
&)

0]
w

BPF Amp. Without Baffle [%]
©
o
BPF Amp. Without P-S [%]
©
o

80| 80|
- - Rt Linear fit y=0.87x+13.33 L -7 | Linear fit y=1.12x-12.12
— High regime results are 750 ME = 201 750 ME = 1.45
- e R4 =0.90 e R<=0.87
strongly influenced by O A A A
i AV AY Y Y o o QN AV AY Y Y o o OO N
surge conditions NN NN
BPF Amp. CFD: Baseline [%)] BPF Amp. CFD: Baseline [%]

- --Target Line —Fitted Line - Confidence © Low Reg. ¢ High Reg.
* Inlet1 * Inlet2 Outlet Volute

2026-5-14 MuMFC - Seminar 30
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% Proper Orthogonal Decomposition
o BPF mode & Low-Load Regime
o Most relevant mode:
- Baseline & Without Baffle — 1st \
- Without Ported-Shroud — 2nd
o Inlet duct energy content:
- Without Baffle > Baseline ‘Mz

< 4

« Without Ported-Shroud < Baseline s o

o Inlet duct mode pattern:

 Itis highly influenced by the
presence of the ported-shroud

Baseline

2026-5-14 MuMFC - Seminar 31
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% Conclusions

o Probe location sensitivity

o Cutting-edge computational capabilities

o Impeller Backside Cavity (IBC):
- Negligible differences on global variables, flow field & acoustics
- Without IBC, a slight increase in energy content is observed
« For Acoustic Analysis - removing the IBC is recommended

— Number of cells reduced by ~20%
o Ported-Shroud:

« The numerical model adequately captures acoustic variations between the three
geometries

— Without baffle - louder BPF and broadband noise
— Without ported-shroud — quieter BPF and broadband noise

2026-5-14 MuMFC - Seminar 33
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»» Future Work

o Recirculation zone sensitivity to mesh
approach

« Zone refinement, overkill & AMR
o Tip clearance and rotor aeroelasticity
o Probe location

« Extract values directly from mode
decomposition

0 02 04 06 08 1 12 14 1.6

o Reduce computational cost
* DES, 20M cells... P

o Optimize ported-shroud geometry Z
« Reduce BPF é

2026-5-14 MuMFC - Seminar 34
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