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Abstract

With the advancements in manufacturing, materials and computational methods, turbomachinery designs have become more ef-
ficient providing higher specific power and reliability with lower weight and cost. The rotational speed of turbomachines has
increased while the overall machine size has decreased for a similar power output leading to the pervasive presence of small,
high-speed turbomachines, specifically centrifugal compressors in helicopters, unmanned aerial vehicles (UAVs), auxiliary power
units (APUs), turbochargers and micro gas turbines. In addition to superior aerodynamic performance over a wide range, increased
operating speeds have made the acoustic emissions of small centrifugal compressors a critical aspect of design. Therefore, this
work presents an experimental campaign to characterise the acoustic behaviour of a compressor with an intent to quantify the dom-
inant features of the flow-induced noise for design and near surge operating conditions. Furthermore, the campaign is extended to
establish the impact of the ported shroud casing treatment and operating speed on the acoustic emission of the compressor. The
in-duct noise measurement method is used in this work to quantify the noise generated in the compressor by measuring pressure
fluctuations near the inducer and diffuser while the propagation of the generated noise to the ducts is computed from an array of
piezoelectric sensors. Spectra at the design operating point are dominated by tonal noise while broadband noise content is the
dominant feature of spectra for near surge operation. Although the ported shroud cavity does not significantly alter the overall
noise levels of the compressor operating at design condition, it does seem to propagate tonal noise. For near surge operation, the
casing treatment positively impacts the acoustic emission with a reduction of approximately 10 dB in the range up to the blade pass
frequency. Furthermore, various broadband features are also observed to be alleviated by the casing treatment.

Keywords: Aeroacoustics, Noise measurement, Compressor, Surge, Ported Shroud

1. Introduction of operation with lower acoustic emissions. The most widely
used of these small turbomachines with extensive development
Turbomachines have a surprisingly long association with 5 the ported shroud (PS) automotive turbocharger compressor.
the technological growth seen in human industrial society. The Therefore, noise generated in such a compressor is investigated
specific power output of these turbomachines has increased over  ij this work.
time and small high-speed turbomachines are increasingly de- Ported shroud self-recirculating casing treatment is a widely
veloped owing to the incorporation of innovative control tech-  ¢eq passive flow control method to delay the onset of surge.
nologies, specialised materials and sophisticated aerodynamic The increase in the stable operating region of the compressor is
designs. Centrifugal machines, specifically compressors, are  achieved by recirculating the low momentum fluid that blocks
better suited for smaller sizes and hence, small high-speed tur- 1 plade passage to the compressor inlet through the ported

bomachines are dominated by centrifugal configurations. One  ghroud cavity [1, 2, 3]. Although the use of a ported shroud

can find these machines in a range of applications that include  ephances the aerodynamic stability, its impact on the acoustic

helicopters, unmanned aerial vehlcles, micro gas turp1n§s, tur-  Gharacteristics is an area of active research.
bochargers, vacuum cleaners, hair dryers and even artificial heart The literature on the acoustic characterisation of the com-
pumps. pressors can be primarily divided into internal or in-duct noise

As the change in sound power is proportional to the fifth o measurements and external or radiated noise measurements.
sixth power of the change in rotor tip speed, the acoustic emis- The internal noise is measured by dynamic pressure sensors
sion of these small high-speed centrifugal compressor is criti- in direct contact with the internal flow by placing them inside
cal to the success of the product. These machines are expected  the compressor and/or ducts while external noise measurements
to deliver good aerodynamic performance over a wide range  capture the noise radiated by the compressor using microphones
positioned in the far field and/or near field or duct orifice.

Another differentiation can be made on the parameter used
to quantify the noise emitted by the system viz. Sound Pressure
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Nomenclature

a speed of sound (ms™")

D duct diameter (m)

f frequency (Hz)

Jea First asymmetric mode frequency (Hz)
f. Nyquist cut-off frequency (Hz)

L sensor separation (m)

/i mass flow rate (kgs™')

M Mach number (—)

t time (s)

T temperature (K)

Toupo total temperature at the outlet boundary (K)
u axial velocity (ms™")

W compressor absorbed work (kgm?s~3)

v ratio of specific heats (—)

Pouto total pressure at the outlet boundary (Pa)
11, total-to-total pressure ratio (-)

n, isentropic efficiency (-)

BPF blade passing frequency (Hz)

LCMV linearly-constrained minimum variance
PS ported shroud

PSD pressure spectral density (dB)

RO rotation order (-)

SIL sound intensity level (dB)

SPL sound intensity level (dB)

TCN tip clearance noise

Level (SPL) and Sound Intensity Level (SIL). While the former
is a scalar term representing the sum total of noise at a partic-
ular location, the latter is a vector quantity whose directivity
properties can be used to capture the noise emitted from a par-
ticular direction. Sound pressure levels can be measured with
a single sensor and are susceptible to issues caused by reflec-
tions and the mode shapes of the geometry. The determination
of sound intensity levels necessitates two or more sensors and
remains consistent along the geometry due to strong directivity
properties.

External noise measurements were performed by Evans and
Ward [4], Sun et al. [5, 6], Teng and Homco [7], Sun et al. [8],
Lee et al. [9], and Pai et al. [10, 11] using free field micro-
phones to measure the SPL of either the radiated far field noise
or duct orifice noise emitted by a turbocharger compressor. In-
ternal or in-duct noise measurements were seen in the works of
Gaudé et al. [12], Tiikoja et al. [13], Raitor and Neise [14],
Broatch et al. [15], Torregrosa et al. [16] and Sun et al. [8].
Trochon [17] and Evans and Ward [4] also presented in-duct
noise plots, implying a coherence between internal and exter-
nal noise measurements. Tiikoja et al. [13] used an acoustic
two port method to determine the SPL of the noise generated
by the compressor while Raitor and Neise [14], Trochon [17]
and Evans and Ward [4] measured SPLs using a single sensor.

Gaudé et al. [12] used arrays of pressure sensors for the in-
let and outlet ducts in order to decompose the in-duct pressure
wave to determine SIL. A similar approach was then used by
Broatch et al. [15, 18] and Torregrosa et al. [16, 19] demonstrat-
ing the robustness of a beamforming based pressure decompo-
sition approach over conventional two port and single sensor
methods. The authors [16, 19] also demonstrated a good corre-
lation between internal and external noise measurement results.

noise is not solely dependent on the noise generated by the flow
but is also influenced by the geometry and the radiative proper-
ties of the material. An understanding of the flow mechanisms
responsible for noise is the larger objective of this work and,
therefore, internal or in-duct noise measurements are preferred
to establish the acoustic characteristics of the compressor.

Specific tonal and broadband acoustic features are consis-
tently identified throughout the experimental literature on the
noise spectra of compressors. The tonal features include Ro-
tating Order (RO) ! or ‘buzz-saw’ tones [14] and Blade Pass
Frequency (BPF) ? while broadband noises are identified as the
onomatopoeic ‘whoosh’ noise [4, 7, 20] observed within the
plane wave range and Tip Clearance Noise (TCN) [13] present
outside the plane wave range. Some authors [21, 22] seem
to conflate these two broadband features into a single inclu-
sive broadband but they appear to be two different phenomena.
The lower frequency ‘whoosh’ noise can be identified within
1-4kHz range while TCN is usually seen at higher frequencies
before the BPF of the compressor.

The literature on the acoustic impact of casing treatment is
scarce, and the general perception [23, 24] is that the casing
treatment deteriorates the acoustic spectra of the compressor
by increasing the overall noise emission. Chen and Yin [23,
24] pointed out the ‘noise issue’, specifically BPF as the reason
for the limited use of casing treatment in the compressors used
in the turbochargers of passenger cars without providing any
evidence for these claims.

Recent studies [25, 26] on the acoustic impact of the cas-
ing treatment were published with somewhat contrary results.
Dehner et al. [25] experimentally investigated the impact of
ported shroud casing treatment and observed a decrease in the
overall noise levels at the inlet duct for design operation despite

Although the external noise measurements are relatively straightincreased tonal content by using casing treatment. For near

forward to set up due to their non-intrusive nature, they do re-
quire anechoic conditions to yield accurate results. On the con-
trary, internal noise measurements are relatively challenging to
set up due to their intrusive nature but are free from the neces-
sity of anechoic conditions. Additionally, the external radiated

surge or low flow conditions, an increase in the overall noise

! Also known as rotational frequency, RO = /60 where n = rotational speed
of the impeller in rotations per minute (rpm)
2BPF = RO x number of impeller main blades



levels was seen. The spectra measured at the outlet duct for the
ported shroud compressor showed little difference at near surge
conditions while a decrease was again seen at design condi-
tions. It is worth pointing out that the casing treatment used
in this work decreased the stable flow region of the compres-
sor rather than increasing it. Fardafshar and Koutsovasilis [26]
explored the impact of the ported shroud by modelling the near-
field spectra of the compressors with and without casing treat-
ment at near surge and choke condition. The results showed
higher noise levels for the compressor without casing treatment
for near surge operation while lower noise levels for the same
compressor were seen for choke operation.

2. Methodology

An internal or in-duct noise measurement method similar to
the one presented by Broatch et al. [15] was employed to char-
acterise the acoustic behaviour of the compressor. Both single
sensor and multi-sensor methods were considered in this work
for exploring noise generation and noise propagation respec-
tively. The noise generated in the compressor was measured at
the impeller upstream and downstream positions by miniature
pressure probes. The noise propagated at the compressor ducts
was quantified from pressure spectra obtained from the sensor
arrays consisting of three piezoelectric sensors each for inlet
and outlet ducts. The pressures measured by these arrays were
further processed to decompose pressure waves into their cor-
responding components by the beamforming based approach.

The sound intensity measurements were based on the as-
sumption that the pressure signal p(r) recorded at a point in a
duct is a linear superposition of two opposite waves travelling
across each other with a phase difference of 180°. These wave
components p*(f) and p~(¢) are commonly referred to as for-
ward and backward wave components respectively.

p®=p @) +p (1) )

The sound intensity at that point in the duct was then calcu-
lated with the help of the expression proposed by Morfey [27]:

I= /% [|P+|2(1 +2) - |P (1 —M2)] 2)

where P* and P~ are the respective complex frequency spectra
of p*(¢) and p~ () wave components, p is the mean density, a is
the mean speed of the sound and M is the mean Mach number
of the flow.

In order to compute the sound intensity, the measured pres-
sure wave had to be decomposed into its forward and backward
travelling components. This was achieved with an understand-
ing of the wave propagation through the duct in each direction,
gained by comparing the pressure data for two or more subse-
quent spatial positions. One such wave decomposition method
is beamforming.

2.1. Beamforming wave decomposition

The beamforming based wave decomposition provides a math-

ematical method to ‘steer’ the content of a pressure signal into

Figure 1: Propagation of a planer wavefront moving with a velocity ‘a’ towards
an array of receivers. If d; is the distance between two successive sensors, a
delay corresponding to the distance of dsinf would be introduced.

the forward and backward component. This decomposition method

is based on the idea that the direction in which a particular wave
originates impacts the time when it would be recorded by each
sensor of a linear array. This is demonstrated in Fig. 1, where a
reference array encountering a plane wavefront originated in the
direction closer to sensor 1 is shown to travel an extra distance
to be measured by sensor 2 and sensor 3. This extra distance
would lead to time and phase delay. Therefore, by comparing
the simultaneous waves recorded by these sensors, the origin
of the wavefront can be computed. Among the available beam-
formers, the Delay-Sum and Linearly Constrained Minimum
Variance (LCMV) methods were explored, and the narrowband
LCMYV beamformer was selected for this work. The implemen-
tation of LCMV beamformer is based on the work of Broatch
et al. [15] and Torregrosa et al. [19]. The details of the mathe-
matical procedure are available from Torregrosa et al. [19] and
Garcia-Tiscar [28].

For effective implementation of these beamforming arrays,
a few practical concerns must be considered. Firstly, beam-
forming is based on the assumption that the decomposed wave
is propagating within the plane wave region. Therefore, suf-
ficient straight length should be provided before and after the
sensor array to ensure plane wave flow at the arrays. Torregrosa
et al. [29] based on their experience of applying beamforming
on multiple problems, recommended a minimum of 6 and 4 di-
ameters straight length upstream and downstream of the array
respectively. Another consideration regarding the position of
array’s sensor is to avoid the 1/5 and 1/3 nodes of the standing
wave pattern in the duct.

One-dimensional plane wave propagation of the flow is lim-



ited by the onset of acoustic modes that introduces three-dimensional

effects in the flow propagation. The limiting frequency for the
beamforming and thereby, sound intensity can be predicted by
computing the onset of these acoustic modes from the formu-
lations provided by Eriksson [30]. According to Eriksson [30],
the wave propagation in a circular duct can be assumed of a
planar or one dimensional nature below a particular cut-off fre-
quency which marks the onset of first asymmetric mode defined
as

foa = 1.847% Vi— m? 3)

where D is the duct diameter, a is the speed of sound and M is
the mean Mach number of the flow. The next acoustic mode is
the radial mode, and its propagation is computed by

£ =383 N1 m2 (4)
’ D

Other than the onset of the higher order modes discussed above,
beamforming is also limited by a Nyquist like frequency crite-
rion dictated by the spatial resolution of the sensor array. Spa-
tial aliasing effects are seen above this Nyquist cut-off frequency,
which is defined as less than half of the inherent frequency of
the array [31]. As seen in Fig. 1, the time delay between two
subsequent sensors with spacing d; is d sinf/a. The inherent
frequency for a perpendicular wave front can then be computed
as a/d,. Therefore, the cut-off for Nyquist like frequency cri-
terion can be defined as

ﬁlrray a
<2 T, ©)

Furthermore, the spacing d; between sensors in the array is a
compromise between high frequency and low frequency char-
acteristics of the array. If d; is decreased to improve the Nyquist
limitations, the low frequency spatial resolution would be dete-
riorated as the wavelength at lower frequencies could exceed
the distance between the sensors; defying the whole purpose
of the array. Finally, the sensors should be flush mounted on
the straight ducts and properly calibrated to give a coherent re-
sponse.

Je N

3. Measurement set-up

The series B2G turbocharger unit and digital geometry of
the corresponding compressor were provided by industrial part-
ner BorgWarner [32]. The compressor of this particular model
incorporates Ported Shroud (PS) casing treatment with three
symmetric structural struts supporting the cavity. The front and
section views of the compressor geometry are shown in Fig. 2.
The impeller features seven main and seven splitter blades that
are designed as forward swept disseminating the flow into a
vaneless diffuser.

To quantify the impact of the PS on the acoustic emission of
the compressor, the inlet of the original or baseline compressor
shown in Fig. 2 is altered to block the PS slot. The state of the
compressor with PS slot similar to the original configuration is
referred as PS open configuration while the configuration with
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Figure 2: Drawing of the investigated ported shroud compressor, showing the
location of the supporting struts and the cavity geometry.

modified PS slot is called as PS blocked configuration. These
configurations shown in Fig. 3 are realised by modifying the
original compressor with a modular inlet design which uses two
inlet inserts, one with the PS slot and one without PS slot for
PS open and blocked configuration respectively. The modular
design makes it feasible to retain compressor components other
than the inlet insert for the two configurations; thereby, provid-
ing minimal variability in the experiments due to the manufac-
turing tolerances of these components.

The performances of the aforementioned PS open and blocked
compressor configurations were characterised by measuring the
thermodynamic variables of the state attained by fixing the air
mass flow rate and the rotational speed of the impeller. The per-
formance measurements were performed at the gas stand testing
facility in BorgWarner Turbo Systems, Bradford. Pressure and
temperature values were recorded for multiple operating points
achieved through incremental reduction of air flow whilst main-
taining a fixed rotational speed. The air mass flow rate was
regulated by the operation of a back pressure valve at the com-
pressor outlet while the rotational speed of the compressor was
regulated from the turbine end by controlling the conditions at
the inlet of the turbine. Further details on the gas stand mea-
surements are described in Sharma et al. [33]. Following this
procedure, the thermodynamic state values were recorded for
various rotating speeds ranging from 55 krpm to 130 krpm.

The measured air mass flow and compressor rotational speed
values were corrected for Standard day conditions to account
for the variations in ambient conditions on the day of measure-
ments. The corrected mass flow rate and rotational speed values
were computed using the following formulation:

e [ Dref Tinp
m =m
Pin0 Tref
(6)
Tyer
N =N, |[-ZL
Tin,O

where N is compressor rotating speed, s is the air mass flow
rate, Tj,0 is the total temperature at the compressor inlet, pj, 0
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Figure 3: Drawing of the compressor fitted with the modular inlet. The sec-
tion views of the compressor with inlet inserts corresponding to PS open and
blocked configurations are also shown.

is total pressure at compressor inlet, T, r is 288.15 K and p,.r
is I atm.

The measured thermodynamic variables of each state are
then used to compute compressor performance parameters viz.
total-to-total pressure ratio /7,_, and isentropic efficiency 7;.

Ht—t — Pout,0
Pin,0 (7)
Wis Tinp

T] = - = —
y w T(mt,O - Tin,O

Total to total pressure ratio against the corrected air mass flow

rate for the two compressor configurations are shown in Fig. 4,
commonly known as compressor maps. It is worth mention-
ing that the surge limit identified in this map is not that of deep
surge but rather mild or soft surge [34] which is characterised by
low-amplitude flow oscillations in the system along with slight
decline in the isentropic efficiency. This limit is established by
adding a safety margin to the deep surge point ascertained by
pressure spike and is provided as a safety reference for engine
manufacturers and integrators. The extension of the surge limit
can be clearly seen in the PS open configuration, especially at
higher operating speeds.

The impact of PS on the acoustic emission of the compres-
sor operating at design conditions can be established rather sim-
ply, by comparing the acoustic spectra of PS open and blocked
configuration as the design points for two configurations are

(Ht_t)'—l/y _ ])

aerodynamically similar. On the contrary, surge limits and thereby,

corresponding near surge points for two configurations are very
different, and therefore, a direct comparison between the acous-
tic spectra of the two configurations operating near surge would
not be an accurate means to quantify the impact of PS. The dif-
ferences in the acoustic spectra of the near surge points for two

PS open
PS blocked

¥ 130 krpm

0.5

Total-to-total pressure ratio [-]

Corrected air mass flow [kg/s]

Figure 4: Experimental compressor maps for the open and blocked configura-
tions, highlighting the investigated operating points which include design and
near surge conditions of 99 krpm and 130 krpm speedlines in both configura-
tions.

configurations would not be limited to the deviations in the PS
geometry but an amalgamation of the alterations caused by dif-
ferences in geometries and aerodynamic phenomena due to dif-
ferent mass flow rates and corresponding thermodynamic vari-
ables. One way around this problem is the determination of two
acoustically similar near surge states that can be meaningfully
compared to establish the impact of the PS on the acoustic emis-
sion of near surge operation. The comparable near surge oper-
ating points can be determined by applying acoustic similarity
laws [35, 36, 37, 38]. Acoustic similarity laws are not used in
this work as coincidently, near surge points of 99 krpm speed
lines for two configurations are similar as seen in the compres-
sor map.

Therefore, design and near surge operation for PS open and
blocked configurations at 99 krpm are investigated to quantify
the impact of the PS on the acoustic emission of the compres-
sor. Furthermore, the compressor operation at 130 krpm is also
studied to understand the evolution of acoustic spectra with an
increase in rotational speed. The 99 krpm and 130 krpm iso-
speedlines are also referred to as low and high speedline re-
spectively in this work.

3.1. Acoustic flow bench

The acoustic measurements presented in this work were car-
ried out in a flow bench facility hosted in CMT — Motores
Térmicos. The flow bench uses a 150 kW screw compressor
which was powered by a 10L Diesel engine. The compressed
air was first passed through an charge air cooler and then col-
lected in a reservoir to ensure a steady supply. The collected air
in the reservoir was then routed to the engine and the turbine of
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Figure 5: Schematic of the test rig used for measuring the acoustic character-
istics of the compressor is shown. The dimensions marked are in millimetres
(mm). The location of various pressure and temperature instrumented on the
rig are also shown.
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Figure 6: Instrumentation on the turbocharger compressor, highlighting three
sections corresponding to the position of inducer probe inside PS cavity, dif-
fuser probe and RPM sensor.

the turbocharger. Therefore, the screw compressor acts as a su-
percharger for the Diesel engine as well as provides the air flow
to the turbine of the installed turbocharger. The combination of
the mass flow rate at the turbine inlet and back pressure valve
located at the compressor outlet was used to fix the operating
point of the compressor unit of an installed turbocharger. The
thesis of Garcia-Tiscar [28] can be referred for further details
on this flow bench.

For the measurements, the turbocharger with appropriate
compressor configuration was installed on the flow bench. The
inlet and outlet of the compressor were fitted with long straight

pipes to ensure sufficient development of flow suitable for a
plane wave to occur at the measurement sections. The diam-
eters of the ducts were appropriate to preserve a cross-sectional
area of the adjacent compressor inlet/outlet section to avoid
complex three-dimensional structures caused by singularities
and impedance mismatch. Two piezoelectric sensor arrays con-
sisting of three piezoelectric sensors each were positioned, one
each at the inlet and outlet duct measurement section. The aver-
age pressure and temperature values were measured at the com-
pressor inlet and outlet sections while the air mass flow rate was
only measured at the compressor inlet. A schematic of the com-
pressor measurement layout showing various sensors and their
positions are shown in the Fig. 5.

In addition to the sensors positioned in inlet and outlet ducts,
the compressor was also instrumented to measure the rotational
speed and to quantify the noise generated by the impeller. For
the purpose of the noise generation, two miniaturised pressure
probes were positioned in the inducer and diffuser of the com-
pressor. The inducer probe was wall flushed in the PS cavity,
and the diffuser probe was wall flushed at the middle along the
length of the diffuser. The instrumented compressor along with
the position of various probes are shown in Fig. 6.

Dynamic pressure fluctuations obtained from the piezoelec-
tric sensor arrays and miniaturised pressure probes were recorded
for 1s with a sampling frequency of 200 kHz using a Yokogawa
DL850V recorder. The global variables of the experimental set-
up were measured with an in-house custom-built data acquisi-
tion system that averages the sensor data over 5s. These pa-
rameters include air mass flow, turbo speed, static temperatures
and absolute static pressures of the air flow with the last two
variables being recorded for both inlet and outlet ducts. Tem-
perature data is an average of thermocouples placed at different
radial locations of the same cross-section.

Measured dynamic pressure fluctuations were processed to
obtain the acoustic characteristics of the compressor. The pres-
sure spectra represented in terms of Power Spectral Density
(PSD) were obtained using Welch’s overlapped segmented av-
eraging [39] of the pressure data. The number of blocks were
selected with an intent to achieve a frequency resolution of ap-
proximately 50 Hz. These blocks were then tapered using Han-
ning functions with 50% overlap. Spectra of the decomposed
pressure wave components were computed similarly to calcu-
late the PSD of the sound intensity.

4. Results and discussion

Acoustic characteristics of open and blocked PS configura-
tions of the compressor operating at the design and near surge
conditions for two aforementioned iso-speed lines viz. 99 krpm
and 130 krpm are analysed in this section.

It is worth pointing out the spectra computed from stan-
dalone experimental pressure signals and the corresponding beam-
formed experimental signal are observed to be well correlated
as shown in Fig. 7 implying well developed flow at the mea-
surement sections of the ducts. Moreover, due to plane wave
restriction for the beamforming, spectra from the each sensor
of the duct array is utilised in this work.
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Figure 7: Comparison of the inlet (top) and outlet (bottom) duct spectra up till
plane wave limit, obtained from the individual sensors and beamforming for
near surge condition of lower speedline for PS open configuration. Y-axis scale
is maintained at 20 dB per division.

4.1. 99 krpm speedline

The acoustic characteristics of the PS open and blocked
compressor configurations operating at the Design or Best Ef-
ficiency Point (BEP) and Near Surge (NS) conditions for 99
krpm iso-speedline are presented here. As discussed before, the
operating points of this speedline are aerodynamically similar
for both configurations and therefore, the results can be directly
compared.

4.1.1. PS open configuration

Pressure spectra computed from piezoelectric arrays and
miniature pressure probes for PS open compressor operating
at the design and near surge conditions are presented in Fig. 8
and Fig. 9 respectively. The noise generated by the impeller
is investigated from the spectra of inducer and diffuser probe
while the propagation of the noise in to the compressor ducts is
analysed from the spectra of duct arrays.

Design operation. The pressure spectra of the probes located
at the upstream of the impeller for the compressor operating at
design condition (top of Fig. 8) shows that the noise generated
by the PS open configuration operating at the design condition

as seen from the inducer spectrum is relatively flat with multi-
ple tonal features that include the harmonics of RO and BPF. In
addition to expected RO tones, a low-frequency peak at approx-
imately 0.4 RO is also seen in the inducer spectrum.

The inlet spectra reasonably follow the inducer spectrum
with an expected decrease in the levels. Broadband elevation
in the characteristic ‘whoosh’ noise frequency range is not ob-
served in either inducer or inlet duct spectra. The spectra of the
individual sensors of the inlet piezoelectric array show good
correlation, specifically between the spectra of the second and
third probe. The spectrum of the first inlet probe deviates from
the other two in terms of amplitude from 8.2 kHz. Broadband
elevation in the range of 13.7-15.7 kHz (highlighted as ‘I") spot-
ted in the spectra of the second and third probe is also not iden-
tified in the spectrum of first inlet probe. Furthermore, this
broadband is also not present in the spectrum of inducer probe
and therefore, is expected to be a propagation effect related to
either PS cavity and/or inlet duct. The onset of higher order
duct modes, specifically the limiting first asymmetric mode at
2.5 kHz for the inlet duct is seen to cause a slight increase in the
levels of inlet duct spectra.
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Figure 8: Pressure spectra of the probes located upstream (top) and downstream
(bottom) of the impeller for open compressor configuration operating at the
design condition of 99 krpm speedline. Former corresponds to inducer and
inlet duct array while latter includes diffuser and outlet duct array. Y-axis scale
is maintained at 20 dB per division.



Similarly, the analysis of the probes spectra positioned down-
stream of the impeller (bottom of Fig. 8) shows that he dif-
fuser spectrum has fewer RO tones (1% and 10" RO and 1 and
2" BPF) in contrast to the inducer spectrum. This is coherent
with the hypothesised mechanism of RO tones [40] as the shock
waves corresponding to the sonic conditions at the leading edge
of the impeller blades. Therefore, these tones are readily iden-
tified at the upstream locations, but not downstream. The low-
frequency peak at 0.4 RO is also present in the diffuser spec-
trum. Furthermore, narrow width broadband noise at 18.8 kHz
(highlighted as ‘II’) corresponding to 11.4 RO is also identified
in the diffuser spectrum.

The spectra of the individual sensors forming the outlet piezo-
electric sensor array are highly correlated and follow the dif-
fuser spectra with an anticipated decrease in levels. Again, the
broadband feature corresponding to ‘whoosh’ noise is not iden-
tified in the diffuser or outlet duct spectra. Broadband noise in
the region of 12.5-14.5 kHz (highlighted as ‘I’) are identified in
the spectra of outlet duct probes but are non existent in the dif-
fuser spectrum, implying a possible propagation feature. Addi-
tionally, broadband elevation ‘II’ seen in the diffuser spectrum
does not seem to have propagated to outlet duct. Nevertheless,
a peak corresponding to the diffuser broadband ‘II” is observed
in the spectrum of third outlet probe. Plane wave propagation
in the outlet duct is also limited by the onset of the first asym-
metric mode at 4.12 kHz. The impact of higher order modes is
not as significant as seen for inlet duct spectra, although slight
variations among otherwise highly coherent outlet spectra can
be seen after the cut-off frequency.

An excellent correlation among the spectra of the individual
sensors forming inlet and outlet duct arrays points out the pre-
cise calibration of individual transducers and complete develop-
ment of the flow at the measurement sections along with the ab-
sence of any reflection component. As for the design operation
of the compressor, the flow at the inlet is expected to be steady
and uniform while the swirl in the flow exiting the compressor
is supposed to settle down by the time it reaches the measure-
ment section. Therefore, the pressure spectrum does not change
significantly with the axial position in the array. This being
said, deviations are seen in the spectra of the first sensor of the
inlet array relative to the other two. This is due to the three-
dimensional effects introduced by higher order duct modes as
the spectra of three sensors are similar within the plane wave
region.

The RO and blade pass harmonics are correlated with the
sonic condition at the leading edges, while the broadband el-
evations marked as ‘I’ in the spectra of inlet and outlet duct
probes are expected to be propagation effects as these broad-
band noises are not identified in the inducer and diffuser spectra
respectively. The broadband elevation marked as ‘I’ in the dif-
fuser spectra is expected to signify the interaction of the volute
tongue with the swirling flow coming out of diffuser.

Near surge operation. In a similar way, the spectra of the com-
pressor operating near surge are analysed. The pressure spectra
of the probes located upstream to the impeller (top of Fig. 9)
demonstrate the contrast to the design operation with the RO
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Figure 9: Pressure spectra of the probes located upstream (top) and downstream
(bottom) of the impeller for open compressor configuration operating at the near
surge condition of 99 krpm speedline. Former corresponds to inducer and inlet
duct array while latter includes diffuser and outlet duct array. Y-axis scale is
maintained at 20 dB per division.

tones non existent in the inducer spectrum of the compressor
operating near surge. Nonetheless, BPF and its harmonics can
be clearly identified. Broadband elevation in the range of 17-
21.5 kHz (marked as ‘II’) centred around 19 kHz can be seen in
the inducer spectrum.

Similar to the design operation, the spectra of the second
and third sensor of the inlet duct array are highly correlated
while deviation in the spectrum of the first probe can be ob-
served from about 8.2 kHz. Furthermore, broadband elevation
in the range of 13.5-16 kHz (marked as ‘T’) is identified in the
spectra of the second and third sensor of inlet array while not
existent in the spectrum of the first sensor. The presence of this
broadband ‘I’ in the second and third sensor at both design and
near surge operating points further reinforces the hypothesis of
it being a propagation effect related to the geometry.

Broadband ‘II’ identified in the inducer spectrum does not
seem to have propagated in the inlet duct. It is interesting to
point out the similarity of this broadband with the one seen
in the spectrum of the diffuser for the compressor operating
at design condition (see Fig. 10-bottom plot) for the same iso-
speedline. The plane wave propagation in the inlet duct is again
limited by the onset of the first asymmetric mode at 2.5 kHz
causing a shift in the spectra of inlet duct array. Furthermore,
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Figure 10: Comparison of the design and near surge pressure spectra for the
inducer (top) and diffuser (middle) probes of the open compressor configuration
operating at 99 krpm. The similarity in the inducer spectrum of near surge
operation and diffuser spectrum for design operation is also shown in the bottom
plot. Y-axis differences are arbitrary, although the scale is kept at 20 dB per
division.

broadband noise corresponding to the ‘whoosh’ frequency range
is not identified in the spectra of the inlet duct for near surge op-
eration either.

The analysis of the spectra of outlet duct array and diffuser
probe spectra (bottom of Fig. 9) shows the contrast to the spec-
trum of the inducer probe with some RO tones (1% and 10™) be-
ing visible in the diffuser spectrum for near surge operation. In
addition to that, a low-frequency tonal noise at approximately
0.37RO is also identified similar to the 0.4RO tone in the dif-
fuser spectrum of the design condition. Diffuser spectra levels
for the design and near surge operation are reasonably similar
as seen the Fig. 10 (middle plot). Broadband elevations in the
ranges of 6-11 kHz and 20-22.5 kHz adjacent to the correspond-
ing first and second harmonics of BPF are identified. The for-
mer broadband fits into the characteristic Tip Clearance Noise
(TCN) frequency range while latter could be either a TCN like
feature related to second harmonic of BPF or a broadband fea-
ture similar to the one identified in the diffuser spectrum at de-
sign conditions but shifted due to the downstream instabilities
related to near surge operation. Furthermore, BPF is no longer
a distinctive feature as the spectrum is dominated by broadband
features.

In contrast to the design condition, the spectra of the first
and second sensors of the outlet array are correlated while sig-

nificant deviation can be seen in the spectrum of the third sen-
sor. Furthermore, broadband elevation in the range of 12.2-15
kHz (marked as ‘I’) is observed in the spectra of first and sec-
ond outlet sensors. This is in coherence with the observations
made in the outlet spectra at design conditions and reinforces
the propagation nature of this broadband feature. The broad-
band feature similar to the TCN identified in the diffuser spec-
trum can also be observed in the spectra of the outlet sensors.
The broadband adjacent to the second harmonic of BPF does
not seem to have propagated to the outlet duct; thereby, making
it similar to ‘II’ broadband instead of TCN. Furthermore, the
broadband centred around 19 kHz observed in the diffuser and
inducer spectra of design and near surge operation respectively,
is also observed in the spectrum of the third sensor of the out-
let array. Variations in the spectra of the outlet array’s sensor
can be seen after the onset of first asymmetric mode. Further-
more, the elevation corresponding to the ‘whoosh’ noise is not
observed either.

The deviations in the spectra of the sensors forming duct ar-
rays can be contributed to the three-dimensional effects caused
by duct modes and the propagation of flow instability due to the
operation of the compressor near surge. The deviation among
the spectra of the inlet duct array is primarily due to duct modes
as the flow instability is reported only to propagate few diam-
eters upstream [33, 41]. Furthermore, a similar pattern is ob-
served in the inlet spectra at design operation conditions thereby
implying this to be a feature dependent on geometry rather than
the flow conditions. The deviation in the spectra of the outlet
duct array can primarily be attributed to the three-dimensional
effects caused by swirl and flow instability present in the com-
pressor outlet. Furthermore, the absence of these deviations in
the outlet duct spectra at design conditions further reinforces
this reasoning.

The broadband features marked as ‘I’ in the spectra of inlet
and outlet ducts are expected to be caused by either PS geom-
etry or the respective duct modes, as similar features are ob-
served in the corresponding spectra of the design point. The
broadband marked as ‘II’ in the inducer spectrum is hypoth-
esised to be caused by the interaction of the swirling flow in
the PS cavity with the structural struts, with three small peaks
corresponding to three struts. The mechanism of this broad-
band is expected to be similar to the one seen in the diffuser
spectrum at design conditions, hypothesised to be caused by the
interaction of the swirling flow with volute tongue. The resem-
blance between the two spectra can be seen from the Fig. 10
(bottom plot). The broadband relating to the flow interaction
with the volute tongue is not explicitly observed in the same
range as seen in the diffuser spectrum of near surge operation.
The broadband could have been shifted due to the flow charac-
teristics of near surge operation. Additionally, broadband noise
in the characteristic ‘whoosh’ frequency range is not observed,
but a TCN like feature is identified in the diffuser and outlet
spectra.

4.1.2. PS blocked configuration
The spectra of the PS blocked, and open compressor config-
urations are compared in this section. The impact of PS casing
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Figure 11: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller upstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective design conditions of 99
krpm speedline. Y-axis differences are arbitrary, although the scale is kept at 20
dB per division.

treatment on the acoustic emission of the compressor is estab-
lished for both design and near surge operation of the selected
iso-speedline.

Design operation. The pressure spectra of the two compressor
configurations operating at design conditions are compared in
Fig. 11 and Fig. 12. The spectra of the probes located upstream
of the impeller are presented in the former figure while latter
displays the spectra of the probes positioned downstream of the
impeller. The comparison of the spectra of the inlet duct and in-
ducer probes of two configurations (Fig. 11) demonstrates that
the inducer spectra for two configurations look similar with the
overall levels for the blocked configuration approximately 3-5
dB lower than the open configuration beyond the first harmonic
of BPF. In addition to that, a broadband elevation in the range
of 6.8-8.8 kHz is identified in the spectrum of the blocked con-
figuration. In contrast to the PS open configuration, the inducer
probe is not in direct proximity to the impeller as the PS slot is
closed. Therefore, the decreased levels and broadband feature
could be the function of the noise propagation in the PS cavity
instead of the noise generated by the impeller. Relative reduc-
tion in the tonal (RO and blade tones) content is observed in
the inducer spectrum for the blocked configuration as the rotor-
alone pressure does not directly impact the PS cavity. This be-
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Figure 12: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller downstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective design conditions of 99
krpm speedline. Y-axis differences are arbitrary, although the scale is kept at 20
dB per division.

ing said, the low-frequency tone at 0.4RO is accentuated in the
spectrum of the blocked configuration.

The spectra of the probes forming inlet duct array are sim-
ilar for both configurations in terms of overall levels while the
duct spectra of the blocked compressor show a significant re-
duction in the tonal content. Similar to the spectra of the open
configuration, broadband elevation in the range of 13.7-15.7
kHz (highlighted as ‘I’) can also be observed in the spectra of
the second and third inlet probes. This implies that the observed
broadband is a propagation characteristic of the inlet duct. The
impact of the onset of the first asymmetric mode on inlet duct
spectra is again similar to the one observed for the PS open
configuration. Furthermore, broadband noise in the ‘whoosh’
characteristic frequency is not observed either.

The comparison of diffuser and outlet duct probes for the
two configurations (Fig. 12) shows that although similar trends
are seen in the diffuser spectra of the two configurations, the
blocked configuration shows higher overall levels across the
frequency range beyond the first rotating tone. Interestingly,
the difference in levels is not propagated to the outlet duct as
observed from the comparison of duct spectra. Similar to the
inducer spectrum, a broadband elevation in the range of 6.2-7.2
kHz is observed in the diffuser spectrum of the PS blocked con-
figuration. Additionally, broadband elevation centred at 18.8



kHz (highlighted as ‘II’) is identified in the diffuser spectra of
both configurations.

Tonal noise corresponding to 1RO, BPF and 2BPF is ob-
served in the diffuser spectra of both configurations while 10RO
is only observed for the open configuration. This implies the
possible involvement of PS geometry as the source of 10RO
tonal noise. The spectra of the outlet duct probes for two con-
figurations are very similar except for the broadband elevation
marked as ‘T’, identified in the spectra of open configuration is
not existent in the spectra of blocked configuration. Therefore,
this broadband ‘I’ is expected to be caused by the propagation
within the PS cavity. Furthermore, broadband corresponding to
the ‘whoosh’ noise is not observed in the spectra of the outlet
duct.

The comparison of the duct spectra of two compressor con-
figurations points that the PS casing treatment does not heavily
alter the acoustic emission at the design conditions of the stud-
ied iso-speedline. The results do point towards the role of the
PS cavity in propagating tonal noise in the direction upstream
to the impeller. The comparison of diffuser spectra shows a de-
crease in the noise generated by flow exiting the impeller by
using a PS feature although a tonal noise at 10RO is seen to be
caused by the PS. Furthermore, PS casing design is likely caus-
ing a broadband noise feature in the outlet duct spectra whilst
suppressing a broadband feature in the inducer spectrum.

It is interesting to point out that the RO tones can still be
observed in the inducer spectrum of PS blocked configuration
operating at the design point which are not observed in the in-
ducer spectrum of a similar compressor but without any casing
treatment (Non-PS) investigated by Torregrosa et al. [42]. The
general trends of the spectra at the diffuser, inlet and outlet lo-
cation for PS blocked configuration and Non-PS compressor
Torregrosa et al. [42] are reasonably similar. Furthermore, the
broadband elevation observed in the diffuser spectra of both PS
open and blocked compressor configuration operating at the de-
sign condition is also present in the diffuser spectra presented
by Torregrosa et al. [42].

Near surge operation. The pressure spectra of the probes lo-
cated at the upstream and downstream of the impeller for two
compressor configurations operating near surge are compared
in Fig. 13 and Fig. 14 respectively. The comparison of the
spectra of the inlet duct and inducer probes of the two con-
figurations (Fig. 13) shows the contrast to the design condition
with significant differences in the broadband features seen in
the inducer spectra of the two configurations. Broadband eleva-
tions corresponding to 2.1-4.3 kHz and 5.5-8.0 kHz observed in
the spectrum of the blocked configuration are not existent in the
respective spectrum of the open configuration. Another broad-
band elevation (marked as ‘II’) centred around 19 kHz is only
observed in the spectrum of the open configuration, reinforc-
ing the earlier argument on the nature of this broadband being
associated with the flow interaction inside the PS cavity. Fur-
thermore, broadband noise corresponding to TCN is identified
in the spectra of both configurations. In addition to the broad-
band features, peaks at 0.4RO and 1.5RO are also observed only
in the inducer spectrum of the blocked configuration. Further-
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more, significant differences in the overall levels are also ob-
served in the spectra of the two configurations with the blocked
compressor registering lower noise levels beyond 9 kHz and
relatively higher levels in the frequencies below 9 kHz due to
broadband content.

The levels and trends of the inlet duct spectra for the two
configurations are similar with the exception of broadband el-
evations in the range of 3.2-8.5 kHz observed for the blocked
configuration. Multiple narrowband elevations in the 3.1-4.1
kHz, 5-6.2 kHz and 6.2-8.5 kHz ranges are conflated together
as a broadband feature. The latter part of this broadband, i.e.
6.2-8.5 kHz is also observed in the inducer spectrum while the
former narrowband, i.e. 3.1-4.1 kHz can be associated with the
‘whoosh’ noise. The presence of the 3.2-8.5 kHz broadband
makes the blocked compressor noisier relative to the open con-
figuration for near surge operation. Broadband highlighted as
‘I’ is again observed in the spectra of both open and blocked
configurations implying this is a propagation characteristic of
the inlet duct. Furthermore, the tonal noise at 1.5RO observed
in the inducer spectrum of the blocked configuration is also ob-
served in the inlet duct spectra coincident with the onset of first
asymmetric mode.

The comparison of the diffuser and outlet duct spectra for
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Figure 13: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller upstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective near surge conditions
of 99 krpm speedline. Y-axis differences are arbitrary, although the scale is
kept at 20 dB per division.
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Figure 14: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller downstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective near surge conditions of
99 krpm speedline. Y-axis differences are arbitrary, although the scale is kept
at 20 dB per division.

two configurations (Fig. 14) demonstrates that the diffuser spec-
tra of the two configurations share a similar trend with higher
overall levels for the blocked configuration across the frequency
range, specifically beyond the first rotating tone. Similar to the
spectra of the upstream probes, a broadband elevation is ob-
served in 5.5-10 kHz is observed in the spectra of the blocked
case. Additionally, feeble narrowband elevations in the range
of 1.8-3 kHz and 3.2-4.7 kHz are also observed in the blocked
spectra with the former corresponding to the ‘whoosh’ charac-
teristic frequency. Furthermore, BPF is masked by the broad-
band characteristics in both configurations while tonal noise at
10RO is not observed in the blocked configuration.

Although the spectra of outlet duct array for the blocked
configuration is better correlated than the open configuration,
multiple broadband and narrowband features in the ranges of
0.32-1.8 kHz, 2-3.5 kHz, 3.8-5 kHz and 6.5-9 kHz can be spot-
ted in the outlet duct spectra of the blocked configuration. The
first two broadband elevations are in the ‘whoosh’ noise fre-
quency range, while the last one is consistently seen in the in-
ducer and diffuser spectra. Furthermore, the presence of these
broadband features makes the blocked configuration relatively
noisier than the corresponding open configuration. Broadband
corresponding to TCN which is observed in the spectra of the
open configuration is not clearly identifiable in the spectra of
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the blocked configuration as it seems to be masked by other
dominant broadband features. Broadband elevation marked as
‘T’, identified in the spectra of the open configuration is rela-
tively weaker in the spectra of the blocked configuration, im-
plying its expected propagation within PS cavity.

The comparison of two compressor configurations operat-
ing near surge indicates that the PS casing treatment helps in
improving the acoustic characteristics of the system. For the
investigated iso-speedline, the compressor with the PS design
demonstrated lower broadband noise features, including ‘whoosh’
noise, as well as relatively lower overall noise levels. The noise
levels within the plane wave region are relatively similar for the
inlet duct while significantly higher levels are seen in the outlet
duct of the blocked configuration. The results point out that the
alleviation of blockage in the blades passages by the PS design
helps with the reduction of broadband noise sources. Also, the
PS casing design is likely causing a broadband noise feature
(marked as ‘I’) and tonal noise at 10RO in the spectra of the
outlet duct and diffuser respectively.

To quantify the differences in the investigated compressor
configurations, the overall amplitude of sound pressure level
spectra within specific frequency limits are computed from the
root mean squared averaged of the pressure signal filtered using
bandpass filter for the specified frequency range. Alternatively,
the overall levels between frequency bounds f; and f, can also
be computed directly from the spectra by

f
SPL;,_;, = 101og,, (Z 105PLI'/1°) (8)
i=fi

The difference in the overall levels between the PS open
and the PS blocked compressor configurations within speci-
fied frequency limits (f) at particular location (/) i.e. As; =
SPLgpen — SPLyiockea for various operating conditions are pre-
sented in Tab. 1. The frequency limits includes approximate
plane wave regions, BPF and full spectrum while the locations
included inducer probe, inlet duct probes, diffuser probe and
outlet duct probes. The values for the inlet and outlet duct lo-
cation are obtained by averaging the individual values of the
Sensor arrays.

Similarly,the differences in the overall sound intensity lev-
els within plane wave limits for two compressor configurations
operating at 99 krpm speedline computed using Eq. 9 are pre-
sented in Tab. 2.

fo
SIL;,_;, = 10log,, [1012 > I(f)] )

f=h
Torregrosa et al. [43] established SIL computed using beam-
forming as a reliable and robust approach relative to single-
sensor SPL approach for plane wave range whereas SPL ap-
proach is helpful for investigating the higher frequency band.
In the current investigation, the differences among the compres-
sor configurations quantified by both SPL and SIL approaches
point in a similar general direction. This being said, deviations
are observed (see Tab. 1 and Tab. 2) in the amplitude of the



differences calculated by two approaches, specitically for the
design operation.

4.2. 130 krpm speedline

Acoustic characterisation of the open and blocked compres-
sor configurations operating at the 130 krpm speedline is in-
tended to serve two objectives. Firstly, comparing the acoustic
spectra of the 130 krpm with the 99 krpm speed line would help
in understanding the evolution of the acoustic behaviour with an
increase in operational speed. Secondly, the impact of the PS
design at higher speeds is explored by comparing the spectra of
open and blocked compressor configurations operating at 130
krpm. It must be noted that the design states of two speedlines
for both configurations are aerodynamically similar. Therefore,
the inferences on the impact of operational speed and PS cavity
can only be made by comparing the spectra of design points for
99 krpm with the 130 krpm speedline, and open and blocked
configurations operating at 130 krpm respectively. The devi-
ation in the near surge spectra of the two speedlines for both
configurations are not only dependent on operating speed but
on the different aerodynamic conditions too. Therefore, the di-
rect comparison between the near surge states of the 99 krpm
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Figure 15: Pressure spectra of the probes located upstream (top) and down-
stream (bottom) of the impeller for open compressor configuration operating at
the design condition of 130 krpm speedline. Former corresponds to inducer and
inlet duct array while latter includes diffuser and outlet duct array. Y-axis scale
is maintained at 20 dB per division.
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Figure 16: Pressure spectra of the probes located upstream (top) and down-
stream (bottom) of the impeller for open compressor configuration operating at
the near surge condition of 130 krpm speedline. Former corresponds to inducer
and inlet duct array while latter includes diffuser and outlet duct array. Y-axis
scale is maintained at 20 dB per division.

and 130 krpm speedlines is not correct. In this work, the near
surge spectra are only used to draw a broader understanding
instead of quantifying the impact of operation speed.

4.2.1. PS open configuration

The spectra of the various probes for the compressor op-
erating at the design and near surge conditions of 130 krpm
iso-speedline are presented in Fig. 15 and Fig. 16 respectively.
The spectra of two iso-speedlines are similar in trend, with the
higher speedline showing an increase of 5-10 dB in the overall
levels. Furthermore, the noise features, both tonal and broad-
band are seen to have shifted commensurately with the change
in operation speed.

The impact of operational speed on acoustic emission for
design operation inferred from comparing the spectra of 99 krpm
(Fig. 8), and 130 krpm iso-speedlines (Fig. 15) shows that the
RO or ‘buzz-saw’ tones are accentuated in the inducer spec-
trum with an increase in rotational speed. Furthermore, the
low-frequency tonal noise observed at 0.66 kHz (0.4RO) in the
spectrum of 99 krpm speedline is seen to have slightly shifted
to 0.74 kHz (0.34RO) in the spectrum 130 krpm speedline.
The spectra of the piezoelectric sensor forming inlet duct ar-
ray showcase similar trends as seen in the lower speedline, with



Table 1: Differences in the overall sound pressure levels of PS open and blocked compressor configuration.

Af,l = SPLopen — SPLjjocked [dB]

Location
Operating point Frequency range [kHz] A Inducer A Inlet A Diffuser A Outlet
Plane wave limit> -1.7 6.4 1.6 -1.8
99 krpm - Design BPF (0.2 -11.6) 5.4 12.1 -4.2 -1.8
0.02 -25 22.7 12.4 -16.3 -2.0
Plane wave limit -25.9 1.2 -20.3 -5.3
99 krpm - NS BPF (0.2 - 11.6) -5.5 -6.9 -13.2 -3.3
0.02 -25 6.5 -8.3 -13.8 -18.2
Plane wave limit* 5.1 1.1 0.4 0.7
130 krpm - Design BPF (0.2 — 15.33) 3.9 9.6 0.3 11.6
0.02-35 -0.3 10.5 -0.7 12.0

the spectra of second and third sensors strongly correlated while
some deviations can be observed in the spectra of the first sen-

sor. Furthermore, a broadband elevation at 13.7-15.7 kHz (marked

as ‘I") observed in the spectra of the second and third inlet sen-
sor of lower speedline seems to have shifted in the range of
10-14 kHz for 130 krpm speedline and is only observed in the
spectra of first inlet sensor.

The spectrum of the diffuser probe also shows higher tonal
content with the increase in rotational speed. In addition to
that, the lower frequency tonal peak has shifted from 0.66 kHz
to 1.87 kHz with an increase in speed. Furthermore, a similar
trend is seen with the shift in the broadband elevation centred
on 18.8 kHz for the lower speedline to 22.6 kHz for the higher
speedline. The spectra of the outlet duct array for the higher
speed line show deviations in correlation as compared to the
lower speed line. Also, broadband elevation seen in the range
of 12.5-14.5 kHz in the outlet spectra of the lower speed line
is not existent in the corresponding spectra of higher speedline.
Analysis of the compressor configurations at the lower speed-
line pointed to the role of the PS cavity in the presence of this
broadband and possible cause for its non-existence is discussed
in the later part of this section.

As mentioned before, the direct comparison of the spectra
of near surge points does not present an accurate impact of the
rotational speed on the emission spectra for near surge oper-
ation. Nevertheless, the comparison of the near surge spectra
of 130 krpm (Fig. 16) and 99 krpm (Fig. 9) speedlines demon-
strates that although an increase in the tonal content is observed
in the inducer spectrum of higher speed line, the broadband
(marked as ‘II’) in the inducer spectrum of the lower speedline
is shifted and observed faintly for the higher speedline. As this
broadband was expected to be associated with the interaction
of the flow in PS cavity, the reasons for its fading is discussed

3Frequency bounds of the plane wave propagation for 99 krpm speedline
are approximated to be 0.02-2.5 kHz and 0.02-4.0 kHz for inlet and outlet duct
respectively.

“4Frequency bounds of the plane wave propagation for 130 krpm speedline
are approximated to be 0.02-2.5 kHz and 0.02-4.5 kHz for inlet and outlet duct
respectively.
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later in this section.

Similar to the design point, the broadband marked as ‘I’ in
the inlet duct spectra of the 99 krpm speedline is shifted in the
inlet duct spectra of the higher speed line. In addition to that,
the shifts in the tonal and broadband noise features are seen with
the increase in the rotational speed. Furthermore, broadband
marked as ‘I’ in the outlet duct spectra of the lower speed line
is also not observed in the corresponding spectra of the higher
speed line.

The results clearly show an increase in overall noise levels
and tonal content with an increase in the rotational speed for the
operation of the compressor at design conditions. The increase
in tonal noise is expected, as the higher tip speed would lead
to severe transonic conditions and shock waves attached to the
blade in the rotor alone pressure field. The shifts and decrease
in the strength of the features associated with the recirculating
flow in the PS cavity are expected due to the decreased flow re-
circulation in the PS cavity at higher operating speeds as shown
by Sharma et al. [33].

4.2.2. PS blocked configuration

The spectra of the PS blocked, and open compressor con-
figurations operating at design conditions are compared in this
section to understand the impact of PS casing treatment at higher
operating speed. The spectra of the probes located upstream of
the impeller are compared in the Fig. 17 while Fig. 18 shows the
spectra of the probes positioned downstream of the impeller.

In contrast to the lower speedline (99 krpm), the differ-
ences in the noise generated by the compressors (inducer and
diffuser spectra) for two configurations are insignificant. The
expected reduction of the propagation of the tonal noise in the
upstream impeller direction for the blocked configuration can
be observed in the spectra of inducer and inlet duct probes. This
reconfirms the role of the PS design in the upstream propaga-
tion of RO or ‘buzz-saw’ tones [40] for the design operation
of the compressor. The spectra of the probes positioned down-
stream of the impeller also shows similar results with insignif-
icant impact on the overall levels, specifically within the plane
wave region. Broadband elevation in the range of 6-8 kHz ob-



Table 2: Differences in the overall sound intensity levels of PS open and blocked compressor configuration operating 99 krpm speedline.

Af,[ = SILopen — SILpiocked [dB]

Speedline Operating point Frequency range [kHz] A Inlet A Outlet
BEP 0.4 -1.9
99 krpm NS Plane wave limit * 11 47
' ' ' ' —PS Blocked evaluated using open and blocked compressor configurations.
Inducer P . o . : .
—PS Open Aerodynamically similar design and near surge operating points
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Figure 17: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller upstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective design conditions of 130
krpm speedline. Y-axis differences are arbitrary, although the scale is kept at 20
dB per division.

served in the diffuser spectrum of the open configuration is not
present in the corresponding blocked spectra. The outlet duct
spectra indicate a quieter operation of the blocked configuration
in the mid-frequency range of 10-20 kHz. While the impact of
PS is limited to tonal propagation for the design condition, sig-
nificant broadband impact is expected for near surge operating
conditions. Again, the decreased impact of PS at higher operat-
ing speed can be attributed to the reduced flow recirculation via
PS cavity.

5. Conclusions

An experimental campaign to characterise the acoustic be-
haviour of the compressor is presented in this work. The impact
of PS casing treatment on the acoustics of the compressor was

15

on the 99 krpm speedline for the two compressor configurations
were selected for acoustic measurements. Additionally, the im-
pact of operational speed on the acoustics was quantified by
comparing aerodynamically similar operating points across 99
krpm and 130 krpm speedlines.

An in-duct noise measurement method was used to charac-
terise the acoustic emission of the compressor. The noise gen-
erated in the compressor was quantified by measuring pressure
fluctuations near the inducer and diffuser while propagation of
the generated noise was computed from an array of piezoelec-
tric sensors in the inlet and outlet ducts.

The inducer spectra for the design conditions are dominated
by tonal noise which includes RO or ‘buzz-saw’ tones and har-

Diffuser P

——PS Blocked

——PS Open

Power spectral density [dB]

15 20
Frequency [kHz]

25 30 35

Figure 18: Comparison of the pressure spectra computed from the probes lo-
cated at the impeller downstream region for the open (blue) and blocked (red)
compressors configuration operating at their respective design conditions of 130
krpm speedline. Y-axis differences are arbitrary, although the scale is kept at 20
dB per division.



monics of BPF. The upstream propagation of tonal noise in the
open compressor configuration can be identified in the spectra
of the inlet duct while downstream propagation of these tones
is limited, with only a few RO tones and BPF being observed in
the diffuser spectrum. Although flat, an interesting broadband
feature (marked as ‘II’) is identified in the diffuser spectrum.
This is thought to be caused by the interaction of the swirling
flow with the volute tongue. The spectra of the inlet and out-
let duct arrays follow the general trends observed in the cor-
responding inducer and diffuser spectra with a few deviations
caused by propagation effects. The broadband feature ‘II’ ob-
served in the diffuser spectrum is not seen to be propagated to
the outlet duct. Additionally, broadband features highlighted as
‘I’ are also observed in the inlet and outlet duct spectra. The
broadband feature observed in the inlet duct is thought to be
caused by three-dimensional effects judged to be caused by the
propagation effects introduced by the PS cavity.

In contrast to the design conditions, a lack of RO tones is
observed in the spectra of the inducer for near surge conditions.
The spectra are dominated by broadband content with only BPF
as an observed tonal feature. A broadband feature similar to the
broadband ‘II’ seen in the diffuser spectra of the design point
is observed in the spectrum of the inducer probe for the open
compressor configuration operating near surge. This is thought
to be caused by the interaction of swirling flow in the PS cavity
with the structural struts. The first RO tone can be observed
in the spectra of the diffuser point, but the BPF tone is fee-
ble. Similar to the design spectra, broadband features ‘I” are
also observed in the inlet and outlet duct spectra for near surge
point. Furthermore, broadband corresponding to TCN can also
be observed in the diffuser and outlet duct spectra. Characteris-
tic ‘whoosh’ noise broadband elevation is not observed for the
open compressor configuration operating at 99 krpm.

For the design operation, whilst the PS cavity does not sig-
nificantly alter the overall noise levels of the compressor, an
increase of around 3-5 dB is seen in the frequency region be-
yond 10 kHz for the 99 krpm speedline. The casing treatment
does seem to propagate tonal noise in the direction upstream of
the impeller as seen from the comparison of inlet duct spectra,
while the spectra of the outlet duct remain largely unchanged.
On the other hand, acoustic characteristics of the compressor
operating near surge are positively impacted by the PS casing
treatment, causing a reduction of approximately 10-15 dB in the
range up to blade pass frequency. Various broadband features
in the frequency ranges of ‘whoosh’ and TCN that are observed
in the inlet and outlet duct spectra of the blocked configura-
tion are alleviated by the PS casing treatment. It is interesting
to point out that the comparison of inducer and diffuser spec-
tra of the two configurations implies that the noise generated
in the impeller upstream region increases while in the impeller
downstream region it decreases by the use of PS casing treat-
ment. The higher levels of noise at the inducer probe for the
open configuration could be due to the direct proximity to the
rotating impeller which is not available for the blocked config-
uration.

An increase in operational speed shows an expected increase
in the noise levels, specifically accentuated RO tonal features

seen for the design operation. An expected shift in the fre-
quency range of various spectral features due to changes in the
rotational speed can also be observed in the spectra of the higher
speedline. It is interesting to point out that the broadband fea-
ture ‘I’ observed in the outlet duct for the operating points on
the 99 krpm line is not observed for corresponding points on
the 130 krpm speedline. Furthermore, broadband ‘I’ observed
in the inducer spectrum of the near surge for 99 krpm is weak in
the corresponding spectrum of the 130 krpm speedline. Both of
these broadband features are associated with the PS cavity, and
their strength is observed to decrease as the flow recirculated
via PS cavity reduces at higher operating speed.

The impact of PS casing treatment on the compressor oper-
ating at the design condition on the higher speedline is similar
to the lower speedline but with reduced overall deviation. The
noise generated for the two configurations at 130 krpm is sim-
ilar, inferring reduced flow dynamics within the PS cavity at
higher speedlines.
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