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3 ABSTRACT

4 The shear stress transport turbulence model is employed to conduct a detailed study

5 of flow characteristics at the highest efficiency point and the near-stall point in a full-

6  channel 1.5-stage compressor in this papetr. The simulation results for the compressot's

7  total pressure ratio and efficiency exhibit good agreement with experimental data.

8 Emphasis is placed on examining the internal flow structure in the tip area of the
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compressor rotor under near-stall conditions. The results reveal that significant differences

in flow structure primarily occur in the tip area as the compressor approaches stall.

Specifically, a reduction in turbulent kinetic energy is observed in a region spanning

approximately 20% to 60% of the chord length on the rotor suction face near stall

conditions. Two additional peak frequencies, at 0.8 and 1.6 times the Blade Passage

Frequency (BPF), are observed, and the intricate flow phenomena are elaborated at the

near-stall point. The near-stall point exhibits greater noise levels than the highest efficiency

point, with the intensity of the surface source increasing by more than 10 dB, peaking at

20 dB. This additional peak serves as a significant supplementary noise source near the

stall point, leading to a maximum increase of 33.3 dB in the free radiated sound power.

The acoustic response within the duct indicates that the compressor operating at the near-

stall point continues to produce substantial noise on the actual test bench, showing an

average increase of 6 dB in noise levels, and the distribution of the additional peak single-

tone noise at the entrance significantly differs from that observed at the highest efficiency

point.

Keywords : Compressor; Aerodynamic noise; Highest efficiency; Near-stall; Flow

characteristics
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Simulation research on aerodynamic noise characteristics of a compressor under different working conditions

I. INTRODUCTION

Gas turbines widely employed in maritime transportation and thermal power

generation consist of three core components, with the compressor being one of them.

The maritime compressor exhibits safe operation and distinct noise characteristics in its

healthy operational state, primarily attributed to the dominant single-tone noise of the

Blade Passage Frequency (BPF) and its harmonics, along with broadband noise resulting

from random turbulent pulsations (Maaloum ez a/., 2004; Polacsek ez al., 2006). However,

the stability of the flow field within its internal blade channel is significantly disrupted due

to unsteady disturbances when the maritime compressor operates outside its design

conditions, such as in the presence of rotating stall. This disruption leads to a considerable

deterioration in the marine compressor's aerodynamic performance and may even result

in major safety incidents (Zhao et al., 2023). Moreover, the internal blade flow channel of

the compressor during rotating stall experiences phenomena such as backflow and

substantial air flow separation, giving rise to distinct aerodynamic noise characteristics that

deviate from those observed under design working conditions (KKameier and Neise, 1997).

Consequently, conducting an in-depth investigation into the flow and noise characteristics

of marine compressors prior to the occurrence of rotating stall becomes imperative as a
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prerequisite for the development of early warning detection technology for unstable

operating conditions, including compressor rotating stall and surge, with a distinct focus

on applications within the sphere of ship and ocean engineering.

Particular attention had been given by researchers to the underlying cause of rotational

stall in the investigation of the flow field during compressor stall, known as rotating

instability. rotating instability represented an unsteady phenomenon occurring within the

rotor domain before compressor stalling and fell under the category of flow disturbances

preceding stall (Day and Asme, 2015). Baumgartner et al. (Baumgartner ez al, 1995)

discovered that the vibration frequency induced by aerodynamic forces did not resonate

with the rotor speed harmonic, leading them to propose rotating instability for the first

time through a comparison of pressure pulsation and vibration data from the first stage

rotor tip region of a multistage compressor. Subsequent simulations conducted by Vo et

al. (Vo, 2010) on an isolated rotor demonstrated that rotating instability likely resulted from

the reflux phenomenon occurring at the back of the blade tip gap. Similarly, Marz et al.

(Marz et al., 2002) undertook a more comprehensive analysis of the physical mechanisms

behind rotating instability, employing experimental and numerical approaches. A vortex

structure was discovered forming in the leading-edge plane of the blade, resulting from

the combined effects of tip gap flow, axial reverse flow, and incoming flow. The formation
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and progression of this vortex structure were identified as the primary cause of instability.

Additionally, Mailach et al. (Mailach ez a/, 2001) utilized laser-doppler-anemometry to

measure the unsteady pressure distribution in the blade channel and tip gap. The findings

revealed that rotating instability was, in fact, attributable to the generation of a rotating

structure with high mode orders, arising from the periodic interaction between the tip

vortex and adjacent blades. Pullan et al. (Pullan ez a/, 2015) presented the path of vortex

structure propagation within the spike-type rotating stall, which stemmed from the

pressure loss in the rotor tip region resulting from flow separation induced at high

incidence drawing on numerical simulations. Recent studies on rotating instability have

primarily focused on techniques for stall suppression. Tomita et al. (Tomita and Furukawa,

2020) examined the impact of tip leakage vortex breakdown on internal flow. The results

demonstrated that the stall phenomenon in centrifugal compressors was mainly driven by

the tip leakage flow, and controlling this flow represented an effective means to enhance
p g s g p

the operational range of the compressor. Furthermore, Brandstetter et al. (Brandstetter e#

al., 2019) experimentally observed the feedback mechanism between the acoustic

resonance of a transonic fan and the aeroelastic disturbances, thereby proposing the

possibility of complex multiphysics coupling in the modal oscillation preceding stall for

the first time.
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Indeed, rotating instability was accompanied by a distinct acoustic spectral

characteristic, characterized by a narrowband amplitude peak that differs from the BPF

and its harmonics. Kameier et al. (Kameier and Neise, 1997) conducted the first

comprehensive experimental investigation into the noise characteristics of mechanical

rotating instability in axial turbomachinery following Baumgartner's formal proposition of

the rotating instability concept. Pronounced peaks in a narrow frequency band below the

BPF were observed. Measurement results indicated that the tip gap noise was associated

with flow instability caused by reverse flow within the tip gap. Subsequently, Cudina

(Cudina, 2001) conducted a detailed examination of the noise spectrum of axial fans

equipped with inlet guide vanes under adjacent stall conditions. Fukano and Jang (Fukano

and Jang, 2004), as well as Pardowitz et al. (Pardowitz ef al., 2014; Pardowitz e al., 2015),

explored the velocity pulsation characteristics and rotating instability of turbomachinery

through experimental approaches, thereby proposing the fundamental mechanism behind

the peak frequency observed in vortical flow under rotating instability.

Simultaneously, the advancement of Computational Fluid Dynamics (CEFD) has

facilitated the use of numerical simulations as an efficient approach to investigating noise

characteristics under unstable operating conditions. A comprehensive numerical

simulation of a centrifugal compressor under near-surge conditions was conducted by
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Galindo et al. (Galindo e 4., 2015) utilizing the detached eddy simulation turbulence model.

The results revealed that while the reduction of the tip gap significantly impacted the

compressot's acrodynamic performance, it did not exhibit a significant effect on noise

performance. Zhu et al. (Zhu and Carolus, 2018; Zhu e7 al., 2018) employed the Lattice

Boltzmann Method to thoroughly study the generation mechanism of narrowband noise

under the rotational stall, accompanied by pressure field decomposition. Dehner et al.

(Dehner et al., 2022) performed pressure field decomposition on the induced plane of the

turbocharger. The results demonstrated that as the supercharger transitioned to a stall

condition with reduced flow, the mode content of the compressor shifted towards higher-

mode numbers and frequencies, consequently leading to the occurrence of the whoosh

noise during the stall.

Nevertheless, the utilization of Aeroacoustic methods for the prediction and

assessment of aerodynamic noise in rotating machinery remains a formidable challenge.

Since the inception of the field of aeroacoustics by Lighthill (Lighthill, 1952) in 1954, and

the formulation of the free field prediction formula for acrodynamic noise of rotating

machinery by Ffowcs Williams and Hawkings (Williams and Hawkings, 1969) in 1969, the

Finite Element Method (FEM) has become a widely adopted approach for conducting

aerodynamic noise of rotating machinery within intricate spatial configurations. In recent
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years, a multitude of scholars in Europe and Canada have contributed valuable insights

into methods for assessing aerodynamic noise in rotating machinery(Casalino ez a/., 2019;

Tanniello, 2020; Casalino ez a/., 2021; Kholodov and Moreau, 2021; Sanjose e# al., 2021).

Building upon this foundation, some scholars have subsequently advanced the application

of FEM methods in the domain of aerodynamic noise (Kraxberger e al., 2023; Schoder,

2023b; a; Schoder and Wurzinger, 2023). OpenCES; an open-source framework for solving

partial differential equations with finite elements, was introduced by Schoder et al. (Schoder

and Roppert, 2022; Schoder, 2023¢; Schoder and Roppert, 2023) Additionally, CFS-Data,

the pre-processing component of OpenCFES, which incorporates random noise sound

fields and radiation models, was also provided. Moreover, human vowel production was

simulated by Lasota et al. (Lasota ez a/, 2023) using the Openfoam and OpenCFES open-

source frameworks. The outcomes indicated that the pronunciation model predicted by

the new subgrid-scale anisotropic minimum dissipation is more akin to natural speech than

conventional subgrid-scale models. The aeroacoustics workflow of the perturbed

convective wave equation and the Ffowcs Williams and Hawkings analogy was tested by

Schoder et al. (Schoder ez al., 2020), concentrating on the convergence issues of CFD and

computational acoustic meshes. Ultimately, the results obtained from the perturbed

convective wave equation and Ffowcs Williams-Hawkings (FW-H) predictions were
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essentially identical.

Considerable progress has been made in investigating the noise associated with

rotating instability, yielding valuable results (Pardowitz ez /., 2015; Zhu and Carolus, 2018).

However, there is a scarcity of studies focusing on the noise generated during compressor

stall, particularly concerning 1.5-stage axial compressors (Broatch ez 4/, 2015; Galindo ez

al., 2015). The intricate nature of 1.5-stage axial compressors, encompassing three blade

rows (namely, the guide vane, rotor, and stator), results in multiple noise sources and an

escalation in computational expenses for simulations. Moreover, a more comprehensive

analysis and research on the intricate flow structure responsible for generating

aerodynamic noise sources during stall in 1.5-stage axial compressors remains lacking.

Consequently, it becomes imperative to characterize the noise characteristics of these axial

compressors under unstable operating conditions, with the ultimate aim of extending the

application to multi-stage axial compressors.

In this paper, the Shear Stress Transport turbulence model is employed to obtain the

steady and unsteady flow characteristics of the marine compressor at the highest efficiency

point and the near-stall point. Detailed analysis is conducted to explore the disparities in

the flow structure between the highest efficiency and near-stall points, revealing the

presence of additional peak frequencies and complex flows that serve as newly identified
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noise sources under near-stall conditions. The intensities of these noise sources and the

corresponding free-field sound power levels are examined to investigate the compressor's

noise characteristics near the stall. Additionally, the acoustic response within the actual duct

is investigated to provide insights into the noise conditions when the compressor operates

in proximity to the stall on an actual test bench.

II. SIMULATION STRATEGIES

A. Description of the marine 1.5-stage axial compressor

Figure 1 presents the numerical calculation domains of the 1.5-stage axial compressor

used for marine gas turbines, encompassing three blade rows: the guide vane, rotor, and

stator. Appropriate extensions are applied to the inlet and outlet regions to ensure a stable

flow. It is worth noting that the compressor test bench includes a horn-shaped inlet and

an exhaust volute, with the latter serving as a compromise component for accommodating

the motor and gearbox alignment in a coaxial configuration. They are excluded from the

calculation domains to minimize computational expenses as the horn-shaped inlet and

exhaust volute do not actively participate in the gas compression process but solely serve

to direct the airflow. The remaining parameters pertinent to the 1.5-stage axial compressor

are displayed in Table L.
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B. CFD mesh and boundary conditions

A fully hexahedral structured mesh is employed in this study to mitigate errors arising

from mesh orthogonality. The domain of the guide vane is extended upstream from the

leading edge by 2 times the guide vane chord length, while the stator domain is extended

downstream from the trailing edge by 1.5 times the stator chord length to ensure complete

flow development. These extension distances have been previously utilized in studies to

yield favorable results (Li ez a/, 2021). It plays a crucial role in the aerodynamic

performance and noise characteristics of the compressor despite there being a small tip

clearance of the rotor in this paper, which is 0.5 mm. Previous investigations have

extensively examined the tip gap, encompassing its acrodynamic properties (Du ez a/., 2008;

Zhang et al., 2021) and noise characteristics (Boulamatsis ¢ a/., 2019; Avallone e al., 2020).

Notably, the formation of the tip leakage vortex associated with the blade tip gap under

adjacent stall conditions constitutes the primary source of aerodynamic noise

characteristics (Karstadt ez 2/, 2010; Moghadam ef a/., 2019), emphasizing the significance

of considering the tip leakage vortex in this study. The gap sizes below 2 mm necessitate

a minimum of 15 layers of prism nodes based on previous research (Wei ez al., 2018a; Wei

et al., 2018b; Wang ez al., 2020). A total of 20 prism layers are implemented to accurately
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185  capture the flow within the 0.5 mm tip clearance in this paper.

Guide vane

Stator

186

187  Figure 1. The configuration of the 1.5-stage axial compressor model.

188  Table I. Geometry specification for the 1.5-stage axial compressor.

Parameter Guide vane Rotor Stator
Maximum diameter /mm 458.4 458.4 458.4
Hub-to-tip ratio 0.53 0.53 0.57
Blade height /mm 107.4 107.4 96.1
Mid chotrd /mm 30 36 36
Aspect ratio 3.58 2.88 2.67
Number of blades 54 37 60
Solidity at mid span 0.74 0.60 0.96
Tip clearance size /mm 0.5(1.4% chord)
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Rotating speed /t/min 2270

Primary consideration should be given to the shear stress transport turbulence model,

which represents a low Reynolds number model within the Reynolds average turbulence

model framework as per numerous prior numerical simulation investigations on

turbomachinery (Yang and Wu, 2014; Shi ez a/., 2019). The compressor full-channel mesh

details are depicted in Figure 2, featuring 13 boundary layers on all walls to effectively

simulate the velocity gradient and separated flow near the wall. It ensures that the

distribution of viscous effects is directly resolved by mesh nodes, without relying on

approximate wall functions. In essence, the shear stress transport turbulence model

imposes stringent requirements on the wall-adjacent mesh, necessitating a y+ value of less

than 5 in the core region (Anand ez a/, 2018; Sajadmanesh ez /., 2019) to accurately capture

the flow behavior near the wall. The y+ distribution on the blade surfaces at the highest

efficiency point is shown in Figure 3, where the maximum y+ value does not exceed 3.5,

indicating an acceptable level of fidelity. Owing to the favorable flow conditions at the

highest efficiency point, where the flow speed is significantly higher than that of near-stall

point. It can be inferred that the y+ near the stall point must also satisty the prerequisites

for CFD calculations, given that the y+ at the highest efficiency point meets the

requirements of the turbulence model, as the identical set of CFD grid is employed in
13 / 67
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both operational conditions.

It is necessary to perform grid independence verification to guarantee the
insensitivity of the calculation results to the number of cells. In this study, Richardson
extrapolation is applied to assess the discretization error of the grid (Schoder ez al., 2021).
Extrapolated values, representing estimates at infinite grid density, were computed using
three distinct sets of grids. Detailed information regarding the grids is presented in Table
IL. In this context, N1, N2, and N3 respectively denote the number of cells in the three

sets of grids, and @, pressurei (1=1,2,3) represents the total pressure value calculated

by the i-th grid. In accordance with literature requirements (Celik ez /., 2008), the density

among different grids must adhere to criterion I, ; = — >1.3, with specific attention
J

N

1/3
1
given to parameter h= {— Z(AVi )} , Here, AVi represents the volume of grid cells,

=
and N denotes the total number of cells employed for the computations. As a consequence
of this analysis, extrapolations are performed to estimate the values of ¢§><2t =1125Pa
and P =1.78. By employing the definition of Grid Convergence Index (GCI) found in
the literature, the ultimate uncertainty GC'g;izne =3.6% is derived. This indicates that
the numerical uncertainty of the total pressure on the fine grid is 3.6%. Three sets of

distinct meshes are employed to evaluate the variation in the calculation results in this study,
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as illustrated in Figure 4. The disparity between the experimental and simulated results

diminishes with the decrease in the normal cell size estimate h, and the discrepancy among

the third grid and extrapolated value sets becomes practically negligible. Consequently, the

third grid yield matched results with beneficial convergence properties. Concerning the

specific implementation plan for acquiring experimental data in the figure, reference is

encouraged to be made to previous research. (Lu ez al, 2022; Lu et al., 2023)

(a) The full-channel mesh

(c) Midspan radial slice mesh (d) The slice mesh of rotor fluid

Figure 2. CFD mesh of the 1.5-stage axial compressor.

Table II. Sample calculations of discretization errot.

¢Total _ pressure

N1, N2, N3/million 14, 19, 27
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I 1.52
32 1.47
Protal _pressure1/Pa 1093
Protal _pressure2/P2 1104
Prota _pressure3 /P2 1116

The CFD calculations are performed using the CFX code, which is based on the

aforementioned fully structured mesh. The simulation settings are summarized in Table

III. High-order spatial discretization is employed, and the tangential velocity of all walls is

specified as no-slip. Adiabatic heat exchange mode is assumed. The rotor operates at a

speed of 2270 r/min, and the inlet is assigned a total pressute of 101325 Pa and a total

temperature of 288.15 K, while the outlet has a specified radial average static pressure. In

particular, subsequent to the computation of the characteristic curve, the outlet pressure

at the point of highest efficiency is determined to be 101750 Pa, whereas the outlet

pressure proximate to the stall condition is found to be 102012.5 Pa. The rotor region is

modeled as rotating using the Multiple Reference Frame approach in the steady simulation,

while the remaining regions are treated as stationary. The rotor-stator interface utilizes the

Mixing-Plane model for the exchange of upstream and downstream data. The unsteady

scheme initializes with the results from the steady calculation to expedite convergence, and
16 / 67
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245  the transient flow at the rotor-stator interface is captured using the Transient Rotor Stator

246 method. The time step in this study is set to 1.78593 X 10-5 s, corresponding to a rotation

247  of 0.24 degrees per time step, with a total of 40-time steps required for one rotor channel.

248  This temporal resolution is significantly higher compared to previous works by other

249 researchers (Polacsek ez al., 2006; Hu ef al., 2013; Zhang et al., 2016), where a rotor channel

250 had only 20-time steps and a rotation of 1 degree corresponded to the one-time step.

251 Table III. The numerical simulation settings.

Condition Steady Unsteady
Inlet Pressure-inlet Pressure-inlet
Outlet Pressure-outlet Pressure-outlet
Spatial discretization resolution High-order High-order
Temporal schemes Auto Timescale Implicit
Wall tangential velocity No-slip No-slip
Heat exchange mode Adiabatic Adiabatic
Rotation model Multiple Reference Frame Sliding mesh
252 The Mach number in the rotot's tip region has reached 0.4 despite the relatively low-

253  pressure ratio of the studied 1.5-stage compressor, rendering the incompressible

254  assumption inadequate. The incompressible hypothesis tends to overlook flow and density
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fluctuations arising from rotor rotation in aerodynamic noise investigations, which

contribute to the mass source in the aerodynamic noise generation. Consequently, a

compressible flow model is adopted, necessitating the inclusion of the energy equation in

the solution procedure.

Figure 3. The y+ distribution on the blade surfaces.
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Figure 4. Grid convergence regarding mesh refinement using Richardson

extrapolation.

C. Governing equations and turbulence model

The continuity, mass, and energy equations within the Navier-Stokes equation

framework are given by

op =

—+V-(pv)=0, 1

p (pv) (1)
0 — - - _ —
E(pv)+v-(pv®v)=—v-pI+V-(T+TRANS)+fb, )

%(pEHV-(pE\_/):—V-E\_/+V-('I_'+TRANS)\_/—V-a+fbV. )

where V represents the time-averaged velocity, 0 is the density, P is the time-
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averaged pressure, | is the unit tensor, T is the time-averaged viscous stress tensor,

fb is the resultant force of body forces (such as gravity and centrifugal force), E is

time-averaged total energy per unit mass and ( average heat flux. The presence of the

stress tensor TRANS can be written as

uu  uv uw

Tos =—P| UV VV  vW +§ okl )

’ ’ ’

uw vw  ww
In this work, the shear stress transport turbulence model (Menter, 1994) is used to
close the governing equations. Previous studies have shown that the tonal noise of rotating
machinery can be accurately predicted using this model.
The transport equations for K and @ ate
a - *
a(,ok)+v.(pkv):v-[(wakﬂt)Vk}F>k—,oﬁ wk, 5)

and

%(pa)) +V - (pav)=V- [((ﬂ + O'wﬂt)va’}

(©)
2(1-F) 222y . (K)V - (0) + L P - Bpar?.
® v,
In the Eq. (5) and Eq. (6),
P, =min(P,108 pko), @)
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8)

i ©)
S =/25,S,, (10)

S 1( ou, ou;
T2l ox, | -
J

where P represents the turbulent kinetic energy generation term, F; is the hybrid

*
function, Sij is the strain rate tensor. IB , a, ﬂ , O O, are the model constants.

w2

D. The weak variational form of Lighthill’s theory

The variational form of the Lighthill equation is used for compressor noise
prediction. The Lighthill equation is given by (Lighthill, 1952)

azpa _ as azloa — azTij (12)
37 .

where @, is the speed of sound, p, is the density pulsation, and T-j is the Lighthill

stress tensor. After frequency domain transformation this becomes

82pa B o°T,

ij

Ox0%  OXOX;

0’ P, — 3 (13

Introducing the potential function ¥ and applying the weighted residual method

variation gives
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o Oy 10T

— =— . 14
2l oxd% 1o OxxX, (o
287 The weak variational form associated with Equation (14) can be written as
2
1 oy ooy
| vivda-] Lovis
0 Py 0% OX
i 0oy OT; oy 0
- Ld JdQ—I _—W—(ajpaéij +T; )ndr. (15)
2 pw 0% OX; Tl p,w OX
288 The right two items of Equation (15) represent the contribution of volume and

289  surface noise sources, respectively. Further detail on the variational form of Lighthill’s

290  analogy is given by Oberai et al. (Oberai ez /., 2000; 2002).

291 The acoustic code utilized in manuscript is ACTRAN. With respect to discretization,
292 in the inner domain €., the variable y is locally interpolated on each finite element using

293 aset of interpolation functions N, (&) defined in terms of local coordinates & :

w(&)= %Ni (. (16)

294 The selection of a Galerkin approach (test and trial functions are extracted from the

295  same functional space) leads to the following algebraic system:
(-K +o’M)¥ =F*". (17)

296 where matrices K and M result from the assembly of the related element matrices:
K=2>K?
; (18)
M =>M°.
e

297  and the right-hand side vector F is obtained by assembling contributions in the right hand

298  side involving aerodynamic sources computed using CFD results fields F*®is the
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volume integral which correspond to the aerodynamic noise excitation.

E. Noise prediction scheme

An aerodynamic noise prediction approach is employed, which utilizes a hybrid

method in this paper. Initially, Lighthill's variational theory is employed to extract

aerodynamic noise sources from the flow fields. Subsequently, the FEM is employed to

conduct noise propagation calculations. Hybrid methods that combine CFD with

computational aeroacoustics have gained popularity in this regard. These methods involve

separate calculations of the flow field and sound field. Firstly, unsteady flow field

computations are conducted to determine the aerodynamic noise sources. Then, the far-

field acoustic radiation is predicted based on the noise sources obtained from the CFD

computations.

In practical applications, sound prediction under complex structures can be effectively

achieved using the FEM, which allows for comprehensive modeling and analysis of sound

reflection and scattering. The combination of the Lighthill acoustic analogy with the

variational form presents inherent advantages over the integral form of the Boundary

Elements Method (BEM) when dealing with complex structures and low-frequency noise

propagation (Ren e# al., 2022). The effectiveness of this simulation approach has been
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assessed by various scholars in the context of air-conditioning systems (Kierkegaard ez 4/,

2010), axial compressors (Lu ez al, 2022), and centrifugal compressors (Ren e al., 2022).

The evaluation results demonstrate the high accuracy of the aforementioned strategy for

predicting interior aerodynamic noise in turbomachinery. Specifically, the integration

interpolation technique is utilized to map the velocity and density data from the fluid mesh

to the acoustic mesh, which ensures maximal retention of information from CFD grid

interpolation to the acoustic mesh, after which the data from each region are converted

into contributions from the volume and surface noise sources. A flowchart depicting the

prediction process based on CFD results is presented in Figure 5.

CAD Model
CFD Mesh
Tra}151ent ‘CFD FEM Mesh
Simulation
Fourier
Velocity L > Aeroacoustic Computation Acoustic Result
Density Sources coustic Results

Figure 5. The flowchart of the prediction process based on CFD results.

For turbomachinery applications, the dominant noise is typically attributed to the

single-tone component associated with the BPF (Polacsek e a/., 20006), necessitating the

consideration of the first three harmonics of the BPE. The BPF and its corresponding
24 / 67
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harmonic frequencies are determined by Equation (19)

_ nBi

f=—1o.
60

(19)

where N is the rotor speed, B is the number of rotor blades, | is the harmonic
order, and T is the blade passing frequency. In the case of the compressor under
investigation, the third-order BPF corresponds to a frequency of 4200 Hz. To ensure
appropriate analysis, the maximum frequency of interest for this study was set at 5000 Hz.

Numerous studies have explored the required size of the acoustic mesh for noise
calculations (Hu ez al., 2013; Zhang ef al., 2016). These studies have demonstrated the
necessity of maintaining at least six elements within the wavelength of the highest
frequency noise. The acoustic mesh encompassed eight elements within the wavelength of
the highest frequency noise in this research, resulting in a total of 12 million cells, as
depicted in Figure 6.

It is important to note that although the exhaust volute does not directly participate
in the gas compression process, its impact on noise transmission cannot be disregarded.
This complex structure significantly affects noise propagation due to the absence of
anechoic treatment in the exhaust volute area of the actual test bench, as confirmed in
previous investigations (Lu e# al, 2022). The outlet acoustic boundary of the volute was

designed to emulate free duct modes, simulating an infinitely long rectangular duct. This
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configuration ensures that acoustic modes within the frequency range of 5000 Hz pass

through the rectangular section without experiencing reflections. Furthermore, the flow

tube was fully modeled, accounting for the 16mm thick wall, and the inlet area was

configured as a semi-open free space. The circular-like boundary of the inlet area serves

as a non-reflective surface, enabling the inlet to exhibit characteristics akin to open space.

| Free duct modes
1Flow tube wall

No reflective
surface

Solid surface

Volume source

Figure 6. Acoustic mesh for CAA mode of the 1.5-stage compressor.

III. RESULTS AND DISCUSSION

A. Validation of simulation scheme

The experimental investigation detailed in this article was conducted on a compressor
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test bench. Within the suction part of the test bench, a flow tube featuring a horn-shaped

inlet was employed to stabilize airflow and facilitate mass flow measurements. In the

exhaust system, an exhaust volute and a throttle valve were incorporated to ensure

compliance with the experiment's exhaust pressure requirements. A DC frequency

modulation motor, connected to a variable speed gearbox, was utilized to drive the

compressof.

Flow field measurements comprised both steady-state and dynamic measurement

systems. The schematic representation of the steady-state measurement system, as

depicted in Figure 7, served to assess the overall aerodynamic performance of the

compressor. This characterization encompassed measurements of total pressure, total

temperature, and mass flow. In section A, four static pressure probes were arranged

circumferentially, forming a flow measurement system in conjunction with the surrounding

environment. For mutual validation of measurement results from section A, a gas mass

flow meter was installed in section B. Section C featured two three-hole comb probes and

two total temperature probes, measuring total pressure and total temperature before the

front support. Additionally, three-hole comb probes were positioned in sections D, E, and

F to measure the total pressure at the inlet, interstage, and outlet, respectively. The total

temperature of the outlet was ascertained using the total temperature probe in section G.
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A B C D E F G
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/ Support Guide vane Support
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Figure 7. Compressor aecrodynamic performance measurement location.

A test bench is established at Harbin Engineering University to validate the accuracy
of the numerical calculations, as illustrated in Figure 8. The compressot's performance is
assessed by conducting measurements of various thermodynamic parameters while
maintaining a fixed throttle opening and rotor speed. The parameters of interest
encompass the total pressure, total temperature, and mass flow, which facilitate the
comprehensive evaluation of the compressor's characteristics. The overall behavior of the
compressor is quantified employing the total pressure ratio, denoted as 77, and the
efficiency, denoted as  Eff . These performance indicators can be mathematically defined
as follows:
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7z=i 20
P ’ (20)
k-1
kK _
Eff:ﬂ—l_ 21)
Tout /Tin -1

where F’ut and P

o in are the total pressure of the outlet and the inlet, respectively, and

K is the specific heat ratio of air. T,: and T, are the outlet and inlet total
temperatures, respectively.

The focus of this paper lies in examining the flow and noise characteristics of the
compressor at the highest efficiency and near-stall operating points. The position of these
two points on the performance curves, specifically the curves of total pressure ratio and
efficiency, is depicted in Figure 9. This depiction is achieved by manipulating the radial
average static pressure at the outlet. As the outlet pressure increases, the compressot's mass
flow gradually diminishes, while the pressure ratio and efficiency initially rise before
declining. As the exhaust pressure further escalates, the flow within the compressor
becomes more constrained, with the blade channel experiencing gradual blockage until the
compressor enters the stall condition. Moreover, a comparison between the overall
compressor characteristics obtained from the flow field calculations and experimental

results demonstrates a satisfactory level of agreement, thereby affirming the reliability of

the CFD results. The actual disparity between the two curves remains within 0.002,
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although the figure may present a notable difference between the experimental and

simulated total pressure ratios, primarily due to the enhanced resolution of the left vertical

axis
____________ o
2* - ! et
s AL
/ \\ | — -
S /‘\ “5' 1
\ | " > w Test  Volute
/ N | Q \ { O
% | 7 R\ = comptessor
_________ °y \ Flow tube
|
|

e i
*
/

Figure 8. The arrangement of the compressor test bench.

The B&K test system is employed to measure noise in the 1.5-stage compressor in

terms of noise measurement. The noise signal is captured by the microphones, transmitted

to the data exchange, and then connected to a laptop for storage as digital data for

subsequent analysis. B&K 4957 microphones are utilized as acoustic sensors in the

experiment. They are positioned 1 meter away from the center of the inlet plane, with an

angular separation of 45 degrees, as illustrated in Figure 8. Owing to constrained

experimental conditions, there are no solid walls within a 6-meter radius of the inlet area,

except for the ground to mitigate the undesirable effects of other obstacles on the noise

measurement results. Additionally, all walls beyond 6 meters are covered with anechoic

30 / 67



415

416

417

418

419

420

421

422

423

424

425

Simulation research on aerodynamic noise characteristics of a compressor under different working conditions

material to effectively absorb the propagated sound waves. Nevertheless, certain errors in

the experimentally measured data are inevitably induced by the acoustic measurement

environment, as illustrated in Figure 10. The measurement duration for each working

condition is set to 35 seconds to ensure adequate noise resolution.

1.012 90
Highest Efficiency point

1.010 -+

1.008 -+
-2 -85
g =2
] . R—
= 1.006 g
2 =
o 2
= 1.004 1 L‘%
g o
S —— Pressure ratio (Sim) - 80

1.002 4 —&— Pressure ratio (Exp)

—e— Efficient (Sim)
1.000 Efficient (Exp)
Near-stall point
0.998 T T T T T T T T T T T T 75
2.5 3.0 3.5 4.0 4.5 5.0 5.5
Mass flow (kg/s)

Figure 9. Validation of simulation accuracy and selection of operating points.

A detailed comparison has been conducted to analyze the noise results in the previous

work (Lu ef al., 2022), with the double validation involving instantaneous quantities and

noise. The results of the previous study are referenced to validate the accuracy of the noise

prediction results in this paper, as depicted in Figure 10. It is widely recognized that discrete

noise plays a prominent role in turbomachinery aeroacoustics and significantly influences
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the Sound Pressure Level (SPL). The agreement between the simulated and experimentally

measured discrete noise at monitoring point 2 indicates a close match, thus affirming the

accuracy of the simulation. Furthermore, the simulated total SPL at five measurement

points near the inlet also exhibits favorable agreement with the experimental data, with a

minimal error of approximately 1 dB. However, a larger discrepancy of about 5 dB is

observed at measurement point 4. This issue is attributable to several factors. Firstly,

challenges arise from the acoustic measurement environment, where ensuring a completely

free field at the compressor inlet proves difficult. Secondly, unlike a fan, the compressor

needs numerous auxiliary equipment. However, a compressor test bench encompasses

various auxiliary components, including high-power motors, matching gearboxes,

lubricating oil supply systems, etc. The initiation of these auxiliary components is a

prerequisite for starting the compressor, ensuring its safe operation. The presence of

numerous auxiliary components inevitably introduces complexities affecting experimental

measurements. Ultimately, the compressor itself is characterized by significant size and the

multitude of blades. Undertaking a comprehensive refined CFD calculation on the

compressor proves to be an exceptionally challenging endeavor due to the immense

computing resources it demands. In the realm of aerodynamic noise, the performance of

detached eddy simulation or large eddy simulation on compressors is challenging.
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Resorting solely to the Reynolds-averaged turbulence model becomes the only viable

option for evaluating compressor aerodynamic noise. Within this context, achieving an

accurate capture of the aerodynamic noise sources of the compressor poses a formidable

challenge.

150 - I :xp

] sim La
o —— Error
120

SPL/dB
SPL/dB
Error/dB

1400 2800 4200 1 2 3 4 5
Frequency/Hz Measurement points

(a) The SPL at point 2 at the BPF and its harmonics. (b) Simulation and experimental comparison of SPL

Figure 10. Validation of noise prediction of measurement points.

B. Steady flow characteristics

The steady flow characteristics of the simulation are initially examined to compare the

flow characteristics at the highest efficiency point and the near-stall point. Figure 11

presents the static entropy distribution of both points in order to highlight the differences

between the highest efficiency point and the near-stall point more clearly. The complete

stall point is obtained by increasing the outlet pressure from the near-stall point shown in

Figure 9, which corresponds to a further reduction in the actual valve opening. The overall

characteristics of the compressor at the complete stall point are significantly diminished,
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and the flow rate is reduced to 2.5 kg/s. The stall groups within the compressor are fully

developed at this point, originating primarily from the tip area as depicted in Figure 11 (b).

It suggests that the variations in flow structure between the highest efficiency point and

stall conditions primarily occur in the tip area, warranting further investigation in this

S Z
Ly uny

(a) The highest efficiency point. (b) The complete stall point.

Figure 11. Static entropy distributions at rotor inlet.

The static entropy distribution of the rotor in different sections along the flow

direction is presented in Figure 12. A tip leakage vortex is formed due to a 0.5 mm gap at

the highest efficiency point, indicated by the red line in the figure. The intensity and

influence range of the tip leakage vortex is small at the highest efficiency point, but they

are significantly amplified at the near-stall point. The time-averaged streamline in the tip

area is depicted in Figure 13 to investigate the development of leakage flow in the tip gap
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further. The blades are labeled as R1 to R3 from left to right for clarity. The tip leakage
vortex has a limited range, and only a few streamlines pass through the tip gap of the
adjacent blade R2 at the highest efficiency point, as shown by the red solid coil in Figure
13 (a), eventually reaching the gap of R3 (red dotted coil). The leakage flow and tip leakage
vortex mix in the channel between R1 and R2 and eventually flow in the main direction.
In contrast, the tip leakage vortex is significantly enhanced at the near-stall point,
occupying nearly half of the rotor channel. After passing through the tip gap of R1, the
leakage flow deviates from the main direction unlike most of the streamlines of the tip
leakage vortex, continuing to flow in the circumferential direction. It crosses the tip gap
of R2, as illustrated by the red solid coil in Figure 13 (b). A portion of this flow then
resumes axial flow in the main direction between R2 and R3, while the remaining portion
proceeds through the tip gap of R3 (red dotted coil).

== =
{,

Static Entropy
-2

27

[V K] (a) The highest efficiency point. (b) The near-stall point.

Figure 12. Static entropy distributions in the tip area.

The distribution of turbulence kinetic energy at 99.5% span, excluding the guide vane
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region, illustrates the influence of compressor operation in the near-stall state on the

aerodynamic noise source distribution in the tip area, which is a significant parameter for

dipole and quadrupole noise sources. The guide vane, having no circumferential bending

and span deformation, exhibits low interference intensity with the rotor wake. Therefore,

Figure 14 presents the turbulence kinetic energy distributions at the 99.5% span, excluding

the guide vane region. The turbulent kinetic energy in the area encompassing

approximately 20% to 60% of the chord on the rotor suction surface decreases (within the

black circle) as the compressor approaches stall conditions. This reduction implies a

potential decrease in the noise source in the rotor tip area at the near-stall point due to

variations in the tip area's leakage flow, as indicated in the analysis results of Figure 13.

However, this change leads to an increase in the noise source within the stator domain.

The enhanced leakage flow in the near-stall point intensifies the interaction between the

rotor and stator in the tip region, as observed within the red circle. Consequently, the

changes in leakage flow augment the turbulent flow energy in the rotor wake, thereby

strengthening the rotor and stator interactions. It ultimately results in a larger noise source

on the stator surface.
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Velocity w
30

(b) The near-stall point.

Figure 13. The flow field in tip area.

Turbulence Kinetic Energy
130

119
108

(a) The highest efficiency point. (b) The near-stall point.

Figure 14. The distributions of turbulence kinetic energy in the tip area.
C. Unsteady flow analysis

The analysis focuses on the unsteady flow characteristics in the tip area of the

compressot, considering that noise is a time-varying process, and the variation of static
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pressure is of utmost interest. Multiple static pressure monitoring points are positioned on

the shroud in the unsteady simulation, remaining fixed and not rotating with the mesh in

the rotor area, as depicted in Figure 15. These monitoring points, labeled as points 1 to 3,

are located at the leading edge, middle of the chord, and trailing edge of the rotor to

capture static pressure variations at different positions. The pressure data from the blade

rotating two revolutions is collected for analysis once the unsteady simulation reaches

convergence. Figure 16 illustrates the temporal evolution of static pressure at these

monitoring points. The static pressure at all three measurement points exhibits perfect

periodicity at the highest efficiency operating point, with each cycle corresponding to the

time taken to complete one rotor revolution. Notably, points 1 and 2 display higher

pressure amplitudes compared to point 3, indicating that the flow dynamics influenced by

the leakage flow and tip vortex (as shown in Figure 13(a)) primarily impact the front half

of the rotor.

However, these characteristics undergo significant changes under the near-stall point.

The pressure amplitude at point 3, located at the trailing edge of the rotor, increases, while

points 1 and 2 experience a slight decrease. This observation signifies the occurrence of a

complex flow phenomenon in the near-stall operating condition. The degree of

unsteadiness within the compressor intensifies as the compressor approaches the stall
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boundary, leading to a deviation from perfect periodicity in the time evolution of static

pressure.

Leading edge

Point 1

Point 2

Point 3

Trailing edge

Figure 15. The location of dynamic pressure measurement points.

The frequency characteristics are obtained by applying Fast Fourier Transformation

to the static pressures measured at points 1 to 3, as depicted in Figure 17. Distinct peaks

appear solely at the BPF and its harmonics, with negligible pressure amplitudes observed

at other frequencies at the highest efficiency point, characterized by perfect time periodicity.

Points 1 and 2 exhibit significantly higher peaks compared to point 3, consistent with the

amplitude in the time domain. The static pressure exhibits prominent peaks not only at the

BPF and its harmonics but also at frequencies of 1119 and 2250 Hz at the near-stall point,

approximately 0.8 and 1.6 times the BPE, respectively. It indicates that the compressor

operating at the near-stall point generates an additional noise source, distinct from the peak

frequency associated with the BPF and its harmonics. Similar phenomena have been
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documented in the research findings of various scholars, with some reporting additional

peak frequencies at 0.5 times the BPF (Kameier and Neise, 1997; Galindo ez af, 2015),

while others at approximately 0.7 times the BPF (Zhu and Carolus, 2018; Zhu 7 al., 2018).

Notably, the amplitude at the trailing edge is significantly greater than at the other two

locations for the additional peak frequency. Thus, there is a justifiable reason to infer the

presence of a complex flow structure in the tip region

operating conditions.
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Figure 16. The process of static pressure at measurement points.
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(a) The highest efficiency point. (b) The near-stall point.

Figure 17. Frequency characteristics of static pressure at measurement points.

Figure 18 presents the development of the tip flow field at the near-stall point,

illustrated by the negative contour of axial velocity. The time displayed in the figure is

scaled by a denominator of 40 times the time step, corresponding to the duration required

for one rotor channel rotation. The interval between adjacent contours is set at 20 times

the time step, coinciding with half a channel rotation, allowing for the examination of flow

structure evolution in the tip region on a larger time scale. Analysis of Figure 18 reveals

the presence of four primary regions characterized by backward flow, where the axial

velocity is less than 0. These regions include: () Region A: Located near the leading edge,

generated by the tip clearance vortex. (ii) Region B: Situated near the trailing edge,

attributed to radial separation flow causing reverse flow. (iif) Region C: Represents a large

low-speed area formed after the merging of regions A and B. (iv) Region D: Originates

from the development of region C and is subsequently severed by the leading edge of the
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adjacent blade. Region D progresses downstream within the blade passage and eventually

dissipates. The identified regions contribute to the overall understanding of the flow

behavior within the tip region, providing valuable insights into the complex flow dynamics

occurring at the near-stall operating point.

At the time corresponding to 0/40 T, the generation of backflow regions A and B by

the tip leakage vortex and radial separation flow occurs at the leading and trailing edge of

the rotor, respectively. Confirmation of region B's origin from the radial separation flow

is depicted by the streamlines shown in Figure 19, which are associated with region B and

emanate from the vicinity of the hub near the rotor suction surface. By 20/40 T, a tendency

of mixture arises as region A propagates towards the trailing edge, leading to the blending

of regions A and B. Subsequently, the combination of regions A and B gives rise to the

formation of a large low-speed region C within the rotor channel at 40/40 T. Region C

progresses towards the leading edge of the adjacent blade at 60/40 T, eventually engaging

in interaction with the adjacent blade. Region C divides into two reverse flow regions at

80/40 T, namely A and a merged region D (region D and region B are mixed and difficult

to distinguish at this moment). Additionally, region A manifests near the leading edge of

the adjacent blade. Regions B and D inevitably split into two distinct patts at 100/40 T, as

the location of radial separation flow generation remains unchanged, and region D
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continues to develop downstream. Concurrently, the severed region A develops backward

at the leading edge of the adjacent blade, anticipated to merge with the adjacent blade's

region B. The backflow velocity within region D gradually diminishes during the

subsequent intervals of 120/40 T and 140/40 T, dissipating continuously as the channel

evolves. Simultaneously, region A persists in backward development until eventually

merging with region B, generating a large low-speed region C within the adjacent rotor.

The multitude of reverse flow regions of varying sizes is formed in the rotor channel

as the outlet pressure of the compressor is increased, resulting in the development of a

complex flow in the rotor's tip area. These reverse flow regions ultimately contribute to

the occurrence of compressor stall. The presence of these regions not only significantly

impacts the acrodynamic performance of the compressor but also leads to the emergence

of numerous low-speed clusters that interact with the rotor blades. The existence of these

low-speed clusters has dual consequences. Firstly, it imposes an augmented load on the

blade surface, intensifying the aerodynamic noise sources of the compressort, particularly

the dipole sources. Secondly, the interaction between the low-speed clusters and the rotor

blades gives rise to new interference frequencies in the spectrum, causing changes in the

noise frequency characteristics of the compressor and introducing additional noise sources

(as evidenced by the peaks at 0.8 times and 1.6 times the BPF in Figure 17).
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Figure 20 illustrates the tip flow field at the highest efficiency point, revealing the

absence of any discernible recirculation structure in the rotor tip area. The figure

specifically displays the speed distribution of the rotor at 0/40 T and 140/40 T, as the

contours at different time instances exhibit a high degree of similarity. The flow within the

channel appears remarkably smooth and unobstructed, in stark contrast to the velocity

distribution observed at the near-stall point.

Velocity w [ms!]

Figure 18. The development process of the flow structure in the tip area in near-stall point.
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Velocity w
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Figure 19. The structure of radial separation flow at near-stall point.

Velocity w [ms']

WYY O T 5D

Figure 20. The process of flow structure in the tip area at highest efficiency point.

D. Aerodynamic noise sources and free-field acoustic responses

The direct indicators of machine noise intensity are undoubtedly the intensity of the

noise source and the radiated sound power in free-field in noise analysis. The distribution

of the noise source in the impeller area is calculated using aerodynamic noise theory in this

study, while the noise propagation in free-field is simulated using the obtained noise source.

Both calculations do not involve complex structures that can reflect or diffract noise,
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thereby providing a direct representation of the noise generated under different working

conditions. The rotor-stator interaction, acknowledged as the principal mechanism of

aerodynamic noise (Lewis ¢7 al., 2022), contributes as a surface noise source based on the

weak variational form of Lighthill's theory in Section 2.3 and the surface source schematic

diagram presented in Figure 6. Consequently, the distribution of surface noise sources at

the rotor-stator interface serves as a reflection of both the strength of the rotor-stator

interaction and a crucial basis for assessing the intensity of the aerodynamic noise source.

The primary focus lies on the source of typical single-tone noise. The intensity

distribution of the noise source for the first two orders of BPF in the rotor-stator interface

is depicted in Figure 21, with a display range spanning from 80 to 105 dB. The most

significant variation is observed in the outer circle beyond 30% of the radius, exhibiting

an approximately 6 dB difference comparing the surface noise source distribution under

the highest efficiency and near-stall working conditions. The disparity in the intensity of

the noise source is minimal in the inner ring below 30% of the radius, with an approximate

value of 2 dB. It indicates that the effect of rotor-stator interaction in the compressor is

indeed intensified at the near-stall point, resulting in an increased aerodynamic noise source

associated with typical single-tone noise. Furthermore, the impact on the noise source

distribution at the near-stall point predominantly concentrates in the outer ring at the

46 / 67


https://cn.linguee.com/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/%E7%BF%BB%E8%AD%AF/representation.html

636

637

638

639

640

641

642

643

644

645

646

647

Simulation research on aerodynamic noise characteristics of a compressor under different working conditions

higher radius, aligning with the preceding analysis of flow structures, as the complex flow

at the near-stall point originates from the rotot's tip area.

Subsequently, the analysis focuses on the distribution and disparity of aerodynamic

noise sources corresponding to the additional peak frequencies obtained in Figure 17.

Figure 22 presents the findings. A substantial discrepancy is observed in the intensity of

the noise source at the rotor-stator interface, surpassing that at the BPF and its harmonics

since the normally operating compressor where no additional peak frequencies are

generated (as depicted in Figure 17(a)). The noise source under the near-stall condition is

approximately 20 dB greater than that under the highest efficiency point at 0.8 times BPFE,

while the disparity at 1.6 times BPF exceeds 10 dB as well. Undoubtedly, these two

additional frequencies will manifest as new noise sources for the compressor during

operation at the near-stall point.
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Figure 21. The intensity of surface noise source at 1BPF and 2BPF in rotor-stator

interface.

The discrepancy in volume sources of the stator under the two operational conditions

is depicted in Figure 23. Variances between the highest efficiency point and the near-stall

point are similarly identified. Under 0.8 times BPF, heightened noise source intensity at the

highest efficiency point is exclusively distributed within the region encompassing the stator,

while near the stall point, elevated noise source intensity permeates the entire stator

calculation domain, encompassing the stator wake area. This variability undergoes a

substantial reduction at 1.6 times BPE. In general, the noise source intensity at the highest
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efficiency point remains inferior to that near the stall point, with the most pronounced

noise source situated on the stator surface. The observation suggests that the dipole noise

source, resulting from rotor-stator interaction, prominently manifests as the primary

compressor noise source, specifically distributed on the stator surface.

Finally, Figure 24 presents the sound power responses in free-field for the highest

efficiency and near-stall conditions. The radiated sound power in free-field is computed

using the FW-H equation (Williams and Hawkings, 1969), while the evaluation of the

compressor's total noise intensity relies on the radiated sound power on a spherical surface

encompassing the compressor impeller. The typical single-tone noise at the near-stall point

surpasses that at the highest efficiency point. Specifically, the discrepancy is 3.2 dB at 1BPE,

and 2.1 dB and 0.5 dB at 2BPF and 3BPE respectively. However, the difference in radiated

sound power level is comparatively significant at the two additional frequencies (0.8 and

1.6 times BPF), particularly at 0.8 BPE, reaching as high as 33.3 dB. The peak value of 0.8

and 1.6 times BPF is as high as 80 dB, second only to that of 1BPE, equivalent to the peak

values of 2BPF and 3BPE thereby constituting an important noise source for the

compressor at the near-stall point. Furthermore, the broadband noise emitted by the

compressor at the near-stall point is significantly greater than that at the highest efficiency

point. The total sound power levels in free-field for the compressor at the highest efficiency
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676  and near-stall points are 110.5 dB and 119.3 dB, respectively. The single-tone noise and

677  broadband noise originating from the near-stall point exceed those at the highest efficiency

678  point, with the single-tone noise corresponding to 0.8 times BPF exhibiting a substantial

679 increase. These findings are consistent with the conclusions drawn from the flow field

680  analysis. The two additional peak frequencies resulting from the complex flow indeed serve

681  as new noise sources for the compressor at the near-stall point, and their impact cannot be

682  overlooked, as they make a crucial contribution to the overall noise level.

Surface source
50.0

35.0

275

200
[dB]

(b) 1.6*BPF

683

684  Figure 22. The intensity of surface noise source at 0.8*BPF and 1.6*BPF in the rotor-

685 stator interface.
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687  Figure 23. The intensity of volume noise source at 0.8¥*BPF and 1.6*BPF in the stator.
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689  Figure 24. The radiated sound power in free-field.
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E. Actual duct acoustic response

The noise analysis in the actual duct utilizes the mesh depicted in Figure 6, and Figure

25 illustrates the noise spectrum obtained from numerical simulations of the five

measurement points situated in the inlet plane shown in Figure 8. The Distribution at the

inlet plane is approximate axisymmetric regarding the BPF and its harmonics. Notably,

Point 3, which faces the center of the inlet, registers the highest SPL at the BPF and its

harmonics, while Points 1 and 5, located farthest from the axis (with a 90-degree angle

between the line connecting the monitoring point and the center of the inlet plane and the

compressor axis), exhibit the lowest SPL. Concerning 0.8 and 1.6 times BPE, the radiation

lobe of noise at the inlet is biased towards the side encompassing Points 4 and 5. Points 3,

4, and 5 showcase the highest peaks at these two frequencies, whereas Points 1 and 2

display the smallest peaks. Figure 26 presents a comparison of the total SPL of the

compressor under the highest efficiency and near-stall conditions. Irrespective of the

working condition, the total SPL at the compressot's inlet plane also demonstrates an

approximate axisymmetric distribution, with the noise level at the near-stall operating point

averaging around 6 dB higher than that at the highest efficiency point. This observation

underscores that the noise experiences a relatively substantial increase under extreme
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conditions even within the actual duct.
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Figure 25. Noise spectrum of measurement points of the inlet plane.

A detailed comparison of the noise spectrum predicted at point 3 under different

operating conditions is depicted in Figure 27. It becomes evident that the acoustic response

of the compressor noise, after propagating through the actual duct, closely resembles that

of the free-field when considering the spectrum of free-field radiated sound power in

Figure 24. However, at 0.8 and 1.6 times BPF, the noise propagation at the near-stall point

experiences suppression due to a significant reduction in the disparity between the near-

stall point and the highest efficiency point at these frequencies. More specifically, the

difference at 0.8 times BPF amounts to approximately 10 dB, while the disparity decreases

to 7 dB at 1.6 times BPE. A preliminary evaluation of the sound propagation in the actual

duct is obtained using
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f =v1-M? Fm® 22)

2ra

to calculate the cut-off frequencies of the higher-order modes. In Equation (22), f,_ = is

the cut-off frequency of the m-th order circumferential and n-th order radial modes, M

is the Mach number corresponding to the axial velocity, ., is the nth zero point of the

mn
derivative of the m-th order Bessel function of the annular duct, C is the speed of sound,
and @ is the outer radius.

A mode can propagate in the duct when the frequency of interest exceeds the duct's
cut-off frequency according to the duct acoustics theory (Jacobsen and Juhl, 2013). The
focal point of this study revolves around the additional peak frequencies, specifically the
frequencies of 0.8 and 1.6 times BPE The velocity is approximately 22.1 m/s at the neat-
stall point. An analysis is conducted to determine the cut-off frequencies for various
modes at the near-stall point by employing the parameters presented in Table I, and the
results are outlined in Table IV. Regarding the frequency of 0.8 times BPE, the highest
circumferential mode order capable of propagation is 3, while no higher-order modes in
the radial direction are excited, as demonstrated in the shaded region in Table IV. On the
other hand, the maximum circumferential mode order that can propagate in a practical

annular duct reaches 7 for the frequency of 1.6 times BPE. Only a mode order of 1 can

propagate in terms of the radial direction. Consequently, a majority of the higher-order
54 / 67
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modes are attenuated, providing a partial explanation for the distinctions observed

between the free-field response and the practical duct acoustic response at 0.8 and 1.6

times BPF in a real duct configuration.

140 10
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[ Near-stall
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—a— Gap - 8
100 +
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m 80 as
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d ]
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Measurement points

Figure 26. The SPL comparison of the measuring points.

To conduct a comparative analysis of the noise distribution at the entrance of the

compressoft, the SPL distribution of the typical 0.8 times BPF and the BPF is selected for

examination, as depicted in Figure 28. The SPL distribution exhibits striking similarity

under different working conditions in the case of the BPE, with only slight variations

observed in the magnitude of the radiated sound lobe. Conversely, the radiation lobes of

the near-stall point differ entirely from those of the highest efficiency point (both in terms
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748  of the number of lobes and the orientation of the main lobe) at 0.8 times BPF, signifying

749 a substantial alteration in the radiation characteristics of the entrance.
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750

751  Figure 27. Noise spectrum comparison of measuring point 3.

752 Table IV. The cut-off frequency at the near-stall point.

Cut-off
Mode (m, n) Mode (m, n) Cut-off frequency/Hz
frequency/Hz
(1,0) 311.9 (5,0) 1483.4
(2,0) 619.3 0,1) 1602.7
(3,0) 918.2 (6,0) 1751.3
(4,0) 1206.3 (7,0) 2012.1
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A

Figure 28. SPL distribution at the entrance.

(b) BPF

IV. CONCLUSIONS

In this paper, a hybrid method combining Computational Fluid Dynamics and Finite

Element Method was employed to investigate the flow field and aerodynamic noise of a

maritime 1.5-stage axial compressor operating at both highest efficiency and near-stall

points. The focus was on discussing the differences in flow characteristics and noise
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response between these two operating conditions. Our research significantly expands the

understanding of aerodynamic noise in 1.5-stage compressors under near-stall conditions,

an area that has previously received limited numerical investigation. The numerical

approach used in this study has been previously validated through experimental analysis.

The key findings of this investigation can be summarized as follows:

A comparison of steady flow parameters at the highest efficiency and near-stall points

revealed that the primary change in flow structure occurs in the rotot's tip region. The

extent and magnitude of leakage flow and tip leakage vortex are greater at the near-stall

point, altering the distribution of turbulent kinetic energy associated with noise within the

tip area.

A significant difference was observed at the near-stall point, where two extra peak

frequencies emerged, specifically 0.8 and 1.6 times the Blade Passage Frequency. In

addition to peaks corresponding to the Blade Passage Frequency and its harmonics within

the frequency spectrum of pressure fluctuations in the tip region, a detailed examination

of flow phenomena within the tip area at the near-stall point was conducted to

comprehensively describe the flow structure associated with these additional peak

frequencies.

The analysis of the surface source presentation reveals an observed elevation in the
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intensity of the noise source at the near-stall point during the Blade Passage Frequency

and its harmonics, with the most prominent amplification of the noise source evident at

the two supplementary peak frequencies. This finding is further corroborated by the

examination of the radiated sound power spectrum in the free-field, unequivocally

demonstrating that the additional peaks have assumed a crucial role as noise sources for

the compressor at the near-stall operating point.

Finally, a comprehensive investigation was conducted to examine the acoustic response of

the compressor in the actual duct, which revealed an average increase of 6 dB in noise

levels at the near-stall point. Notably, the distribution of noise at the compressor inlet

during the Blade Passage Frequency and its harmonics exhibited an approximate

axisymmetric pattern. However, a distinct disparity was observed in the noise distribution

between the highest efficiency and near-stall points at the additional peak frequencies.

Specifically, the presence of single-tone noise with extra peak frequencies appeared to be

attenuated within the duct, possibly due to the limited number of propagable acoustic

modes in the annular duct.
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