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Abstract

Developments in computing infrastructure and methods over the last decade have enhanced the potential of numerical
methods to reasonably predict the aerodynamic noise. The generation and propagation of the flow induced noise are
aerodynamic phenomena. Although the fluid flow dynamics and the resultant acoustics are both governed by mass
and momentum conservation equations, former is of convective and/or diffusive nature while the latter is propagative
showing insignificant attenuation due to viscosity except for small viscothermal losses. Aeroacoustic modelling of
systems with intricate geometries and complex flow is still not mature due to challenges in the accurate tractable
representation of turbulent viscous flows. Therefore, state-of-the-art for computing flow-induced noise in small cen-
trifugal compressors is reviewed and critical evaluation of various parameters in the numerical model is undertaken
in this work. The impact of various turbulence formulations along with corresponding spatial and temporal resolu-
tions on performance and acoustic predictions are quantified. The performance predictions are observed to be within
1.5% of the measured values irrespective of turbulence and timestep parameters. The noise generated by the impeller
is observed to be reasonably correlated with the measurements and the absolute values of the sound pressure levels
along with decay rates predicted by LES and SBES formulations are better than the similar predictions from DES
and URANS formulations. The impact of timestep size is observed and is determinant of the frequency up to which
spectra can be appropriately resolved. Furthermore, results emphasise the importance of high spatial resolution for
scale resolving turbulence formulations to yield better results and the information can be used to select appropriate
numerical configuration considering time and accuracy trade-offs.
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1. Introduction

With the increase of applications like unmanned aerial vehicles (UAVs), auxiliary power units (APUs), turbocharg-

ers and micro gas turbines using small high-speed centrifugal compressors, the noise emission of these compressors
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Nomenclature

a speed of sound (ms™!)

f frequency (Hz)

[ Nyquist cut-off frequency (Hz)

/i mass flow rate (kgs™')

t time (s)

T temperature (K)

Toupo total temperature at the outlet boundary (K)
W compressor absorbed work (kgm?s~3)

¢ relative error (%)

v ratio of specific heats (—)

¢ generic variable

Pouto total pressure at the outlet boundary (Pa)

11, total-to-total pressure ratio (-)

ns isentropic efficiency (-)

y* dimensionless wall distance (-)
BPF blade passing frequency (Hz)
DES detached eddy simulation

LES large eddy simulation

PS ported shroud

PSD pressure spectral density (dB)
RANS Reynolds-averaged Navier-Stokes
RBM rigid body motion

RO rotating order

SBES stress-blended eddy simulation
SST shear-stress transport

WALE wall adopted local eddy viscosity

have become a critical aspect of product design [1]. While experimental methods can be used to characterise the acous-
tic behaviour of a compressor system, identification of the flow mechanisms required to understand noise generation
in such complex turbomachinery systems is currently not within reach of contemporary measurement methodologies.
The accurate prediction of the flow-induced noise and corresponding aerodynamic mechanisms are inherently de-
pendent on the capability of the numerical model to accurately replicate the flow dynamics of the system. Since the
direct approach of modelling flow-induced noise in small high-speed compressors is still not mature, a comprehensive
evaluation of various crucial parameters in the numerical set-up of a ported shroud (PS) centrifugal compressor are
undertaken in this work.

The potential of numerically computing flow-induced noise in turbomachines, specifically for the small high-
speed compressor was established by the works of Mendonga et al. [2] and Karim et al. [3]. Mendonga et al. [2]
computed in-duct noise using a (Delayed)Detached Eddy Simulation (DES) approach for modelling turbulence with
a timestep corresponding to 1° impeller rotation per iteration. Karim et al. [3] used a Large Eddy Simulation (LES)
formulation for turbulence in their work. While measured spectra were not presented by Mendonga et al. [2], Karim et
al. [3] demonstrated the agreement of predicted noise reduction with measured values without exactly comparing the
predicted and measured value. The numerical configuration employed by Mendonga et al. [2] further stimulated the
numerical studies of Broatch et al. [4, 5] and Galindo et al. [6], in which a reasonable correlation between numerical

and measured acoustic spectra is demonstrated. Fontenasi et al. [7] also used DES to investigate a specific noise



seen in the experimental measurements. Although the comparison of estimated spectra with measured spectra was not
presented, specific features observed in the measurements were replicated by the numerical model.

Sundstrom and Mihdescu [8, 9, 10] computed the acoustic characteristics of a turbocharger compressor using LES
and explored various flow instabilities along with their corresponding mechanisms. The flow characteristics predicted
by the numerical model were validated using the PIV flow measurements at a plane upstream to the impeller and a
reasonable correlation between numerical and measured acoustic spectra [9] was observed. Reduced order modelling
of flow variables using Dynamic Mode Decomposition (DMD) [11, 5] and Proper Orthogonal Decomposition (POD)
[12, 13] are being actively used to investigate the flow mechanisms. Semlitsch and Mihdescu [11] and Sundstrom et
al. [9] analysed the flow instabilities associated with the compressor operating at lower mass flow rates while Sharma
etal. [12, 13] explored links between high-energy flow and acoustic features using mode decomposition.

Fardafshar and Koutsovasilis [14] explored the impact of the ported shroud by modelling the near-field spectra
of the compressors using the SST-SAS [15] turbulence model while Mohring’s acoustic analogy [16] was used to
model far-field noise propagation. The impact of the ported shroud was reasonably captured by the numerical model
although the comparison between predicted and measured spectra was not good, possibly due to the inability of the
formulation to resolve turbulent features. Various numerical parameters adopted in the aforementioned studies are
presented in Tab. 1.

Other than the aforementioned works, the investigations of Després et al. [17], Guo et al. [18], Tomita et al. [19],
Semlitsch et al. [20], JyothishKumar et al. [21], Ma et al. [22], Yang et al. [23], He et al. [24] and Shahin et al. [25]
modelled the compressor using three-dimensional CFD to gain insight into the flow dynamics, specifically at stall
and/or surge. Although these works are not focused on the flow-induced noise, the numerical configurations can be
used to model aerodynamic noise sources.

In this paper a baseline numerical configuration is presented on the basis of the literature. The ability of this
baseline configuration to yield meaningful aerodynamic and acoustic predictions is assessed by comparing numerical
results with the corresponding experimental measurements. The critical decisions on the numerical set-up of the com-
pressor which includes turbulence formulation, temporal and spatial resolution are then evaluated from the standpoint

of predicting flow-induced noise with reasonable computational efficiency.

2. Experimental measurements

The measurements presented in this work were carried out in a flow bench facility hosted in CMT-Motores
Térmicos [26] and details of the flow bench can be found in the thesis of Garcia-Tiscar [27]. The turbocharger
under investigation was installed on the flow bench and the ducts 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. Two
piezoelectric sensor arrays consisting of three piezoelectric sensors each were positioned, one each at the inlet and

outlet duct measurement section. The average pressure and temperature values were measured at the compressor
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Figure 1: Schematic of the test rig used to determine the acoustic characteristics of the compressor (dimensions in mm). The location of various
pressure and temperature sensors on the rig is marked. Impeller and diffuser sensor instrumented on the compressor are shown in the detailed view.

The bottom figure highlights the difference in the location of experimental (wall flushed) and numerical (mid flow) probes.

inlet and outlet sections while the air mass flow rate was only measured at the compressor inlet. A schematic of the
compressor measurement layout showing various sensors and their positions are shown in the Fig. 1.
The performance of the compressor was characterised by computing total-to-total pressure ratio /7,_, and isentropic

efficiency 7, obtained by measuring the thermodynamic variables of the operational state.
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In addition to the sensors positioned in inlet and outlet ducts, the compressor was instrumented to quantify the
noise generated by the impeller using two miniaturised pressure probes positioned in the inducer and diffuser of
the compressor as seen in Fig. 1. Dynamic pressure fluctuations obtained from the piezoelectric sensor arrays and
miniaturised pressure probes were recorded for 1s with a sampling frequency of 200kHz. The acoustic spectra
presented in terms of Power Spectral Density (PSD) are obtained using Welch’s overlapped segmented averaging [28]
of the measured pressure data with the number of blocks selected to achieve a frequency resolution of approximately
50 Hz. Further details on the experimental campaign are presented in Sharma et al. [29].

It is worth pointing out while the probes used in experiments were wall flushed, the pressure in numerical model
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Figure 2: Compressor map marking the design and near surge conditions on which the impact of various numerical parameters are investigated.

was monitored away from the wall. The constraint of mid-flow probes in the numerical model was based on the
necessity of particularly high spatial resolution to accurately model the wall-bounded flows at high Reynolds number.
The boundary layer effects captured in the experimental measurements were ignored in the numerical model. In
addition to that, the pressure data for various numerical configurations was recorded for 0.1s (= 165 revolutions)

which includes 0.02 s of initial transient data.

3. Baseline numerical configuration

A preliminary numerical configuration was realised on the basis of work presented by Mendonga et al. [2] and
Broatch et al. [4]. The various set-up parameters like grid density, timestep size, turbulence formulation and boundary
conditions were carefully selected with an intent to achieve high computational efficiency, i.e. to obtain reasonable

accuracy with available computational resources.

3.1. Baseline model
A numerical model of the compressor was built using the packages provided in ANSYS [30, 31] workbench.
The digital geometry of the compressor provided by the industrial partner was cleaned up to extract the internal fluid

volume. The impeller featured seven main and seven splitter blades that were designed as forward swept disseminating
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Figure 3: Computational domain along with the location of various virtual pressure probes. The duct probes are placed along the central axis.

the flow into a vaneless diffuser. The tip clearance and the impeller backside cavity were included in the model. The
complete length of inlet and outlet ducts used in the measurement rig (see Fig. 1) were not included in the model
because of computational intractability, although parts of these ducts equivalent to 4 cross-sectional diameters long
were modelled. The intent of including these duct sections was to decrease the impact of the boundary conditions on
the mean flow as well as to capture the flow instability that might propagate upstream of the impeller. The modelled
domain for the compressor is shown in Fig. 3.

The computational domain was spatially discretised by an unstructured polyhedral control volume created from
the tetrahedral cells generated in the ICEM CFD [30] by the vertex centred numerical approach in ANSYS CFX
[31]. A domain size of approximately 10 million cells with approximately 5.5 million cells in the rotating region
was adopted, taking as a reference the configuration used by Broatch et al. [4]. A polyhedral control volume is less
diffusive and offers significant accuracy gains compared to an equivalent size unstructured grid of other cell types
(i.e. tetrahedral) [32]. Although a structured grid would cause lower numerical diffusion and commensurately higher
accuracy at the cost of significantly higher user effort, it can also lead to cells with unavoidably large aspect ratios
or heavy skewness in regions of geometric complexity, resulting in unacceptable discretisation error. Furthermore, a
polyhedral grid is expected to offer similar accuracy over the equivalent hexahedral grid in the cases where secondary
flows are relevant [33], and therefore, off-design operating conditions can be accurately modelled using a polyhedral
grid. The model along with a section view of the impeller grid is shown in Fig. 4. The flow near the wall was resolved
using 12 prism or inflation layers, and the height of the first cell was chosen to be 0.0005 mm as to obtain y* values
closer to unity for the impeller.

In spite of the prominence of scale resolving methods as the preferred choice for modelling turbulence, the statis-
tical Reynolds averaging approach (URANS) was selected for the baseline configuration. The limitations of Reynolds
averaged approach in predicting broadband aeroacoustic sources for general unsteady flow are well established, but
the limitations of the model specifically for predicting flow-induced noise in compressors are not widely documented.
Furthermore, the computational efficiency of the URANS methods makes broader grid sensitivity studies tractable.
The introduced Reynolds stresses are modelled using a two-equation Shear Stress Transport (k¢ — w SST) closure
model for its ability to yield an accurate solution of detaching and swirling flows [34]. The turbulence was assumed
to be isotropic with the curvature correction. The air used as working fluid in the compressor was assumed to be

a perfect gas with the ideal gas law calculating the local density variation and Sutherland’s law approximating the
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Figure 4: View of the baseline computational grid, highlighting a slice of the fluid mesh and the rotor surface mesh. A detail view shows the

clearance between the blades and the shroud along with the boundary layer inflation.

dynamic viscosity.

The convective terms were discretised using a blend of second order accurate central difference scheme and first-
order upwind scheme to maintain the boundedness of the solution. The impeller motion was modelled using the rigid
body sliding mesh approach. The time step for advancement was chosen in such a way that the impeller mesh turns
by 4° per timestep. Transient terms were discretised using an implicit, second-order accurate scheme implemented
in ANSYS CFX [31] as the second order backward Euler scheme. It is worth noting that the transient scheme for
the turbulence equations was still first order, and a bounded second order scheme was used for the volume fraction
equations. A steady boundary condition, as a combination of the total pressure at the inlet and mass flow rate at the
outlet, was used. The values of mass flow rate and pressure used as boundary conditions in the numerical model
were determined from the experimental campaign. The boundary conditions for the modelled design and near surge
operating points marked in Fig. 2 are presented in Tab. 2. The numerical set-up used 1% turbulent intensity and a
turbulent viscosity ratio of 10 at the inlet section. The effect of heat transfer and surface roughness was neglected by
modelling wall as smooth with adiabatic and no-slip boundary conditions. Five inner coefficient loops were used for

each iteration to achieve the convergence of residuals up to four orders (1074).



3.2. Assessment of the baseline numerical configuration

The ability of the baseline numerical configuration to yield meaningful aerodynamic and acoustic predictions was

assessed by comparing numerical results with the corresponding experimental measurements.

3.2.1. Performance parameters
The relative differences in the pressure ratio /7,_, and isentropic efficiency n, (Eq. 1) values from experimental
and numerical campaigns are presented in Tab. 3. The differences are presented in terms of relative deviation & value,

which for a generic variable ¢, can be defined as

|¢num - ¢exp|

exp

&(%) = 100 )

The numerical performance parameters are slightly under-predicted, which seems counter-intuitive as the walls
are modelled smooth and adiabatic. Literature [35] shows that modelling the impeller backside cavity results in the
lower values of the performance variables computed in the numerical model. Nevertheless, the computed results are

in close agreement as the deviation from the measured values is within the range of +1.5%.

3.2.2. Pressure spectra
The measured pressure spectra of the inducer and diffuser positions were directly compared with the numerical
spectra of the corresponding virtual probes. The pressure spectra of the near surge and design conditions are evaluated

in the following subsections.

Pressure spectra of the near surge condition. The experimental pressure signals were measured for 1 s while numer-
ical data was computed only up till 0.1 s of which 0.02s is treated as initial transient. Therefore, the experimental
pressure data was resampled and interpolated in accordance with the numerical data for computing PSD. The spectra
computed from the original experimental pressure up till 1 s and the resampled pressure trace of 0.08 s are similar as
demonstrated in Fig. 5.

In Fig. 6, the near surge pressure spectra for the inducer and diffuser probes obtained from baseline numerical
configuration are compared with the experimental results. The overall amplitudes and the decay of the spectra are not
well predicted by the baseline numerical model. This is expected as the complete turbulent spectrum is modelled in
the URANS approach unlike LES, wherein, energy-containing range and inertial subrange is resolved. In addition
to that, the broadband elevation in the inducer spectrum which is expected to be caused by the flow recirculating in
the PS cavity [13, 29] is also not captured by the baseline numerical model. Overall trend and dominant features like

blade pass frequency (BPF) are reasonably reproduced in the numerical spectra of both positions.

Pressure spectra of the design condition. The numerical and experimental spectra of inducer and diffuser probes for
the design condition are compared in Fig. 7. Similar to the near surge spectra, overall amplitudes are not well captured
by the numerical model. Tonal features, including the ‘mid-tones’ that are seen in between the two rotating order (RO)
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Figure 5: Numerical and interpolated values of the experimentally measured pressure for inducer probe (top). The comparison of the inducer

pressure spectra obtained from measured pressure data for 1s and resampled data up till 0.08 s (bottom).

tones, are heavily accentuated in the numerical spectra as compared to the measured spectra. Furthermore, broadband
elevation in the diffuser spectra, which is expected to be caused by the interaction of diffuser outlet flow with the volute
tongue [12, 29], is also not observed in the corresponding numerical spectra. Overall trend and dominant features like
BPF and RO tones are reasonably captured in the numerical spectra of inducer and diffuser probes.

To summarise, the overall trends and dominant features for inducer and diffuser probes can be reasonably repli-
cated by the baseline numerical model, but significant deviations are seen in terms of overall levels. Broadband
elevation in the inducer and diffuser spectra of respective near surge and design operation is not captured by the

numerical model.
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Figure 6: Comparison of the inducer (top) and diffuser (bottom) PSD predicted by the baseline numerical model with the experimentally measured

values for near surge operation. The broadband feature (highlighted) in the spectrum of the inducer probe is not captured by the numerical model.

4. Numerical modelling parameters

In an effort to improve the credibility of acoustic predictions, various parameters and decisions on the numerical

configuration are scrutinized in this section.

4.1. Wheel rotation approach

The primary approaches to modelling impeller motion includes Multiple Reference Frame (MRF) and Rigid Body
Motion (RBM). The impeller does not actually rotate in the former approach and instead a coordinate system is used
that rotates with the constant speed of wheel rotation. In the latter approach, the impeller region is actually rotated at
each time step and hence, the relative position of the grids on each side of the interface is updated at each time step.
With the increased accessibility of computational resources, the RBM approach is being increasingly used, and has
demonstrated an improvement in the agreement between numerical and experimental data [36], especially at higher
operating speeds. In addition to the RBM method, complete dynamic mesh modelling [37] can also be used to model
compressor flows where the shape of the rotor domain is changing with time due to motion on the impeller walls. This

model can be used to deform the boundaries in the proximity of the rotating domain but is computationally prohibitive.
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Figure 7: Comparison of the inducer (top) and diffuser (bottom) PSD predicted by the baseline numerical model with the experimentally measured

values for design operation. The broadband feature (highlighted) in the spectrum of the diffuser probe is not captured by the numerical model.

The focus of this work was on understanding the acoustic features and corresponding flow mechanism in the
compressor. The impact of the unsteady flow phenomenon as the sources of noise could not be neglected in this work;
thereby necessitating the use of transient simulations. Although transient simulation limited to statistical turbulence
models can be performed with the MRF approach, this would limit the numerical model in predicting features like

BPF and RO tones. Therefore, transient simulations with RBM was the preferred configuration for this work.

4.2. Boundary conditions

The discussion is limited to the inlet and the outlet boundary conditions as the impact of heat transfer to the
surrounding and surface roughness can be neglected [38] for the current problem by modelling walls using adiabatic,
smooth and no-slip conditions. The boundary conditions used for modelling the compressor are primarily steady in
nature. The usual sets of boundary conditions prescribed to model the centrifugal compressor as seen in the literature
(see Tab. 1) include: total pressure and temperature imposed on the inlet boundary and static pressure imposed on
the outlet boundary; mass flow rate on the inlet and static pressure at the outlet; total pressure and temperature on the
inlet and mass flow rate at the outlet. The combination of total pressure at the inlet and static pressure at the outlet is

sensitive to initial estimate [31]. Hence, the total pressure and temperature are imposed at the inlet boundary, and the
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mass flow rate is prescribed at the outlet boundary. The third of these sets of boundary conditions is identified in the

ANSYS CFX modelling guide [31] as being robust and was used in this case.

4.3. Grid or spatial resolution

The grid of any computational model should accurately reproduce the geometry to yield credible numerical pre-
dictions. The key decisions involved in the spatial discretisation of the compressor model include determination of
the type of the cells for the mesh, the number of cells and extension of the inlet and outlet ducts for maximum com-
putational efficiency. In this section, the computational domain of the compressor is assessed to yield flow solutions
independent of the mesh. This study was performed on the baseline numerical model. The global performance vari-
ables of isentropic efficiency 7, and pressure ratio /7,_, (Eq. 1) were used to assess the dependence. The investigation
was performed in two parts: firstly, the ability of the model to resolve the wall/boundary layer flow was evaluated
for the design condition; and secondly, the minimum number of cells required in the mesh to obtain an independent

solution for both design and near surge condition.

4.3.1. Near-wall mesh resolution

The flow near the wall is primarily defined by two parameters viz. the distance of the first cell’s centroid from
the wall and the thickness of the boundary layer. The near-wall region of a no-slip wall presents large gradients in
the dependent variables. Also, the viscous effects on scalar transport processes like momentum transport, is large
in these regions [39]. Therefore, it is necessary to accurately model the flow in the near-wall region to yield better
numerical predictions of wall-bounded turbulent flows. The flow in the near-wall region is commonly modelled using
two approaches, namely the wall function method and the low Reynolds (Low-R,) number method. The distance of
the first node from the wall is central to the application of both near-wall treatment approaches. A dimensionless wall
distance parameter y* [39] is used to distinguish the different zones of the flow near the wall.

As mentioned before, the distance of the first cell from the wall (y) was selected as 0.0005 mm. In this section,
two additional values are investigated: (0.001 mm) and 0.0001 mm yielding y* < 4.5 and y* < 0.6 respectively. The
maximum value of y* in all the cases was less than 30 implying that wall functions were not used to model the flow
in the near-wall region. The viscous sublayer could be resolved by all the models as (y* < 5). The near-wall mesh of
baseline numerical configuration offers computationally and numerically optimal resolution to resolve the boundary
layer as the maximum y* was observed to be 1.6 while in the other two cases, maximum values of y* were seen to be
0.6 and 4.5. Therefore, the baseline value of y = 0.0005 mm was kept as the distance of the first cell from the wall for
further work.

The total thickness of the boundary layer was evaluated to ensure that it did not influence the flow solution. Prism
elements, which achieve better resolution of the solution normal to the surface, were used to model the shear layer
physics. The post inflation process was used to create the prism elements between the boundary shell mesh and

adjacent tetrahedral elements. 12 prism layers, growing exponentially with a height ratio of 1.3 were used to model
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the boundary layer flow in the baseline configuration. Two specific height ratios of 1.2 and 1.3 ranging from 10
prism layers to 22 prism layers and 8 prism layers to 17 prism layers respectively were also explored. The global
performance results of the compressor for each modelling strategy are shown in Fig. 8.

The global performance variables are seen to behave in an underdamped fashion, although the amplitude of over-
shoots for any performance variable is observed to be small. The baseline configuration with a height ratio of 1.3 and
12 prism layers is observed to be the computationally and numerically optimal combination for modelling boundary
layer and therefore, was used in rest of this work.

Growth ratio = 1.2 Growth ratio = 1.3

Time [ hour/6 impeller rotation]
Time [ hour/6 impeller rotation]

10 12 14 16 18 20 22 8 10 12 14 16 17
Prism layers [-] Prism layers [-]

Prism layers [-] Prism layers [-]

Figure 8: Global performance variables for different boundary layer parameters viz. height ratio and number of prism layers. Baseline values

(marked) are proven to be optimal.

4.3.2. Mesh resolution for free stream flow

The sensitivity of the compressor performance variables to the free stream grid resolution was investigated by
increasing the mesh density until the variation in the flow solution reached a sufficiently small value that it becomes
computationally inefficient. The deviation parameter (g; ;1) was used to quantify the difference between the values of
a variable in two successive cases.

11 (%) = ¢'¢+¢ 100 3)

1

The results of the simulations in terms of compressor performance variables are presented in Fig. 9. The pressure
ratio and isentropic efficiency for both design and near surge conditions change significantly until approximately 10
million cells, and only small fluctuations are observed for denser meshes.

The deviation (g;+1) between the three densest meshes is less than 2% for both performance parameters at both
operating conditions. Therefore, the baseline grid with 10 million cells is the computationally appropriate mesh size
to model the compressor performance with reasonable accuracy.

13



Design point Near surge point

4 8 12 16 20 24 4 8 12 16 20 24
Number of elements [million] Number of elements [million]

4 8 12 16 20 24 4 8 12 16 20 24
Number of elements [million] Number of elements [million]

Figure 9: The sensitivity of pressure ratio and isentropic efficiency to the density of free stream grid. The grid with 10 million cells is seen as the

optimal configuration.

4.4. Turbulence formulations

It is necessary to point out the limitation of the grid independence study described in the previous section in
terms of the interpolation of the results derived on URANS onto the grids for scale resolving turbulence models.
The grid requirements for the scale resolving methods are significantly higher than the URANS model, and it is not
ideal to use the same grid. Similar mesh independence studies for scale resolving models, specifically LES were not
computationally tractable. Therefore, the impact of grid density on performance and acoustic predictions for scale
resolving turbulence model was briefly evaluated by using the finest mesh (23 million cells) as a standalone case.

Direct Numerical Simulation (DNS) resolves all the turbulent scales of interest but even with the state-of-the-
art computational resources, one can only handle DNS on very simple geometries at a relatively modest Reynolds
number. Alternative approaches involve modelling the effects of turbulence by using an appropriate formulation
without resolving all the scales of the turbulent fluctuations. Primary approaches to formulate turbulence are either
statistical or scale resolving methods. While all the scales of the turbulence field are modelled in a statistical approach,
scale resolving methods aim to resolve entirely or a portion of the turbulent spectrum. Large Eddy Simulation (LES)
and Hybrid RANS-LES models like DES are typical scale resolving turbulence models. The recent developments in
hybrid RANS-LES models include Delayed DES [40] and Stress Blended Eddy Simulation (SBES) [41].

Statistical formulation based on the Reynolds averaging of the Navier-Stokes equation (U)RANS was explored
with k — w SST [34] as the closure model. Scale resolving LES was also explored which is based on the rationale of
filtering the time-dependent Navier-Stokes equation to a particular scale in the physical space. The turbulent eddies

or vortices smaller than the filter scale (sub-grid scale) are modelled by appropriate means while the larger eddies
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in the flow are resolved. The use of LES to model near-wall turbulence is particularly tricky and for the flows with
high Reynolds number, the computational difficulty in resolving near wall regions is further increased due to the
decrease in the size of the viscous sublayer relative to the boundary layer. As most turbomachinery problems are
wall-bounded flows at high Reynolds number, the LES approach would necessitate high spatial resolution. The larger
scales resolved in LES aid in capturing the broadband noise sources and therefore LES is often used in computational
aeroacoustics [42]. In this work, the Wall-Adopted Local Eddy-viscosity (WALE)[43] formulation was used with an
intent to resolve the flow till the viscous sublayer assuming the wall resolution is sufficient. The WALE-LES uses an
algebraic local eddy viscosity based subgrid model to dissipate eddies in viscous sublayer and near wall regions. This
model improves upon the problem of the non-zero eddy viscosity in the laminar shear flow region observed in the
Smagorinsky model [43].

The last formulation explored in this work is the combination of the above two as Hybrid RANS-LES method. In
this approach, LES is employed in free shear flows and massively separated regions where turbulent structures are of a
dimensionally comparable order as the geometrical structures generating them while URANS is used for the attached
region and mildly separated boundary layers. The Hybrid RANS-LES models considered in this work are SBES [41]
and the extended DES model based on the SST formulation proposed by Menter and Kuntz [40].

_ Vk
= S

Ly es = CpgsA

L,

L, < Liygs = L, < CpgsA — RANS )
L >L;1gs =L, > CpgsA — LES
A = max(Ay, Ay, A;)

Conventional DES models introduced by Spalart, Strelets and team [44] used a criterion based on the local grid
size to switch between RANS and LES. The turbulent length scale (L) predicted by the RANS model is compared with
the equivalent length scale of the LES model (L,, LES) based on the local grid spacing A. The DES limiter is activated
when the maximum edge length of the local computational cell is less than the turbulent length scale, implying that
the turbulence length scale is larger than the local LES scale in those regions and the model switches from RANS
to LES mode. The actual formulation of the conventional DES based on the two-equation model [44] implies the
need for temporal and spatial resolution requirements as of the LES when grid spacing is used as the defining length
scale, as all the relevant turbulence information needs to be resolved once the DES limiter is activated. Therefore,
the conventional DES formulations are highly grid dependent and suffer from the issues of log-layer mismatch and
grid-induced separation.

The conventional formulation of DES is extended to Delayed DES in order to ‘shield’ the boundary layer from
the DES limiter. The reformulation of the dissipation term in the turbulent kinetic energy (k-equation) for the two-
equation model is compared with the one of the DES model in Eq. 5. The function Fppgs is designed to yield the
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value of 1 (Fppgs = 1) in the boundary layer region and the value of O (Fppgs = 0) for the region away from the
wall [40]. The DES-SST formulation that includes the shielding properties of DDES by formulating the blending
functions of the SST model as the zonal DES limiter [40, 45] was employed. SBES is also an improvement over
conventional Detached Eddy Simulation (DES), specifically in the shielding of the boundary layer and transition
issues in separating shear layers [41]. The shielding function f; provides improved asymptotic shielding of the RANS

boundary layer against LES modification and produces significantly lower values of eddy viscosity in separating shear

layers.
B2 B2
EDES = P =p
min (L, Cpgs, A) L, min (1 ,CpEs A/L,)
2 ( L, )
=p— max|1, &)
"L Corsh

o1 L
EDDES = pT, max [1, Comsh (1 = Fppes)
To summarise, URANS, DES, SBES and LES formulations were explored for their capability to model flow-

induced noise in the compressor.

4.5. Temporal resolution

Definition of the appropriate timestep size or temporal resolution is vital for any unsteady transient simula-
tion, and is of particular important to predict the flow-induced noise. The adequate value of the timestep is dic-
tated by several numerical and empirical conditions. The numerical criterion include the Nyquist condition and the
Courant—Friedrichs-Lewy (CFL) condition. The former outlines the highest frequency (fy) that can be resolved by a
certain timestep size (Af) while the latter provides the information on the flow of fluid across cells for each timestep.
For the 20 kHz — 25 kHz range, the respective timestep size computed by Eq. 6 for the Nyquist condition should be in
the range of 2.5 x 107 s — 2x 1075 .

1
fN—m

The implication of the CFL condition is summed in terms of a dimensionless number commonly referred to as

(6)

Courant number (C)

C= At 7
B an

where a is velocity magnitude and Ax is the distance between the adjacent mesh cells. For the explicit linear schemes,
the value of Courant number should be equal or less than 1 to maintain numerical stability. The physical interpretation
of this constraint is that the propagation of the flow information should be limited to the immediate neighbour of a
cell. The unsteady term throughout this work was discretised using a second-order implicit temporal scheme for better
accuracy. Although an implicit temporal scheme is not constrained by Courant number for numerical stability, Spalart
[46] recommends a Courant number as 1 in LES for maintaining temporal accuracy.

16



The empirical suggestions in literature for selecting the appropriate timestep size for turbomachinery applications
often follow a Strouhal number like approach in which the timestep size is usually expressed in degrees of impeller
rotation per timestep (°/TS) or a number of timesteps per blade passing (TS/BP). The recommendation of Mendonga
[2, 47] is to use 10 timesteps per acoustical wavelength leading to 5 x 10~® s while ANSYS CFX [31] recommends
at least 20 timesteps per blade passing. As seen from Tab. 1, the range of 5° to 1° impeller rotation per timestep
is pervasive in literature. Exceptions to the aforementioned range are seen in the works of Després et al. [17] and
Hellstrom et al. [48] with the significantly lower values of the timestep size corresponding to 0.01° and 0.19° impeller
rotation per timestep respectively. The use of such prohibitively small timestep sizes could be due to numerical
stability issues associated with explicit temporal schemes. It is worth emphasising that the optimal size of timestep is
critical as the computational overhead is doubled every time the timestep size is divided by two.

By considering the above-mentioned criteria, timestep sizes corresponding to 4°, 2° and 1° were explored for
the various turbulence formulations. It is worth mentioning that the coarsest timestep size 4°/TS corresponds to

~ 6.7x107° s for the investigated operating speed and which in turn corresponds to a frequency resolution of ~74 kHz.

5. Evaluation for near surge conditions

The impact of the turbulence formulation and the corresponding timestep size on performance and acoustic pre-

dictions for near surge operation are discussed here.

5.1. Impact on performance predictions

Table 4 presents the compressor performance parameters (Eq. 1) viz. Pressure ratio I7,_, and isentropic efficiency
7 along with the relative deviation from experimental values (Eq. 2) obtained from various turbulence formulations
and timestep sizes explored to model near surge operation. The performance parameters are predicted within 1.2% of
the experimental values irrespective of the turbulence formulation and timestep size. Furthermore, the time-averaged
velocity distribution values in the blade passages predicted by various numerical configurations (see Fig. 10) are also
similar. If the objective of the model was to predict the performance, the baseline configuration (URANS — 4°) would
have been the computationally optimal choice. However, this work revolves around flow-induced noise, therefore, the
impact of the turbulence formulation and timestep size on the acoustic predictions needs to be considered for finalising

the optimal numerical configuration.

5.2. Impact on acoustic predictions

The impact of turbulence formulations and corresponding timestep size on the generation of noise are quantified
with the help of inducer and diffuser probes. In the spectra of inducer and diffuser probes (see Fig. 11), the impact of
timestep size seems rather small irrespective of the turbulence formulation. In addition to that, the broadband elevation
centred around 19 kHz observed in the measured inducer spectrum is not captured by any numerical configuration
explored in this work. Overall trends of both inducer and diffuser spectra are reasonably captured regardless of
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Figure 10: Average velocity distribution for the near surge point predicted by various numerical configurations at the mid impeller span.

the turbulence model. Tonal features are accentuated in the numerical spectra while overall levels are predicted
significantly lower than corresponding experimental results. The correlation among overall levels is significantly
improved by increasing the spatial resolution as observed from the results of the models with higher grid density.

The spectra predicted by URANS and DES formulations are similar although significant improvements in terms
of amplitudes and the decay rates are observed for SBES and LES. This can be understood from the contours of the
blending and shielding functions presented in Fig. 12, showing that the RANS model (blending function = 1) is used
over a larger region for DES while LES region (shielding function = 0) is higher in the SBES model. Even though
the same grid is employed for both URANS and DES formulations in this work, the use of the denser grid for the
DES formulation is expected to improve the predictions. The LES formulation with respective temporal and spatial
resolution corresponding to 2° impeller rotation per timestep and 23 million cells is seen to yield the best agreement
with the measured results. This being said the baseline URANS formulation with 10 million cells and 4° timestep can
reasonably capture the noise generated in the impeller operating near surge and thereby, makes a sensible choice for
industrial work focused around the impact of a particular design change.

Preliminary analysis of duct spectra indicates that above a specific frequency, the spectra abruptly decay and this
frequency is inversely proportional to the size of the timestep. Therefore this cut-off frequency, up to which spectra
can be appropriately predicted, increases with a decrease in the timestep. The spectra predicted by a timestep corre-
sponding to 4° deviate from the respective 2° and 1° spectra at approximately 9 kHz leading to poor representation
of the BPF tone in the spectra of any numerical configuration with 4° timestep. The deviations among the spectra
corresponding to 2° and 1° models are observed beyond 20 kHz. It is worth pointing out that these findings on the

size of timesteps are specific to the spatial resolution and may not be directly interpolated to other grids as the Courant
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Figure 11: Inducer (left) and diffuser (right) spectra computed from various turbulence models are compared with the experimentally measured

values for near surge operation.

number would change. The average Courant number in the majority of the rotor region for timesteps corresponding
1° and 2° is below unity (see Fig. 13), whilst a higher value of approximately two is observed in the 4° timestep case.
Interestingly, for the same timestep size corresponding to 2°, a relatively higher Courant number can be observed for

the grid with the higher cell count due to the smaller element size.
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Figure 12: Blending and shielding function for the DES and SBES model respectively for the compressor operating near surge are plotted at

mid-blade span. Regions with the function value as 1 are modelled using RANS while the regions with 0 indicate the use of LES model.
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Figure 13: Contours of average Courant number in the mid-span of the impeller for different sizes of the timestep. For the same timestep size (At

= 2°), an increase in spatial resolution demonstrates an increase in Courant number.
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Figure 14: Average velocity distribution for the design operation predicted by various numerical configurations at the mid impeller span.

6. Evaluation for design conditions

Similarly, the sensitivity of performance and acoustic predictions to the turbulence formulation and timestep size

for design operation are quantified in upcoming subsections.

20



6.1. Impact on performance predictions

Compressor performance parameters and their relative deviation from experimental values for design operation
are presented in Tab. 5. The performance predictions are within 1.5% of the experimental values regardless of the
turbulence formulation and timestep size. In addition to that, the velocity distributions in the impeller predicted by
various models are also consistent as observed in Fig. 14. Therefore, the baseline configuration (URANS-4°) would
be the computationally optimal choice for predicting the performance characteristics of the compressor operating at

design conditions too.
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Figure 15: Inducer (left) and diffuser (right) spectra computed from various turbulence models are compared with the experimentally measured

values for design operation.
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6.2. Impact on acoustic predictions

Similar to the near surge case, the impact of timestep size on the spectra of inducer and diffuser probes (see
Fig. 15) is small irrespective of the turbulence formulation. Overall trends of both inducer and diffuser spectra are
reasonably captured regardless of the turbulence formulation, although the broadband elevation observed in the region
of 18.8 kHz for the diffuser spectrum is not replicated in any numerical configuration. Tonal features are accentuated
in the numerical spectra; specifically, the ‘mid-tones’ that are observed between adjacent RO tones are heightened as
compared to experimental results. Overall levels are predicted significantly lower than corresponding experimental
results for numerical models using the reference grid (10 million) while correlation is seen to be significantly improved
in the LES model with higher spatial resolution (23 million). Even though the closest agreement with the measured
spectra for inducer and diffuser positions is achieved by LES formulation with 23 million elements and 2° timestep,
the baseline numerical configuration of the URANS formulation with 10 million cells and 4° timestep reasonably
captures the features of the spectra and stands out as a contender on the basis of computational trade-off for industrial
analysis.

To summarise, agreement with the experimental spectra for both design and near surge operating conditions is best
obtained by the LES formulation with 23 million cells and 2° timestep while the baseline configuration, i.e. URANS
formulation with 4° timestep on the grid of 10 million cells is appropriate where lower computing times are a priority.
The accentuated fluctuations observed in the spectra are expected to be improved by alleviating reflections from the
domain boundaries by using non-reflecting boundaries or by numerical dampening the reflections using longer ducts

[5] or ’sponge zones’.

7. Conclusions

The development of the numerical configuration and critical evaluation of various decisions for computational
modelling of flow-induced noise in a centrifugal compressor have been presented in this work. Impeller rotation
was established to be modelled using an unsteady rigid body motion method, while the pressure and mass flow
rate were prescribed at the inlet and outlet boundary respectively. The impact of URANS, DES, SBES and LES
turbulence formulations and corresponding spatial and temporal resolutions of 4°, 2° and 1° impeller rotation on
performance and acoustic predictions are quantified. The results emphasise the importance of high spatial resolution
for scale resolving turbulence formulations to yield better results. Furthermore, the information can be used to select
appropriate numerical configuration considering time and accuracy trade-offs.

Although the baseline numerical configuration was established to be an appropriate choice in terms of spatial
resolution for both boundary layer and free stream flow, a grid with double the number of elements of baseline model
was seen to improve the acoustic predictions for LES formulations. The performance predictions were observed to

be within 1.5% of the measured values irrespective of turbulence and timestep parameters. Furthermore, the velocity

22



distribution results in the impeller as predicted by different turbulence formulations were consistent. Therefore, the
baseline model can be seen as the optimal choice for performance investigations.

Although the overall trend of the spectra for the noise generation quantified from inducer and diffuser probes
are similar regardless of turbulence formulations and timestep sizes, tonal features are accentuated in the numerical
spectra. The absolute values of the sound pressure levels and decay rates predicted by LES and SBES formulations
are better than the similar predictions from DES and URANS formulations. Further improvements in the calculation
of overall levels are observed by using high spatial resolution. The broadband elevations focused around approxi-
mately 19 kHz observed in the experimental spectra of inducer and diffuser probes for near surge and design operation

respectively are not captured by any numerical configuration.
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Table 1: Literature survey of the various numerical parameters crucial to model aerodynamics and noise generation in the compressors.

Tip Prism Wheel Turbulence
. Elements . Boundary conditions Timestep size
Study diameter layers  rotation method
[mm] [million] [-1 [-] [-] Inlet Outlet °/TS TS/BP
Fardafshar - - - static SAS-SST - - - -
etal. [14]
Sundstrom 88 9 10 sliding LES pressure mass flow 1 36
et al. [8]
Fontenasi - 9.6 11 sliding DES Mass flow  pressure 0.5 120
etal. [7]
Broatch et 48.6 9.6 - sliding DES Mass flow  pressure 1 60
al. [4]
Mendonga - 9 10 sliding DES pressure pressure 1 60
etal. [2]
Karim et - - - sliding LES pressure mass flow - -
al. [3]
Semlitsch 88 6 sliding LES mass flow  pressure 5 7.2
et al. [20]
JyothishKumar 88 6 sliding LES mass flow  pressure 5 7.2
et al. [21]
Tomita et 50 32 URANS 3.6/7.2 20/ 12.5
al. [19] (k—e)
Guo et al. 182.8 2.5 sliding URANS pressure mass flow 3 20
[18] (k—e€)
Table 2: Boundary conditions
Case nlrpm]  pino [bar] st [kg/s]
Design 1 0.211
98529
Near surge 0.122
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Table 3: Comparison of the performance parameters predicted by baseline numerical model with the experimental measurements for design and

near surge points

Method Case I [ n5[%] & [%] &, [%]
Design 2.35 76.8 - -
Exp
Near surge 2.47 66.7 - -
Design 2.32 76 1.1 1.1
Num
Near surge  2.44 66 1.2 1.0

Table 4: Performance variables /7;_; and n; predicted by various numerical configurations for near surge operation are compared with the experi-

mental results.

Method At [°/TS] Grid [mil] ., [-] ns [%] &r [%] &y [%]
Experimental - - 247 66.7 - -

4 2.44 66 1.2 1
URANS 10

2 2.44 65.9 1.2 1.2

4 2.46 66.1 0.4 0.9
DES 10

2 2.44 66 1.2 1

4 247 66.4 0.1 0.5
SBES 2 10 2.45 66.2 0.8 0.7

1 2.44 65.9 1.2 1.2
SBES 2 23 2.47 66.3 0.1 0.6

2 245 66.3 0.8 0.6
LES 10

1 2.44 65.7 1.5 1.2

2 2.48 66.5 0.2 0.4
LES 23

1 2.48 66.5 0.2 0.4
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Table 5: Performance variables /7;—; and 7, predicted by various numerical configurations for design point are compared with the experimental

results.
Method At [°/TS] Grid [mil] T, [-] ns [%] & [%] &y [%]
Experimental - - 2.35 76.8 - -
URANS 4 10 2.32 76 1.1 1.1
4 2.32 76.1 1 0.9
SBES 10
2 2.33 76.1 1 0.9
LES 2 10 2.37 78 0.8 1.5
2 2.38 77.9 1.2 1.5
LES 23
1 2.38 78 1.2 1.5
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