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This paper covers the characterization of the acoustic noise and the unsteady flow field of a high speed 
centrifugal compressor NASA CC3. In order to accurately predict the noise, all analyses are carried out 
through the use of Large Eddy Simulation and Ffowcs Williams–Hawkings model for noise prediction. 
The relative effect of hub cavity on flow characteristics and sound levels is investigated, for a compressor 
stage with a total pressure ratio equal to 4, working from surge to near choke condition. In comparison 
with the experimental results from literature, the predicted compressor performance and flow field 
are predicted well, some trends seen in experiments are captured. The hub cavity flow effect on the 
compressor aero acoustic generated noise is shown in the paper. The unsteady static pressure and sound 
pressure levels are compared not only at different location but also for design and off design operating 
points. The internal flow results inside the hub cavity are presented at surge, design and near choke 
points. The conclusion is that the cavity effect of the centrifugal compressor cannot be ignored in the 
numerical prediction of aerodynamic generated noise. The impeller back plate of the rotor experiences 
a strong pressure fluctuation, which is maxima at the impeller outer radius for all operating point, but 
higher pressure values at the surge point.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

The aero-acoustic analysis of turbo machines has become ur-
gent not only due to demands requirements for environment-
friendly products [1] but also to prevent compressors from me-
chanical failure [2]. If acoustics resonances occur within centrifugal 
compressor, the pressure fluctuations may reach high values which 
results in high cyclic fatigue. Even though compressor parts are de-
signed for high cycle fatigue; this would jeopardize the safe opera-
tion of the compressor and the facility. Due to the progress in aero-
acoustic computational methods, however, the aerodynamic/acous-
tic optimum design of the centrifugal compressor parts has be-
come available. Rotating stall is an unsteady flow phenomenon 
in which one or more “stall cells” travel around the compres-
sor annulus in the direction of rotation of the compressor, with 
a rotational speed which may reach 50% of the compressor rota-
tional speed. Rotating stall results in a noticed vibratory stresses in 
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the compressor rotating parts, which is unfavorable for structural 
issues, although the compressor may continue to give suitable per-
formance [3]. Surge consists of large-amplitude oscillations of the 
flow through the entire compressor which also produces large os-
cillations in compressor delivery pressure [4].

The unsteady flow in centrifugal compressor has been studied 
by many researchers, and the unsteady flow phenomena such as 
stall and surge are also investigated. Mckain and Holbrook intro-
duced the detailed design for a single stage centrifugal compressor 
with pressure ratio equal to 4 [5]. The data published by Skoch 
et al. [6] included experimental results for the internal flow ve-
locities measured by Laser-Doppler Anemometer in the impeller of 
a centrifugal compressor. The results indicated that the tip clear-
ance flow is the main source of through-flow velocity deficit in the 
impeller region. Wernet et al. [7] presented experimental measure-
ments with pressure transducer, to indicate the unsteady behavior 
of the pressure inside centrifugal compressor just the inception of 
rotating stall. To capture the instantaneous velocity and pressure 
data during surge event, The Digital Particle Image Velocimetry 
was used in the vanned diffuser area. The measurements helped 
in understanding the stall and surge initiation in centrifugal com-
pressor. Also, it has been used for optimizing active surge control 
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Nomenclature

U2 Impeller tip speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
r Radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
R2 Impeller outer diameter
ρ Fluid density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

u Flow velocity vector
ui Fluid velocity component in the xi direction
un Fluid velocity component normal to the surface
vi Surface velocity component in the xi direction
vn Surface velocity component normal to the surface
δ( f ) Dirac delta function
H( f ) Heaviside function
p′ Sound pressure at the far field
Tij Lighthill stress tensor
Pij Compressive stress tensor
ug Mesh velocity of the moving mesh
k The von Karman constant

L S The mixing length for sub grid scales
Sij The rate of strain tensor for the resolved scales
d The distance to the closest wall
Cs The Smagorinsky constant
� The local grid scale
T Diffusion coefficient
φ General scalar
Sφ The source term of φ

Abbreviations

CFD Computational fluid dynamics
MBPF Main blade passing frequency
NASA National Aeronautics and Space Administration
RMS Root Mean Square
SBPF Splitter blade passing frequency
SPL Sound pressure level
techniques. In fact, reviewing existing studies on aero-acoustic in-
teraction indicates that centrifugal compressors have received less 
care than their axial compressor counterparts and especially in the 
unsteady aerodynamics flow. Interference generated in axial com-
pressors has received much attention, due to the strict patterns in 
the aero-engine industry because of its aeronautical use and pub-
lic demand for aircraft with lower noise [8,9]. Hanson [10] showed 
that under certain inlet and exit conditions, an acoustic mode 
could get trapped between blade rows leading to amplification and 
higher frequency propagation. Mengle [11] analyzed the physical 
aspects of spinning acoustic modes produced by blade vibration. 
Besides, the theoretical development is conducted to understand 
and anticipate the frequency spectra observed in the stationary 
and rotating reference frames.

Recently Semlitsch and Mihăescu [12] studied numerically the 
flow inside a ported shroud centrifugal compressor at stable and 
surge conditions. Unsteady three dimensional flow simulation was 
conducted with Large eddy simulation. The unsteady flow phe-
nomena has been investigated in details by using the modal de-
composition techniques. The flow structure has been analyzed in 
details during the surge event. Sundström et al. [13] performed 
a numerical study to predict the internal flow and aero-acoustic 
noise from a centrifugal compressor operate at stable and unsta-
ble flow rates. The noise generation mechanisms are identified in 
terms of noise directivity maps and sound pressure level spectra.

Raitor and Neise [14] measured aero acoustic performance and 
investigated the sources and mechanisms of sound generation of 
the spectral components governing the overall noise level of cen-
trifugal compressors. The aero-acoustic noise sources in a centrifu-
gal compressor are well described at low operating speed. Radial 
compressor noise is dominated by blade tone noise components, 
buzz-saw noise components and tip clearance noise (TCN) compo-
nents. A blade tone noise component is generated from the rotor 
shaft speed harmonics and it is noticed at the BPF (blade passing 
frequency) and its harmonics. Buzz-saw tones are also a common 
noise component that characterizes compressors operating with 
supersonic fan tip speeds, these components are known to gen-
erate a tonal sound spectrum spread over a range of harmonics of 
the engine shaft rotation frequency. TCN is a narrow-band noise 
observed at frequencies about half the blade passing frequency 
(BPF).

A small number of experimental and numerical studies have 
been conducted on aero acoustic excitation sources in centrifu-
gal compressor stages commonly which are applicable in the 
gas industry. Recently, Konig et al. [15] studied experimentally a 
shrouded impeller under high cycle fatigue. Two dimensional im-
peller with a vanned diffuser and a three dimensional impeller 
with a vanless diffuser were investigated. The authors described 
how to make coupling between the impeller vibration mode, a 
Tyler–Sofrin excitation resulting from RSI, and side cavities acous-
tic modes. The CFD results show that Tyler–Sofrin type acoustic 
modes can generate stronger forcing on the impeller external di-
ameter than the vaned diffuser potential field. Turbocharger cen-
trifugal compressor with ported shroud has been studied by Guil-
lou et al. [16]. Flow recirculation has been investigated experimen-
tally to reduce the instability in the flow and increasing the surge 
margin of centrifugal compressor. Particle image velocimetry (PIV) 
and dynamic pressure transducers have been used to measure the 
flow properties at stable and unstable operating point. The results 
indicated that flow recirculation improve the stability of the com-
pressor, as it removes the reversed floe from the impeller blade 
tip.

Petry et al. [17,18] conducted experimental study with unsteady 
pressure instrumentation. Acoustic resonances in the side cavi-
ties of the centrifugal compressor stage have been characterized. 
The results showed that a cavity acoustic mode is excited when 
the Tyler–Sofrin mode and the cavity Eigen-mode have the same 
frequency and circumferential harmonics. Richards et al. [19] con-
ducted experimental and unsteady CFD investigation for complex 
aero-acoustic interaction between the impeller and the upstream 
and downstream return channel vanes. However, the CFD study of 
Richards et al. [19] conducted only on blade row interactions and 
not including the hub and shroud cavities acoustic. Comprehen-
sive descriptions and investigations of the flow between rotating 
and stationary discs, can be found in the work of Tuliszka-Sznitko 
[20,21], Gauthier et al. [22], Pellé [23] and Serre [24], but most 
of these studies neglected the complicated flow out from the im-
peller region and the unsteady flow during the surge event. Medic 
et al. [25] performed a numerical study using Large-eddy simu-
lation (LES) with wall-adapting local eddy-viscosity (WALE) sub 
grid scale model to explain the complex turbulent flow in NACA 
CC3 centrifugal impeller, but the inlet and diffuser parts were ne-
glected in this study and no validation with experiments has been 
conducted to ensure the accuracy of numerical solution. Compar-
ison has been conducted between the results obtained with LES, 
Reynolds Averaged Navier–Stokes (RANS) turbulence models and 
hybrid RANS/LES approaches.

In this paper, the objectives from the present work are de-
scribed in section 2. The compressor configuration and tested cases 
are described in section 3. In Section 4, the mathematical model 
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Fig. 1. The geometry of simulated parts.

is described and the verification of the present numerical model 
with experiments is presented also in this Section. The used aero-
acoustic model is also validated and the compressor performance 
map is predicted and compared with experimental results. The 
present numerical model results are presented in Section 5, in-
cluding internal flow field and sound pressure level results. Finally, 
conclusions and ongoing research using the 3D CFD model are 
commented in Section 6.

2. Scope of paper

This paper seeks to determine the physical mechanism that 
leads to the observed high aero-acoustic noise during the cen-
trifugal compressor operation at off design conditions. The present 
paper is a continuation of a previously presented study of Shahin 
et al. [26] and focuses on the influence of the unsteady pressure 
and swirling flow in the hub side cavity on the acoustic levels. 
Since cavity effects are shown to be significant, in this research, a 
model of compressor with and without the hub cavity is proposed. 
Centrifugal compressor hub cavity flow simulation has been ne-
glected by a lot of previous works, which discuss the aero acoustic 
simulation for centrifugal compressors [27,28].

3. Test case presentations

For the simulations performed in this work, we consider the 
well-studied NASA CC3 compressor that was tried over many years 
Table 1
Impeller and diffuser dimensions.

Dim. Impeller Diffuser

No. of main blades 15 Vaneless
No. of splitter blades 15 Vaneless
Back sweep angle 50◦ –
Inlet diameter 210 mm 431 mm
Outlet diameter 431 mm 810 mm
Inlet blade height 64 mm 17 mm
Exit blade height 17 mm 17 mm
Tip clearance at LE 0.154 mm –
Tip clearance at mid chord 0.61 mm –
Tip clearance at exit 0.203 mm –

at the Small Engine Components Test Facility at NASA Glenn Re-
search Center [5–7]. The mathematical model divided into station-
ary and moving parts which includes the inlet domain, rotating 
impeller and the vanless diffuser with back cavity in the impeller 
hub side. The shaft seal is also included to enable the model to 
predict the flow inside the hub cavity, shown in Fig. 1. To ensure 
fully developed flow condition at the compressor inlet, a straight 
pipe with length equals to 5 times the inlet diameter is included 
in the computational domain. The duct wall is included in the nu-
merical implementation to get very accurate predictions of noise 
field. The impeller and diffuser dimensions are shown in Table 1. 
The impeller out flow is directed to a vanless diffuser with an an-
nular radial-to-axial bend. To avoid the effect of the outlet bound-
ary conditions on the simulated flow inside the compressor parts, 
compressor exit is extended in the axial direction.

The studied cases are illustrated in Fig. 2, the flow path through 
the compressor stage is also shown. To study the effect of the hub 
side cavity on the internal flow and aero acoustic noise, two ge-
ometrical cases are studied. The case in which the hub cavity is 
included is shown in Fig. 2a, part from the impeller outlet flow 
go through the diffuser and the remain go through the hub cavity 
then through the shaft seal. The rotating wall boundary condition 
is used for the hub cavity wall in the impeller side, while station-
ary wall boundary condition is used for the hub cavity wall in the 
casing side. Fig. 2b shows the case without the hub cavity, the im-
peller exit flow is completely go through the diffuser.

4. Numerical procedures

4.1. Mathematical model

Three-dimensional, unsteady Navier–Stokes equations are solved 
for compressible flow. To capture the impeller rotation and the 
interaction between the rotating and stationary parts, the slid-
ing mesh is assigned for the impeller fluid domain. The interface 
boundary conditions are used to connect the moving and station-
Fig. 2. Flow path in the compressor stage for: (a) with cavity, (b) without cavity.
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ary cell zones. The relative position between moving and station-
ary domains is updated with time [29]. The general integral form 
of the solved conservation equation of a general scalar, φ, on an 
arbitrary control volume, V , whose boundary is moving, can be 
written in Eq. (1):

d

dt

∫
V

ρφdV +
∫
∂V

ρφ(�u − �ug).d�A =
∫
∂V

ϑ∇φ.d�A +
∫
V

S∅dV (1)

The unsteady large scale structures and separation zones are 
the main characteristics of the flow in centrifugal compressor; 
therefore, the large eddy simulation (LES) approach is used. In LES, 
large eddies are resolved directly, while small eddies are mod-
eled with sub-grid scale model. A major role of the small scales 
is to dissipate the turbulent energy that is transferred from the 
larger scales to the smaller ones through the energy cascade. In the 
LES approach, the separation between the resolved and unresolved 
scales is achieved by low-pass spatial filtering of the governing 
equations. The sub grid-scale stresses resulting from the filtering 
operation are unknown, and require modeling by Sub-grid Scale 
model (SGS). The accuracy of LES simulation is essentially depen-
dent on the SGS model in mimicking the drain associated with 
the energy cascade. The SGS model is used for calculating the ac-
tual eddy viscosity by extracting energy form the resolved scales. 
The Smagorinsky SGS model presented by Smagorinsky [30] gives 
a formula to determine SGS viscosity based on mixing-length type. 
The Smagorinsky SGS model is the original algebraic sub-grid scale 
model formulation. In its basic form, it is simplistic and is not com-
putationally expensive. However, eddy-viscosity/diffusivity models, 
such as the Smagorinsky model are completely dissipative and it 
is due to this that it has inherent robustness limitations for wall-
bounded flows.

The production of dynamic models has caused significant 
progress in the SGS modeling of turbulent flows and has removed 
many of the shortcomings encountered with static models Vil-
liers [31]. Dynamic models such as purposed by Germano [32]
are constructed as to permit determination of Smagorinsky “con-
stant” as a function of both space and time. Semlitsch et al. [33]
studied the effect of sub-grid stress models on the acoustic noise 
modeling for jet flow. Three methods were investigated, e.g. the 
Smagorinsky–Lilly model, a dynamic SGS model and an implicit 
approach. The results show that the obtained statistics are linked 
with the turbulent acoustic noise production. The Smagorinsky SGS 
model is used in this study as it has substantial published litera-
ture and validations with theory/experiments such as the work 
carried out by Moin and Kim [34] where analysis of fully devel-
oped turbulent channel flow was simulated numerically. Rizzetta 
and Visbal [35] carried out Large-eddy simulations of supersonic 
cavity flow fields using a high-order numerical method with a 
Smagorinsky derived SGS model.

In the present case, sub grid Smagorinsky–Lilly model is used, 
in which the eddy-viscosity is modeled by Eq. (2):

μt = ρL2
S

√
2Sij Si j (2)

where L S is the mixing length for sub grid scales and Sij is the 
rate of strain tensor for the resolved scales Eq. (3):

LS = min(kd, C S�) (3)

where k is the von Karman constant, d is the distance to the clos-
est wall, C S is the Smagorinsky constant, and � is the local grid 
scale. In the present case, � is computed according to the volume 
of the computational cell using Eq. (4):

� = V 1/3 (4)
The frequency domain approach of Ffowcs Williams–Hawkings 
formulation applicable to the computed domain is chosen as the 
governing equation for the noise prediction [36], which has been 
used also by [27,28] for predicting the aerodynamic noise in a cen-
trifugal compressor. The FW–H formulation in ANSYS Fluent can 
handle rotating surfaces as well as stationary surfaces [29]. The 
FW–H equation can be written as Eq. (5):

1

a2
0

∂2 p′

∂t2
− ∇2 p′

= ∂2

∂xi∂x j

{
Tij H( f )

} − ∂

∂xi

{[
Pijn j + ρui(un − vn)

]
δ( f )

}

+ ∂

∂t

{[
ρ0 vn + ρ(un − vn)

]
δ( f )

}
(5)

where:

ui = fluid velocity component in the xi direction
un = fluid velocity component normal to the surface f = 0
vi = surface velocity component in the xi direction
vn = surface velocity component normal to the surface
δ( f ) = Dirac delta function
H( f ) = Heaviside function
p′ = the sound pressure at the far field p = p′ − p0
a0 = the far-field sound speed
Tij is the Light hill stress tensor, Tij = ρuiu j + Pij − a2

0(ρ −
ρ0)δi j

P i j is the compressive stress tensor, Pij = pδi j −μ[ ∂ui
∂x j

+ ∂u j
∂xi

−
2
3

∂uk
∂xk

δi j]

Eq. (5) is integrated analytically under the assumptions of free 
space flow and the absence of obstacles between the sound 
sources and the receivers. The complete solution consists of surface 
integrals and volume integrals [29]. The surface integrals represent 
the contributions from monopole and dipole acoustics and partially 
from quadrupole sources. Propagate noise from sources to receiver 
by solving wave equation analytically. The surface ( f = 0) corre-
sponds to the source (emission) surface. In the present work, all 
of the solid surfaces in the domain were assigned to it as the im-
permeable surfaces (sources of noise) [29,54]. In the present study, 
the volume integrals are dropped. Thus, we have

p′(�x, t) = p′
T (�x, t) + p′

L(�x, t) (6)

where p′
T (�x, t) is the monopole (‘thickness’) noise due to unsteady 

volume displacement of fluid, mass injection and calculated from 
Eq. (7).

4π p′
T (�x, t) =

∫
f =0

[
ρ0(U̇n + Uṅ)

r(1 − Mr)2

]
dS

+
∫

f =0

[
ρ0Un{rṀa + a0(Mr − M2)}

r2(1 − Mr)3

]
d (7)

and p′
L(�x, t) is the dipole (‘loading’) noise due to interaction of 

flow with moving bodies, external forces and calculated from 
Eq. (8)

4π p′
L(�x, t) = 1

a0

∫
f =0

[
Lr

r(1 − Mr)2

]
dS +

∫
f =0

[
Lr − LM

r2(1 − Mr)2

]
dS

+ 1

a0

∫ [
Lr{rṀr + a0(Mr − M2)}

r2(1 − Mr)3

]
ds (8)
f =0
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where

Ui = vi + ρ

ρ0
(ui − vi) and Li = Pijn̂ j + ρui(un − vn) (9)

The simulation was conducted using high performance parallel 
computing on a server with 4 AMD Opteron processor, 48 cores 
and 128 GB of RAM. The ANSYS-FLUENT program with parallel 
processing, version 14.5 [29] was used to solve the filtered govern-
ing equations, which are discretized by the finite volume method. 
For the spatial discretization, a second order upwind scheme was 
used [37]. The second order implicit formulation was used for the 
temporal discretization. In order to resolve the relevant fluctua-
tions, high grid resolution with enough small time steps were 
employed to have the Courant number smaller than one to be con-
sistent with the flow properties which, for this case, give a time 
step of 6.119e−6 s.

The unsteady calculations are performed with a time-step size 
so that the impeller mesh turns less than 1◦ per time step, this 
time-step is sufficient to accurately resolve pressure spectra within 
human hearing range [50,51]. In LES it is desirable to make sure 
that no physical information can propagate further than one grid 
cell at one-time step. This gives a coupling between the tempo-
ral and the spatial discretization of the problem. This condition is 
expressed in terms the Courant Friedrichs Lewy (CFL) condition, 
which states that the Courant number must be less than one [38]. 
The sliding mesh is computationally expensive when used in rotat-
ing parts simulation, but rotor stator interaction can be predicted 
well. The sliding mesh technique in FLUENT has been successfully 
used in simulating Rotor Stator Interaction “RSI” [39–44]. Also, the 
blade passage effects are well captured and the position of the im-
peller relative to the diffuser is captured, by which the relevant 
fluctuations are resolved.

4.2. Boundary conditions

The mass flow inlet boundary condition is used at the inlet of 
the pipe with atmospheric pressure and 288 K and pressure out-
let boundary condition at the domain outlet. The pressure outlet 
boundary condition is specified at the seal exit which equal to at-
mospheric pressure. Both the inlet and outlet boundaries are spec-
ified to be non-reflective to allow acoustic waves to travel out of 
the simulation with no effect on the solution. Acoustic reflections 
can be terminated either by using highly dissipative terminations 
or by using long ducts between the geometry to be studied and 
the duct ends [39]. So in the present model, along duct is used 
at inlet to terminate acoustic reflections. At the outlet boundary, 
the pressure outlet boundary condition is used with non-reflecting 
boundary conditions “NRBC” [29]. The cavity outlet boundary is 
specified as a pressure outlet boundary with non-reflecting condi-
tions, the atmospheric pressure and temperature are specified this 
boundary.

In order to use the moving sliding mesh technique, the interface 
boundary conditions were used at the inlet and outlet of the mov-
ing and stationary parts. Rotational periodic boundary condition 
was used to save the calculation time. The numerical simulation of 
rotating stall must be performed on a full-annulus computational 
domain. However, the computational domain may be limited to a 
periodic sector if possible. This compromise allows saving much 
computational time, even though it forces the periodicity of the 
flow. The study of RSI “rotor stator interaction” and of the inter-
actions between rotating stall cells and RSI remains possible with 
such a computational domain; therefore, this hypothesis can be 
used [45]. Wall boundary condition with no slip velocity is em-
ployed on walls. The rotating cavity face has the same rotational 
speed of the impeller, while the fixed cavity face has zero speed. 
The impeller casing wall has zero absolute speed.
Fig. 3. Computational domain grid “3.23 Million of nodes”.

Table 2
Operating conditions and unsteady simulation parameters.

Condition Value

Design Inlet pressure bar 1.013
Design pressure ratio 4:1
Inlet temperature K 288
Design mass flow rate lbm/s 10
Surge mass flow rate lbm/s 7.2
Rotational Speed rpm 21789
Total simulated flow time sec 0.175
Time step sec 6.119e−6
Number of time steps 28600
Number of iteration per time step 20
Hardware operating time per case day 75
Number of simulated surge cycles 2

4.3. Computational grid characteristics

The ICEM CFD [21] blocking tool has been used to develop the 
model mesh with hexahedral element type, which consist of one 
blade sector. To ensure the ability of the present model to cap-
ture the boundary layers, the grid is concentrated near the walls 
boundaries and elements are enlarged by 5% as moved away from 
it. The computational grid generated for one passage is shown in 
Fig. 3. Sufficient number of elements has been used in the tip flow 
clearance to capture the effect of tip leakage flow. The grid is con-
centrated near the walls and the measured y+ is less than 1. The 
grid is enlarged by a ratio of 5% as it moved further away from 
the walls. Operating conditions and unsteady simulation parame-
ters are listed in Table 2. In order to ensure that the used mesh 
has adequate density to capture turbulent flow structures in the 
frequency range of interest, a Mesh Frequency cut-off check was 
done. Ten grid points are used to resolve one acoustical wave-
length [55].

4.4. Solution convergence

Two criterions have been used to judge solution convergence. 
The residual levels are examined and relevant integrated quantities 
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Table 3
Mesh arrangement descriptions.

Case Mesh 
numbers

Number of 
elements in tip 
clearance

Number of 
elements in hub 
cavity height

Min grid size 
(mm)

Turbulence 
model

y+ �t (s)

URANS 3.23 × 106 10 10 0.152 RNG k − ε 2.61 6.6e−6
LES-1 3.23 × 106 10 10 0.152 LES 2.01 6.119e−6
LES-2 4.35 × 106 10 15 0.073 LES 1.14 6.119e−6
LES-3 6.451 × 106 10 25 0.0154 LES 0.96 6.119e−6

Fig. 4. Comparison of measured data [6] and present simulation: (a) velocity in the vaneless diffuser for different computational number of nodes; (b) stage performance 
map.
such as pressure and mass flow are also monitored during the iter-
ations [29]. The data monitor and residual levels ‘1e−4’ are used to 
judge the computation convergence for the unsteady calculations. 
Residuals measure imbalance (or error) in conservation Equations 
and usually scaled relative to the local value of the property in or-
der to obtain a relative error. The mass flow at duct inlet, impeller 
inlet, impeller outlet and diffuser outlet are monitored during the 
calculations, also the static and dynamic pressure are monitored 
at different locations in the simulation domain such as impeller 
inlet, impeller outlet and diffuser outlet. After the solution conver-
gence, all the flow properties are sampled for a time equal to 0.175 
sec. The hardware calculation time is about 1800 hours per each 
case.

4.5. Mesh sensitivity study and numerical model validation

4.5.1. Flow field and performance
In order to ensure the accuracy of present numerical solu-

tion, a careful check for present numerical model was conducted. 
The present CFD results are compared with the experimental re-
sults from literature to verify the present numerical model. Careful 
check for grid independence was also conducted; three numbers 
of computational nodes were used 3.23, 4.36 and 6.451 million 
of nodes. The numbers of nodes are changed by increasing the 
number of elements for the impeller and diffuser in meridional, 
radial and spanwise directions. Mesh arrangement descriptions are 
shown in Table 3. The initial URANS computational mesh has about 
3.23 million computational nodes. The subsequent LES grids were 
obtained by refining the initial grid in axial, radial and spanwise 
directions, first to a grid of approximately 3.23 million nodes, 
4.23 million nodes, and then grid of about 6.451 million cells. 
Time-step size was calculated to be 6.119e−6 s. The LES simula-
tion cases “LES-1, LES-1 and LES-3” were performed with different 
CFL to keep the time step constant, and consequently the num-
ber of time steps required completing one impeller revolution still 
constant for all cases. The LES calculations were initially tested on 
the low number of computational nodes, and then switched to the 
finer grid, and all the results presented for each case. Performance 
predictions with URANS simulation indicate that the losses are still 
under predicted compared to the LES simulation, and the LES re-
sults are more close to the experimental results.

The absolute velocities normalized by impeller tip speed at de-
sign flow rate with different number of computational nodes are 
shown in Fig. 4a, for Skotch et al. [6] experimental results and 
present CFD. The present CFD results for mesh 3.23 and 4.36 mil-
lion of nodes under estimate the velocity profile after the impeller 
outlet, while the results with 6.451 million nodes agree well with 
experimental data from [6]. It is clear that the tip leakage flow is 
well detected, so the grid with 6.451 million nodes was used for 
all the studies conducted in the present simulation. The compari-
son between the present CFD results and experimental results from 
literature, indicate that the present numerical model predicts well 
the flow physics inside the compressor. Although the velocities 
predicted by CFD is slightly lower than the experimental results 
close to the diffuser hub and shroud walls. These differences are 
resulted from the smooth and the adiabatic assumption at walls. 
The simulation of the surge event for the centrifugal compressor is 
validated also in our published work [45,46] with the experiments 
of [47,48]. The relation between the mass flow and pressure ra-
tio of the centrifugal compressor stage is shown in Fig. 4b for the 
present CFD simulation based on LES and experimental results of 
Skotch et al. [6]. The agreement between the computed and ex-
perimental pressure ratio is good, especially near the design point 
and at low-flow rates. The trend of the experimental results is 
well predicted by the URANS approach, but the pressure ratio is 
not detected well at off-design operating point especially near the 
stall limit. At design operating conditions, URANS slightly overes-
timated the pressure ratio while the results based on LES have a 
good agreement with the experimental results at the design oper-
ating point and at lower flow rates. The influence of tip leakage 
vortex and separated flow in diffuser channels is predicted well 
by LES more than that predicted by URANS, and this explains the 
disagreement between the results based on URANS and that with 
LES.
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Fig. 5. Present CFD model for cavity flow.
Fig. 6. Present CFD mesh used in simulating cavity flow noise.

4.5.2. Sound pressure signal validation
Cavity flow sound pressure signal validation In order to make a 
quantitative validation for the present acoustic model, CFD simula-
tion for the unsteady flow past a cavity was performed to validate 
the sound pressure signal. Lafont et al. [49] studied experimentally 
the cavity flow noise of a 2D cavity for flow velocity 62.8 m/s and 
M = 0.183. The same dimensions and operating flow conditions 
of [49] are simulated. The simulation domain, mesh and boundary 
conditions are shown in Fig. 5 and Fig. 6 respectively. The stud-
ied case by Lamont et al. is a coupling between a cavity and a 
flow, which is similar to the cavity of the compressor. Also the ve-
locity inlet for the present CC3 compressor is very close to that 
studied by Lamont et al. Fig. 7 shows the SPL signal from ex-
periments of [49] and the same signal from the present CFD. The 
overall shape of the SPL spectrum is well agreed with experiment 
results. The two oscillations modes are predicted accurately. The 
signal from present CFD shows that the oscillations frequency is 
compared well with measurement. The average errors of the tones 
frequency and tones magnitude are 2.7% and 1.96%, respectively. 
There for, the current acoustic numerical model results are consid-
ered to be reliable.
Fig. 7. Pressure level at the bottom center of the cavity for: (a) measured results 
(Lafon et al. [49]), (b) present CFD results.

5. Results and discussion

In the following sections, the flow physics in the mid span and 
near tip plans at surge, design and near choke points are pre-
sented. Also the flow field in the hub cavity region will be analyzed 
at these flow rates, so as to explain the reason for high SPL for 
lower flow rates and also for the compressor with cavity case.

5.1. Compressor impeller flow

The present study has been done at three operating conditions; 
surge, design and near choke conditions. The mass flow rate at 
impeller inlet is monitored and saved with the flow time. Fig. 8
shows the time resolved mass flow rate at the impeller inlet for 
the three operating points. It is clear that the fluctuation in the 
mass flow values are increased as the mass flow decreased. Just 
before the surge condition, fluctuations with higher amplitudes 
were detected in the mass flow. Also, the flow direction is re-
versed at the impeller inlet during the surge condition. This can 
be observed in Fig. 8a in which the mass flow at impeller inlet is 
monitored with the flow time. Furthermore, there is no back flow 
at the impeller inlet at design or near choke conditions Fig. 8b 
and Fig. 8c. Fluctuation with low amplitudes in the mass flow is 
observed with no change in the flow direction. Fig. 9 shows the 
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Fig. 8. Mass flow with time monitored at impeller inlet.

Fig. 9. Tip leakage vortex structure by: (left) normalized Q-criterion equal 0.1 colored by radial velocity; (right) stream lines at different meridional sections at the impeller 
inducer.
propagation of the tip leakage vortex and its structure, the tip leak-
age vortices are obviously detected initiated and rolling up from 
the leading edge and the corresponding stream lines also indicated 
that. The tip leakage vortex of the main blade full-blade seems 
to be moving from the main blade suction side towards but not 
reaching the next main blade pressure side.

5.2. Vaneless diffuser flow

Fig. 10a shows the vaneless diffuser core flow during surge con-
dition and it is clear the vaneless diffusers have rotating instability 
that is similar to rotating stall. The rotating instabilities are char-
acterized by a core of outward radial velocity followed by a zone 
of inward radial velocity, are quite well identifiable. Fig. 10b shows 
the absolute iso-velocity values corresponding to the design op-
erating flow conditions. The flow pattern in the diffuser inlet is 
characterized by the tip leakage vortex and the jet/wake structure, 
which resulting from the interaction of the impeller secondary 
flows including the tip leakage flow. Fig. 11 shows the instanta-
neous static pressure at 0.5 span and 0.95 span planes, for design, 
surge and choke flow conditions. The pressure values are higher at 
0.95 span planes more than that at 0.5 spans due to the tip leakage 
flow from the impeller outlet. The pressure is increased gradually 
from the impeller inlet to the diffuser outlet, but the pressure fluc-
tuation is higher for design point more near chock operating point, 
the highest fluctuation is detected at the surge point. The rotating 
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Fig. 10. Dimensionless instantaneous velocity ‘V/U2’ iso-values in diffuser and hub cavity at: (a) surge, (b) design, (c) near choke.

Fig. 11. Instantaneous Static pressure in kPa at: (a) surge, (b) design, (c) near choke (left: 0.5 span, right: 0.95 span).
flow instability in the diffuser and flow reversal in the impeller are 
the main reasons for higher pressure fluctuation.

The instantaneous radial velocity is shown in Fig. 12 for differ-
ent operating flow rats. The aerodynamic behavior in the diffuser 
is strongly changed by moving from design operating point to-
wards left and right in the compressor performance map. For the 
surge operating condition, the low momentum zone appears along 
the diffuser hub side and continues downstream up to the dif-
fuser end. This is due to the impeller outlet fluid removal through 
the back face cavity, and the flow is aspirated through the cav-
ity. Separation zones near the casing just after the impeller outlet 
are detected as a result from the impeller tip leakage flow and the 
flow tends to separate close to the diffuser end due to the diffusion 
inside the diffuser. Close to choke operating point, the influence of 
hub cavity leakage flows is much smaller and lower separated re-
gions are detected. The main flow is pushed towards the casing 
side, as a result from the swirling flow coming to the diffuser do-
main from the hub cavity. Consequently, a low momentum flow 
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Fig. 12. Instantaneous radial velocity at diffuser for: (a) surge, (b) design, (c) near choke, and (d) no cavity case at design point.
Fig. 13. Leakage flow through the hub cavity with time.

close to the hub appeared due to the removal of the mainstream 
flow into the hub cavity flow. The radial velocity for the no cavity 
case is shown in Fig. 12d, it is clear that radial velocity is increase 
than that in Fig. 12b as no flow extracted through the cavity, also 
no flow separation is detected at the diffuser hub due to the ab-
sence of the cavity. The absence of flow separation near the cavity 
will results in low acoustic noise when compared with case with 
cavity.

5.3. Hub cavity flow

Fig. 13 shows the leakage flow through the hub cavity as a per-
centage of the operating mass flow during the simulation time. 
The amount of mass flow passing through the hub cavity depends 
on pressure recovery and total pressure losses of downstream sta-
tionary parts. Changing the flow from the design operating point 
towards surge and choke affects the amount of flow through the 
cavity. The hub cavity flow rate is increased as surge condition, as 
the pressure loss is increased in the diffuser and flow blockage. 
Leakage flow in the hub cavity tends to decrease at near choke 
conditions as the pressure recovery in the diffuser is decreased. 
The amount of flow passing through the cavities depends, for cer-
tain geometry, on the combined effects of pressure recovery and 
total pressure losses of downstream stationary components for the 
hub one. Moving from design operating point to lower or higher 
flow rates point, the amount of flow through the cavity tends to 
increase and decrease, respectively.

The instantaneous radial velocity at hub cavity mid plan is 
shown in Figs. 14. Large-scale rotating structures have been ob-
served inside the cavity for the different operating conditions. The 
generation of rotating pressure patterns due to the interaction be-
tween rotating and stationary components is shown in Fig. 15
and Fig. 16. The instantaneous distribution of such pressure pat-
tern is shown for the impeller back plate and the casing. It can 
be seen that the impeller back plate of the rotor experiences a 
strong pressure fluctuation. The pressure maxima are located at 
the impeller outer radius all operating point, but higher pressure 
values are generated for the surge point. The plots show that in-
stantaneous static pressure is greatest near the impeller trailing 
edge, with a significant increase in loading values when moving 
from near choke towards the surge point. The tip leakage vortices 
at the impeller exit plane is one of reasons causes a noticed in-
crease of noise downstream of the impeller. The fluctuated flow 
during the surge point also causes a fluctuation on the cavity flow, 
which results in rotating flow instability inside the cavity and an 
increase for the static pressure fluctuation. The instantaneous pres-
sure in the cavities is much higher than that on the compressor 
casing.

5.4. Unsteady “RMS” static pressure on compressor walls

The static pressure fluctuation on the compressor walls is pre-
sented in Fig. 17 for the three operating points. The high pressure 
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Fig. 14. Instantaneous radial velocity at hub cavity mid plan in m/sec at: (a) surge, (b) design, (c) near choke.
Fig. 15. Instantaneous static pressure in Pa on the impeller back plate at: (a) surge,
(b) design, (c) near choke.

fluctuation at surge condition is clearly visible when compared 
with the design and choke points. The RMS static pressure is max-
imum at the vanless diffuser area, resulting from the rotor-stator 
integration “RSI” and rotating stall at the surge point. The impeller 
surfaces also have high pressure fluctuation due to the flow rever-
sal and inner recirculation happened during the surge event, the 
flow reversal and inner recirculation during surge are presented 
and analyzed by the authors in [26,45]. The high value of pres-
sure fluctuation during surge condition causes a noticed increase 
in the generated noise especially at low frequencies. The blades tip 
also has high values of RMS static pressure as a result from the tip 
leakage flow vortices; the tip clearance effect on the noise gener-
ated at near surge condition is studied by [51]. The RSI at design 
and choke operating point represents the highest source of pres-
sure fluctuation. The RMS static pressure at the compressor outlet 
side is higher than that in the inlet side, which will cause higher 
aerodynamic noise to be generated in the compressor discharge 
side.
Fig. 16. Instantaneous static pressure in Pa on the impeller casing side at: (a) surge,
(b) design, (c) near choke.

5.5. Spectral characteristics of compressor pressure signals

The unsteady static pressure after the impeller exit (r = 1.1R2) 
is monitored with flow time, at that location the pressure signal 
obtained is not affected by the blade loading but it is still nearby 
impeller outlet and the jet-wake pattern still persist. The pressure 
signal from the time domain is converted into the frequency do-
main by Fast Fourier Transformation (FFT) in order to understand 
the intensity of interaction in the flow field. Fig. 18 shows the 
FFT analysis of the pressure signal at design, near stall and surge 
operating point. At the design flow, the peak value occurs corre-
sponding to the blade passing frequency (BPF). Smaller spikes are 
observed at a lower frequency of 0.3 BPF. When the mass flow 
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Fig. 17. Unsteady “RMS” static pressure in Pa on compressor casing “Left” and hub “Right’ at: (a) surge, (b) design, (c) near choke.
is reduced to near stall flow, the FFT yields different results. The 
peaks are observed at a lower frequency of 0.056 BPF. This point 
lies near stalling region; hence the unsteadiness includes largely 
aperiodic components. When the mass flow is reduced further to 
surge point, the surge frequency becomes dominant; the increas-
ing of the magnitude is caused by the high oscillation of the main 
flow pressure along the compression system, which is at a very 
low frequency.
5.6. Spectral characteristics of compressor noise

5.6.1. Signal de-nosing approach
The sound pressure signal at all receivers are filtered using 

wavelet technique, discrete wavelet transform (DWT) has been 
recognized as the most powerful and promising tool for partial 
discharge signal de-noising because it captures both time and fre-
quency domains information [52].
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Fig. 18. Spectral analysis of pressure signals based on LES at point 1.1R2 for design 
flow, near stall and operating point.

The procedure of de-noising the signals using DWT can be sum-
marized as follows:

a. Decomposition

Using a wavelet family, filter length, and decomposition levels as 
used by [53], the approximation coefficients, a j,k and detail coeffi-
cients, d j,k have been computed at levels from 1 to J as follows,

a j,k = 〈
x(i),ϕ j,k(i)

〉
where the scaling function ϕ(i) is used to provide an approxima-
tion of x(i) at a scale j; where j is an arbitrary scale. The wavelet 
function, Ψ (i), is used in the computation of the details of x(i) as 
follows,

d j,k = 〈
x(i),Ψ j,k(x)

〉
The DWT implements equations (1) and (2) using a tree composed 
of low pass and high pass finite impulse response (FIR) filters [56].

b. Thresholding

For each decomposition level, the threshold has been assigned for 
a typical value and the wavelet de-noising has been carried out 
using either hard or soft thresholding.

B.1 Hard thresholding

It has been developed by [57]. It processes data in such a way that 
the elements whose absolute values are greater than the threshold 
are kept and those less than or equal are set to zero.

δλHard(x) =
{

x if |x| > λ

0 if |x| ≤ λ

B.2 Soft thresholding

It sets the elements whose absolute values lower than the thresh-
old to zero and shrink the other elements towards zero.
Fig. 19. Comparison between the original SPL signal and the filtered signal.

δλSoft(x) =
⎧⎨
⎩

x − λ if |x| > λ

0 if |x| ≤ λ

x + λ if |x| < −λ

B.3 Reconstruction

The original approximation coefficients and the shrieked detail 
coefficients have been utilized to apply inverse discrete wavelet 
transform (IDWT) and obtain the de-noised signal,

y(i) =
∑

k

a j,kϕ j,k(x)

+
∑

j

∑
k

d j(k)Ψ j,k(x)

where y(i) is the denoised signal.
Fig. 19 shows a comparison between the original SPL signal and 

the filtered signal using DWT.

5.6.2. Sound pressure level signal analysis
The acoustic pressure signals were captured at the inlet side 

and discharge side of the compressor. The SPL is monitored and 
captured during one complete surge cycles for the surge operating 
conditions. These signals were computed in time domain and then 
converted to the frequency domain using the FFT algorithm. Sound 
pressure receiver locations relative to compressor parts are shown 
in Fig. 20. All the receivers are located on the compressor rotation 
axis and z represents the distance on compressor axis measured 
from the compressor nose which represents the zero value for z, 
positive values of z correspond to the inlet side while negative z
corresponds to the discharge side. The receivers on the discharge 
side are located outside the CFD domain, and this is agreed by AN-
SYS FLUENT [29]. In Fig. 21 the sound pressure spectra monitored 
during simulation at compressor suction and discharge receivers 
are plotted. The x axis represents the frequency normalized by the 
BPF (blade passing frequency, 10895 Hz).

The BPF sound level component is seen obviously in the spec-
trum with high magnitudes. With increasing BPF harmonic order, 
the levels of the blade tone harmonics become smaller, and they 
decay at high frequency levels. The receiver position has a big 
effect on the SPL levels. As the receiver becomes close to the im-
peller outlet, the more noticeable are the BPF and its harmonics. 
Other noise component is observed at about half the BPF; this 
component magnitude is lower than the BPF level. It is produced 
by the tip leakage flow through the gap between the compressor 
casing and the impeller blade tips “tip clearance noise” (TCN), as 
observed by [10]. The sound pressure level spectra monitored on 
the compressor discharge side is higher than that measured in the 
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Fig. 20. Sound pressure receiver locations relative to compressor parts.

Fig. 21. Sound pressure spectra for no cavity case at different locations.

Fig. 22. Sound pressure spectra for case with and without cavity z = −0.5, for de-
sign point.

Fig. 23. Sound pressure spectra for operating point for compressor with cavity at 
(a) z = 1, (b) z = −5 and (c) z = −1.

inlet side, because noise components generated at the interface be-
tween impeller exit and stationary parts “diffuser inlet” could not 
transferred through the complicated flow fields in the rotor blade 
channels to the compressor inlet side. The pressure spectra at in-
let and outlet ducts of a turbocharger compressor are measured by 
[47,48], the results shown that all pressure spectral at outlet duct 
is higher than that measured at the inlet.

Sound pressure spectra for the compressor with and without 
hub cavity are compared in Fig. 22. The SPL for the cavity case 
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Fig. 24. Surface dpdt RMS on compressor stage walls for: (a) with cavity, (b) without cavity.
is higher than that without cavity. This difference is increased at 
higher frequencies. The flow swirling and high rotating pressure 
generated in the hub cavity is the cause of this difference, which 
has been shown in this paper before (Section 5.3) that the flow in 
the hub cavity is characterized by high swirling flow. Fig. 23 com-
pares the SPL spectra of the compressor working from surging to 
near choking conditions under full speed. The spectra for different 
operating flow rates are presented in Figs. 23, the compressor pro-
duces sound with significant changes as the mass flow varies. The 
SPL at surge condition is the maximum for all receiver positions.

The surface dpdt RMS on compressor stage walls is shown in 
Fig. 24, for case with the hub cavity and without cavity. Fig. 24(a) 
gives the dpdt RMS on the impeller and diffuser huh for the case 
with the hub cavity, it is found that the region with highest dpdt 
RMS is located at the gap between impeller and diffuser. The flow 
separated in the diffuser inlet due to the existence of the cavity 
intake causes a high acoustic source. While in Fig. 24(b) the hub 
cavity flow is neglected and it is clear that the dpdt RMS values 
is decreased when compared with the case with the hub cavity. 
Wall with high source intensity is still near the impeller outlet and 
leakage clearance region. The highest surface dpdt RMS is located 
in the rotor-stator interaction region and after the hub cavity in-
take. The leakage clearance and hub cavity geometries should be 
improved to reduce the strength of the vortex, which will result in 
a decrease in the acoustic noise source.

6. Conclusions

In this paper, we examined the aerodynamic and aero acoustics 
performance of a transonic centrifugal compressor working from 
surge to near choke conditions. The effect of hub cavity on the flow 
characteristics and sound levels is investigated numerically. Three 
dimensional simulations for the compressor with and without hub 
cavity are performed. The entire compressible flow inside the cen-
trifugal compressor stage is simulated through the use of LES, and 
Ffowcs Williams–Hawkings model for noise prediction. FFT analy-
sis for the static pressure and acoustic signals at design flow rate 
indicated that, the peak value occurs corresponding to the blade 
passing frequency. When the mass flow is reduced further to surge 
point, the surge frequency becomes dominant and high SPL is de-
tected also at low frequencies.

The SPL for the cavity case is more eminent than that with-
out cavity, this difference increases at higher frequencies. The flow 
swirling and high rotating pressure generated in the hub cavity 
may be the reason of this conflict. The results also demonstrate 
that, the vaneless diffuser during surge have a rotating instability 
that is similar to rotating stall. The hub cavity flow rate is in-
creased at surge condition, as the pressure losses is increased in 
the diffuser and flow blockage. The impeller back plate of the rotor 
experiences a strong pressure fluctuation higher than that detected 
on the shroud, which results in a generation of axial force on the 
impeller. The pressure maxima are located at the junction of the 
impeller and diffuser for all operating point, but higher pressure 
values are brought forth from the surge point. The propagation of 
rotating pressure patterns in the hub cavity is due to the inter-
action between rotating and stationary parts. Finally, the research 
done here gives a details on the hub side cavity effect on the 
acoustic sources for the centrifugal compressor and shows the im-
portance of simulating the impeller cavities when deal with the 
compressor acoustics. The cavities of the centrifugal compressor 
should be included in the mathematical prediction of the noise.
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