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A hybrid CFD/integral approach is used to predict the noise spectrum of a real automotive fan cooling system. The tonal and broadband
noise spectral components, mainly due to the coherent and random part, respectively, of the unsteady pressure fluctuations induced by
the rotor-wake/
stator-vane interaction, are computed by applying a Ffowcs-Williams & Hawkings acoustic analogy to the wall pressure field provided
by a transient Reynolds-averaged Navier-Stokes simulation, with superimposed random fluctuations computed through a stochastic
method. The RANS turbulent quantities are used to generate solenoidal stochastic velocity fluctuations that contribute to define the
right-hand side of a Poisson equation for the pressure perturbation. The Poisson equation is cast into a boundary integral equation and
solved by means of a boundary element method. The noise spectra at different angles with respect to the fan axis are computed and
compared with available experimental data.

NOMENCLATURE k, Kolmogorov wavenumber
BR Number of rotor blades il Normal unit vector
BS Number of stator blades p Pressure
E Turbulent kinetic energy T Radial unit vector

spectrum Up, Magnitude of the velocity
F Pressure force on the surface mode

element o Turbulent velocity fluctuation
J Element transformation Subscripts

Jacobian a Atmospheric ambient
K Turbulent kinetic energy quantities
L, Integral length scale M Projection on the source
M Source Mach number velocity direction
N Element shape functions n Projection on the surface
P Probability density function normal direction
o) Poisson equation source term , Projection on the source-to-
T’z‘j Reynolds tensor observer direction
v Reynolds-averaged velocity ret Retarded-time evaluation
v Surface velocity
c Speed of sound
k Vortical wavenumber (¢ = CONVENTIONS

|k, |) BEM  Boundary Element Method
K, Maximum kinetic energy BPF Blade Passage Frequency

wavenumber BPP Blade Passage Period
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CAA Computational Aero-
Acoustics

FW-H  Ffowcs-Williams & Hawkings

RANS Reynolds-Averaged Navier-
Stokes

SGNR  Stochastic Noise Generation
and Radiation

SPL Sound Pressure Level

SYMBOLS

Qn , On, On, Yn, w,, SNGR random

quantities

AV, Angular stagger of the i-th
blade

6Zj Kronecher symbol

€ Turbulent dissipation

I, Turbulent viscosity

v Laminar kinematic viscosity
Specific turbulence
dissipation rate

p Density

on Velocity fluctuation unit
vector

T Source emission time

Ti Time lag of the i-th blade

&, n, ¢ Element local coordinates

SUPERSCRIPTS

! Perturbation quantities

Time derivative
" Reynolds-average operator

1. INTRODUCTION
The noise generated by a fan system
mounted on a cooling module is
characterized by a broadband spectrum
from which tonal components at the
BPF harmonics arise. The contribution
of the broadband and tonal components
to the integrated noise levels can be of
the same order. For this reason, both
these components are to be taken under
control in the design process of a new
automotive engine cooling fan system.
The prediction of the tonal noise
components can be easily accomplished
within  computational times of
industrial utility by performing
unsteady RANS computations with the
same space-time resolution required by

accurate performance analysis. The
robustness reached by commercial CFD
tools on one side, and the growing
performances of low-cost computational
systems on the other side, permit to
attain full 27 grid converged transient
solutions in reasonable times.! During
the preliminary design phase, when
several simulations are required for
different configurations and operating
conditions, some simplification can be
made in order to reduce the time for the
numerical analysis. One of these
consists in simulating only one blade
passage by supposing an equal number
of rotor blades and stator vanes and
using periodicity boundary conditions.
This is the case, for instance, of the
RANS solution used in this paper
computed in 2004? and here used as a
support for the development of the
broadband noise method. Another very
common simplification made for low-
speed fans consists in solving
incompressible RANS equations with
effcient numerical schemes. A pure
hydrodynamic wall pressure field is not
consistent with a FW-H acoustic
analogy. However, since the dipole
sources at the lowest BPFs are
acoustically compact, the wuse of
incompressible CFD solutions for FW-
H far-field noise 1is practically
permitted. Hence, the unsteady RANS
solution coupled with a FW-H acoustic
analogy noise extrapolator constitutes
the “one” method for low-speed fan
tonal noise prediction.

The prediction of the broadband
noise components through CFD
approaches is a quite more challenging
task. LES computations of realistic
turbomachinery configurations with
accurate space-time statistical
correlation properties have Dbeen
accomplished only in excellence
research centers’ and are not easily
repeatable in industrial environments.
Even for low-speed cooling fans, for
which fast incompressible solvers can be
used, the situation is not better and only
few solutions are reported in the
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literature. For this reason, the LES
approach is still the “no one” method
for low-speed fan broadband noise
prediction.

The only viable solution for the
prediction of the broadband noise
prediction of cooling fan systems, as well
as other rotating devices like wind
turbines and helicopter blades, consists
in adapting theoretical models
developed for two-dimensional airfoils
to the rotating blades through a strip

approach. This is the method used in the
4

5

past for helicopter trailing-edge noise,
helicopter ingested turbulence noise
and, more recently, low speed fan
trailing- and leading-edge noise.®
Theoretical models of trailing- and
leading-edge noise of two-dimensional
airfoils have been developed mainly in
the seventies’!> and even more
recently.%1416 The main differences
between all these approaches are related
to the near field statistical quantity used
to characterize the noise generation
process (velocity or wall pressure power
spectral density and correlation lengths),
and on the method used to extrapolate
the near-field statistics to the far-field
noise power spectral density (tailored
Green’s functions or singulary
distribution methods). The theoretical
model recently developed by Roger and
Moreau,®!” by following the approach
outlined by Amiet,>! predicts
accurately the high-frequency noise
levels generated by the trailing-edge of a
low-speed axial fan, provided that the
proper wall pressure power spectral
density, spanwise wall pressure
correlation and turbulent convection
velocity are used. These quantities are
extracted from measurements
undertaken on two-dimensional airfoils
at different angles of attack in the free-
jet of an anechoic wind tunnel.!® This
theoretical method, together with the
acquired expertise in the selection of the
proper airfoil statistical data set,
constitutes the VALEO “one method”
for low-speed fan broadband noise
prediction.
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An interesting alternative to the
measurements of wall pressure or other
near-field statistics consists in using
the mean flow and averaged
turbulence quantities provided by a
RANS computation to generate
stochastic velocity fluctuations. These
are combined in the right-hand side
of linearized equations and used to
compute the perturbation field. A
great variety of  stochastic
approaches 1is available in the

19-22 depending on the

literature,
technology field, the system of
linearized equations used to describe
the perturbation field, the way how the
kinetic energy is distributed on the
wavenumber energy spectrum, the way
how the space correlation lengths are
extracted from the RANS solution and
translated into the stochastic model.
Therefore, the stochastic methods,
those already proposed and those not
yet proposed, belong to the category of
“one hundred thousand methods” for a
wide class of aeroacoustic applications,
included the prediction of low-speed fan
broadband noise.

The main objective of this paper is
to report on a newly developed
methodology for hybrid RANS/FW-H
tonal and broadband noise predictions
based on the use of a stochastic
approach to generate wall pressure
fluctuations from a RANS solution. The
original contribution of this work
consists in the fact that the stochastic
method is not used to generate source
terms for a set of perturbation
equations, but it is used to compute wall
pressure fluctuations that are added to
the wall pressure fluctuations provided
by RANS and used to perform FW-H
noise computations. The method is
described in section (II) and used to
generate the results presented in section
(IV). Few underlying elements about
the computational tools involved in the
prediction chain are reported in section
(III). Finally, the main conclusions of
the present study and the foreseen
improvements are drawn in section (V).
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2. STOCHASTIC WALL PRESSURE
FLUCTUATIONS MODEL
As shown by Ffowcs-Williams,?> 24 the
proper way to describe the statistical
behaviour of wall pressure fluctuations
beneath a turbulent boundary layer in
the whole wavenum-ber/frequency
regime is through a Curle-Lighthill?®
acoustic analogy approach that permits
to take into account the flow
compressibility effects. For turbulent
velocity fluctuations with subsonic
phase speed, say w/ k < ¢4, with w and
r denoting the radian frequency and
space wavenumber of a convected
vortical perturbation, a dimensional
analysis suggests that a Poisson
equation for the pressure perturbation
can be used in alternative to the
Lighthill’s equation. In other words, the
phase shift between the pressure
perturbations induced by vortical
fluctuations with subsonic phase speed
can be neglected. This hypothesis has
been used in the past to develop models
for the wavenumber-frequency
spectrum of wall pressure fluctuations
beneath a turbulent boundary layer.26-28
As a first attempt to generate wall
pressure fluctuation starting from a
stochastic representation of the velocity
field, in this paper we adopt a pure
hydrodynamic model for the pressure
fluctuations by solving the following
Poisson equation:

AU, Ou!
v2 !/ — . i J
P P Oz; O,
€Y
ou’ 3U]/ 821’1]
a —_—— = X,t )
* oa, o2, omaw, o)

where U, is the Reynolds-averaged flow
velocity component, ;/; is the turbulent
flowvelocity component and

T =—p,uu is the Reynolds stress

i a i j
tensor. Following a standard RANS
approach, Tij can be modeled as:

ovU, N oU,
Oz; Oz,

i

2
- _paK(Sij: (2)

T;j :Mt 3

where K denotes the turbulent kinetic
energy per unit of volume and g, is the
turbulent viscosity.

In order to generate the velocity
fluctuations required by the right-hand
side of Eq. (1), the approach outlined in
the SNGR model'®? can be used. As a
first step, the velocity fluctuation can be
defined as a sum of Fourier
components, i.e.:

u'(x,t) = 2i i, cos{k_-(x—Ut)
3

+ (l/}" + w'ﬂrt}o-'fl7

where #,, 1,, and o, are magnitude,
phase and direction of the n™ Fourier
component, respectively. Each Fourier
mode is convected at the local mean flow
velocity U. The scalar product k, - U
accounts for the time variation of the
velocity fluctuation, together with the
characteristic radian frequency w,.
Assuming incompressibility, the zero
divergence condition applied to Eq. (3)
results in the relationship k, - o, = 0,
stating that the wave vector is
perpendicular to the velocity vector.

By supposing that the turbulent
flow field is isotropic, the magnitude of
the n™ Fourier mode is related to the
mono-dimensional energy spectrum
E(k) by the expression 4, = , /E(kn)Akn,
where £ and Ak, are the wavenumber
and the corresponding band of the n®
mode. A common practice consists in
using the Von Karman-Pao isotropic

turbulence spectrum, i.e.:

E(k) =

(4)

AQ2/3)(K [ k,)(k | k,)" exp[-2(k / k)]
L+ (k/k)]™

)

where A4 is a is a numerical constant, k,
is the wavenumber of maximum energy
and & = €434 is the Kolmogorov

wavenumber. The constants 4 and F,
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Figure 1: Schematic view of the wave vector k_and velocity direction vector o..

can be determined by equating the
integral energy and the integral length
scale derived from Eq. (4) to the RANS
quantities K and L, = u/e
respectively, v = 2K /3 being the
isotropic turbulent velocity. This
provides A ~1.453 and &, = 0.747/L .
The stochastic velocity perturbation
field can be now generated by choosing
probability density functions for all the
random variables involved in Eq. (3).
These are: the angles ¢, and ¢ defining
the direction of the wave vector k , as
sketched in Fig. (1), the angle o, defining
the direction of the unit vector o, in a
plane orthogonal to k> the phase y, and
the radian frequency w,. By requiring
that the wave vector is uniformly
distributed in the three-dimensional
wavenumber space provides the
following probability densities:

P(¢,)=(2m)", with 0 < $, < 27 (5)

P(0,)=sin(0,)/2 with 0<86, <7(6)

Analogously, by supposing that the
o, vector is uniformly distributed in the
plane normal to k, yields:

Pla,)=(2m)", with 0<aq, <2m (7)

The phase 7, is also supposed to be
uniformly distributed in the 2w range,
ie.:

P(y,) = (2m)", with 0<4q, <2 (8)
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Finally, the radian frequency is
supposed to have a Gaussian variation
around a mean value, i.e.:

w =uk (1+0l), )

n n

where ¢ = 0.1 is arbitrarily chosen and
[, is a random variable with a unit
variance Gaussian distribution.

In order to force the space
correlation into the stochastic velocity
fluctuations, a zero-order approach is
used, which consists in assuming full
correlation between sources located in
the same cell of a constant Cartesian
mesh of cell size (/) equal to the
average value over the source region of
the geometric man value of the
turbulent correlation length:

3
(Ir) = <\’H|'ﬂ?=‘fﬂﬂ|f€>
i=1

Random quantities are generated
independently for each Cartesian cell
and attributed to the encompassed
source points.

A formal solution to the Poisson
equation can be derived as asymptotic
limit for ¢, — oo of Curle’s integral
formula,? i.e.:

I~
pr,
27rp’(x,t)—ff >dS 10
S

r

where r = |[x-y|and 7, =fi- (x-y)/n,
with A pointing into the flow. This
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integral equation is solved at each time
step by using a BEM approach based on
iso-parametric elements of the first
order and Gaussian quadrature.?’ The
left-hand side matrix is computed only
at the first time step and used for the
whole transitory.

The generation of the stochastic
source term for Eq. (1) and its
numerical solution providing the wall
pressure stochastic field is
accomplished through the following
steps.

e A transitory K - w RANS solution
covering one blade passage is
imported and used to compute the
time-Fourier coeffcients of the
wall pressure fluctuations. This
allows, in the final stage of the
present process, to generate
transient pressure fields randomly
perturbed at a smaller sampling
time in order to meet required
frequency specifications in the
noise spectral analysis. In
addition, the relative velocity,
turbulent Kkinetic energy and
dissipation ¢ = 0.09Kw are
averaged over the BPP. The
average velocity provides the
convection velocity at each point
of the computational mesh, as
required by Eq. (3), whereas the
average turbulent quantities are
used to define the energy
spectrum and turbulent velocity u/
at each point of the computational
mesh.

* An active portion of the whole
discretized volume in which the
source term of Eq. (1) is supposed
to be non-zero is defined by
specifying a cut-off distance from
the wall. A list of nodes belonging
to the source volume is generated
at the Dbeginning of the
computation and used throughout
the transient simulation.

e For each node belonging to the
active volume, once specified the
required number N of Fourier
modes, the random sets ¢, , 9, , «

n

an and 0, are generated using
standard algorithms provided by
the Numerical Recipes library.3
The wavenumber space is
discretized in N samples with a
logarithmical distribution from the
minimum value k& to the
maximum value &, , chosen as the
minimum value of %, and the
maximum value of 4 in the whole
field, respectively, i.e.:

n—1

k = exp {log(kl) + [log(k, )
an
- log(kl)]], with n=1.N

* For each node belonging to the
active volume, the derivatives d U,
/oz; and 0°T, /dz, dz; are
computed by using polynomial
shape functions in an unstructured
mesh framework. Conversely, the
derivatives of the perturbation
velocity are computed analytically
from Eq. (3).

* A new time step and a final
transient time are defined in order
to meet specific requirements in
terms of maximum frequency and
frequency band. At each time step,
the right-hand side of Eq. (1) is
computed and used to solve Eq.
(10). The random wall pressure
solution is then added to the RANS
wall pressure solution recovered by
inverse Fourier transformation
from the coeffcients computed at
the beginning of the computation,
as outlined at the first item.

3. BUILDING ELEMENTS OF THE
CFD/FW-H APPROACH

3.1. FAN SYSTEM, CFD MESH
TOPOLOGY AND RANS SOLUTION
The fan cooling system addressed in
this paper combines an ultra compact
fan developed in 2003 by VALEO with a
long-duration and effcient stator.3! A
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view of the fan is shown in Fig. (2(a)). It
has 9 blades of 0.15 m tip-radius, with a
non-uniform circumferential
distribution in order to reduce the level
of the “rotor-locked” tonal noise peaks.
A view of the stator is shown in Fig.
(2(b)). It has 10 blades with a uniform
circumferential distribution. The CFD
results herein used as support for the
development of the stochastic method
have been computed in 20042 by using a
PC with quad core processor. At that
time a fully converged solution was
easily achievable by simulating only one
single blade passage and using
periodicity boundary conditions.
Therefore, a uniform rotor blade
distribution was assumed and a 9/9-
blades rotor/stator system (one-to-one)
was simulated. However, as described in
subsection (III.B), the different
rotor/stator blade count is partially
restored in the aeroacoustic

for low-speed fan noise prediction

computation by forcing a time lag in the
noise computation from each blade.
Both the rotor and the stator grid
topologies corresponds to automatic
block-structured grid templates in use
at VALEO. The rotor grid, shown in
Fig. (3(a)), includes the actual blade and
tip clearance geometry and,
downstream, the motor or torque meter
blockage. Only the swirling effect of the
ribs within the fan hub is neglected.
The stator grid, shown in Fig. (3(b)), has
some key features that allow to describe
properly the unsteady wake/stator
interaction mechanism.3233 The whole
computational mesh involves about one
million nodes and permits to resolve
properly the boundary layer at the
Reynolds number of interest. This type
of simulation and the model size have
been validated on several engine cooling
devices with both integral performances

and detailed flow measurements.3%33

(a) Fan rotor view

(b) Support-stator view

Figure 2: VALEQ engine cooling fan system.
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(a) Rotor view

(b) Support-stator view

Figure 3: Multi-block structured grid used for the CFD simulation.
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Figure 4: Comparison between computed (blue line) and measured (symbols)
velocity profiles 0.04 m downstream of the stator vanes.

The commercial software CFX-
TASCflow™ has been used to solve the
incompressible unsteady  RANS
equations based on a two-equation K - w
SST closure model.?® The resulting
system of conservative equations is
discretized in space by a second order
upwind scheme for the convective terms
and second order central differences for
all other spatial derivatives. A second
order implicit scheme, with a dual-time
stepping approach, has been used to
advance the solution in time. The
simulation involves 32 physical
transient steps per BPP, with 20 pseudo-
time sub-iterations every transient step.
A number of 10 full BPPs are computed
and only the last one is used for the
present numerical study. The transient

solution is converged to similar
accuracy both in space and time,
providing a confident level of accuracy
in featuring the basic unsteady flow
mechanisms. The resulting integral
pressure rise with flow rate is found to
compare favorably with available
experimental measurements.! Moreover,
as shown in Fig. (4), the axial and radial
velocity profiles at 0.04 m downstream
of the stator vanes are shown to lie
within the spread-out of the
experimental data observed in both the
five-hole probe and LDV
measurements. Only the radial
component is found to be
underestimated at the hub, which could
be explained by the lack of fan ribs in
the numerical simulation. In fact, these
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ribs act as centrifugal pumps which
trigger a strong flow suction through
the electrical motor.

3.2. FW-H AND BEM INTEGRAL
METHODS

Both the FW-H and the BEM solvers
used in the present work are part of a
library of methods recently developed
by the first author and denominated
OptydB. In this library the aeroacoustic
methods developed in the past, for both
frequency-domain analysis (GFD?7) and
time-domain analysis (Foxwhawk33),
plus a standard FEM solver for the
convected Helmholtz equation, have
been merged by sharing most of the
computational and numerical features.
These include: input/output
management, connectivity graphs
generation, automatic mesh
partitioning and parallel distribution of
the computation, surface/volume
integration, polynomial shape
computation for generic surface/volume
elements, linear system solver, advanced
searching algorithms used, for instance,
in the projection of the solution from
one mesh to another.

The FW-H solver is based on a
retarded-time penetrable
formulation,?>* but solved in a
forward-time framework. For the
present low-speed fans, the quadrupole
noise is ignored and only the thickness
and loading noise contributions are
calculated, that read:

Thickness noise:

Pu (V +V)
4mp! (Z,1) = P —
])T( ) [f T(l*Mr)? y
ret (12)
PV, TMT +c (M —M?)
o [f |l e n )
o r (1—MT)
ret
where r = |x — y(7)| is the source-to-

. — . .
observer distance, M of magnitude M is
the Mach number vector of a source
point on the blade surface S, which
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moves with an outward normal velocity
V,. The dotted quantities denote time
derivative with respect to the source
time 7. M_is the relatiic): Mach number,
i.e., the projection of M in the observer
direction.

Loading noise:

1 F
Amp! (T,t) = — —r | dS +
pL( ) Ca [f T(l*Mr)z » Y
F -F
r M
[f r’(l—M ) _etdSy 13)

L | B, e, (v, - 1)
+C—ff 7’2(1—M7_)3 dSy:

ag

where F_is the pressure force acting on
the surface S, and F, is this force
projected in the source movement
direction.

The forward-time formulation
enables concurrent CFD/FW-H
simulations. For the sake of the present
work the code is only used to post-
process transient wall pressure fields
extracted from CFX-TASCflow"
solution previously computed. Only
linear effects due to the blade thickness
and loading are computed, and
nonlinear volume quadrupoles are
neglected on the basis of small blade tip
Mach number. Integrations on rotating
and fixed elements are carried out
independently, allowing a separation of
the rotor and stator noise contributions.
For one single blade, the integration
surface consists of about 24 x 103
elements. However, due to the serious
computational constraints of the BEM
approach, a grid clustering technique
has been used to reduce the number of
element by a factor 4.

Transient CFD data covering one
BPP (19 multi-block structured files)
are cyclically imported in order to
simulate several blade passages. The
rotation frequency is
50 Hz, corresponding to a blade passing
frequency of 450 Hz. The periodic B-
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blades configuration is automatically
generated by the FW-H solver before
integrations. The actual blade counts
(BR = 9 and BS = 10) is automatically
recovered by forcing into the forward-
time formula the following time lag for
the i-th rotor blade:

sgn(QZ) B — Bf

T =0#-1
= )BPF B*

v (14)

where z is the axial direction oriented
from the stator to the rotor. The same
time lag, but changed of sign is used for
the stator blades. This expression
accounts for a uniform circumferential
blade distribution. In order to account
for a non uniform circumferential
distribution of the fan blades, as for the
present configuration, a corrective term
can be added to Eq. (14), say:

. sgn(Q)AV B*

7= (15)

' 27BPF

where AV (rad) is the angular stagger of

the i-th rotor blade from its uniform
angular location.

The acoustic signals are computed
at a distance of 1 m from the fan rotation
center and every 30 deg from the fan
axis, from 0 to 90 deg.

The stochastic wall pressure
computation is carried out by sampling
one full rotation period into 400 time
steps, providing a Nyquist frequency of
10 kHz. The stochastic fluctuations are
added to the RANS fluctuations that are
sampled on the new time series through
an inverse Fourier transform. The rotor
and stator FW-H computations are
carried out separately and are
successively added. However, in order to
force statistical uncorrelation, the rotor
and stator signals are extended over 100
rotation periods by concatenating 100
computed signals, each one starting
from a random multiple of the BPP. The
new rotor and stator signals are finally
added and used to perform a spectral
analysis. This 1is carried out by

requiring a frequency band of 4 Hz and
a number of 20 spectral averages, and by
letting the spectral tool computing the
proper time windows overlapping.

The BEM solver used to solve Eq.
(10) is based on a standard
isoparametric approach. The surface is
discretized into a number N, of
triangular or quadrilateral elements and
the surface integral is decomposed into a
summation over elementary
integrals,i.e.:

(16)

B(&n)- (X =Y Em) e ) agay,

|X -y (57 77)|

where J"(& n) is the Jacobian of the
transformation of the generic element n
into the sample quad element. The
isoparametric approach consists in
using the function basis that transforms
the generic element into the sample
element to model p’ inside the element,
ie.:

y(&n) = ZY_,M(é,n),

where /\/; (& n) are the shape functions of
the element n, N, is the number of
vertices of the element, p/j are the values
of p’ at the vertices and y; are the
coordinates of the vertices. Eq. (16) can
be now substituted into Eq. (10) that
can be collocated at each point x. of the
discretized surface, i.e.:

b f [ Aren)

n=1 j=1 1 -1

ﬁ(g,n)-(xi - y(fan)) Jn(f,n)dgdn —

[x, = ¥(&,m)| (18)

jQ(Y(ﬁ*,n*,C*),t) i
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(& n",¢7)dgT dndeT,

where N, is the number of active source
cells close to the surface. The double
summation over all the elements and,
for each element, over all the vertices,
can be replaced by a double summation
over all the surface nosed N, and, for
each nodes, over all the adjacent
elements N ej , L.e.

P —ipj iijf(& n)

n=l _1 4

n(&,m)-(x, —Y(é,n)) I

3 §m)dédn =
|X¢—Y(£,n)|
S Qe )0
k:1”£‘£‘£ ‘XZ_Y(&U*,C*) (19)

JHE "¢ dE dn*dCt, for i=1.N,

Finally, evaluating the surface and
volume integrals by  Gaussian
quadrature yields a linear system with
full N, x N, matrix that can be solved
for a different right-hand sides at each
time step by using an iterative solver.
The present computations have been
carried out on a NEC-TX7 computer
by sharing the computational
transient steps among 16 processors.
Due to the prohibitive computational
times and core memory occupation
required by the original problem, a grid
clustering technique has been used to
reduce the number of element by a factor
4. Then each time step was converged
over 2000 iterations reaching a relative
error reduction of about 107> and
requiring about 4 hours.

4. NOISE RESULTS AND
DISCUSSION

In this section some preliminary results
are presented in order to show the
potentialities of the stochastic method
proposed and its limits of applicability.
Only the rotor configuration with a
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uniform circumferential blade spacing
has been considered.

Fig. (5) shows the sound pressure
level spectra at four observation angles
generated by the stator, the rotor and
their combination. At § = 0 deg the
stator contribution is negligible and this
is a well known property of the uneven
blade count, 9-to-10 in the present case,
that is recovered by forcing a time lag
into the FW-H computation.
Conversely, the rotor noise spectrum, as
well the overall one, exhibits quasi-tonal
peaks at harmonics of the BPE
broadband components at frequencies
higher then 1 kHz. This pattern is the
same at all the observation angles, with
slight variation of the broadband noise
levels and strong variation of the tonal
peak levels. It is interesting to observe
that the BPF harmonic (450 Hz),
sufficiently away from the fan axis, is
strongly affected by the stator
contribution. Conversely, the 27
harmonic peak (900 Hz) is mainly
affected by the rotor contribution.
Finally, when the stator and rotor tonal
contribution are of the same order, a
partial phase cancelation may occur,
providing lower overall peak values. The
peak sound pressure levels at the first
three BPFs are collected in table (1).

All the noise spectra reported in
Fig. (5) exhibit the same high frequency
broadband spectral behavior: a bump
emerging from the background noise at
frequency higher than 1 kHz and
extending over 8 kHz. This is the noise
contribution generated by the stochastic
model. The spectral bump, in fact, is a
sort of image in the frequency space of
the turbulent kinetic energy spectrum
E(k) in the wavenumber space. For the
present case, the wavenumber of
maximum energy at the field point
where the kinetic energy is maximum is
k, = 3.5-10° m%s% Such a high value
results in high frequencies stochastic
fluctuation due to fine turbulence with
very short integral scales. In other
words, the present RANS-based
stochastic model is not able to predict
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Figure 5:  Sound pressure levels at different angles (integration band 4 Hz,
Dor = 21 Pa). Blue: stator contribution, green: rotor contribution,

red: overall.

stochastic phenomena of larger integral
scale such as, for instance, the spanwise
modulation of the rotor wake impinging
on the stator leading edge.

Fig. (6) shows contour plots of the
stochastic root-mean-square pressure
and RANS kinetic turbulent energy on
surface of the blades. The Kkinetic
turbulent energy results from a wall
function approach that permits to

reduce the size of the first cell normal to
the wall. Due to the ellipticity of the
Laplacian operator in the Poisson
equation, these two quantities are
strictly related and thus they have very
similar patterns on both the rotor and
the stator surfaces. The higher values
occur in the tip regions close to the
leading edge of both the rotor and the
stator blades. The acoustic

Table 1: BPF sound pressure levels (p . = 2y Pa) for the rotor, stator and rotor-stator

combined contributions.

0(deg) BPF Rotor (dB) Stator (dB) Overall (dB)
0 1 84.4 37.2 84.5
0 2 79.4 37.1 77.8
0 3 64.5 36.7 63.8
30 1 79.3 82.7 87.9
30 2 75.8 68.3 77.5
30 3 54.2 51.1 57.7
60 1 72.9 79.7 83.7
60 2 65.7 68.6 71.8
60 3 49.8 51.6 46.3
90 1 59.8 74.5 73.0
90 1 56.3 60.8 56.3
90 1 46.9 433 47.7
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Figure 6: Distribution of the root-mean-square pressure (top) and turbulent
kinetic energy (bottom) on the rotor and stator surfaces. Quantities
in Sl units. Rotor view on the left and stator view on the right.

effectiveness of these pressure
fluctuations, however, depends on a
combination of Doppler and
geometrical diffraction factors,
requiring a more sophisticated analysis
in order to be properly investigated.
Finally, available experimental
spectra are used for a preliminary
validation of the numerical results, as
illustrated in Fig. (7). The noise spectra
computed at 0 deg observation angles
are compared with experimental
measurements carried out by VALEO.
A remarkable difference arise in the
spectral tonal components. In fact, the
experimental spectrum present several
peaks around each BPF tones at
multiples of the rotation frequency of 50
Hz. This phenomenon reveals the
presence of low order wall pressure
unsteadiness, due to spurious mock-up
vibrations and to the non-uniform
circumferential spacing of the rotor
blades. The corresponding wall pressure
Fourier components are projected into
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the far-field noise spectrum with a
classical bell shape, as resulting from
the Doppler effects in a rotating device.
Conversely, the numerical results
present only BPF peaks. Moreover, the
predicted noise peak levels are
significantly = higher  than  the
experimental ones (8-9 dB). A better
global agreement can be observed for
the broadband spectral components.
The levels are fairly well predicted
throughout the frequency range where
the stochastic noise generation model is
active (f = 1000 Hz). The
underestimation around 3 kHz is
probably due to a lack of Fourier
components in the SNGR method, but
this requires further investigations.
Unfortunately, the addressed case study
is characterized by broadband noise
levels that are only about 10 dB higher
than the background noise levels.
Therefore, it does not allow to deeply
stress and validate the present
broadband noise stochastic approach.
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5. CONCLUSIONS AND
OUTLOOK

A stochastic method derived from the
SNGR approach among “one hundred
thousand methods” have been outlined
and applied in this paper to predict the
noise generated by a real low-speed axial
fan system. The novelty of the method
consists in using the SNGR approach to
compute the right-hand side of a
Poisson equation that is solved through
a BEM approach for the wall pressure
fluctuations. These are finally fed into a
FW-H acoustic analogy computation
that provides the noise signals at
prescribed microphone locations.

The main theoretical drawback of
the method is that, since the Poisson
equation is based on the
incompressibility hypothesis, it is not
adequate to represent pressure
fluctuations induced by turbulent
fluctuations with supersonic phase
velocity. The effect of this modeling
simplification = have not  been
investigated in this study and will be the
objective of future studies.

Although the Poisson equation can
be solved in a much more effcient way

than the Curle’s equation, which
involves evaluations of the source term
at retarded times and requires a more
complex software structure, the main
computational drawback of the present
method is its computational cost in
terms of both CPU time and memory
occupation. A field approach will be
assessed in the future as an alternative
to the BEM approach.

The present application study has
not revealed appreciable benefits
produced by the stochastic model: the
noise spectral components associated
with the stochastic fluctuations fall in
the high frequency regime and exhibit
very low levels. However, the situation
can be different with a different cooling
system and with a different CFD
solution. Many aspects related to the
physical reliability of the model and its
sensitivity to the accuracy of the RANS
solution will be addressed in the future
through a more rigorous validation
process.

The main advantages of the method
are its simplicity and the possibility to
be used in connection with an integral
FW-H code. In addition, similarly to
other stochastic methods, it allows to
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compute transient solutions of long
duration, enabling averaged spectral
computations as in the experimental
acquisition. Finally, a possible
advantage of the method to be explored
in the future is its direct
implementation into a CFD code as an
additional scalar equation for the
pressure fluctuation weakly coupled
with the RANS equation system.
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QUAYSIDE GROUP FILES COMPLAINT OVER TRAIN NOISE

Many Quayside (British Columbia, Canada) residents are hoping they’ll soon be able to sleep more soundly at
night. The Quayside Community Board (QCB) filed a complaint April 13 with the Canadian Transportation
Agency (CTA) over the amount of noise made overnight by rail companies that operate in the yard beside the
waterfront community. Under CTA guidelines, a decision must be reached within 120 days of a complaint
being filed. “They're not working all night, but they’ll go for an hour or so at 3 a.m.,” said board member
Brian Allen, who is spearheading the campaign. “There is absolutely no good reason they can’t get the work
they need done in the daytime. But mainly the rail companies, CN in particular, are just used to doing things
the way they did in the olden days and don't like having things imposed on them.” A ruling by the CTA has
the full effect of the law and companies that ignore them risk severe fines for non-compliance. In 2009, the
QCB became the first community in Canada to successfully mediate a settlement on the issue of rail noise using
the provisions in Federal Bill C-11. Several rail companies consequently signed an agreement to work to
eliminate unreasonable noise and vibrations generated by nighttime operations and to provide monthly
reports to the community regarding complaints they receive from a new 24-hour complaint line. One year
later and having not yet received a single report or noticed any nightly changes, the Quayside group is ready
to play hard ball. “This isn't rocket science,” said Allen. “Everything could be done during the day but these
guys just don’t want to take the time to change their schedules and have to be dragged kicking and screaming
into the twenty-first century. When the rail yards were built, it was a light industrial area but now it is heavy-
use, high-density and people have to live here.”
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