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Abstract
Heavy vehicles are major emitters of noise. Especially at idle or low
vehicle speeds a large portion of the noise emanates from the fan that
forces the flow through the cooling module. The aim of this work is
to investigate and reveal aerodynamic and acoustic installation effects
linked to the cooling package. This introduces a multidisciplinary approach involving examination of the flow field, sound generation and
sound propagation. The work includes two main parts: an experimental
and a numerical part. The cooling module used throughout this work,
named reduced cooling module, primarily includes a radiator, a shroud, a
fan and a hydraulic engine to simplify the aeroacoustics analysis.
The experimental part comprises measurements of the sound emanated from the cooling package. A new approach to the spectral decomposition method is developed yielding the fan sound power or spectrum
to be formulated as a product of a source part and a system part scaling
with the Strouhal number and the Helmholtz number. Also, a separate
determination of the transmission loss of the radiator is performed. The
impact of the radiator on the transmitted noise was found to be negligible.
The numerical part incorporates comparisons from two aeroacoustics studies; a configuration where the fan is forced to operate at a fixed
operation point and measured flow and turbulence statistics are available and the reduced cooling module. A hybrid turbulence modeling technique, IDDES, is adopted for the flow simulations. The sound propagation is calculated by the Ffowcs-Williams and Hawkings acoustic analogy when assuming a free-field sound propagation and by a finite element solver in the frequency domain to capture the installation effects.
The simulated SPL conforms to the measured SPL and the blade response to the turbulent inflow and to the tip resolution, respectively,
produce noise which spectral shape distribution is modified in accordance with earlier experimental findings published. Furthermore, the influence of an upstream radiator in close contact with the fan on the flow
and sound fields is investigated. Here, the simulated aeroacoustic characteristics were found to change similarly to the acoustic measurements
with and without radiator.
________________________________________________________
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Sammanfattning
Tunga fordon står för en betydande del av trafikbullret. Speciellt vid
tomgång eller låga fordonshastigheter härrör en stor andel från fläkten
som driver flödet genom kylmodulen. Målet med detta avhandlingsarbete är att genom mätningar och simuleringar skapa en bild av de
aerodynamiska och akustiska installationseffekter som är kopplade till
kylmodulen. Detta introducerar ett multi-disciplinärt angreppsätt där
luftflödet, ljudalstringen och i sin tur ljudpropageringen studeras. Detta
arbete består av två huvuddelar: en experimentiell och en numerisk del.
Antalet komponenter inkluderade i kylmodulen i detta arbete är bara
ett fåtal för att förenkla och på så sätt möjliggöra denna studie. Komponenterna är en radiator, fläktkåpa, fläkt och en hydraulisk motor och
har getts namnet reduced cooling module.
Den experimentiella delen omfattar mätningar av ljudet från kylpaketet. Ett nytt tillvägagångssätt appliceras baserat på spektral dekompositions metoden vilken uttrycker fläktens ljudeffekt eller spektrum
som en produkt av en källdel och ett systemdel vilka skalar med Strouhaltalet och Helmholtz tal. Utöver detta genomförs även mätningar enbart
på radiatorn för att kategorisera dess betydelse för ljudalstringen och
ljudpropageringen. Den senare effekten konstateras ha liten betydelse.
Den numeriska delen innefattar jämförelser med två aeroakustiska
studier; en uppställning där flödes och ljudfältsdata finns tillgängliga
samt the reduced cooling module. Strömmningsfälten simuleras med en
hybrid turbulens modelleringsteknik IDDES. Ljudtrycksnivån i en punkt
utanför installationen beräknades med hjälp av FW-H akustiska analogi
där inverkan av systemet akustiska egenskaper försummas och med en
finita element metodslösare då installationseffekterna tas i beaktande.
Resultaten valideras med ljudtrycksnivå uppmätt i samma punkt. I
båda fallen syntes effekten tydligt i ljudeffektsnivåspektrat, vilket stämmer väl överens med tidigare experimentiella studier av inverkan från
de båda strömningsfallen på ljudalstringen. Radiators inflytande på
flödesfältet och ljudfältet undersöks även. Resultatet från de beräknade
akustiska egenskaperna förändrades på liknande sätt som i experimenten
med och utan radiator.
Nyckelord: Fläktinstallationseffekter, spektral dekomposition, aeroakustik
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OVERVIEW

1

Introduction

From a societal perspective, where traffic noise is evidently a main burden, noise mitigation strategies are needed to reduce the noise inflicted
by the vehicles to the surroundings. Although much attention is put on
the ecological footprint attributed to the emission of green-house gases,
the life-degrading effect associated with noise, is not a minor issue and
needs to be tackled as it has severe consequences on our health. In fact,
results from a recent environmental study showed that traffic noise is
ranked second among environmental stressors for the public health impact in European countries [1]. This is attributed to factors like annoyance, learning disabilities and more severly, heart attacks [2]. This has
motivated enactment of legislations to put pressure on the manufactures
to minimize the noise pollution [3]. As such, vehicle manufactures are
enforced to produce environmentally sustainable products to keep up
with the current and future legislations.
For cooling ability control, the automotive fan is utilized to maintain an adequate engine temperature to ensure that the vehicle functions
properly, see Fig. 1.1. However, a perceptual disadvantage, is its inability to operate without emitting noise [4]. Consequently. the cooling
system is considered a major contributor to the total noise emitted [5],
especially as the greatest amount of forced cooling is needed at idle or
low speeds where the vehicles are in close contact with the inhabitants.
Although the primary reason that noise is generated from the cooling
module is attributed to the cooling fan, additional components in close
interaction with the forced air stream might add to the measured signal. Hence, it is not sufficient to conduct a study of the fan alone, decoupled from its system, in an aerodynamic and acoustic perspective, as
it would barely provide enough information of the complex multidiscip3
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linary activity encountered. For that reason, it is vital to instead focus on
fan installation effects as it allows a comprehensive view of the complete
noise generation process [6]. Although a succinct definition is difficult,
it can at its broadest be classified as an effect being caused by a situation
not anticipated from solely relying on data from an ideal test configuration.

Figure 1.1: The cooling module viewed as part of the underhood compartment.

1.1

Fan installation effects

The flow field passing through a dense package comprises aerodynamic
losses as an inherent system resistance restricts, reshapes and forces the
air stream to be adjusted accordingly [7]. The noise produced due to the
fan alone is consequently affected by the characteristics of the air stream
which color the source, built up from multiple noise generation mechanisms simultaneously active [4]. On the other hand, the sound transmitted emanating directly from the fan, measured at a point outside the
cooling package is as a result of the interaction with the additional components, masked by the acoustic properties of the setup [4, 8]. Hence,
changes to a system will not only change the operation point of the impeller but also the acoustic properties of the system. Thus, it is vital to
consider two installation effects; the aerodynamic and the acoustic where
the former is attributed to how the flow field affects the sound source
strength, i.e. the fan, while the latter is linked to the impedance of the
system and sound scattering due to nearby surfaces.

1.2

The reduced cooling module

As the underhood compartment is a dense and complex system, to enable an investigation, the number of components need to be reduced.
Hence, for the present study, the components seen in Fig 1.2 are chosen.
4

1.3. SEPARATION OF SOUND SOURCE
AND SYSTEM RESPONSE FUNCTIONS
Air is sucked through the radiator, guided by the shroud, ingested into
the operating fan and exhausted into the surrounding air. This will be
refered to as the reduced cooling module.

Figure 1.2: The reduced cooling module.

Although the system presented constitues the simplest cooling module, the investigation involves complex flow scenarios and sound modulation effects. For instance, the radiator located upstream of the fan will
impose an added resistance to the system as the fan needs to meet an
increased pressure drop [9]. Thus, the operation point will be shifted.
In addition, the flow field characteristics as passed through the radiator will be completely different from a clean inflow [10] consequently
modifying the fluctuating forces exerted by the blades generating noise.
In turn, sound scattering within the shrouded system, duct opening impedance and acoustic attenuation through the automotive radiator will
influence the sound transmitted out from the reduced cooling module. It is
also important to ensure that the radiator itself does not act as a sound
source of its own, producing tones, i.e whistling components due to its
interior structure [11], or added broadband noise due to the increased
turbulence ingested [12].

1.3

Separation of sound source and system
response functions

Fortunately, for low-speed flows, the back-reaction to the flow is negligible [13] and the acoustic properties of a system are nearly independent
of the flow field [14]. Thus, it is possible to separate the analysis into
two parts; an aerodynamic study and an acoustic study. This method
is known as spectral decomposition [15, 16, 17, 18, 19]. In principle, it
exploits the fact that the sound source scales with a characteristic ve5
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locity of the flow field based on the governing noise generation mechanism while the acoustic properties of the system is related to the speed
of sound. Thus, it can be concluded that the spectral attributes scale
either with the Strouhal number (frequency normalized with the blade
passing frequency) or the Helmholtz number (the diameter of the fan
normalized with the wavelength) which signify distinct properties of
the sound source and the system, respectively. Often, to extract information of either, computer algorithms are developed that enable separation of the source and the system assuming that the measured signals
follow certain spectral patterns. An alternative is to adopt an engineering approach which eliminates the need for computational effort by exploiting properties of the measurement facility [19]. This is the strategy
employed here which enables a description of the sound source and the
system response separately.

1.4

Simulation technologies

The complexity and the close interaction between the flow and the generation of acoustic sources encourage engineers to find methods that
simultaneously incorporate multiple disciplines. One strategy to deal
with such a complex event, is to utilize simulation technologies to enable virtual testing of modified components or systems without the need
for costly prototypes [20]. However, the output from flow simulations
strongly correlates with how the analysis is performed. Even at this
stage, methods commonly relied on for industrial applications are limited as the noise spectrum contains components linked to the turbulent
structures in addition to the deterministic components related to the
motion of the impeller [21]. Consequently, RANS and unsteady RANS
methods where the flow field is treated in a statistical sense by ensemble
averaged flow variables will not provide sufficient information about
the broad range of frequencies characterizing a fan. A better alternative
is to ensure that large-scale structures are captured whereas smaller isotropic scales are accounted for by a model, i.e. the idea governing Large
Eddy Simulation (LES) [22]. This is of course a more costly approach but
will enable a more detailed study of the underlying physics. However,
to accurately resolve the flow field around surfaces within the computational domain, LES is limited due to the high grid-point requirements
[23]. As such, an alternative to reduce the computational requirements,
is to blend the advantages of unsteady RANS and LES and permit the
6
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grid resolution explicitly and turbulent content implicitly to determine
the flow regime. This is the motivation for the numerical strategy adopted for the current investigation, namely by utilizing the formulation of
improved delayed detached eddy simulation (IDDES) [24].
So far, only the numerical aspect of the flow field is explained which
will provide the sound sources. To solve for the far-field sound field,
a variety of approaches can be utilized. For low Mach number flows,
where solid boundaries are part of the volume to be studied, sound is
primarily created as a result of the hydrodynamic pressure fluctuations
exerted on the surrounding fluid by the surfaces and the back-reaction to
the flow is negligible. Hence, fan noise is often studied by separating the
sound generation and the sound propagation to the far-field [25]. This
means that the sound sources can be extracted from an incompressible
flow field calculation and inserted into an acoustic solver to obtain the
sound field in the far-field. Either this is accomplished by assuming
that the propagating path is free from any obstructing surfaces which
enables integral methods to be applicable [26] or for cases where the
sound source is confined in a system comprising nearby surfaces, the
sound propagation has to be calculated numerically by an additional
solver.

1.5

Objectives

This work comprises a study related to aerodynamic and acoustic characteristics of the reduced cooling module. The motivation for performing
an experimental and numerical investigation all comes down to an increased insight and knowledge of the noise characteristics associated
with the chosen components. The thesis contains four main studies
where the objective is:
• to perform sound measurements of the complete reduced cooling
module utilizing the MWL acoustic test facility at KTH which enables the sound field to be separated into up- and downstream
sound fields. A separate investigation dealing solely with the acoustic properties of the automotive radiator is included. The data was
used to validate the numerical results later on.
• to test numerical settings and their relation to the acoustic farfield SPL. Data for validation is given by an external researcher
[27] with the aim to promote benchmarking studies dedicated to
7
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aeroacoustics studies. This served as an important trial-and-error
period to find suitable numerical settings for the subsequent aeroacoustics computations.
• to conduct transient CFD simulations of the reduced cooling module
excluding the radiator and extract the sound sources to be used
in a separate sound computation to get the SPL in the far-field.
Evaluate if the separation of sound source function and system
response function work and relate to the spectral decomposition
results obtained from the engineering approach.
• to conduct an aeroacoustics study of the complete reduced cooling module and investigate if the common procedure of modeling
the automotive radiator in both an aerodynamic and acoustic perspective as a porous medium, yield the same behavior measured.

1.6

Outline of thesis

The work is structured as follows; Chapter 2 presents how fan performance is evaluated together with how noise is generated from a fan. The
governing equations for the aerodynamic and the acoustic calculations
are also provided. Chapter 3 includes the methods utilized, both experimental and numerical, to enable an investigation of the distinct aerodynamic and acoustic properties of the reduced cooling module. Chapter 4
presents the main results and Chapter 5 summarizes the conclusions of
the four studies. A summary of the appended papers is given in Chapter
6.

8

2

Theory

The following chapter presents the theory which is needed to understand how noise is generated from a spinning fan. It covers the description of fan performance and in which way the system and additional
components modify the operational point, followed by the governing
flow equations and turbulence modeling approach adopted. Further, an
explanation of how the noise is produced as the fan is in operation and
the link to the actual noise generation mechanism associated with it. As
for the aerodynamic part, the equations describing the sound sources are
presented. Lastly, a brief description of the spectral decomposition method
which enables separation of the sound source from the acoustic properties of the system is given.

2.1

Aerodynamics

2.1.1

Fan performance

Any system composed of a fan, is often presented by a figure which
relates the amount of forced airflow Q to the developed pressure P, see
Fig. 2.1. The amount of flow delivered by the fan depends primarily on
the fan geometrical shape but also on the system in which it operates. Increasing the rotational speed, given in unit rotations-per-minute (rpm),
will force more air through the system. However, the system limits the
amount of flow delivered as it has an inherent resistance attributed to
skin friction, flow separation, secondary flow and discharge loss which
adds additional work load [7]. As a result, the actual amount of air flow
delivered by a given fan varies for different system. To gain an efficient
use of all components in a system, it is therefore of vital importance to
9
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match the fan to the properties of the system in which it is confined.
syst2
D

P

syst1
B

C

rpm2

A
rpm1

Q
Figure 2.1: Fan performance representation. Full lines (black): fan performance curves,
Dashed lines (red): system curves, Dotted line (blue): fan efficiency.

In Fig. 2.1, the solid lines represent the fan performance curves. Increasing the rotational speed will increase the amount of flow delivered
where rpm2 > rpm1 . However, due to the system interference, presented as the dashed curves, the operating point will be where the two
curves, i.e. the fan performance curve and the system curve, intersect
(capital letters in Fig. 2.1). If the system is modified, for instance by
placing a radiator upstream of the impeller (syst2 instead of syst1 ), the
performance will be reduced as the system resistance has increased due
to the additional pressure drop introduced, consequently resulting in a
decreased flow rate [9]. Thus, the fan will not in general operate at maximum efficiency for a modified system. A vital criterion for a fan to work
effectively is to ensure that the operational point is located near its best
efficiency point.

2.1.2

Governing flow equations

Laminar flows as opposed to turbulent flows can be seen as a scenario
seldom encountered in real life applications. This implies that turbulence in one way or another has to be accounted for, which severely
aggravates the analysis. At present, although methods exist, simulations that fully resolve all turbulence scales, direct numerical simulation
(DNS), are limited to low Reynolds number flow. At the opposite end,
commonly used for industrial application is the statistical description of
turbulence, i.e. Reynolds Averaged Navier–Stokes (RANS). Ensemble
10
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averaging is applied to the turbulent flow field and for an ergodic process where the averaged signal at each spatial location is independent of
time is equivalent to time averaging. Thus, the flow field quantities are
represented by mean flow values where all turbulence scales are represented by a suitable model. For acoustic purposes, this is of no interest
as sound is by definition time dependent. An extension would be to
perform the ensemble averaging over a finite time period such that the
non-turbulent unsteadiness is resolved in the mean flow. This is known
as unsteady RANS (URANS). However, all turbulence would any way
need to be modeled and from an acoustic perspective, this strategy will
only enable deterministic flow features to be obtained, i.e. the blade
passing frequency. However, all information about the broadband noise
is lost. A more costly alternative would be to resolve the larger flow
scales whereas the smaller isotropic scales are modeled. This is the general idea governing Large Eddy Simulation (LES) where the spectral
cut-off is determined by the grid scale. Although there is a vast difference between the turbulence methodologies, the governing equations
(continuity and Navier–Stokes equations, respectively) have a structural
similarity. For the low Mach number flows studied, the equations can
be further simplified as density can be assumed constant. Thus, the incompressible flow equations are
∂ h ui i
= 0,
∂xi
∂τij
∂ h ui i
∂ h ui i
1 ∂h pi
∂2 h u i i
+ hu j i
=−
+ν
−
.
∂t
∂x j
ρ ∂xi
∂x j ∂x j
∂x j

(2.1)

The notation ui is the velocity in direction i, ρ defines the density, p denotes the pressure and the kinematic viscosity given by ν. The angle
brackets hi acting on a flow quantity represents either a time averaged
quantity or a filtered quantity. The distinction originates from the way
turbulence is incorporated in the analysis. In RANS mode (neglecting
the transient term), all turbulence is unknown and consequently needs
to be modeled. In unsteady RANS all terms are included but the flow
is still treated by the averaging approach, which yields calculating directly a limited portion of low-frequency modes in time. If Eq. (2.1) comprises filtered flow quantites, structures larger than the grid resolution
are solved for directly whereas vorticies smaller are modeled, see the
left-hand side of Fig. 2.2. This means a scale separation directly linked
to the spatial resolution of the underlying grid. This is illustrated on the
11
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right-hand side of Fig. 2.2 where the cutoff wave number is denoted κc
¯ is equal to the mesh size. The last term in Eq.
and the cutoff length ∆
2.1, i.e. τij , has different meaning in RANS and LES, although for both
methodologies it poses a closure problem implying the need for modeling, accomplished by the introduction of a turbulent viscosity.

(a)

(b)

Figure 2.2: Representation of resolved and unresolved scales in (a): Physical space, (b):
Fourier space.

2.1.3

Turbulence modeling

The computational limitations of LES are related to the grid requirement
on solid boundaries within the computational domain. Thus, for the
current investigation where the boundaries of the installation impose a
severe computational constraint, it is not a suitable strategy. Therefore
the flow field is treated by coupling the methodologies of URANS and
LES, i.e. a hybrid RANS / LES approach [28]. In short, it means that
the main flow apart from the regions in the vicinity of solid boundaries
are treated in LES mode while at the wall, the flow is in unsteady RANS
mode.
As the hybridization strategy is not anyhing new, a variety of approaches have been developed, each with distinct features associated
with their formulations. An early approach to blend the methods by
dividing the RANS and LES operation between attached and detached
flow was presented by Spalart et al [29] (titled DES97). The governing
idea was to treat the entire turbulent boundary layer in RANS and by us12
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ing a single turbulence model where the coupling of the RANS and LES
activity was defined based on the local grid resolution. As a result of the
latter, although it was anticipated from the onset, is that as the anisotropic grids adopted near walls were refined by reducing the tangential
stretching, the RANS / LES interface will be located inside the boundary
layer, giving rise to reduced levels of eddy viscosity in the LES-mode,
known as Grid-Induced Separation (GIS). This was tackled by Spalart
et al [30] by introducing sensor functions to delay the switch to LES
mode until outside the boundary layer. As such, the model was named
Delayed Detached Eddy Simulation (DDES) [30] and represents a significant enhanced roboustness to the original version. By adopting the
terminology introduced in [31], i.e. natural and extended, to categorise
the DES version, DES97 and DDES belongs to the former as the formulations ensure that the entire boundary layer is solely treated by RANS
where the latter refers to a formulation that allows the RANS / LES interface to be located inside the boundary layer. In that sense, the RANS
region will correspond to a wall-modeled LES (WMLES) [32]. Hence, an
option would be to blend the capabilities of DDES and WMLES to cover
the different flow scenarios previously described. As this is done in the
CFD strategy proposed by Shur et. al. [24], known as the Improved
Delayed Detached Eddy Simulation (IDDES), it is therefore adopted in
work included in this thesis. IDDES was formulated by combining new
and existing techniques, giving a more flexible and convenient scaleresolving simulation model for high-Reynolds number flows. The following goals, intended to be fulfilled in addition to the motivation for
the standard DES model, are: provide shielding against GIS and allow
the model to run in WMLES in case the inflow is turbulent, hence resolving turbulence within the turbulent boundary layer.
The introduction of WMLES capabilities is accomplished by modifiying the LES filter to account for near-wall behavior and to enable a more
sudden transition between the RANS and LES length scales in relation
to DES97 and DDES. The unique formula for the grid filter is
∆ = min (max [0.15dW , 0.15hmax , hwn ] , hmax )

(2.2)

where dW is the distance to the wall, hmax is the maximum of the local
streamwise, wall-normal and laterial cell sizes and hwn is the grid step in
wall-normal direction. The length scales of LES and RANS are combined
as
l IDDES = f d (1 + f e ) l RANS + (1 − f d ) l LES

(2.3)
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where

√
l RANS =

k/0.09ω,

l LES = CDES ∆.

(2.4)
(2.5)

The function f d in Eq. (2.3) acts a blending function and it depends on
the grid construction and sensors in the boundary layer. To counteract
the reduced amount of turbulence at the interface within the boundary
layer separating the two flow regimes, a boosting function f e is part of
the length scale definition. Thus the amount of modeled turbulence is
enhanced to compensate for less resolved turbulence. The length scale
of RANS given by Eq. (2.4) is expressed as a function of the turbulent
kinetic energy k and the specific dissipation rate ω obtained from the k −
ω SST turbulence model developed by Menter [33]. The CDES term in
Eq. (2.5) is calculated by blending the two constants for the dissipation
equations, i.e. ω and e. Considering that the eddy viscosity scales to the
power of 4/3 within the inertial subrange, allowed Travin et. al. [34]
to simply substitute the length scale of RANS with the length scale of
IDDES in the dissipation term in the transport equation for turbulent
kinetic energy k,
Πk =

ρk3/2
l IDDES

.

(2.6)

All constants are left unchanged in relation to the original formulations.
The complete formulation is relatively complex and for further information about the underlying assumptions and definitions, see [24]. For a
comprehensive review of various DES version, see [35].

2.2
2.2.1

Aeroacoustics
Noise generating mechanisms associated with
subsonic fans

The noise emanating from a spinning fan has a distinctive spectral shape
[36] consisting of discrete frequencies associated with the blade passing
frequency (BPF) and its higher order harmonics superimposed on a continous broadband level emanating from vortical motion, i.e. turbulence.
Knowledge of the former dates back to the theoretical work of Gutin
[37] who examined sound produced by a two bladed helicopter rotor.
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A uniform inflow profile (left-hand figures in 2.3(a)) was assumed and
the blades were symmetrically spaced meaning that the BPF is the fundamental frequency of the analysis. A distribution of pressure dipoles,
properly phased to take into account the time interval between successive blades, represents the pressure pulses imposed on the fluid by the
blades (left-hand side of Fig. 2.3(b). As the circumferentially periodic
motion, caused by the blades, inflicts a spinning steady pressure pattern
in the vicinity of the rotor, sound directly linked to the spinning frequency is created. For high Mach number tip speeds, steady loading is
important to consider but is negligible at subsonic tip speeds as the circumferential phase velocity of the pressure pattern is subsonic, i.e. the
pressure waves which govern sound decay exponentially.
However, it is common experience that subsonic rotors do produce
tones at the blade passing frequency (BPF) that are capable of propagating without apperent attenuation. A foundation for understanding this
is to look at the similarities with the noise mechanisms associated with
rotor-stator interaction given by Tyler and Sofrin [38]. A rotor-stator
configuration for a rotor of B blades and stator of V vanes set up circumferential modes of order m = nB ± kV where n is the harmonic of
the BPF while k corresponds to the spatial harmonic number of the disturbance associated with the stator vane. As the pressure pattern spin
is expressed as nB/m, it can be realized that the order m can be much
lower than nB for a given set of blades and vanes. The speed of the interaction mode can hence be highly supersonic although the rotor rotates
subsonically. Studies by Wright [39] and Lowson [40] show how the
higher loading harmonics can be very efficient sound radiators which
may completely overwhelm the noise due to the steady loads. Such
scenario is encountered by combining the inflow velocity profile seen
in the middle of Fig. 2.3 coupled to left-hand side of (b).
The simplified pressure pattern seen on the left-hand side of Fig.
2.3(b) is an idealization assuming the pressure to be perfectly distributed
along the radius and no variation exists due to the individual blades. In
reality, slight irregularities between blade forces caused by e.g. nonperfect circular shroud gives variation in tip clearance, incidence, position etc. Thus, the Fourier analysis needs to include components at
all spatial frequencies and not only frequencies linked to those that are
multiples of the number of blades [41], see right-hand side of Fig. 2.3(b).
Furthermore, varying distortions at intake will produce sound components of different phases at one frequency (couple right-hand of Fig. 2.3(a)
with left-hand of Fig. 2.3(b)). In the far-field, such a temporal variation
15
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gives tones that are randomly amplitude modulated and the modulating signal appears displaced on either side of the carrier tone in the spectrum , i.e. skirts appear on the tones. In addition, if the rotational speed
is varying or the blades are vibrating, additional tones will appear in the
spectra on either side of the fundamental, i.e. haystacking.

(a)

(b)

(c)

Figure 2.3: Fan noise generation mechanisms. (a): inflow velocity profiles, (b): pressure
distribution in the vicinity of the rotor, (c): sub-sonic fan.

So far, only the tonal components related to the sound produced has
been described as a function of the deterministic pressure pattern associated with the angular motion of all blades. Broadband noise, emanating
from the fan, is much more difficult to categorise and isolate as multiple noise generation mechanicsms are simultaneously causing them.
At minimum, broadband noise is produced due to the fluctuating pressure arising from turbulent boundary layers developed on the fan blade
surfaces [42, 43] and the flow passing the trailing edge [44, 45]. In relation to other mechanisms (to be given below), self-noise refered to as
the noise generation mechanisms associated with a turbulent boundary
layer and trailing edge in addition to the steady loading formulated by
Gutin [37] is of minor importance.
Noise of broadband character of major importance is associated with
the tip leakage flow [46] although tonal components uncorrelated with
16
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the rotational order have been reported for fans operating at off-design
condition [47]. Depending on the tip clearance width, especially the
broadband level in the high frequency range is affected and reduced
as the tip gap is minimized [48, 49]. A snapshot of the instantaneuos
pressure field ahead the rotor at a fixed radius caused by the tip flow
added to the principal pressure pattern imposed by the rotor is seen on
the right-hand side of Fig. 2.3(b).
Furthermore, a vital ingredient to the radiated broadband noise is the
characteristics of the inflow. Turbulent content characterized by vortical
motion adds to the spectra as a continuous broadband envelope level.
Intake flow distortions may be caused by intermittent boundary layer
fluctuations existing on the casing walls [50], intrinsic turbulence within
the main stream [51] or turbulence developed caused by installed turbulence grids [52]. This is depicted in the right-hand figure of Fig. 2.3(a).
Interesting to note is that as the turbulent boundary layer thickness was
reduced by the use of a suction system, the broadband level was lower
for all spectral frequency components [50]. With that said, it is not obvious that turbulent boundary layers on the duct casing wall interacting
with the tip region can be dealt with separately in relation to the noise
produced solely from the tip leakage flow [53]. Thus, there seems to be
an optimal scenario where the opposing passage and leakage vortices
begin to trade off, giving a minimum flow loss, resulting in less broadband noise.

2.2.2

Governing acoustic equations

Sound emanating directly from vorticity in an unbounded fluid is called
Aerodynamic sound. The theoretical work that explains that process originates from the work of Lighthill [54] who, based on the conservation
laws of fluid dynamics, formulated an inhomogeneous wave equation.
It is assumed that the spatial extent of the source region is limited to
a confined space in the overall unbounded region and that no backreaction to the fluid takes place. Hence, the source term on the righthand side reduces to zero outside the region occupying the source term.
The equation is given as
!
1 ∂2
∂2
∂2
T
(2.7)
− 2 c20 ρ0 =
2
2
∂xi ∂x j ij
c0 ∂t
∂xi
where c0 is the speed of sound. The term Tij is the well known Lighthill

stress tensor given by ρui u j + p − c20 ρ δij − σij including the viscous
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stress tensor σij . Thus, the right-hand side of Eq. (2.7) represents the
sound created by vortical motion of the fluid itself, deviation from isentropic state and molecular transport of momentum.
A limitation of Eq. (2.7) is that it assumes that no solid boundaries
are present in the source region. To account for such a scenario, Curle
[55] extended the work of Lighthill to incorporate the effect of stationary
surfaces and found that the acoustic power is significantly increased as
a dipole type sound source emerges in the source region. Further, for
moving surfaces Ffowcs Williams - Hawkings [26] introduced generalized functions to denote the presence of more general types of surfaces.
This introduces, in addition to the dipole source, a monopole type of
source due to the fluid volume displaced by the rotating blades. The
Ffowcs-Williams and Hawkings equation formulated for the acoustic
pressure p0 (p0 ≡ c20 ρ0 as the observer location is outside the source region) is

1 ∂2
∂2
−
c20 ∂t2
∂xi2

!
p0 =


∂2 
Tij H(g)
∂xi ∂x j



∂ 
Pij n j + ρui (un − vn ) δ(g)
∂xi
∂
+ ([ρo vn + ρ (un − vn )] δ(g))
∂t

−

(2.8)

where un is the fluid velocity in the direction normal to the surface g = 0
and vn is the surface velocity in the direction normal to the surface. The
notation H and δ denote the Heaviside function and delta function, respectively. The compressible stress tensor Pij = ( p − po ) δij − σij includes
the Kronecker delta (δij = 1 for i = j, otherwise δij = 0) and the viscous
stress tensor σij .
A solution can be found for Eq. (2.7) and Eq. (2.8) by choosing an
appropiate Green’s function. The Green’s function together with appropiate boundary conditions determine the characteristics of the sound
propagation. A limited number of Green’s functions exists for simple
geometries. For systems of complex geometrical shapes, the acoustic
characteristics of the system can be obtained from a numerical simulation.
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2.3

Spectral decomposition

The measured far-field sound pressure inflicted to the surroundings by
a sound source (a spinning fan) confined in a system, will not only denote the characteristics of the fan but also contain information about the
acoustic properties of the system. Often, to enable a deeper examination of a system in an acoustic perspective, it would be beneficial to
isolate the effect of the other. Based on the idea of similarity laws formulated by Weidemann [56], this is possible as it enable a separation
of fan noise into a sound generation mechanisms and sound radiation
mechanisms by noting that the two mechanisms are governed by different frequency scales. Although, the final expressions might look differently depending on additional assumptions introduced during the formulation, as long as the basic assumptions are included, studies have
shown that the distinct features of each mechanisms can be separated.
e.g. [56, 15, 17, 16, 18]. The method is known as spectral decomposition.
Here, the formulation of Canepa et al. [18] is adopted which expresses
the far-field one-sided power spectral density as
2 3 6
 ρ0 Ω Dtip

S pp f , Ω, Dtip , r, ϕ, Θ =
Maα Re β F2 (St, ϕ) G2 He, ϕ, r / Dtip , Θ
2
r
(2.9)

where f is the frequency, Ω is the rotational speed, Dtip is the impeller
tip diameter, r is the distance to the receiver and Θ is the inclination
angle, measured from the rotational axis. The non-dimensional quantities, namely the Mach number Ma, Strouhal number St, Helmholtz number He, Reynolds number Re and flow coefficent ϕ are
Ma = ΩDtip /2c0 ,
St = f / f BPF ,
He = f Dtip /c0 ,

(2.10)

2
Re = ΩDtip
/2ν,
3
ϕ = 8Q/πΩDtip

where f BPF denotes the blade passing frequency, ν is the kinematic viscosity and Q is the volume flow rate. The purely aerodynamic source
term F (St, ϕ) describes the sound generation mechanicsm related to
pressure and velocity fluctuations within the source region. The product
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Maα G2 He, ϕ, r / Dtip , Θ describes propagation effects where Maα is associated with the aeroacoustic radiation efficiency and depends exclusively on the source properties (acoustic compactness
and coherence of

the source). The last term, G He, ϕ, r / Dtip , Θ (the acoustic response
function) describes the acoustic properties of the cooling unit and all
solid objects scattering the sound field. Besides a strong dependency
on the receiver’s position, a possible change in source position is given
through the dependency on flow coefficient ϕ. Both functions F and G
are made non-dimensional in the formulation.
The SPL spectrum can be approximated from Eq. (2.9) for a small
frequency band ∆ f

S pp f , Ω, Dtip , r, Θ, ϕ ∆ f
∼
(2.11)
L p ( f , Ω) = 10 log10
p2re f
where pre f is the reference pressure, here given as 20 × 10−6 Pa. The
effect of Re on the generated noise is negligible for low-Mach number
fans (β = 0), see e.g. [15, 16]. Additionally, for a fixed receiver position
and constant flow coefficient, F and G will be functions of St and He,
respectively. Hence, an expression for the two functions in Eq. (2.11)
can be expressed in logarithm form as


20 log10 F (St) + 20 log10 G ( He) = L p ( f , Ω) − 10 log10 Ω3+α − C (α)
" 6+α 2 #
Dtip ρ0 ∆ f
C (α) = 10 log10 α 2 2 2
.
2 c0 r pre f
(2.12)
The terms on the left-hand side are unknown while all terms on the
right-hand side are known from experiments. The separation is feasible
as the terms on the left-hand side are inherently related to two different
frequency scales, St and He. In principle, in the absence of propagation
effects, e.g., when the source radiates into a free-field, the spectra scaled
with 10 log10 Ω3+α and plotted versus St, should collapse on a single
curve.
A schematic view of the results from applying the separation technique just described, is presented in Fig. 2.4. Although the functions
in Eq. (2.12) are expressed by their unique frequency scales, respectively, the functions in Fig. 2.4 are expressed simply as a function of
frequency f . This is done to better illustrate how the summation of F
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and G expressed in logaritmic scale gives the SPL. The scaling is only
used throughout the separation process.

Figure 2.4: Separation of sound source function F and system response G function.

The results presented in the appended papers are governed by Eq.
(2.12). In a similar way, Eq. (2.12) can equally well be expressed for the
sound power level (SWL) as


20 log10 F (St) + 20 log10 G ( He) = LW ( f , Ω) − 10 log10 Ω3+α − C2 (α)
(2.13)
where the last constant C2 is a function of the reference sound power
Wre f (= 1 pW) instead of pre f . Eq. (2.13) is utilized to separate the two
functions in Chapter 4 as it is more appropiate for the short time range
of the simulated sound sources but also to elimate sound directivity effects. The functions based on SWL instead will anyway appear like the
functions presented in Fig. 2.4.
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Methods

The following chapter presents the experimental and numerical methods adopted to enable increased knowledge on the aeroacoustic characterization of the reduced cooling module and its individual parts. First
given is a brief description of the layout of the experimental facility and
the acoustic properties distinct for the up- and downstream side, respectively. A detailed description of the components are provided and
the various measurement techniques adopted to investigate the acoustic properties of the complete package but also for the automotive radiator alone. Also, a unique separation of the sound source from the system was possible by simplifying the spectral decomposition equations
presented earlier. The numerical strategies chosen for the aerodynamic
and aeroacoustic calculations are presented with detailed information
about the settings and sound propagation methods.

3.1

Experimental methods

Sound measurements were conducted in the Marcus Wallenberg Laboratory (MWL) acoustic test facility at KTH which comprises an anechoic
room coupled to a reverberation room, see Fig. 3.1. Situated in between
is the reduced cooling module seen in Fig. 1.2. The fan was running at subsonic speed ranging from 1000 rpm to 1450 rpm and the sound field was
measured as a function of impeller rotational speed. Upstream, on the
anechoic side, eight microphones were placed unevenly on an imaginary hemisphere surface of radius 2.2 m which origin conforms to the center of the radiator. The pressure signals at all microphones were simultaneously sampled during one minute sessions for each rotational speed
investigated. In the reverberation room, the sound field was obtained
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by using a microphone boom during one minute time slots. Given, the
installation, the two sound fields (up- and downstream) are assumed
acoustically uncoupled except for frequencies below 100 Hz.

(a)

(b)

Figure 3.1: The MWL acoustic test facility used for the acoustic measurements of the
sound characteristics governing the reduced cooling module. (a): Anechoic room view, (b):
Reverberation room view.

In Fig. 1.2, the reduced cooling module is shown followed by each component separatly. All parts originate from a Scania bus cooling installation. The radiator is of parallel-plate type and has a frontal area of approximately 0.60 m2 (0.85 m x 0.70 m). The cooling operation of the radiator was not in use, that is, the radiator acted as a passive device during
the measurements. The radiator had a thickness of 40 mm and the distance to the fan was 80 mm. As in realistic applications, the shroud was
mounted closely to the radiator in order to guide the flow towards the
fan. Although, two different fans were tested, the Borg Warner XD11
750 mm fan common for truck applications, is of focus here. It is 750
mm in diameter, have a blade chord ranging from 0.14 m to 0.16 m and
are equipped with 11 blades. The tip clearance is 5 mm. The fans were
driven by a hydraulic motor with a maximum pressure of approximately 230 bar. The modular set-up enables separate measurements of the
different components, as well as measurements of the complete setup.

3.1.1

Simplifications of the spectral decomposition
method due to facility properties

As each room in the measurment facility has different acoustic properties, a simplification of the spectral decomposition method is possible.
On the downstream side, the walls in the reverberation room is ideally
of zero absorption indicating that the sound field consists of an infin24
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ite number of pressure waves coming from all directions, i.e. the sound
field is diffuse. As such, the directivity properties of the sound source
are masked by the reverbarant sound field. In such installation, the
sound field is assumed coming directly from the reflections. Hence, the
sound field measured in a reverberation room (denoted R) is dominated
by acoustic reflections coming from the walls. Thus, Eq. (2.12) can be
simplified as


20 log10 Fp,R = L p,R ( f , Ω) − 10 log10 Ω3+α
(3.1)
where the notation p denotes the SPL. The system response G p,R is dropped
as the location of measurement point is unimportant and the effect of the
acoustic properties of a reverberation room for each frequency band is
simply a constant that will adjust the SPL measured using the rotating
microphone boom. The last term in Eq. (2.12) is a constant C (α), and
can hence be excluded. Consequently, by prescribing a value for α and
scaling Fp,R by St, Eq. (3.1) means that the curves for the different sound
source functions should collapse into a single curve.
On the upstream side, in the anechoic room, no sound reflections
take place due to absorbing wedges covering all walls. Consequently,
the acoustic signal measured by a microphone located inside the room
measures the direct sound field originating from the installation in addition to the sound source under investigation. The system response G p,A
can then be calculated by subtracting the SPL measured in the reverberation room from the SPL at a fixed microphone position in the anechoic
room (denoted A). This gives the acoustic properties of the installation
on the anechoic side
20 log10 G p,A = L p,A − L p,R .

(3.2)

In a similar manner as before, by expressing the left-hand side as a function of He and the right-hand side as a function of St, the acoustic properties of the installation will be apparent. For more details about the
assumptions govering Eq. (3.1) and Eq. (3.2), see [19].

3.1.2

Acoustic characterization of the radiator

A separate analysis of the radiator was necessary to ensure that the radiator itself does not contribute to the measured signal. An acoustic description of the radiator is feasible from three experimental techniques:
• flow induced noise (FIN)
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• transmission loss (TL)
• insertion loss (IL)
A brief explanation for each technique is given in the following sections.
Flow induced noise (FIN)
The objective of FIN is to ensure that the automotive radiator itself does
not produce any strong tones as flow is passing through its interior
structure and that the broadband level is much lower than the broadband noise generated by the fan itself. In order to control this potential
noise source, a flow was forced through the radiator by pressurizing the
anechoic room via a quiet air flow from an external fan connected to the
room. The SWL was measured in the reverberation room for increasing volume flow through the radiator using the comparison method, i.e.
ISO 3741:2010 [57]. In brief, the method is starting from a known SWL
measured from a reference sound source and calibrated for a given environmental condition. This enables the SWL from the source in question to be calculated assuming that the difference in SPL between the
reference sound source and the sound source investigated is the same as
the difference in SWL.
Transmission loss (TL)
The TL was measured using an intensity probe procedure, known as
ISO 15186-1:2000 [58]. The intensity probe was manually swept at a uniform pace over the front side surface (anechoic room) of the radiator,
see Fig. 3.2(a). A diffuse acoustic field was excited in the reverberation
room from a reference sound source (Fig. 3.2(b)) and measured using a
rotating microphone (Fig. 3.2(c)). The TL was calculated as



SM
TL = L p − 6 − L I + 10 log10
(3.3)
S
where L p is the SPL measured by using the rotating microphone in the
reverberation room and L I is the sound intensity level in the anechoic
room obtained through scanning the surface. The parameters S M and
S are the measurement area and the scanned area. For the present case,
the areas are the same.
Due to the limited size of the radiator, the experimental setup is only
appropriate for higher frequencies where the wavelengths of the acoustic waves are smaller than the dimension of the radiator. As the largest
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(a)

(b)

(c)

Figure 3.2: Instrumentation transmission loss measurement. (a): intensity probe scannng,
(b): reference sound source, (c): rotating microphone boom.

dimension of the radiator was 0.85 m, this corresponds to a frequency of
approximately 400 Hz.
Insertion loss (IL)
To allow studies in the low frequency range, a new methodology was
developed that comprises IL measurements using a dipole sound source.
The dipole used a pair of very closely spaced loudspeakers that together
produced a dipole sound field where the diameters of the loudspeakers
were 0.23 m, see Fig. 3.3(a).

(a)

(b)

(c)

Figure 3.3: Insertion loss setup. (a): dipole sound source, (b): setup without radiator, (c):
setup with radiator.

The dipole is placed 80 mm behind the radiator located at a distance
equal to that from the sound source (fan) included in the reduced cooling
module. Both white noise and discrete frequencies were excited. The
sound pressure is sampled at five microphones placed at a distance of
0.9 m from the surface of the radiator on the receiving side. Fig. 3.3
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shows the installation without (b) and with (c) the radiator, respectively.
The IL was calculated using
IL = L p,WO − L p,W

(3.4)

where the parameters L p,WO and L p,W are the SPLs measured without
and with the radiator present.

3.1.3

Instrumentation

For the measurement of SPL, BSWA type MP201 microphones were used
and calibrated with a Larson & Davis Cal 200/448. Frequency analysis
software SpectraPlus together with MWL UNO/UA-1G external soundcard was used to obtain SPL and SWL data in the reverberation room. To
simultaneously sample the acoustic pressure measured by eight microphones in the anechoic room, a MATLAB program has been employed,
connected to an Agilent e1432a soundcard. The rotating boom used for
averaging was a B&K type 3923. The intensity probe used during scanning was a Probe LD 2260 together with a Larson & Davis 2900B analyser. A Universal instrument Swema Air 3000 hot wire probe was used
to measure the inlet velocity into the radiator.

3.2
3.2.1

Numerical methods
Aerodynamics

All simulation results presented in Paper B - E are performed utilizing the computational fluid dynamic software STAR-CCM+ v11.02.009
double precision by CD-adapco [59]. It is a finite volume solver which
solves the set of algebraic equations obtained from the discretized versions of Eq. 2.1. The equations are solved with an algebraic multigrid
solver. Applying the integral equation to a cell-centered control volume
for cell 0, the transport equation for a scalar quantity ψ is obtained:

 

∂
(ρψV )0 + ∑ ρψ u − ug · a f = ∑ (Γ∇ψ · a) f + Sψ V 0 . (3.5)
∂t
f
f
The terms in the equations are, from left to right; the transient term, the
convective term, the diffusive term and the source term. The numerical
approach to each term is given below.
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Transient term
A second-order temporal scheme discretization of the unsteady term is
adopted where the solution at the next time level, n + 1, and the solution
from the current and previous two time levels, n and n − 1, are used;

∂
1 
3 (ρψV )0n+1 − 4 (ρψV )0n + (ρψV )0n−1 . (3.6)
(ρψV )0 |n+1 =
∂t
2∆t
As the temporal discretization is implicit, a stable solution is guaranteed independent of the time step size ∆t. For each time step, 5 inner
iterations are performed.
Convection term
The convective term is discretized as

 
ρψ u − ug · a = (ṁψ) f = ṁ f ψ f

(3.7)

where a is the face area vector and ψ f and m f are the scalar values and
mass flow rates at the face, respectively. The values ψ f at the face is
computed by a hybrid second-order upwind/bounded central scheme,
i.e.

(ṁψ) f = ṁ (σψsou + (1 − σ) ψbcd )

(3.8)

where at the face f , the values of ψsou are obtained from the secondorder upwind scheme and ψbcd from the bounded central-differencing
scheme. The blending factor σ is specified as 0.15.
Diffusion term
In Eq. (3.7), Γ and ∇ψ denote the face diffusivity and gradient, respectively. The diffusion term is handled by a second-order central approximation that implicitly involves the cell-centered values. The cross diffusion appearing for non-orthogonal and unstructured grids, is evaluated
explicitly where the gradient at the face of an element is obtained as a
weighted average of the gradients.
Pressure-velocity coupling
The flow field is computed in a segregated manner which means that the
flow equations; one for each component of velocity and one for pressure,
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are decoupled and solved sequentially. The pressure-velocity coupling
is enable by the SIMPLE algorithm which solves a reformulated continuity equation for pressure. A Rhie and Chow interpolation technique is
used to avoid an odd-even decoupling of pressure and velocity with the
collocated storage scheme applied.

Boundary conditions
A variety of boundary conditions have been prescribed to different parts
of the computational domains adopted. In steady state, the flow field
is solely developed by the fan rotation accomplished by a moving reference frame (MRF) technique. As the flow at the inflow boundary is
unknown, a stagnation inlet type is utilized. This means that the velocity field at the inlet is adjusted based on the Bernoulli’s equation. A
pressure outlet condition is prescribed at the outlet extrapolating the
boundary face velocity from the interior using reconstruction gradients.
This pressure field is for some cases, adjusted to fulfill a targeted mass
flow rate. Once the steady state flow field has reach convergence, the
transient simulation is initialized. On the inlet boundary for the unsteady simulations, the velocity components are assigned by mapping
the mean flow field results from the precursor RANS simulation. Fan
rotation is accomplished by a sliding mesh approach moving the mesh
vertices of the rotating region around the fan axis. In Paper B and C, an
algorithm to generate correlated turbulent structures is utilized to enable the noise generated to be a function of inflow turbulence [60]. For
more information about the formulations, see Paper C.

Automotive radiator modeling
The automotive radiator is modeled as porous medium by the introducton of a viscous and an inertial term applied on the velocity field components added as a volumetric source term on the right hand side of Eq.
(2.1). The expression is

f p = − PV + P I | v | v

(3.9)

where PV and P I are the viscous (linear Darcy term [61]) and inertial
(quadratic Forchheimer term [62]) resistance tensors, respectively.
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3.2.2

Aeroacoustics

The sound sources are extracted from the CFD simulations. Depending
on sound propagation method, the sources are defined in different ways,
see Eq. (2.7) and Eq. (2.8). If the system is part of the computation,
the sound transmission path through the system is accomplished by a
numerical finite element solver. For the cases where the system is not
included or simply omitted, the SPL in the far-field is calculated from
the free-field assumption which allows for an integral formulation to be
applicable. Both techniques are described below.
Confined propagation - Lighthill formulation
An alternative version of the Lighthill’s equation given by Eq. (2.7) in
frequency domain is
ω2
∂2 γ
1 ∂2 Tij
=
γ
+
∂xi ∂xi iω ∂xi ∂x j
c20

(3.10)

where the transformed potential ρ = −iωγ/c20 is used. The weak variational form, applicable for a finite element solver, is obtained by multiplying Eq. (3.10) with a test function N and integrating over a volume
V bounded by a surface S. The final form is

−

Z
V

ω2
γNdV −
ρ0 c20

Z

Z
V

V

1 ∂γ ∂N
dV =
ρ0 ∂xi ∂xi

i ∂N ∂Tij
dV −
ρ0 ω ∂xi ∂x j

Z
S

1
F (ρ̃ũi ni ) dS.
ρ0

(3.11)

The surface integral on the right-hand side represents the sound resulting from the transfer of momentum distribution F (ρ̃ũi ni ) along the surface S from unsteady CFD results. For a Stokesian perfect gas, in an isentropic, high Reynolds number and low Mach number flow, Lighthill’s
tensor Tij can be approximated as Tij ≈ ρui u j , see Goldstein [63]. However, the contribution of the volume integral in relation to the surface
integral, is small. This means that, in this work, the volume integral on
the right-hand side of Eq. (3.11) is omitted. Furthermore, convection and
refraction effects are neglected, which is a reasonable assumption for the
low-Mach number flows considered here. For more information on variational formulation of Lighthill’s acoustic analogy, see e.g. Oberai [64].
Eq. (3.11) is solved using Actran v16.1 which is an aeroacoustics simulation software based on the finite and infinite element method [65].
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Free-field propagation - The Ffowcs-Williams Hawkings formulation
An applicable intergral form of Eq. (2.8) appropiate for subsonic source
motion can be formulated by introducing new variables following di
Francescantonio [66],


ρ
ρu
Ui = 1 −
vi + i ,
ρo
ρo
(3.12)
Li = Pij n j + ρui (un − vn ) .
The new version of Eq. (2.8) can be written in its standard differential
form as
!

∂2 
∂2
1 ∂2
− 2 p0 =
Tij H( f )
2
2
∂xi ∂x j
c0 ∂t
∂xi
(3.13)
∂
∂
−
[ L δ( f )] + [(ρo Un ) δ( f )] .
∂xi i
∂t
An integral representation of Eq. (3.13) can be written by adopting the
formulation 1A [67] as a solution of three contribution
p0 (x, t) = p0T (x, t) + p0L (x, t) + p0Q (x, t)

(3.14)

where the three terms on the right-hand side denote the thickness, loading and quadrupole sound sources. Although the integration surface
is no longer restricted to the rotor blade surface, the physical meaning
of the terms is lost and purely mathematical for a permeable surface.
For low-speed fans, the second term predominates for an impermeable
evaluation surface, hence sound is primarily produced by the unsteady
loading imposed on the surrounding fluid. The integral form of p0L (x, t)
is
"
#
Z
1
L̇r
0
4π p L (x, t) =
dS
c0 f =0 r (1 − Mr )2
ret
"
#
Z
Lr − L M
+
dS
(3.15)
f =0 r2 (1 − Mr )2
ret
" 
 #
Z
Lr r Ṁr + c0 Mr − M2
1
+
dS.
c0 f =0
r2 (1 − Mr )3
The dot over a variable implies source-time differentiation of that variable, L M = Li Mi , and a subscript r or n indicates a dot product of the
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vector with the unit vector in the radiation direction r or the unit vector
in the surface normal direction n, respectively.
Eq. (3.15) is implemented in STAR-CCM+ and the integral is evaluated using an advanced–time algorithm [68]. This means that the timelag between emission and reception times is accounted for by starting
from a sequence of emission times, calculating the source strengths at all
source elements (faces of the integration surfaces) for a given emission
time and the contribution to the sound signal in the far-field is constructed from all source elements, interpolated in the far-field time domain.
Automotive radiator modeling
The automotive radiator is modeled as an equivalent fluid, i.e. no interaction with the interior structure is allowed. Thus, a reduced form of the
model developed by Biot [69] is adopted where, in a similar manner as
Eq. (3.9), a set of lumped parameters; porosity, resistance and tortuosity,
defines the behavior as sound is passing through the medium. Considering a harmonic field, the equilibrium equation for the fluid phase F
writes
2 F
−Λ∂i p F + ρ̃22
ij ω u j = 0.

(3.16)

In Eq. (3.16), Λ is the porosity, p F is the fluid pressure and u Fj is the fluid
velocity in direction j. The density term ρ̃22
ij is given by
∞
ρ̃22
ij = Λρ f αij −

iΛRij
ω

(3.17)

where αij∞ denotes the tortuosity and the resistivity tensor is represented
by Rij . As before, the acoustic pressure is expressed using the velocity
potential, p = −iωψ. The weak variational statement for the fluid phase
is obtained
!
Z
Z
 
2
ω
Λ2
ψ F N F dV = −
iωΛ unF NF dS (3.18)
− 22 ∂i ψ F ∂ j N F +
B
ρ̃ij
Sp
Vp
where N F is the test function and B is the adiabatic bulk modulus given
as 140000 Pa. For more information about the formulations, see [70]. Eq.
(3.18) is also implemented in Actran v16.1 [65].
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Results

This chapter presents the main findings obtained from the experimental
and numerical studies of fan installation effects, respectively. First, the
simulation strategy is described which was adopted for the numerical
testing of the configuration given by an external researcher [27]. As flow
and sound field data was provided for a controlled fan operating condition it was an ideal choice. The learning achieved motivates the settings
adopted for the final simulations of the reduced cooling module installation. Second, the acoustic properties of the automotive radiator alone
are presented to determine its influence on the radiated sound. Finally,
the last parts include the aeroacoustics results of the reduced cooling module in relation to the results acquired experimentally.

4.1

Short summary of Paper B

The aim of Paper B was to find an appropiate mesh resolution in addition to the influence of small-scale turbulent structures of low intensity
magnitude impinging on the fan. In Table. 4.1, the design parameters
are presented which are utilized in both Paper B and Paper C. The simulated setup comprises the rotor with the largest tip clearance while the
measured SPL for the smallest tip gap width is only used to compare the
amount of noise generated for a less resolved tip region, see Section 4.3.
The computational domain for the complete rotor is shown in Fig.
4.1. On the inlet boundary, the velocity field components from a precursor RANS simulation of larger computation domain are mapped onto
the inlet plane. The inflow boundary not only comprises the annular
cut-plane section but also the cylindrical surface extending from the inlet to the hub. This was done to ensure that the surface pressure coef35
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Table 4.1: Design fan parameters.

Nominal fan diameter (D)
Hub diameter
Number of blades
Tip clearance
Rotational speed
Tip Mach number
Design flow rate

0.3 [m]
0.135 [m]
5
0.01 D / 0.001 D [m]
3000 [rpm]
0.137
0.65 [m3 /s]

ficients conformed for both domains adopted in Paper B, i.e. the complete rotor and the single blade configurations, respectively. The latter
will not be considered here. A uniform turbulence intensity of 0.5 %

Figure 4.1: Computational domain adopted for the aeroacoustics studies of the subsonic
fan in Paper B and the intermediate aeroacoustics simulations described in Section 4.2.

and a constant integral length scale of 20 mm defined the turbulence on
the inflow boundary. Two scenarios were simulated where the first case
included a superimposed synthetic turbulent flow field enabled by the
SEM algorithm [60] while the second case defined turbulence by the two
turbulent quantities k and ω (turbulent kinetic energy and specific dissipation rate). The former and latter cases, respectively, will henceforth
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be denoted Tu0 and Tu05. The grid resolution and the aeroacoustics results will be presented in the next section.

4.2

Intermediate aeroacoustics simulations

Based on the results presented in Paper B, extended work was performed to find numerial settings that give a better agreement with the
measured SPL. As the SPLs were highly underestimated it was concluded, in relation to earlier findings presented from numerical and experimental studies of fan noise generation mechanisms, that the mesh
needed to be refined, especially in the tip region to enable small-scale
structures to be resolved. This was done by keeping the overall grid settings fixed while the surface mesh resolution was increased, see Fig. 4.2
for a view of the surface resolutions and Table 4.2 for the grid settings.
Further, to ensure an acceptable rate of growth in the blade surface normal direction, the settings for the prism layers were also changed. Similar inlet boundary conditions defined for the cases Tu0 and Tu05 are
adopted.
Table 4.2: Mesh decompostion and the associated maximum cell sizes.

Mesh1
Mesh2
Total number
of cells (Million)
23.0
28.2
Prism layer
2.0
1.0
thickness [mm]
Number of
prism layers
15
10
Surface size
(min/max) [mm]
0.25/1.0 0.125/0.5
Boundary growth
Fast1
Slow2
1 Sets one cell layer next to surfaces
2 Sets four cell layers next to surfaces

Mesh3

Mesh4

44.6

75.2

1.0

0.4

10

8

0.125/0.25
Slow2

0.125/0.25
Fast1

The SPLs as a function of surface mesh resolution and inflow turbulence content are given in Fig. 4.3. As the grid density in the vicinity
of the rotor is increased, the magnitudes of the SPLs in the far-field increase. As such, the simulated SPL finally conforms to the measured
SPL. Hence, it can be concluded that the mesh topology and strategy
adopted for the last mesh, i.e. Mesh4 gives an SPL which matches the
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(a)

(b)

(c)

(d)

Figure 4.2: Mesh topology and resolution for the extended work. The sections conform
the red cut-plane seen in Fig. 4.1. (a): Mesh1, (b): Mesh2, (c): Mesh3, (d): Mesh4.

experimental result. Furthermore, it is apparent that as the tip region
is more resolved, the influence on SPL from the interaction of the upstream turbulent content is reduced. However, for these simulations,
the turbulence intensity was given as a uniform profile of merely 0.5 %
which explains the negligible impact on the simulated far-field sound
field.

4.3

Inflow turbulence and tip resolution

The next step, the objective of Paper C, is to incorporate the effect of a
turbulent boundary layer interacting with the tip region. In addition, as
the tip noise is for the present situation assumed to dominate (based on
the measured SPLs for the two different tip clearances), the tip resolution
is slightly coarsened to reduce the amount of noise generated in that region. This strategy originates from the spectral difference seen between
the SPLs presented in Fig. 4.3(c) and Fig. 4.3(d) where the flat level from
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Figure 4.3: PSDL at microphone position. Full line (black): Tu05, Dotted (blue): Tu0,
Dashed line (red): Exp. (a): Mesh1, (b): Mesh2, (c): Mesh3, (d): Mesh4.

1000 Hz to the spectral cut-off is simply vertically shifted as an effect
of the omitted tip refinement box. Also, for these simulations, the inlet
boundary conditions were changed, see Fig. 4.4. Due to the steep turbulence intensity profile closer to the wall, the surface mesh resolution on
the casing was insufficient and was consequently changed accordingly
to enable the inflow turbulent structures to be resolved in the vicinity
of the duct wall. In relation to the boundary conditions prescribed on
the inlet plane in Paper B, the measured axial velocity is utilized as the
simulated RANS axial velocity profile differed quite remarkably in the
vicinity of the wall. Although it can be expected that the direction of the
flow approaching the rotor is not entirely axial, no data was available
which precludes a clear and correct specification of such, therefore excluded. The cases simulated where the turbulent structures are imposed
on the inlet boundary by the SEM algorithm are denoted L20mm and
the cases for which turbulence is given by the turbulent quantities k and
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ω without utilizing SEM are denoted L0mm.
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Figure 4.4: Inflow profiles for the aeroacoustics studies. Left: Axial mean velocity Uz ,
Middle: Turbulence intensity level Tu, Right: Integral length scale λ, Full line (black):
Measured, Dots (red): Paper B and intermediate aeroacoustics simulations, Dashed line
(blue): Paper C.

The simulated SPLs shown in Fig. 4.5 are functions of inflow turbulence generated by the SEM algorithm [60] and the tip mesh resolution
while the SPL range presented for the experimental data set depends on
the tip gap width only. The greatest effect appearing for a suppressed
leakage flow is seen for frequencies above 1000 Hz where the SPLs are
equally reduced due to the omitted refinement box, see Table 2 in Paper C for a description of the settings for FM, CM and ETM. A similar
spectral trend has been reported [48, 49] in the high frequency range
while the SPL at lower frequencies are nearly unaffected. On the contrary, boundary layer turbulence interacting with the tip region commonly changes the magnitudes of the low frequency components more
than the SPL in the high frequency range. However, the latter depends
highly on the interplay between the upstream boundary layer turbulent
structures and the tip vortices. Mugridge and Morfey concluded from a
range of experiments that the removal of the wall boundary layer may
actually increase the radiated broadband noise for a given tip clearance
[53]. There seems to be an optimal scenario where the opposing passage
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and leakage vortices begin to trade off.
A view of two instantaneous flow field quantities are shown in Fig.
4.6 - 4.7 for the different boundary conditions prescribed. For L0mm,
the thickness of the RANS region seen in Fig. 4.6(a) extends far into the
computational domain accompanied by a high viscosity ratio presented in Fig. 4.7(a) as the transport equations for k and ω are utilized to
compute all contribution of turbulence. A different scenario prevails for
L20mm where the thickness of the RANS region is highly supressed, see
Fig. 4.6 and the computational mode is in WMLES due to the inflow turbulent content. In turn, the viscosity ratio is much lower as the turbulent
viscosity now defines a sub-grid viscosity νsgs .
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Figure 4.5: PSDL at the microphone position for FM and ETM as function of inlet boundary condition. Full line (black): FM, Dashed line (blue): ETM, Shaded area (red): Experimental, (a): L0mm, (b): L20mm.

(a)

(b)

Figure 4.6: Instantaneous fields of blending function f d part of Eq. (2.3) for FM. (a):
L0mm, (b): L20mm.
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(a)

(b)

Figure 4.7: Instantaneous fields of viscosity ratio for FM. (a): L0mm, (b): L20mm.
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To better elucidate the effect of boundary layer interaction and tip
resolution, the spectral differences are presented, i.e. ∆ PSDL = PSDL L20mm
- PSDL L0mm . In Fig. 4.8, the differences are shown for the three mesh
cases simulated, denoted FM, CM and ETM. For more information about
the settings, see Table 2 in Paper C. The curves are presented in frequency bands of 50 Hz as opposed to 10 Hz before. The main effect
caused by vortical structures impinging the blade tip is a higher SPL.
Although the effect is not as prominent for the refined tip mesh cases,
FM and CM, the sound produced by the interaction of upstream vortices
with the blades for ETM shows similarities to the results obtained from
experimental studies dedicated to the noise produced solely due to turbulent structures within the boundary layer impinging on an impeller,
see e.g. [50]. As the boundary layer thickness was reduced by the use of
a suction system, the SPL was reduced manifested especially in the low
frequency part of the spectrum. Similar characteristics are shown in Fig.
4.8(c). The curves in Fig. 4.8(a) and Fig. 4.8(b) signify that the inflow
turbulent content increases the SPL which generally fluctuates around a
mean difference of 2 dB.
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Figure 4.8: PSDL difference (∆ PSDL = PSDL L20mm - PSDL L0mm ) as a function of inlet
boundary condition. (a): FM, (b): CM, (c): ETM.
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The noise associated with the tip leakage flow, if isolated from other
fan noise generation mechanicsms, is shown as a vertically translated
SPL in the high frequency range. In that sense, for a minimum noise
output, the tip clearance width should possibly be at minimum. However, this is often limited due to the variation in shaft position which
drives the fan. A numerical simulation of a rotating fan is therefore an
idealized scenario as the fan is perfectly positioned on a fixed axis. In
Fig. 4.9, the difference is seen between FM and ETM for the two L0mm
and L20mm cases. For comparision, the difference in the experimental
data between the SPL measured for a tip gap of 3 mm and the SPL measured for a tip gap of 0.3 mm, i.e. ∆ PSDL = PSDLtg 3mm - PSDLtg 0.3mm ,
is also provided in Fig. 4.9. It is clear that the effect of suppressing
the tip leakage flow by a slightly less resolved tip region gives a similar spectral difference in the three curves. The spectral peaks are linked
to the statistics of the vortices developed and above 1000 Hz the SPL
is approximately constant until the mesh cut-off slope. However, as a
result of the boundary layer interaction, the tonal components are less
prominent, believed to be caused by the suppressed vortical formation.
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Figure 4.9: Simulated PSDL difference (∆ PSDL = PSDL FM - PSDL ETM ) and measured
PSDL difference (∆ PSDL = PSDLtg 3mm - PSDLtg 0.3mm ). (a): L0mm, (b): L20mm, (c):
Measured.

An possible explanation for the increased SPL in the high frequency
range can be realized by looking at Fig. 4.10. Although the general flow
field looks similar, caused by the fan rotation, the refinement box utilized for FM seen on the right-hand side enables small-scale structures
of high vorticity to be captured consequently producing high frequency
noise. A similar flow field effect holds for L0mm.
Interesting to note is that the BPF is well captured for the simulated
cases shown in Fig. 4.3 while it is absent for the SPL seen in Fig. 4.5. This
is attributed to the mapped RANS velocity field comprising radial and
circumferential velocity components producing variations in the mean
43

CHAPTER 4. RESULTS

(a)

(b)

Figure 4.10: Cylindrical cut of instantaneous vorticity magnitude in the tip region at
radius 0.1475 m for L20mm. (a): ETM, (b): FM.

inflow ingested. This is in accordance with the noise generation mechanism which governs the tonal components [41]. In perspective, it is realized that the mean velocity field prescribed in Paper C should include
radial and circumferential components to properly capture the discrete
frequency noise. However, a complete description of the inflow velocity
field is not available for the configuration at present and the aim of this
work is the aeroacoustics study of the reduced cooling module.
As explained in Paper C, the idea was not to account for the acoustic
properties of the configuration but instead, given a set of parameters,
investigate the effect on the sound source here conforming to the blade
surface pressure statistics. The findings and knowledge gained helped
in constructing the mesh for the reduced cooling module installation. Also
found is that the spectral characteristics linked to two primary scenarios
of noise generation, i.e inflow turbulence and tip leakage flow, are seized
which further demonstrate that the final settings chosen are appropriate.
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4.4

Acoustic properties of the automotive
radiator

In this section, the acoustic results from the investigation devoted to the
automotive radiator alone are presented. It is important as to determine
the acoustic properties of the complete cooling package as the radiator
can be excluded as a possible noise source if its assessed effect on the
transmitted sound is negligible. The three methods presented in Chaper
3 are adopted, namely: flow induced noise, transmission loss and insertion loss. For more information on the measurement techniques and
procedures, see Paper A.

4.4.1

Flow induced noise

To elucidate if the radiator itself produces noise which can possibly mask
the measured pressure signal in the far-field, flow induced noise is measured by forcing a quiet flow through the interior of the radiator matrix.
The sound power level (SWL) is measured by the comparison method
in the reverberation room for increasing flow rates passing through. The
delivered sound power normalized with 1 pW and expressed in logarithmics scale is shown in Fig. 4.11. No discrete frequency components
are part of the spectra, which signifies that whistling can be precluded.
Also, the broadband SWL in relation to the measured broadband SWL of
the reduced cooling module exluding and including the radiator presented
in Fig. 4.12 is at minimum 20 dB lower. Consequently, the broadband
noise produced by the forced air stream passing the interior structure of
the radiator is much lower in comparison to the SWL produced by the
fan for the two different setups. The velocities of the volume flow are of
similar magnitudes as the flow rates delivered by the fan as part of the
cooling package.
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Figure 4.11: SWL of flow induced noise measured in the reverberation. Full line (blue): 7
m/s, Dashed line (red): 9 m/s, Dashed dotted line (black): 11 m/s, Dotted line (green):
13 m/s.
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Figure 4.12: SWL measured in reverberation room for the reduced cooling module. Full
line (blue): 1000 rpm, Dashed line (red): 1100 rpm, Dashed dotted line (black): 1250 rpm,
Dotted line (green): 1340 rpm. (a): Without radiator, (b): With radiator.
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4.4.2

Sound attenuation caused by the radiator

As the radiator can, based on the SWL presented in Fig. 4.11 in comparison to the SWL presented Fig. 4.12, be precluded as a contributing
factor to the far-field sound field the next step is to present its inherent
acoustic properties. This is possible through the two measurement techniques: transmission loss and insertion loss. The effect is presented in
Fig. 4.13. It is shown that the influence of the radiator on the transmitted
sound is negligible and that the simulated results for the two rotational
speeds presented mark an intermediate position in the spectra. However, irrespectively of the characteristics of the simulated sound sources
defined by the flow fields developed as the fan rotates at 1000 rpm and
1250 rpm, the modeling effect of adopting Eq. 3.16 gives a similar behavior on the transmitted sound. More information about the flow and
acoustic simulations will be given in the next section. The idea with
presenting the numerical result obtained from the acoustic modeling of
the radiator already is to highlight the minor effect on the sound transmission.

(a)

(b)

Figure 4.13: SWL difference caused by radiator. Full line (blue): Simulated effect utilizing
Eq. (3.16), Dashed line (black): Insertion loss , Dashed dotted line (red): Transmission
loss. (a): 1000 rpm, (b): 1250 rpm.

The results presented in Fig. 4.13 show that the effect of the radiator
on the far-field sound field is not associated with the acoustic properties
of the radiator. It is more probable that the changed operation condition
and the statistics of the flow field approaching the fan alters the characteristics of the sound field as the sound source is evitable modified. For
more information about the macroscopic parameters utilized for modeling the radiator, see Paper E.
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4.5

Installation effects of the reduced cooling
module

In this section, the installation effects are shown which arise due to the
sound scattering effect of the setup and the disparate properties of the
sound source linked to the different rotational speeds of the impeller and
changed operation conditions caused by the radiator. First presented is
how the simulated SWL is related to the simulated SPLs at the eight microphones. This is crucial as the analysis is founded on the assumption
that the microphones utilized during the acoustic measurement represent and capture the characteristics of the radiated sound field on the anechoic side. Secondly based on the spectral decomposition method, see
Eq. (2.13), the sound source functions F and system response functions
G are separated for both sets of data: the simulated and the measured.

4.5.1

Characteristics of the simulated far-field sound
field

To ensure that the sampled pressure signals of the eight microphones
upstream the installation cover the characteristics of the far-field sound
field, the simulated SWL is compared to the averaged SPL integrated
over the surface of an imaginary hemispheric for which the microphones
are situated on. The equation to convert SPL to SWL is
LW = L p + |10 × log 10 (r ) | + 8 dB.

(4.1)

In Eq. (4.1) LW and L p denote the SWL and SPL and r is the radius of the
hemisphere which is 2.2 m. The simulated SPLs are obtained from 20
time segments at each microphone position of the same size as the time
range simulated for each sound source, i.e. 0.12 s and 0.096 s. The averaged SPLs for all eight microphones are utilized to calculate the mean
SPL of the total sound field upstream.
The results presented in Fig. 4.14 govern the sound field upstream
of the reduced cooling module without the radiator. It is shown that the
integrated averaged SPL well represents the spectral characteristics and
that the sound pressure sampled using eight microphones are sufficient
to seize the overall properties of the radiated sound field. For now on,
Eq. (4.1) is used extensively to convert both the simulated and the experimental SPLs to SWLs.
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Figure 4.14: Simulated far-field sound field upstream of the reduced cooling module. Full
line (black): SWL (averaged SPL integrated over the surface area of a hemisphere),
Shaded area (grey): SWL range covered by the 8 microphones upstream, Dashed line
(red): SWL. (a): 1000 rpm, (b): 1250 rpm.

4.5.2

Validation of the simulated SWL with the
experimental SWL

This part presents the simulated SWL in relation to the measured SWL
for the reduced cooling module on the upstream anechoic side of the installation. To emphasize, the radiator is not part of the setup and thus
the aim is to investigate if the sound sources extracted from the simulated flow fields, inserted into the finite element solver, give an SWL
comparable to the sound field measured upstream. In Fig. 4.15 it is
shown that the SWLs obtained from the simulations conform irrespectively of frequency and rotational speed. As such, it can be said that
the characteristics of the flow field defining the sound source are well
captured and hence, that the sound field upstream is linked to a well
defined sound source term. This is in turn related to the minor difference in operation condition presented in Paper D between the two cases.
Focus is now on the radiator and in which way it influences the radiated sound field produced by the modified source term. The flow simulations include the radiator but the sound propagation is calculated assuming a clean inflow without a radiator located upstream of the sound
source plane. This is motivated by the small impact of the radiator on the
transmitted sound, see Fig. 4.13. Although, the measured SWLs comprise an installation including the radiator it is believed to be primarily
manifested in a modified sound source due to the changed operation
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Figure 4.15: Far-field sound field upstream of the reduced cooling module. Full line (black):
SWL simulated (averaged SPL integrated over the surface area of a hemisphere), Shaded
area (blue): SWL measured (averaged SPL integrated over the surface area of a hemisphere). (a): 1000 rpm, (b): 1250 rpm.

condition and flow field characteristics. The effect on the simulated and
measured SWLs caused by the modified sound sources are presented in
Fig. 4.16. The simulated SWLs are seen in the top rows while the measured SWLs are seen at the bottom. In the low frequency range, the effect
is similar, especially for the BPFs and the first and second harmonics
which are reduced, conforming to the sound reduction measured. At
higher frequencies, however, the effect is not as clear. This is assumed
to be attributed to the slightly different operating point of the simulated
fan performance in relation to the estimated operation condition for the
measured SWL, see Paper E. Also, as basically all tonal components are
reduced for the SWLs measured, this signify that the flow field leaving
the radiator has properties similar to the characteristics of a flow field
shaped by a turbulence grid [52]. Thus, small-scale turbulent structures exhausted into the impeller are not numerically captured as the
approach chosen, adopting a porous medium modeling, limits the flow
field to be resolved as the flow direction is forced to be one-dimensional.

4.5.3

The sound source functions

As given in Paper A and Paper D, the source function F is related to
the SWL measured in the reverberation using the comparison method.
By exploiting that property, the source function can be obtained from
the measured SWL downstream the installation prescribing the reverberation room’s system response function a value of unity. In a similar
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Figure 4.16: Simulated (top row) and measured (bottom row) far-field sound field upstream of the reduced cooling module. Full line (black): SWL for the reduced cooling module
excluding the radiator, Dashed line (red): SWL for the reduced cooling module including
the radiator. (a): 1000 rpm, (b): 1250 rpm.

manner, by assuming that the delivered sound power is equally distributed up- and downstream the installation, the sound sources defined on
the circular plane slightly upstream the fan in the non-rotating region
are utilized to compute the radiated sound for a free-field scenario. If
the curves are presented as function of the Strouhal number and scaled
with the tip velocity raised to the power α, they will ideally collapse
into a single curve for each of the simulated and the measured rotational
speeds. The parameter α is prescribed to 3 which conforms to an ideal
dipole sound source in accordance with the theory of noise generation
of subsonic fans. The source functions F obtained for a configuration
including and excluding the radiator are shown in Fig. 4.17. On the lefthand side no radiator is part of the installation while on the right-hand
side the radiator is included in the installation. As before, the simulated
source functions solely depend on the difference caused by modeling the
radiator aerodynamically, not acoustically. It is seen that all source functions, independently of rotational speed, have a similar spectral shape.
It should be pointed out that the difference in magnitude between the
calculated functions based on the measured SWL and simulated SWL is
related to the assumption made that the sound power delivered by the
source is equally distributed up- and downstream of the installaton. As
the aeroacoustics results presented in Fig. 4.15 in relation to the measured SWL were nearly identical, it can be said that sound power measured in the reverberation room is slightly higher, which is the correct
SWL associated with the noise generated by the fan. Also, the difference
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is higher for the sound source function extracted from the flow field for
the computational domain including an aerodynamic modeling of the
radiator. In that case the velocity components sampled on the source
plane located slightly upstream of the fan are obviously affected by the
flow leaving the radiator. However, the measured SWL downstream
is just slightly lower than the SWL upstream but in addition might be
affected by the radiator located just behind. That the sound source function is modified can be understood by examining the flow field characteristics shown in Fig. 4.18.
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Figure 4.17: The source functions F obtained from the simulated and measured SWLs.
Dashed line (black): Simulated mean, Shaded area (grey): Simulated range, Dashed line
(blue): Experimental mean, Shaded area (light blue): Experimental range. Filled circles
denote the simulated and experiental BPFs and higher harmonics. (a): without radiator,
(b): with radiator.
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Figure 4.18: Streamlines colored by vorticity magnitude at an instant in time. (a): without
radiator modeling, (b): with radiator modeling.
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4.5.4

The system response functions
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The system response functions are obtained from the source functions
previously presented in Fig. 4.17. The basic idea is that irrespectively
of the characteristics of the sound source, the acoustic properties of the
system are constant and thus the spectral curves defining the system appear the same. The spectra is scaled with the Helmholtz number. The
simulated system response functions G are given in Fig. 4.19(a). It is
interesting to note that although some variations in the spectral shape
distributions are seen, the radiated sound is evenly masked by the system and the curves hence appear similarily in shape. This is an acoustic
installation effect attributed to the acoustic properties of the setup. As
the system has a complex geometrical shape, it is however difficult to
determine exactly what is causing the altered SWL. In Fig. 4.19(b) a similar approach is adopted on the measured signals up- and downstream
the installation. The difference in magnitude between the simulated
functions is attributed to the higher reduction on the SWL measured upstream in relation to the less reduced SWL measured in the reverberation
room. Also, it might be explained by the sound attenuation caused by
the radiator, although small, contributing to the slight spectral disparity.
However the measured system response functions, although vertically
shifted, are similar in shape for the whole frequency range presented.
As such, the effect of the system on the far-field SWL is captured both
numerically and experimentally.
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Figure 4.19: The system response functions G obtained from the simulated and measured
SWLs for the reduced cooling module including and excluding the radiator, respectively.
Shaded area (blue): variation in G for the two rotational speeds excluding the radiator,
Shaded area (red): variation in G for the two rotational speeds including the radiator. (a):
Simulated, (b): Measured.
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5

Summary and
conclusions

A step-by-step approach to experimentally and numerically investigate
fan installation effects emerging from a subsonic fan situated in a complex and geometrically constrained cooling module has been presented. To enable the investigation, the number of components was heavily reduced comprising solely of an automotive radiator, subsonic fan,
shroud, frame and hydraulic motor. Sound measurements were conducted to have sound field data for validation later on for the aeroacoustics
results obtained for a similar setup. In turn due to the experimental
setup the up- and downstream sound fields could be separated. This
enables an engineering approach to the spectral decomposition method
to be adopted which in brief exploits the distinct acoustic properties of
each room. As such, the sound source function and system response
function could be obtained by scaling with the different frequency scales
defining the sound source and the acoustic properties of the system assuming the sound produced by the fan can be represented as a dipole
sound source.
The aeroacoustics study started from a configuration for which detailed flow data was available supplied by an external researcher. This
enables a numerical strategy to be developed based on the outcome resulting from the simulation settings prescribed and mesh topology adopted. Although the main idea was to find an appropiate simulation
methodology to guarantee that the upcoming simulations of the reduced
cooling module provide realistic flow and sound fields behavior, it also
made it possible to closer examine two main fan noise generation mechanisms: inflow turbulence impinging the impeller and noise produced
in the tip region. Focus was to investigate the sound source related to the
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surface unsteady pressure field isolated from the short length duct-like
installation. Hence a free-field sound radiation was assumed, a simplification found to hold true below 1000 Hz in earlier aeroacoustics studies of the same installation. The agreement with the measured SPL upstream the fan was promising as the results presented show how the
noise produced by the effect of inflow turbulence and the tip leakage
flow, respectively, modify the spectral shape distribution differently in
accordance with earlier findings from experimental studies. Thus it can
be concluded that an appropiate strategy was found.
A closer inspection of the sound characteristics emanating from the
reduced cooling module was conducted numerically. The aim was first to
simulate the setup excluding the radiator to focus on the sound source
and system response functions, respectively. In accordance with the results presented, the source function when scaled with the tip velocity
raised to the power of an exponent conforming to an ideal dipole sound
source and plotted as a function of the Strouhal number, collapsed into
a single curve. The acoustic properties of the configuration, independently of the features of the sound source, gave a similar spectral shape as
presented based on the Helmholtz number. This confirms that distinct
properties of each function have been both experimentally and numerically seized. Finally, the automotive radiator was included, modeled
as a porous medium for both the flow field and sound propagation calculations, respectively. The former changed the operation point of the
fan, consequently modifying the sound source. In accordance with the
experienced flow exhausted into the reverberation room changing direction and the sound power reduction measured for the discrete frequency noise components associated with blade passing frequency and
its higher harmonics, the aerodynamic modeling of the radiator gives a
realistic behavior. Also in relation to the measured effect on the transmitted sound through the radiator, the simulated transmission loss agreed
in magnitude.
In conclusion, the strategy adopted for this work covers, through
flow and acoustic measurements and simulations, a multi-disciplinary
approach to investigate fan installation effects. The results presented
show how important it is to simultaneously integrate and account for
both the flow field variations reflected in the sound sources and the
acoustic properties of the installation, masking the measured and simulated sound signals outside the cooling module.
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5.1

Future work

A suitable next step for future work includes a closer inspection of the
flow field leaving the automotive radiator. This is crucial to ensure that
the flow characteristics of the air stream impining the impeller are well
represented. This will enable a deeper examination of the numerical
shortcomings and capabilities associated with a porous medium modeling approach, consequently providing a better representation of the
sound source function for the case a radiator is included in the setup.
Furthermore, an additional area to investigate is the acoustic transmission path through the system. A strategy would be to also sample
the momentum flux downstream of the fan. As such, not only the acoustic power delivered downstream will be obtained but also a more precise description of the sound source function in relation to the measured
SWL in the reverberation room. This in turn will allow the properties
of the system, i.e. the system reponse function, to be more precisely determined. Alternatively, an option is to simplify the analysis and compute the average dipole response of the system for a setup similar to the
one adopted for the insertion loss measurement. Although that setup
was adopted for the determination of the acoustic properties of the radiator, it can equally well be applied for an estimation of the system
response function based on a simplified sound source.
In turn, as more knowledge is gained, a full description of the aerodynamic and acoustic properties of the cooling module is feasible. Thus
in a broader perspective, simulations can be utilized for multidisciplinary optimization studies consequently revealing design flaws which
limit the system to operate efficiently. This will reduce the environmental footprint as less fuel is consumed while simultaneously minimizing the noise produced.
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6

Summary of
appended papers

Paper A - Acoustic characteristics of a heavy duty vehicle
cooling module
Rynell, A., Efraimsson, G., Chevalier, M. and Abom, M. Applied Acoustics
111 (2016) 67–76
An automotive cooling module is experimentally studied to enable
a determination of its acoustic characteristics. The noise produced is
a function of rotational speed, fan type and the components included
in the installation. To ensure that the measured noise is mainly linked
to the fan, purely intrinsic acoustic properties of the radiator are scrutinized by standardized ISO methods. In addition, a new methodology
comprising a dipole sound source is adopted to circumvent limitation of
transmission loss measurement in the low frequency range. Thus, a full
description of the acoustic properties of the radiator is established. Also,
due to layout of the installation where the cooling module was mounted in a wall separating an anechoic room and a reverberation room,
the up- and downstream sound fields are decoupled which enables an
engineering approach to the spectral decomposition method to be adopted. As such, the characteristics of the sound source function associated
with the fan could be obtained by exploiting the measured sound field
in the reverberation room. In turn, a spectral description of the system
response function which describes the acoustic properties of the cooling
unit is possible by subtracting the effect of the source from the measured
signal in the anechoic room. Consequently, acoustic features of both the
sound source and system response are revealed.
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Paper B - Inclusion of Upstream Turbulent Inflow
Statistics to Numerically Acquire Proper Fan Noise
Characteristics
Rynell, A., Efraimsson, G., Chevalier, M. and Abom, M. SAE Technical
Paper 2016-01-1811, 2016, 10.4271/2016-01-1811
An inital numerical study to seize the interaction taking place between
upstream turbulence impining a subsonic rotor is presented. Temporally and spatially correlated turbulent structures are superimposed on
the mean flow by the synthetic eddy method (SEM) and prescribed on
the inlet boundary. For the simulations, two computational domains are
adopted: a single blade configuration and a complete circumferentially
five bladed fan configuration. It was found that the former computational setup gave unrealistic results as the noise produced is the sum
of five similar sound sources in-phase while the sound pressure level
(SPL) for the latter setup in relation to measured sound field is far underestimated. However, spectral characteristics like the blade passing
frequency and its higher harmonics are captured and the broadband
level enhanced, as the fan responds to the upstream turbulent-rich air
stream. This conforms to the increased SPL measured for a fan positioned downstream a turbulence grid, imposing small-scale turbulent
structures which imping the rotor producing a high broadband noise.

Paper C - A numerical study of fan noise linked to
imposed synthetic turbulence impinging the rotor
Rynell, A., Chevalier, M., Abom, M. and Efraimsson, G. Submitted to
Journal for Publication
An aeroacoustics study dedicated to the fan noise generation mechanisms associated with upstream turbulent structures impining a subsonic rotor is presented. The turbulent structures are generated by the
synthetic eddy method (SEM) which ensures that the vortical structures
imposed on the inflow boundary are temporally and spatially correlated
as convected by the flow downstream. A hybrid RANS/LES method,
namely the Improved Delayed Detached Eddy Simulation (IDDES), is
chosen for the flow field simulations. The sound pressure level (SPL)
upstream the fan is calculated from utlilizing the Ffowcs–Williams and
Hawkings acoustic analogy, which is solved during run-time. The SPL
simulated conforms to the SPL measured and the SPL slightly increased
due to the inflow turbulence. In addition, to suppress the noise pro60

duced as a result of the tip leakage flow, the tip cell size is slightly increased. When compared to the SPL acquired experimentally for a tip
gap width a tenth of the tip gap width simulated, similar spectral differences are captured.

Paper D - A numerical study of noise characteristics
originating from a shrouded subsonic automotive fan
Rynell, A., Chevalier, M., Abom, M. and Efraimsson, G. Submitted to
Journal for Publication
A numerical investigation dedicated to determine the noise characteristics originating from a reduced automotive cooling module has
been conducted. Focus is on the installation effects linked to the sound
generation mechanisms and the acoustic properties of the confined installation. A hybrid RANS / LES technique, namely the improved delayed
detached eddy simulation (IDDES), is adopted to simulate the flow field
which is solely developed by the prescribed rotational speed of the fan.
The simulated operation points conform to measured pressure drops
and flow rates for both rotational speeds studied. The sound propagation to the outside of the installation is calculated by a finite element
solver. Two computational scenarios are investigated: free-field sound
radiation and confined sound radiation enforced by the setup for both
fan speeds. Thus, a description of the sound source could be obtained by
the former case while the latter enabled the system response function to
be calculated. Both functions mark spectral features that correlate with
the different frequency scales, i.e. the Strouhal and Helmholtz numbers,
respectively. In relation to the results earlier published adopting an engineering approach to spectral decomposition method, the findings here
are numerically verified as the spectral shape changes similarily.

Paper E - A numerical investigation of aerodynamic and
acoustic installation effects caused by an automotive
radiator
Rynell, A., Chevalier, M., Abom, M. and Efraimsson, G. To be submitted
The effect of an automotive radiator positioned upstream a running
fan on the flow and sound fields are numerically examined. The radiator, modeled as a porous medium, is described by a set of macrocscopic parameters, both aerodynamically and acoustically. The flow
field is simulated by a hybrid RANS / LES technique, namely improved
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delayed detached eddy simulation (IDDES) and the acoustic calculations are performed utilizing a finite element solver in frequency domain. Earlier measurements of the acoustic characteristics of a similar
setup are used to validate the simulations. The changed flow field attributed to the radiator is well captured and correlates with the results
acquired experimentally. Also, the large sound reduction of the discrete
frequencies, i.e. the blade passing frequency and its first and second
harmonics, is numerically captured.
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