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A RANS-based CFD method for prediction of design and installation
e [ects on automotive cooling fan noise

Sergio Moya Vinuesa
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

Given the quietness of electrified powertrains, the concern about noise generated
by axial cooling fans has gained importance in the automotive industry, especially
in the premium sector. Besides, the need of substantial fan-driven airflow during
standstill battery charging represents an added reason to develop silent cooling sys-
tems that meet the noise regulations for public and residential areas. This has
caused an increasing interest in conducting further research on axial fan acoustics
and in achieving more e [edtive and e [cieht computational fluid dynamics (CFD)
and computational aeroacoustics (CAA) analyses in the design process of this type
of machines.

As part of the so-called eFan2 project, this work aims at investigating the
potential of steady-state Reynolds-averaged Navier-Stokes (RANS) simulations to
yield profitable conclusions regarding the influence of the design and installation on
the aeroacoustic noise generated by axial cooling fans. The moving reference frame
(MRF) method was employed to recreate the e[edt of fan rotation on the compu-
tational fluid continuum. As the main core of the study, the impact of dilerknt
mesh parameters and turbulence modelling on the total broadband acoustic power
predictions was investigated on two fans with diLerent geometry and architecture,
for which validation data were produced during a dedicated experimental campaign.

A robust modelling methodology and valuable conclusions were achieved, high-
lighting the relationship between mesh resolution and predicted flow features and
noise levels. Comparison with experimental data showed that the simulations rea-
sonably well capture the trends of the total acoustic power over di[erknt operating
conditions. Also, the simulation strategy for cases having greater tonal character is
discussed.

Keywords: automotive axial cooling fans, aeroacoustics, aerodynamic per-
formance, CFD, RANS, MRF, broadband acoustic source models, noise generation,
turbulence models, mesh study, STAR-CCM+, ANSA.
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1

Introduction

With the aim of developing an immersive understanding of the project's context,
this rst chapter introduces key background on the topic at hand, o ers a glimpse
of relevant state-of-the-art research, and elaborates on the objective of the work.

1.1 Background

In recent times, the solid and fast expansion of electromobility has opened the door
to new demands in the automotive industry. The use of a newer powertrain con-
cept does not only open horizons regarding energy management or infrastructure,
but also unleashes consequences in terms of user experience. For that matter, apart
from evaluating drivability, car manufacturers often aim at guaranteeing the comfort

of drivers and passengers, especially when it comes to premium-brand makers. Part
of it is achieved by eliminating annoying noise in the cabin, which may be generated
by diverse sources from the powertrain and related structural vibrations, to the
external moving air that ows around the car.

Now that for electri ed vehicles the noise of combustion is partially or totally
demoted, less noticeable acoustic sources are brought under the spotlight. Some of
them have their origin in cooling and climate systems, which deal with the thermal
control of various elements of the vehicle. Due to the fact that they generate noise
sources stemming from both mechanical excitations and complex uid ow turbu-
lence, their acoustic analysis often demands thorough work to the eld of NVH
(noise, vibration and harshness), becoming one of the main focus of study in the
continuous search of quietness and comfort.

However, it must be noted that although on-board comfort is indeed addressed,
a big acoustic concern for electri ed plug-in vehicles does not only occur while con-
tinuous driving, but also during battery recharge. In such a circumstance, the car
will most likely be parked either in the very vicinity of a residential area in essence,
in the yard or by the access zone of a frequented facility, often in fast charging
mode. In this operational state, the batteries heat up considerably, and given that
the car is standstill, there will be a lack of external cooling stream that must be
supplemented by major fan-powered air ow. The high level of exterior noise distur-
bance produced by cooling fans in these conditions propitiate the scenario on which
the present investigation is based.

According to the International Energy Agency (IEA), the regions where car
electri cation has advanced the most are the Nordic countries, China and some
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1. Introduction

Central European states. In many of these areas, such as Norway, Belgium and the
Netherlands, terraced and detached houses predominate over ats as dwelling op-
tions, which makes the problem of the charging noise in residential spots somewhat
more troubling. The three aforementioned countries registered in their 2023 sales
records an electric-vehicle (EV) share of 93%, 41% and 35% from the total cars
sold, respectively, compared to the European average of 22% [1]. Coincidentally,
almost 80% of their populations live in housing types that potentially accommodate
an adjacent charging point [2].

On top of that, the entrenched culture of welfare and environmental aware-
ness in northern Europe does not overlook the harm that acoustic disruption can
cause in outdoor areas. In fact, as related studies claim, the prolonged exposure
to excessive noise pollution can lead to cardiovascular and neurological disorders,
ultimately a ecting quality of life and even reducing longevity [3]. Accordingly, the
World Health Organization (WHO) proposes a standard for automotive use whose
mMost constraining speci cation states that no living space should be exposed to more
than 45 dB during night time. Meanwhile, low-pressure axial fans employed in cars
can reach overall sound levels up to twice that threshold when working around their
upper rotational speed bound [4], which demonstrates the need for taking action on
the matter at hand.

Within this framework, the increasing emphasis on quality standards and prod-
uct liability in the fast-growing EV market drives the need to tackle emerging chal-
lenges through extensive analytical understanding, in order to nd optimal solutions
that allow e ective and robust control of the problem in the long run [5, 6, 7]. In
line with this, a collaboration between Chalmers and industrial partners Volvo Cars
and Volvo Group Trucks Technology (VGTT), together with the funding from the
Swedish Energy Agency, led to the creation of theFan2 programme. This ini-
tiative forms a cluster of research projects aimed at conducting in-depth studies to
expand knowledge on automotive cooling fans and to improve their performance and
functionality. Good examples are Ghosh' study on the in uence of inlet geometry
on blade tip noise [8], Vourakis' in-lab acoustic measurements of varied installation
cases [9], as well as their work on computational aeroacoustics (CAA) of fans in-
stalled in parallel [10].

As part of the programme, the present thesis work complements such inquiries
by delving into fan aeroacoustics, with a focus on the use of CFD (computational
uid dynamics) to explore the impact of impeller geometry and installation on noise
levels. Despite the existing studies around this topic, the potential of steady-state
ow simulations for assessing fan design [11] still remains relatively untapped, mak-
ing it a convenient eld to cover in the current dissertation.
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1.2 Project goal and scope

As outlined above, the particular objective of this project is to explore the viability

of inexpensive steady-state CFD modelling for predicting variations in the levels
of irradiated aeroacoustic noise across di erent low-pressure axial fan designs and
installation layouts. This is to be done by setting up simple, yet robust, numerical
models for two fan specimens that exhibit signi cant di erences in blade geometry
and stator placement, and subsequently validating the obtained simulation results
through comparison with experimental data.

The pursuit of runtime economy drives the methodology to rely on certain pre-
requisites. At its core, the employment of Reynolds-averaged Navier-Stokes (RANS)
formulation is the basis of the ow modelling. In conjunction with this, the moving
reference frame (MRF) approach is established as the method to virtually model
the fan rotation, given its proven cost-e ectiveness. Furthermore, in alignment with
the RANS-based strategy, SST (shear stress tensde)! will be the principal tur-
bulence model used in the study due to its strong near-wall workability, which is
particularly advantageous for a ow scenario where the boundary layer has a major
impact. Nonetheless, the standardk-" model will also be utilised as a secondary
option, o ering supplementary data for possible comparison analyses concerning
computational e ciency.

Given the steady-state nature of the RANS approach, the model is unable to
recreate the temporal uctuations of the pressure eld that stem from the volume
displaced by the blade rotation. Therefore, the scope of the acoustic assessment is
limited to accounting for modelled broadband noise originated by turbulence. Like-
wise, distribution of acoustic pressure over frequency spectra will not be computed
in the simulations, and, as required by the objective of the investigation, only over-
all sound levels will be calculated via source models that derive from the RANS
formulation.

Building on these premises, the robustness of the models will be addressed
through a systematic evaluation of key aspects of the numerical setup, including
boundary conditions, physics modelling, convergence tracking, and, most notably,
a dedicated mesh independence study. To adapt the size of the task to the time
constraint and intent of the project, the meshing strategy is con ned to assessing
the prism layer construction and the re nement level in the wake region. That will
constitute a signi cant part of the modelling methodology, and will also play a crit-
ical role in identifying the mesh con guration that o ers the most computationally
e cient numerical setup for each fan design.

Once the preferred simulation setup for each fan is found, it will be adjusted to
evaluate a range of operating conditions. Nevertheless, to align with the workload
and timeframe allocated to the project, the methodology will focus on optimising
the model for conditions of zero inlet-to-outlet pressure rise, avoiding any blockage
elements immediately upstream or downstream of the fan other than the shroud.

3
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Allowing free intake and discharge of ow through the fan will generate neither front
nor back pressure build-up in the reservoir regions adjacent to the test section, en-
suring a neutral pressure gradient from the installation point of view. Therefore,
the operational range simulations will comprise solely a sweep of rotational speeds,
spanning from 800 to 3200 RPM. Although the simpli ed "laboratory” conditions
described above do not fully replicate the complexities of a real installation sce-
nario within a vehicle during usual operation, the analysis serves to consolidate the
methodology and establish a consistent foundation for prospective, more realistic
work.

The speci ed conditions will also be replicated on the test rig during the exper-
imental validation, where both the measured noise levels and the ow performance
parameters will be compared against simulation results. This comparison will quan-
tify the model's error across various rotational speeds, highlighting the ranges where
it performs with greater accuracy and those where further assessment may be nec-
essary. ldeally, if a strong correlation is achieved, the presented modelling process
could be used as a CFD methodology exibly applicable to further fan designs and
working conditions. That could facilitate high-quality yet cost-e ective analyses, en-
abling e cient evaluation during the early stages of fan design. As a consequence,
the overall agility of fan development, both in terms of performance and acoustics,
would be enhanced.



2

Theory

This chapter presents the theoretical background upon which the study is based, cov-
ering key concepts in cooling fan aerodynamics, ow acoustics, and computational
uid dynamics. Together, these topics establish the foundation for the analysis and

modelling approaches employed throughout the study.

2.1 Fluid mechanics of cooling fans

The generation of power in vehicles whether by internal combustion engines or
electric drive units inevitably involves energy losses, primarily in the form of heat.
For optimal system performance and to avoid overheating, this excess heat must
be continuously rejected from the power-generating components. According to the
rst law of thermodynamics, this process relies on a basic principle: in order to
dissipate heat, a colder medium must absorb it. In automotive systems, ambient air
acts as this medium. The heat rejection is then quanti ed by the following balance
equation:

Q=mogc T (2.1)

Here, increasing the air's mass ow raten and the temperature change T
enhances heat rejectiol@ for a given speci ¢ heatc,. The e ectiveness of the sys-
tem thus depends on heating up and evacuating as much air ow as possible. To
accomplish this, the vehicle's cooling system uses a module formed by an axial fan
and a radiator working in series. A coolant uid circulates through internal ducts in
the vehicle, absorbing heat from the power-generating components when circulating
in close contact with them to transport that thermal energy to the cooling module.
The heated coolant then ows into the radiator, where the heat is transferred to the
surrounding air. The axial fan promotes this exchange by forcing air through the
radiator core, enhancing the rate of heat transfer. This cooling mechanism operates
based on convection, where the movement of air in contact with the radiator's sur-
face carries thermal energy away. By maintaining a steady air ow, the fan ensures
that heat is continuously removed and replaced with cooler ambient air, keeping
component temperatures within operational limits.

The e ciency of this cooling setup depends heavily on the fan's aerodynamic
performance, which must be optimised through thorough geometric design and
awareness of installation elements. A well-designed fan must balance air ow gener-
ation, energy consumption, and acoustic emissions. Therefore, analysing the uid
dynamic behaviour of the fan becomes essential for both cooling e ectiveness and
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overall vehicle performance.

Fans operate by imparting momentum to the surrounding air, producing a
pressure di erence that drives air ow across the heat exchanger. The process entails
complex three-dimensional phenomena that must be analysed using the principles
of uid mechanics. This involves a tight relationship between the magnitudes de-
scribing the dynamic state of the continuum and the intrinsic properties of the uid,
such as viscosity, density, and thermal conductivity, which stem from its molecular
and intermolecular characteristics.

At the core of this analysis are the Navier-Stokes equations, which describe
how uid motion and properties evolve in space and time. In their di erential form
for compressible constant-viscosity ows, these governing equations are written as:

gt+ ro(u)=0 (2.2)
@@ut) +r (u u=r p+r + f (2.3)
@@Et) +r [u(E +pl=r (krT)+ (2.4)

In these equations, denotes the uid density, u is the velocity vector, p
represents the static pressure, the tensor stands for the shear stresses, arfden-
compasses body forces such as gravity. is the total energy per unit mass, thermal
conductivity is given by k, T is the temperature, and the symbol accounts for vis-
cous dissipation. The di erential character of the equations is appreciated through
the rst terms of the left-hand sides, which express partial derivatives with respect
to time t, and through the nabla operatorr , which introduces gradients and diver-
gences with respect to the available space directions. Importantly, Cauchy's shear
stress depends in turn on the uid's viscosity and on the velocity gradients, as
represented in simpli ed form in Eq. 2.6.

These equations respectively describe the conservation of mass, momentum,
and energy. The continuity equation (Eq. 2.2), with a vectorial form, ensures that
the change of mass within a control volume is balanced with the overall in ow or
out ow of uid. The momentum equation (Eq. 2.3), also vectorial, applies New-
ton's second law to a uid element, linking the rate of change of momentum to the
forces acting on it, including pressure gradients, viscous stresses, and body forces.
The second term on its left-hand side, known as the convective term, provides the
Navier-Stokes equation set with a non-linear relation, making their analytical solu-
tion extremely challenging in most practical scenarios. The energy equation (Eq.
2.4), of scalar nature, tracks the total energy in the system, including kinetic and in-
ternal energy, and incorporates the e ects of heat conduction and viscous dissipation.

In applications involving gases, where ows are typically compressible, the
system of equations is closed with an additional thermodynamic equation of state

6



2. Theory

that relates pressure, density, and temperature. In most cases, this is achieved
through the ideal gas law:

p= RT (2.5)

In this equation, which applies for common monoatomic and diatomic gases
under moderate pressure and temperature conditions, the ideal gas const&has
a value of 287 J/(kg K) and provides a linear relation between the state variables.
However, in many engineering applications particularly those involving nearly
isothermal or incompressible ows thermal e ects may be negligible, allowing the
energy equation, and subsequently the equation of state, to be excluded from the
analysis for simpli cation.

In any case, the presented principles form a set of equations with a high degree
of mathematical complexity. Notably, due to the aforementioned non-linearities of
the governing physics, the uid motion becomes unsteady and chaotic i.e. tur-
bulent in most ows, especially in those subject to highly agitated conditions as
often encountered in rotating machinery. The interaction between moving compo-
nents and the surrounding medium induces a large spectrum of turbulent phenomena
that strongly in uence the aerodynamic performance and acoustic characteristics of
the system.

One of the most relevant turbulent features, especially in the generation of ow-
induced noise and in the development of other unsteady aerodynamic phenomena, is
the boundary layer. This is a thin ow region that forms near solid surfaces, where
the wall-tangent velocity components of the uid increase rapidly from zero at the
wall due to the no-slip condition to the freestream velocity of the outer ow.
The steepness of this velocity gradient depends on the uid's viscosity and on the
inertial characteristics of the ow, and it gives rise to a shear stress between the wall
and the freestream. Thus, the following general relation for two-dimensional ow is
involved, establishing the de nition of viscosity as the relation between the arisen
velocity gradient and the generated shear stress:

du
dy
If this equation is applied to near-wall ow, is the shear stressu is the

wall-tangent velocity, andy is the wall-normal coordinate. This shear stress plays a
critical role in the momentum exchange between adjacent uid layers and strongly
in uences both the development and stability of the boundary layer. In this sense,
the layer can form as either an orderly laminar regime, characterised by parallel
streamlines with negligible transverse mixing, or develop as a swirling turbulent
regime, where chaotic velocity uctuations in the form of eddies dominate. This will
depend on the in uence of the inertial state of the ow over its viscous character.
Such balance is quanti ed by the Reynolds numbeRe, a dimensionless parameter
de ned as the ratio of inertial to viscous forces:

(2.6)

Re = ut (2.7)
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U denotes the characteristic velocity of the ow and. represents a character-
istic length, associated with the size scale of the ow scenario. A higher Reynolds
number indicates that inertial e ects outweigh viscous damping, which promotes
instability and triggers turbulence. The boundary layer typically grows along a sur-
face as the uid moves downstream, initially forming as laminar with a low local
Reynolds number, and potentially transitioning to turbulent as the value increases.
Thus, the Reynolds number serves as a critical indicator for predicting the nature
and evolution of the boundary layer. Although there are no universal threshold
values to determine the ow regime, these are general guidelines for turbomachinery
applications:

Laminar ow: Re. 2 10

® Transitional ow: 2 10°. Re. 5 1¢°
Turbulent ow: Re& 5 10

Turbulent boundary layers can be divided into distinct sublayers, each gov-
erned by di erent dominant forces. Closest to the wall lies the viscous sublayer,
where viscous stresses are predominant and the velocity pro le is approximately
linear. Above this region is the bu er layer, a transitional zone where both viscous
and turbulent e ects are signi cant. Further away from the wall is the log-law layer,
where turbulent mixing becomes dominant and the velocity pro le follows a loga-
rithmic distribution. Beyond this group of sublayers known as the inner region, an
outer region can be additionally identi ed, in which the e ects of the wall diminish
and the ow matches the external freestream very gradually.

In essence, the velocity pro le in turbulent boundary layers tends to follow a
similar shape across a wide range of ows, mostly only varying the overall scale of
the magnitudes. Subsequently, the structure and behaviour of the boundary layer
can be generalised regardless of uid properties, geometry, or ow scale, allowing
us to express this prole in a universal form. This is done through the use of
normalised variables, which make it possible to compare ows with di erent scales
or uid properties by collapsing their near-wall pro les onto a common framework.
The most important of these variables are the dimensionless wall-tangent velocity
u* and the dimensionless wall distancg®. They are de ned as a function of another
variable frequently used in boundary layer theory, the friction velocityu :

. _u
u = " (2.8)
uy

y' =
The friction velocity is de ned in Eg. 2.10, which implies simultaneously the
use of Eg. 2.11, a semi-empirical formula for the estimation of the wall shear stress
w caused by the boundary layer. To enable physical correlation, the latter includes
the wall friction coe cient ¢, which retains a direct proportionality to the Reynolds
number that varies across di erent ow scenarios.

S —

u= = (2.10)

(2.9)
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U 2
ws = (2.11)

With this, the velocity pro le across the boundary layer can be described by
means ofu® and y*, and universal wall-distance limits de ning the three sublayers
can be identi ed:

Viscous sublayer:iy® < 5. Since the viscous e ects dominate and the velocity

increases linearly with wall distance, the prole in this region exhibits the

following law:

ut =y’ (2.12)

Bu er layer: 5<y* < 30. With both viscous and turbulent e ects becoming

signi cant, no simple analytical expression fully captures the behaviour, and

particular empirical correlations are often used depending on the ow case.

Log-law layer: y* > 30. The turbulence-dominant regime produces a logarith-

mic velocity pro le described in Eq. 2.13 [12], where the von Karman constant
has a value of 0.41 anc€C* is an empirical case-dependent constant:

1
u" = =lny" + C" (2.13)

As seen in Section 2.2.3, this framework is particularly useful in CFD wall treat-
ment and turbulence modelling, where accurate prediction of wall-bounded ow be-
haviour is critical. As it has been said, turbomachinery, external aerodynamics, and
internal cooling systems are indeed applications where near-wall phenomena signi -
cantly in uence global performance. In these cases, the boundary layer development
can be additionally involved in the generation of further turbulent structures, which
highlights the importance of a good near-wall ow prediction. Two good examples
of these can be ow separation and blade tip vortices. The former occurs when
the boundary layer fails to remain attached to the surface, typically due to adverse
pressure gradients or abrupt changes in geometry, often happening near the trailing
edges or blade tips. The separated ow forms recirculating regions that contribute
to the outbreak of unstable and unpredictable patterns. On the other hand, at the
blade tips, the pressure di erence between the suction and pressure sides of the
blade causes uid to roll around the tip, forming tip vortices that likewise result
detrimental for the overall machine performance.

Together, these features give rise to wake formation downstream of the im-
peller, recognisable as a large region of non-uniform ow eld and characterised by
low mean velocity and elevated turbulence levels. As these structures are convected
through the domain, they impinge upon solid components as well as interact with
each other, generating further disturbances and contributing to the inherently un-
steady and complex nature of the ow. This challenge highlights the importance of
thorough aerodynamic design to manage uid ows and unleashes the need for CFD
and turbulence modelling techniques to predict them in view of advanced analysis.
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2.2 Computational uid dynamics

Computational uid dynamics refers to the numerical study of uid ow phenomena

by solving the governing equations, i.e. the Navier-Stokes equations, over a spatial
domain through computational methods. Several numerical methods exist for solv-
ing uid dynamics problems in CFD, including the nite di erence method (FDM),

the nite element method (FEM), and the lattice Boltzmann method (LBM). How-
ever, the most commonly used approach in industrial and engineering applications
is the nite volume method (FVM). The FVM discretises the spatial domain into
small control volumes and applies the conservation equations in integral form. This
ensures the conservation of physical quantities across each volume, making it par-
ticularly suitable and robust for simulating uid ows with complex geometries and
boundary conditions. Therefore, with FVM as the method employed in this project,
the current section provides insight into the technical foundations of this modelling
approach.

2.2.1 Fluid ow modelling

To properly describe the physics of the uid ow, models must be selected that
accurately represent the key physical processes involved in the system. Thus, in
the CFD software environment, the selectable layers of continuum physics models
include:

Spatial dimensionality: the problem can be de ned in one-dimensional, two-
dimensional, or three-dimensional form depending on the geometry, symmetry,
and required resolution of the physical domain.

Time resolution: ow simulations may be steady, where the output is forced
to target time-invariant conditions, or unsteady, where it evolves temporally.
Within unsteady simulations, di erent numerical schemes such as explicit, im-
plicit, or adaptive time stepping can be speci ed to resolve the time-dependent
behaviour. Since this investigation focuses on evaluating a steady-state ap-
proach, time dependency is excluded, and the temporal terms in the governing
equations are consequently omitted.

Continuum type and thermodynamic assumptions: the matter state of the
physical medium, such as solid, liquid, gas, or diverse multiphase systems,
iIs to be selected. The corresponding thermodynamic behaviour is further
speci ed through the choice of an equation of state common formulations
include constant density for incompressible ows, the ideal gas law for mod-
erate compressible conditions, real gas equations incorporating empirical ts
or tabulated data, complex polynomial or segmented expressions, and custom
or user-de ned state equations tailored to speci c needs. This also includes
de ning the values of the uid properties such as thermal conductivity, speci c
heat, and density, whether constant or dependent on uid behaviour.

Viscous regime: the ow regime can be set as inviscid, laminar, or turbulent.
As with thermodynamic properties, viscosity must be specied typically as

a constant for Newtonian uids or through a functional form in the case of

10
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non-Newtonian behaviour.

Turbulence modelling approach: options include Reynolds-averaged Navier-
Stokes (RANS), large eddy simulation (LES), detached eddy simulation (DES),
or hybrid methods. Since this work is based on the use of the former, the
governing equations rely on Reynolds decomposition to model the turbulent
uctuations within the mean ow eld. Moreover, the concrete turbulence
models and specic formulation is also set up. This will be addressed in
greater depth in Section 2.2.3.

2.2.2 Fan rotation modelling

In simulations of turbomachinery, accurately capturing the e ects of rotors requires
appropriate modelling of their motion. The interaction between rotating and sta-
tionary parts in uences the ow eld and must be taken into account. The main
methods employed for simulating rotating machinery in CFD are the moving refer-
ence frame (MRF) approach and the sliding mesh method.

The sliding mesh technique is used in transient simulations, where the mesh
physically rotates, re-adapting to the rest of the domain after each timestep. There-
fore, it delivers physical, time-marching ow solutions and captures transient phe-
nomena such as unsteady wakes or blade-passing pressure pulsations. In contrast,
the MRF method o ers a computationally e cient alternative for steady-state simu-
lations. This is particularly useful during the early design stages or when the interest
lies in overall performance characteristics such as pressure rise, head, torque, or over-
all broadband noise level, rather than transient ow behaviour.

In the MRF approach, the mesh itself remains stationary, although it is also
divided into two regions: the rotating zone immediately close to the impeller and
the stationary zone. In this case, each zone has its own reference frame, and inter-
faces are de ned to connect them. These interfaces assume a steady relative position
between the rotating and stationary components. The impeller's region is referenced
to a rotating coordinate system, whereas the rest of the domain obeys the global
static reference frame. While the momentum equations from the stationary region
remain in a regular directional form, those de ning the uid physics of the rotating
region are modi ed to account for the rotational e ects, allowing the ow eld to
be solved as steady-state from the perspective of the rotating frame. This modi ed
version of the Navier-Stokes equations includes additional source terms, namely the
Coriolis force and the centrifugal force, which must be considered to represent the
rotating system dynamics. Thus, Cauchy's vectorial momentum equation in the
rotating reference frame is expressed as:

@v,) +
ot

r (¥M)=1r1 p+tr ~+ g - C o0 27 ¥ (2.14)

Here,v represents the velocity relative to the rotating frame;™ is the angular
velocity vector, and + is the position vector from the axis of rotation. The last
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two terms on the right-hand side of the equation denote the centrifugal and Cori-
olis forces, respectively. These forces virtually act on the uid particles due to the
non-inertial nature of the rotating frame and are essential for capturing the correct
pressure and velocity elds within the impeller region.

2.2.3 Turbulence modelling

Turbulence is a complex, chaotic state of uid motion characterized by vortical
structures, uctuating velocity elds, and enhanced mixing. It spans a wide range
of time and length scales, making its direct numerical simulation (DNS) compu-
tationally demanding, especially for high Reynolds number ows encountered in
practical applications. As a result, turbulence modelling becomes essential to ap-
proximate its e ects on the mean ow in a tractable manner.

The most used approach when modelling turbulence in a steady-state environ-
ment is the Reynolds-Averaged Navier Stokes (RANS) formulation. This framework
involves decomposing the instantaneous ow variables into mean and uctuating
components, a process known as Reynolds decomposition. For velocity and pres-
sure, this is expressed as:

=+ (2.15)

p=p+p° (2.16)

Substituting these decomposed variables into the Navier-Stokes equations and
averaging them over expressed leads to the RANS equations. As a sample, the
RANS moment equation in tensor notation is presented as follows:

@+EF@]T: }@+ @UT @IIOUJO+
@t ' @x @x @% @
As it can be seen, this formulation includes an additional term known as the
Reynolds stressuiuy, which represents the momentum transfer due to turbulent
uctuations and requires modelling to close the system. The Boussinesq hypothesis
provides a closure by relating the Reynolds stresses to the mean velocity gradients
through the eddy viscosity ¢, introduced as a new complementary variable analogous
to the molecular viscosity. The Boussinesqg hypothesis is then de ned as:
|
@x @x 3
Here, k = %Gﬂo is the turbulent kinetic energy. The core challenge now
shifts to modelling ¢, for which various eddy-viscosity models have been devel-
oped. Among this family, thek-" model and the SSTk-! model are widely utilised
in industrial uid dynamics simulations, as they balance computational e ciency
with the ability to capture key turbulent e ects. In alignment with this, they are
also the used turbulence models in the present project.

fi (2.17)

W:t

[y
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2.2.3.1 The standard k-" model

The standardk-" model, introduced by Launder and Spalding [13], is a two-equation
eddy-viscosity model that introduces transport equations for the turbulent kinetic
energyk and its rate of dissipation":

" #
@k __ @k @ t @k
—+U— =P "+ _—= + — — 2.19
et Tex ™ T ax . @x (219)
" #
@" @" ) 2@ t @
+0—=C, P« C,—+_—— + — — 2.20
@t UT@?( 1k k 2 k @?( R @?( ( )
The production term Py is typically given by:
|
@ @ @n
Pk = + 2.21
<=t axt @x ex (2.21)
The eddy viscosity is then computed as:
2
t=C k— (2.22)

Moreover, in this formulation we nd newly introduced empirical constants:
k, =, C-1, Cp,and C . Their values might slightly change depending on the ow
case.

2.2.3.2 The SST k-! model

Menter's shear stress transport (SSTk-!' model combines the&-! formulation near
the wall with the k-" behaviour in the free stream through a blending function [14].
This hybrid approach improves performance in adverse pressure gradient ows and
boundary layer separation. The governing transport equations are:

#
@k  @k_ @ ok
@t+ W@(— Pk k! + @( ( + « t)@( (2.23)
@ @ @’ > @k@!
Z(yl)y= = = Tpko1 24 2 =T 224
e ey T oex 'k * ik axa@x 2%V

The turbulent viscosity for SST is de ned as:

t =

k
T (2.25)

The newly introduced coe cientsare , and . Their values are determined
according to the blending functions, which in turn are de ned by the conditional

treatment of further coe cients and enable adaptation either to thek-" behaviour
or to the k-! operation depending on the wall distance.
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2.2.4 Noise modelling

The eld of acoustics studies how mechanical vibrations propagate as waves through

physical media. In the context of uids, it concerns primarily the propagation of

pressure disturbances through a medium such as air. This work focuses speci cally

on ow-induced noise, whose discipline is known as ow acoustics. In particular, it

addresses the noise generated by the interaction of a uid stream with solid elements
in this case, a rotating fan and its spokes.

When the periodic vibration pattern of a source, or of a response within the
system, is harmonic, it can be mathematically decomposed into a sum of sinusoidal
components ordered by frequency. This process, governed by the Fourier transform,
allows complex acoustic signals to be analysed by identifying the contributing fre-
guencies, their amplitudes, and intensities. Through this, the sources of various
origins or nature can be identi ed and quanti ed within the overall sound eld.

In fan-related aeroacoustic phenomena, the frequency content of the emitted
sound is a key aspect for characterising its nature and origin. Acoustic signals can
generally be classi ed as tonal, narrowband, or broadband, depending on how their
energy is distributed across the frequency spectrum. Tonal components are marked
by sharp, well-de ned frequencies and typically arise from periodic sources, such as
the blade-passing noise generated by the regular displacement of uid by rotating
blades. This source is inherently linked to the rotational frequency and its har-
monics, and can only be resolved through time-dependent simulation approaches,
as it is not present in steady-state elds. Narrowband noise, in contrast, arises
from the interaction of coherent large-scale turbulent structures or vortex shedding
mechanisms, leading to concentrated acoustic energy in relatively limited spectral
bands; this phenomenon also requires unsteady modelling to be captured. Lastly,
broadband noise covers a continuous range of frequencies and is associated with
small-scale turbulent uctuations and near-wall pressure variations. While more
di cult to resolve in detail, such broadband content can be estimated through em-
pirical or semi-empirical source models applied to steady-state ow solutions, such
as those obtained from RANS simulations.

From a parallel perspective, Lighthill's work [15] proposes sorting the sound
sources into three idealised categories based on their mode of generation and the
nature of their acoustic radiation:

Monopole sources: associated with time-varying mass injection or extraction,
such as that of a pulsating sphere.

Dipole sources: related to unsteady forces on solid surfaces, such as eddies
impinging on a blade.

Quadrupole sources: related to turbulence-induced pressure uctuations in the
bulk of the uid, such as those caused by the isotropic eddies in a wake.

The prediction of fan noise in this RANS-based work will then focus on the
contribution of broadband content, generated by dipole and quadrupole sources.
As said, unlike tonal and narrowband components, which are linked to coherent,
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periodic ow structures and require unsteady simulations, broadband noise can be
estimated from steady-state CFD data. These estimations are possible thanks to
the so-called broadband noise source models, which stem from Lighthill's acoustic
analogy. The acoustic analogies interpret the turbulent ow eld as an equivalent
source term in the theoretical acoustic wave equation. Among the classical models
derived from Lighthill's analogy, two of the most widely used are the Curle and
Proudman models, suitable for dipole- and quadrupole-dominated broadband noise,
respectively.

2.2.4.1 The Curle source model

The Curle model [16] applies Lighthill's theory including rigid solid walls, capturing
dipole-type noise generated by unsteady surface forces, such as pressure uctuations
on fan blades. The total acoustic powePs radiated from a solid surfaceS can be
estimated as:

Z A @p’
T2 .2 Ot ds (2.26)

A(¥) is the correlation area andc, is the reference speed of sound. In steady-
state CFD simulations, direct time derivatives are not available; hence, comple-
mentary formulations based on turbulence quantities may be used to estimate the
pressure derivative, such as relating pressure uctuations to turbulent kinetic energy
and wall shear.

PS=

2.2.4.2 The Proudman source model

The Proudman model [17] estimates the acoustic power per unit volume generated by
isotropic, homogeneous turbulence in free eld, under the assumptions of low Mach
number and no mean ow. It is particularly appropriate for modelling quadrupole
noise from volume turbulence in the absence of solid boundaries. The expression for
the acoustic power per unit volumePy, is:

z SEIVE

——=dV
v c O L %
U and L are the turbulence scales for velocity and length, respectively, and

¢ Is equal to 0.614. This relation provides an estimate of the volume-integrated
acoustic power when applied over the ow domain where turbulence is present.

PV = (227)
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Methodology

The creation of CFD models involves a procedure that starts with the generation of

the domain geometry, continues with its spatial discretisation, and progresses with
the con guration of the physical properties of the uid problem and the speci cation

of the numerical settings that drive its solution. The present chapter elaborates on

this process, dividing it into key sections: preparation of the geometry, modelling

of boundary conditions, computational meshing, selection of physics models, and
con guration of solver and convergence settings.

Beyond that, due to the complexity and delicacy of these models, their devel-
opment often implies presenting a comprehensive methodology consisting of well-
founded practices or routines for the determination of a functioning and reliable
numerical setup, such as a thorough mesh parametrisation or the de nition of ro-
bust convergence criteria. This enhances the applicability of the modelling criteria to
di ering simulation requirements and conditions, in contrast to the idea of rigidly
establishing an arbitrary array of computational settings whose extrapolation to
other fan model scenarios is not contemplated. Therefore, as outlined in Section
1.2, the current chapter will re ect this aim as well as the intention of building an
adaptable simulation setup in view of prospective purposes or users. This is to be
accomplished by means of well-thought-out geometry features to e ciently accom-
modate possible model updates and related modi cations involving the numerical
settings.

Following the development of the methodology and the de nition of an appro-
priate simulation setup for each fan specimen, i.dzan 1 and Fan 2, a representative
range of operating speeds (800 3200 RPM) is simulated. The results were subjected
to validation to assess the accuracy of the methodology. Comprehensive measure-
ments covering the entire speed range were obtained from an extensive experimental
campaign carried out at VGTT's fan test facilities.

The CFD model was built through Siemens' simulation softwaré&imcenter
STAR-CCM+ at its version 2210. The simulations were all run on VCC's HPC clus-
ter and with the double-precision mode set, to ensure capturing signi cant number
of decimals from the tiny values of sound power that small changes in pressure gener-
ate. To perform any preliminary work on the 3D CAD model ANSA pre-processor
by BETA CAE Systems was used.
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3.1 Geometry

The aim of this section is to describe the geometries of the fans and the domain
included in the simulation environment, as well as to present the process through
which the geometry model has been set up. Hence, the adaptation of the CAD
model and its incorporation into the CFD scheme will be showcased.

3.1.1 Domain geometric de nition

First of all, the global frame of reference must be made clear to settle geometrical
and physical consistency through the whole methodology. The CAD model and the
CFD setup were arranged so that thex-axis corresponded to the axial direction
de ned by the fan, and whose positive orientation is that of the ow running across
the test section in the intended direction. They-axis involves the transversal di-
rection of the test rig (visit Figure 3.6), with its positive direction pointing to the
left-hand side looking from the upstream face of the fan. The-axis corresponds to
the gravitational direction, whose positive side points upwards. According to the
positioning of the leading and trailing edgestan 1 is designed to spin counterclock-
wise if seen from the front, i.e. in the negative-direction; and Fan 2 is intended
to do so clockwise, i.e. in the positivex-direction. This distinction can be noticed
in Figure 3.1 if the di erence in the orientation of the reference axes is observed:

€Y (b)

Figure 3.1: Geometry comparison ofan 1 (a) and Fan 2 (b) impellers.

Design-wise, the signi cant di erences between the two fans are thddan 1 is
slightly larger and has 7 forward-swept blades, where&n 2, somewhat smaller,
has 9 backward-swept blades and shorter chord. The reason Kan 1 being bigger
and having larger chord is that the ICE (internal combustion engine) vehicle that
it was designed for requires more cooling than the BEV (battery electric vehicle)
platform that Fan 2 operates for. Besides, the spokes that support the hub are
located upstream of the impeller in the former, contrary to those of the latter. As
can be seen in Figure 3.1, the layout of both impellers is characterised by possessing
a simple cylinder-like hub and having all the blade tips connected to a big outer ring
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that keeps them structurally robust. A summary of the geometric data for the two
fans is presented in Table 3.1, with some details in relative terms for con dentiality
reasons:

| Fan1 Fan 2
No. of blades 7 9
Tip radius X 0.94
Hub radius y 0.73
Mean chord length z 0.6%
Blade sweep direction Backwards  Forwards
Spokes location (w.r.t. impeller)] Upstream Downstream

Table 3.1: Relevant geometric details concerningan 1 and Fan 2 designs.

According to what is demonstrated in a study by Park, Lee, and Lee, forward
sweep can be used to obtain more silent aeroacoustics, while backward-sweep blades
provide higher ow rates at the expense of greater noise generation [18]. On the
other hand, it could be anticipated that the downstream position ofan 2's spokes
with respect to the impeller might create an unfavourable acoustic drawback in re-
lation to Fan 1 layout, due to their interference with the wake. However, this could
be mitigated thanks to their more streamlined design compared to those Ban 1.

With all this information, one can expectFan 1 to exhibit characteristics of better
cooling performance, butFan 2 to provide less noisy operation.

Regarding the fan surroundings, Volvo GTT provided the CAD geometry le
of their fan test rig facility, where the actual validation of the model would be done.
This is basically two plenum chambers separated by the wall on which the test sec-
tion is located (an illustration can be visited in Figure 3.6). To determine the extent
of test rig to be included in the computational domain, it is relevant to consider that
the location of the model boundaries will strongly in uence solution feasibility. Since
the inlet and outlet boundary conditions in the solver are typically uniform along
their associated surface part, it is important to locate these boundaries su ciently
far from the fan vicinity, where predictable and barely disturbed ow is found. On
the other hand, reducing the size of the domain moderately is something that can
save computational e ort by avoiding a signi cant number of mesh cells. According
to this, it might have been unnecessary to include the chambers entirely for the
current case, since they are very large and undisturbed ow could be expected at
a shorter distance than the total length of the room. Nevertheless, although some
grid cells could have been saved, the entire test chambers were nally conserved fol-
lowing the goal of versatility: if further unsteady- ow analysis was desired using the
present setup as a baseline, the actual full size could be needed to reliably capture
wave propagation phenomena.
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