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Abstract

As the automotive industry pivots towards electric and hybrid vehicles to meet global sustainability
objectives, a new era of innovation and transformation is underway. Consumer preferences
increasingly prioritize vehicle comfort, prompting manufacturers to address vehicle noise, a critical
factor influencing passenger satisfaction. Among the various sources of vehicle noise, Heating
Ventilation and Air Conditioning (HVAC) systems stand out, particularly in Battery Electric
Vehicles and Hybrid Electric Vehicles, where stationary conditions amplify HVAC noise in the
absence of wind and road noise. Automotive manufacturers have recognized this challenge and
have committed resources to advance HVAC duct systems.

The computational expense of Computational Aeroacoustics poses a significant challenge in
accurately predicting noise generated by fluid flow. Numerical methods like Computational Fluid
Dynamics require substantial computational resources and time due to the complexity of solving
equations governing fluid dynamics and acoustics. Consequently, achieving timely and cost-
effective predictions of noise emissions, particularly in complex engineering systems such as
automotive HVAC ducts, remains challenging.

This diploma thesis endeavors to assess a cost-effective computational technique for predicting
aerodynamically induced noise in automotive HVAC systems. Employing a steady-state CFD
approach using OpenFOAM®), integrating the Reynolds — Averaged Navier Stokes equations and
Proudman’s acoustic analogy, offers computational efficiency by maintaining an acceptable
prediction accuracy. Comparison of computed results with empirical data obtained from
measurements enables validation. The thesis, organized into chapters encompassing airborne
acoustics, CFD HVAC duct modelling, correlation with experimental data, and aeroacoustic
design countermeasures analysis, reflects collaborative efforts between academia and industry.

A significant portion of this research was conducted during a six-month industrial placement at
Toyota Motor Europe (TME) in Brussels, Belgium.
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ITepiindm

Kabog 7 avtontvnrofropnyavic otpépetar mEOg T NAentowd %ot LBEISE OYNUXTA YLt VO
avtanoxptfel oTOoLG TAYMOOPUIOLG OTOYOLG PBLWCIUOTNTAG, MUK VEX ETOYY| UXLVOTORING ot
UeTaoyNUaTIOMOL eivar oe e€eMEn. Ot TEOTIUNOEIS TWV UXTAVAAWTOV SIVvOLY OAO 1ol LEYXADTEQY
EULPACY] OTNV AVEGT] TOL OYNUATOG, YEYOVOG TOL OS8NYEL TOLG ATAOUELAOTEG OE EVEQYELEG YL TNV
AVTLUETOTLOY] TOL emayopevoy BopbBou. Avapeoa otig Stapopeg nnyés BopdBouv evog oyNpatog, T
ovompata Ogopavong, Acptopod xoar Khpatiopod (HVAC) Eeywpilovv, 1diwg ota Aptyowg
Hextowmd nor o YBoptdtnd Hiextomnd Oynpata, 6nov etdms oe cuvinueg antvnotlog Tou oynuatog
noptxpyel o BopvBog Tov cvoTpATOS HALPATIOUOL ot amovcix efwTeptwy TywY BopvBov. Ot
XLTONLYNTOBLOUNYAVIEG EYOLY AVAYVWELOEL ALTNY TNV TEOXAYOY KAl APIEQWYOLY TOQEOLE YLX TNV
e€EMEN TV CLOTNUATWY UAUATIGOD.

To n60t0¢ ¢ YTOAOYLOTINNG AEQUNOVOTIUNG AVTITQOCWTEVEL EVAL GYUAVTINO EUTOSLO GTNY axELBN
npokeén tov HopdBouv mov mpoxaeitar and 11 POY Eevatwy. O Tapadoctanég aptbpntines pebodot
onwg 1 Ymokoytotny Pevotoduvapiny anattoby 61uaviizods UTOAOYIGTIHOLE TOQEOLG KL, GUVETWG,
YOOVO AOYW T1)¢ TOATAOXOTNTAG TNG EMALOYG TV EELOWOEWY TOL SLETOLY TY] POY] TWV PELGTWV UL
TNV XXOLOTINY. LLVETWG, 7] emitevgn opbnv xut oovounwy TEofrédewy Twv exnounwy BopvBov,
tOLUTEQU GE TOADTAOUX UNYAVINE GLOTNUXTA OTWS OL AYWYOL TV XVLTOUVHTWY, TUEXUUEVEL LLXITEQX
XTTALTY TN,

H Simlwpotiny epyacio €yet wg aTOY0 TV avATTLEY WLXG OWOVOUIMNG bToAoyoTng pebodou yua
™V mEOAEEY TOL aepoduvapnd emayouevov HopbBov oTa CLOTpATE UMUATIOROL EmBATIHWY
VTONWVHTWY. AVATTOGOETAL EVHG ETUADTNG TIOL YOVOLUOTOLEL YEOVIXd HOVIPES eEloWwoEls QoG
emAvopeveg ot0 meEBdilov tov OpenFOAM®), 7mov evowpatover tc eéiowoerg Reynolds —
Averaged Navier Stokes xat v axovotun avaroyix tov Proudman, ehoylotomoiwviag to
LTOAOYLOTINO KOGTOG YwELG var Buotdletor 1 anpiBeta Twv ATOTEAEOUATOVY TEQAY EVOS ATOSEXTOL OQLOV.
To povtélo emmvEmveTat and TELQUUATIUE SESOUEVH TOL AXUBAVOVTOL ATO TEAYUATIUES UETOYOELC.
To se@ddotx ¢ epyaciog mEAyUxteELOVTAL TNV  aepaxovoTwy] Oepellwon, ™ pabnpatun
novieAonoinor Twy e€lomoewy PONG, TNV VTOAOYIOTINY] AVTLUETWTLOY] TOV XYWY®OV, TV CLYXQELOY] PE
TELEAPLXTING OESOPEVA UL TNV AEQAUOVGTINY| AVAALGY] OYESIAOTIUWY ADGEWY, AVTUATOTTOILOVTAG ETat
™V eTBEAGT] TNG ANAINUXINNG EQELYVAG OTY] Bropnyavic.

MeydAho tpnpo avtg g épeuvag Se€nybn xatd 11 Sdpretx pog eéapmnvialag Bropnyavinyg
TponTnNg aounong oty Toyota Motor Europe (TME) otig Bou€éheg, BéAyto.
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Chapter1

Introduction

In the field of automotive engineering, a prominent trend observed among car manufacturers is
their unwavering commitment to enhancing efficiency and minimizing noise levels in their vehicles.
Acknowledging the growing concerns surrounding environmental sustainability and driver
comfort, manufacturers are directing their investments towards pioneering technologies and
design methodologies to redefine the standards achievable on the road. Efficiency has emerged as
a central focus for car manufacturers, spurred by a global emphasis on reducing carbon emissions
and optimizing fuel consumption. Consequently, this drive has spurred the development of
cutting-edge powertrain solutions, including hybrid and electric systems, as well as the integration
of lightweight materials and aerodynamic refinements. These initiatives not only contribute to a
more environmentally conscious footprint but also yield vehicles that are inherently more energy-
efficient and economically viable in the long run.

Nevertheless, in today's automotive landscape, a new challenge has surfaced, particulatly with the
proliferation of hybrid and electric vehicles: the issue of induced noise. This challenge is
particularly pronounced in such vehicles due to the absence of an internal combustion engine.

The concept of passenger fatigue induced by noise exposure is not a recent discovery. Landstrom
[27] conducted experiments with drivers who operated vehicles for extended durations, ranging
from 8 to 10 hours with a one-hour break, during which they were exposed to additional low-
frequency sounds from car speakers for 5-minute intervals. The results indicated that theta waves,
associated with heightened fatigue levels, were generally elevated during exposure to higher
pressure levels (corresponding to higher acoustic power).

Moreover, an investigation of the relationship between sound frequency, power level (measured
in dBA'), and the source of the sound was carried out [8]. The findings illustrated the widespread
impact of noise-induced fatigue across various domains. Additionally, a 25% increase was observed
in the risk of hypertension with a 5 dBA rise in aircraft noise exposure [55].

Other researchers [3] explored the effects of traffic noise exposure on coronary heart disease,
concluding that environments with sound levels exceeding 65-70 dBA escalate the risk of heart
disease and myocardial infarction by 10 to 50%. In a survey involving 6000 inhabitants around two
military airbases in Japan, individuals exposed to noise levels of 70 dBA or higher displayed higher
rates of mental instability [18].

Despite the abundance of evidence, it is essential to recognize that prolonged exposure to a noisy
environment inevitably leads to mental fatigue. This is particularly significant in the context of
global driving accidents. Increased mental fatigue is associated with physiological arousal,

1 dBA is a modification of the dB scale that incorporates weighted frequencies to better reflect the sensitivity of the
human ear. In general, more weight is applied at the frequency range of 500Hz to 10kHz.



decreased sensorimotor functions, and impaired information processing. This assertion is
supported by an investigation of motorway accidents, which revealed the involvement of fatigued
drivers in 11% of the incidents. Sleep or fatigue contributed to approximately 20% of fatal crashes
involving trucks [16]. A comprehensive literature review covering both in-depth and
questionnaire-based analyses, identified fatigue as a contributing factor in 15 to 20% of truck-
related accidents [1].

1.1 Noise in Automotive Applications

In contemporary times, it is apparent that consumers increasingly consider the comfort level
offered by a vehicle when making purchasing decisions. Consequently, the automotive sector is
placing greater emphasis on addressing vehicle noise, given its substantial impact on passenger
comfort.

To elaborate further, the primary sources of vehicle noise generation, as shown in figure 1.1-1 can
be categorized as follows:

Wind (or external aerodynamic) noise
Road noise
Powertrain noise

Heating Ventilation and Air Conditioning (HVAC) noise

b

Figure 1.1-1: Generation of noise emissions in automotive applications. (Image claimed from TME).

This phenomenon is particularly pronounced in Battery Electric Vehicles (BEVs) and Hybrid
Electric Vehicles (HEVs), wherein certain scenarios amplify the prominence of HVAC noise as
the predominant source. This is attributed to the cessation of wind and road noise when the vehicle
is stationary, as these noises are contingent upon vehicle motion (see figure 1.1-2). Moreover, in
such vehicle types, powertrain noise is negligible or absent. Consequently, all automotive industries,
including Toyota, have opted to allocate resources towards research, comprehension, and
advancement of HVAC duct systems.




Wind Moise Road Noise Powertrain Noise HVAC Noise

Figure 1.1-2: Noise source intensity comparison for BEVs and HEVs during motion (left) and stationary
(right). Solid bars represent motion conditions, while checkered bars depict stationary conditions. (Image
claimed from TME).

1.2 HVAC Aerodynamic Noise

HVAC noise comprises two distinct components: noise stemming from the rotating components,
primarily the fan, and that from the stationary parts, consisting of the blower segment. Between
these two, the first generates harmonic noise, which is generated by mechanical vibrations of
components such as the blower motor, transmitted through solid parts and emitted as airborne
sound, while the second induces aerodynamic noise, which is produced as a result of the airflow
and its interactions with the solid boundaries (figure 1.2-1).

Duct
Register "

Figure 1.2-1: The assembly of the HVAC system consisting of the HVAC unit and the duct sub-assembly
(left). Generation of acrodynamically induced noise inside the duct (right). (Image claimed from TME).
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Given that the HVAC unit is typically sourced externally and undergoes infrequent updates, the
point of emphasis is directed towards mitigating the noise from the stationary elements. However,
space constraints necessitate a compact ducting system design, often characterized by sharp edges
and sudden changes in cross-section. These design features significantly impact noise generation
by inducing turbulent airflow structures.

The primary focus of this diploma thesis is the geometry of the HVAC duct illustrated in figure
1.2-2, situated within the driver's side instrument panel of a Toyota passenger vehicle. This system
comprises the duct, which directs air from the central HVAC unit to the register. The register
includes a rotating blade array designed to guide the airflow and regulate the flow rate. Given that
other duct geometries were also analysed throughout this diploma thesis, this particular duct will
hereafter be referred to as the "side-duct of car 1".

. Duct
m Rotaung register (blades)
. Register’s housing

Figure 1.2-2: The blower assembly of side-duct of car 1 with its components.

1.3 HVAC Noise Index Estimation — Previous Work

For instance, as of May 2023, the established protocol within automotive companies such as
Toyota Motor Europe (TME) for examining HVAC-induced noise is solely reliant on conducting
experimental measurements within the vehicle cabin (figure 1.3-1). Regrettably, this approach
lacks a simulation method capable of forecasting HVAC cabin noise. Consequently, the endeavor
to create a quieter duct is burdened with heightened costs, prolonged timelines, and inefficiencies.
Recognizing this challenge, there's a pressing need to pioneer the development of a simulation tool
to address this gap, as such a tool would not only streamline the development process but also
enhance the overall efficacy of noise reduction strategies within HVAC systems.

Cabin Alterations -

Prototype MesaliamEnt Noise Index Estimate New Prototype

Figure 1.3-1: Flow chart of initial HVAC Noise Index Estimation Workflow.
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Recognizing the aforementioned challenge, a proactive solution was devised, employing a direct
computational approach grounded in compressible unsteady Computational Fluid Dynamics
(CFD) [36]. This approach aims to simultaneously address both sound propagation and the
underlying flow dynamics responsible for its generation within the same computational domain.
The implementation leveraged the OpenFOAM® CFD toolbox along with custom Python™
utilities for post-processing the acoustic signals derived from unsteady CFD simulations, in the
context of a diploma thesis [36]. It is pertinent to note that this diploma thesis serves as a
continuation of this prior work, and thus, further elaboration on these aspects will be omitted in
this section, as they will be recurrently referenced throughout the thesis.

The primary objective of this diploma thesis is to evaluate the efficacy of a cost-effective
Computational AeroAcoustic (CAA) technique for predicting noise in automotive HVAC systems,
while assessing the problematic accuracy of the CFD model of [36] in the high-frequency region.
The aim is to develop a method capable of providing accurate predictions to guide the aeroacoustic
design of HVAC ducts, with particular emphasis on aerodynamic noise originating from the flow
within stationary HVAC components, all while adhering to time efficiency constraints. Within this
framework, a steady-state CEFD approach is conceptualized and subsequently implemented using
OpenFOAM® [39], by numerically solving the Reynolds Averaged Navier Stokes (RANS)
equations. The computed results are then juxtaposed with empirical data obtained from real-world
measurements conducted through experimental setups.

The choice of a steady-state approach in this context is driven by several key considerations. By
employing a steady-state methodology, the temporal terms in the governing equations are
completely ignored, allowing the focus to be placed solely on the spatial distribution of the flow
variables. This simplification leads to a significant reduction in computational cost and resource
requirements. Consequently, the steady-state solvers used in this approach are computationally
inexpensive, enabling faster convergence and reduced simulation times. Furthermore, this
approach is well-suited for preliminary design and optimization stages, where multiple iterations
and design variations need to be evaluated rapidly. By leveraging this approach, it becomes feasible
for the engineer to conduct extensive parametric studies and sensitivity analyses, thereby guiding
the design process effectively without incurring prohibitive computational costs, hence offering a
balanced compromise between accuracy and computational efficiency.

1.4 The OpenFOAM® Software

The software used in this diploma thesis is OpenFOAM® (Open source Field Operation And
Manipulation) [39]. It is an open-source software written in C++ programming language that has
the ability to solve problems in parallel through the openMPI protocol, which is an implementation
of the public domain MPI (Message Passing Interface) protocol [5]. It is a versatile tool that can
simulate a wide range of fluid dynamics problems, including laminar and turbulent flows,
multiphase flows, heat transfer, and chemical reactions. OpenFOAM® employs a finite volume
method to solve the governing equations of fluid flow, providing the users with a wide range of
solvers and models, including turbulence models, as well as pre- and post-processing tools for
mesh generation, visualization, and data analysis.
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1.5

Thesis Structure

The present text is structured as follows:

v

Chapter 2: Introduction to airborne acoustics and its computational application in
automotive contexts. The fundamental properties of sound transmission in the air are
described, with emphasis in the effect of the unsteady flow character. Familiarization with
the most widely used acoustic analogies and explanation of Proudman’s analogy in the case
of quadrupolic and dipolic noise.

Chapter 3: Brief presentation of the Reynolds-Averaged Navier—Stokes equations and the
k — & turbulence model employed in the context of the diploma thesis, with comments on
the wall functions approach as a cost reduction mechanism. CFD modeling of the HVAC
duct. Mesh generation, the definition of the boundary conditions and the selection of the
discretization schemes in the OpenFOAM® environment are discussed.

Chapter 4: Initial correlation of the steady-state CFD model with experimental data from
previous studies. Elucidation of the primary differences between the unsteady and steady-
state approaches regarding data processing, computational cost, identification of an
effective comparison technique for CFD validation purposes and demonstration of the
proof of concept for the Proudman’s Acoustic Analogy model in the case of the HVAC
duct.

Chapter 5: Development of a noise source identification method able to visualize high
acoustic power concentration both in the computational domain and in the surface of a
given geometry. Aeroacoustic analysis of a design countermeasure proposed for noise
reduction in a Toyota passenger cat's side HVAC duct with the use of the steady-state
CFD model. Performance prediction based on the validation of the model with previous
experimental information.

Chapter 6: Description of the experimental setup and noise measurement procedure for
automotive blower performance evaluation, in the anechoic chamber. Presentation of the
measured geometries and concise description of the model and microphones alignment
for correct signal capturing. Subtraction of the background noise generated from the
experimental assembly.

Chapter 7: Post processing of the experimental measurements for CFD comparison
compatibility. Investigation of the effect of various experimental sensitivity parameters in
the quality of the results. Final correlation of the steady-state CFD model with new
experimental measurements and evaluation of the design modification with real-life data.

Chapter 8: Conclusions and suggestions for future research.

16



Chapter 2:

Aerodynamic Noise

Sound is defined as fluctuations in pressure within an elastic medium, induced by the vibration of
a surface or turbulent fluid motion. It travels as longitudinal waves, characterized by alternating
compressions and rarefactions within the medium. Working with air, these pressure oscillations
occur above and below the atmospheric pressure, as depicted in figure 2-1 [23].

il L

L Wavelength |

acoustic a r L
pressure

ANVANG
(b) >
/ \/ Patm

Figure 2-1: Representation of a sound wave. (a) Compressions and rarefactions caused in air by the sound
wave. (b) Graphic representation of pressure variations above and below atmospheric pressure [23].

The term noise is used to describe any unwanted or undesirable sound that interferes with normal
activities or causes discomfort or annoyance.

Aerodynamic noise, also known as aeroacoustic noise, is defined as the noise caused by the motion
of gases or air, in particular. It is specifically concerned with the study of sound resulting from the
interaction between the airflow and solid surfaces, typically in the context of aerodynamic or fluid
dynamic systems.

A flow field that includes sound propagation can be interpreted as a superposition of an acoustic

disturbance field (p’, p") to an ambient state, which is the undisturbed flow state (pg, o, To, Uo)
(i.e. in the absence of said disturbances) [43].

pP=po+p,p=po+p 2-1)

The equation that describes the propagation of acoustic waves, in a uniform medium, assuming
isentropic propagation [13] and adopting the acoustic linearization approximation, is the linear
wave equation [23]. It can be derived from the linearization of the Euler or the Navier-Stokes
equations.

17
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The speed of sound is defined as the partial derivative of pressure w.r.t. density, at ambient
conditions.

2.1 Lighthill’'s Acoustic Analogy

In acoustics, an analogy is a theoretical framework that simplifies the problem of sound generation
and propagation by relating the sound field to source terms derived from fluid dynamic equations.
This approach leverages established fluid dynamic principles to study acoustic phenomena,
facilitating predictions of noise generated by turbulent flows. Unlike direct computation, which
involves solving the full set of governing equations through detailed numerical simulations, an
acoustic analogy infers solutions by drawing parallels between complex acoustic problems and
more familiar fluid dynamic systems. This methodology reduces computational complexity and
provides valuable insights based on fluid dynamics theories.

Lighthill's Acoustic Analogy [30] establishes a direct link between fluid flow fluctuations and
resulting acoustic emissions. It suggests that aerodynamic noise stems from converting kinetic
energy within the fluid flow into acoustic energy due to turbulent fluctuations. This process
assumes turbulent eddies as the primary source of noise generation, manifesting as fluctuating
volume accelerations.

The cote principle of Lighthill's Analogy involves decomposing fluid flow into mean and
fluctuating components. The mean flow signifies the steady fluid motion, while the fluctuating
component represents turbulent variations overlaid on the mean flow.

According to this model, turbulent eddies' fluctuating volume acceleration serves as a distributed
sound source in the fluid medium. Mathematically, this source term is derived from the product
of fluctuating velocity and the gradient of mean flow velocity [30].

62 l aZ ’ aZT

P2l 7 2.1-1)

atz « (')sz N axlax]

The RHS in the above expression consists of the spatial derivatives of the Lighthill tensor, defined
as

Tij = pvj + (D = Poo) = (P — Peo) €815~ 03 2.1-2)
where §;; denotes the Kronecker delta, g;; the viscous stress tensor and v; the ith component of

the velocity field.

Equation 2.1-1 can be written in integral form, by integrating over the volume V containing the
sound sources:

18
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p'(x,t) = (2.1-3)

Lighthill’s tensor models aeroacoustic phenomena such as:

v' Turbulent shear layers, similar to those occurring at the boundaries of separated flow
regions or around bluff bodies, which generate intense fluctuations in volume acceleration,
contributing to aerodynamic noise production.

v" Vortex Shedding behind blunt bodies or within wake flows that induce fluctuating
velocity gradients and pressure fluctuations, leading to the emission of sound waves.

v’ Wake Turbulence behind moving objects.

2.2 Curle’s Acoustic Analogy

Curle's Acoustic Analogy, pioneered by John Curle during the mid-20th century, offers an
alternative framework for comprehending the origins of aerodynamic noise [10]. A notable
distinction between Curle's approach and Lighthill's lies in their focal points regarding noise
generation mechanisms. Curle's analogy places heightened significance on the direct impact of
surface sources, including vortices emitted from solid boundaries or discontinuities within the flow

field.

Furthermore, a prominent variance emerges in the mathematical depiction of acoustic sources.
While Lighthill's Analogy attributes sound generation primarily to the fluctuating volume
acceleration linked with turbulent eddies, represented through Lighthill's stress tensor, Curle's
approach adopts surface-based singularities such as vortex sheets or compact sources. These
singularities are incorporated directly into the governing equations to illustrate the acoustic sources,
and their influence is localized to specific regions within the flow, directly interacting with the
acoustic field.

The acoustic density fluctuations at location X and time t, owing to a flow field p, u;, p can be
calculated using

n;
ff pl] + pv; UJ]‘L‘ _— mdS(y) + (22_1)

1
+6xl-6xj '[]V[Tij(y;'[)]rzr* e p—— yldV(y)

The stationary integration volume V' comprises the region where sound is generated by the flow,
while § encompasses all solid boundaries within V' and includes the external boundary of V, if
present. The outward normal vector M pertains to surface S and the stress tensor is expressed as
pij = (0 — D) dij — 0yj. Notably, the integrals in equation 2.2-1 are calculated w.r.t. vector y
|x=y

Coo

inside the volume V, at the retarded time T = 7" =t — . This time discrepancy between t
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and 7T represents the duration for an acoustic disturbance generated at location Y to propagate to
the receiver Xx.

Curle’s analogy, as expressed in equation 2.2-1, is derived under the assumption of a direct line
of sight between every point within volume V' and the receiver location X, neglecting any indirect
sound paths due to scattering effects [12]. However, in scenarios involving more intricate
geometries where these assumptions are not applicable, alternative formulations [32], [33], [34],
[35] employing Green’s functions [12], [15], [56] can be utilized. It should be noted that this
limitation, stemming from the assumption of a direct line of sight, represents a significant
drawback of Cutrle's acoustic analogy.

However, both Lighthill’s and Curle’s analogies have the significant disadvantage of the temporal
derivative terms, which require an unsteady solution and, therefore, massively increase the
computational time.

2.3 Ffowcs Williams — Hawkings Acoustic Analogy

The FW-H acoustic analogy involves enclosing the sound sources with a control surface that is

mathematically represented by a function, f(x,t) = 0. The acoustic signature at any observer
position can be obtained from the FW-H equation [2]:

anl
=2 [Om g
Px0) = Otff o l4m|x — y| .
J [ Lijn; ” is + 0° J [ T;j ]| v (2.3-1)
(’)xl =0 Att|x — y| . 0x;0x; J 50 dt|x — y| .

where |7, denotes evaluation at the emission time T, and V represents the volume outside the
control surface. The source terms under the integral sign are:

= p(u; —vy) + pov; 2.3-2)

Lij = pu;(w; — v) + P; (2.3-3)

The vectors U and v are the flow and the surface velocities, respectively. The compression
tensor P;j is defined as:

Pij = (p —po)dij — 0y; (2.3-4)
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The three source terms in the formal definition of p'(x,t) are known as the thickness (Q;,

monopole), loading (L;;, dipole) and quadrupole (T;;) soutce terms, respectively.

The FW-H acoustic analogy is used in applications involving axisymmetric intake geometries with
a spatially repetitive pressure distribution at the inlet. There, the 3D steady flow equations can be
solved in a rotating frame of reference close to the bodies [37].

The use of the FW-H analogy requires, though, unsteady flow fields. These are generated by
rotating the computed steady (in the rotating frame) flow fields, i.e., through a transformation to
the absolute frame [37]. As a result, the computational cost increases significantly, therefore the
use of this model in steady flow applications is not suggested.

While other acoustic analogies exist, they were not pertinent to the scope of this diploma thesis.
Nevertheless, they are acknowledged for completeness. Among these are Phillips' acoustic analogy
[42] and Goldstein's generalized acoustic analogy [14].

2.4 Categorization of Noise Sources

The three right-hand-side terms of equation 2.2-1 are considered as different aeroacoustic noise
sources and are often classified based on their radiation characteristics into monopole, dipole, and
quadrupole sources, each representing distinct mechanisms of sound generation. Monopole
sources, which emit sound equally in all directions, are primarily dependent on variations in the
mass flux pu;n; [12]. Examples of monopole sources in aerodynamics include vibrating surfaces

and exhaust pipes, where the rapid alternation of volumetric flow leads to isotropic sound waves
[11].

Dipole sources depend on the loading of, and the convected momentum through, surface
S (pij + pvivj). In areas where surface S expresses solid boundaries, term pv;ujn; vanishes thus
rendering the fluid — solid force the only contributor. Dipole noise sources thus arise in areas
where time — varying forces are applied on solid boundaries, such as turbulent wall interactions
[11]. They are characterized by the cancellation of sound radiation in one direction due to the
opposing phases of two closely spaced sources and are often associated with the shedding of
vortices from bluff bodies. The alternating vorticity of shedding vortices creates pressure
fluctuations, resulting in preferential sound radiation perpendicular to the flow direction [40]. By
employing the chain rule for the spatial derivative appearing in the second term

af (z*) ot [of ()
ox;  ox| ot | _. @41
and given that T° =t — ﬂ,
Coo
A ) (242)

ax;  |x—ylce

When the sound-generating region is acoustically compact, meaning that the distance between any
two points in that region is negligible compared to their distance to the observer, the terms
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(x; —¥;) and |x — y¥| can be approximated as X; and |x| respectively, yielding an alternative,
simplified form, of the dipole contribution:

X; op;n;
"(x, )¢ aipote = ‘ ﬂ ”] ds 243
(P (x,t)c )dlpole 47|x|2c,, i ot (y) ( )

The above expression indicates that dipole noise is exclusively attributed to variations in the net
surface force p;jn;, encompassing both isotropic pressure and viscous stresses.

Quadrupole sound sources involve the interaction of four monopole sources arranged in specific
configurations and appear in areas of intense shear in fluids, such as in the case of a jet, discharging
into an otherwise quiescent fluid [11]. They rely on fluctuating stresses in the shear layer, arising
from turbulent mixing of fluid regions with greatly different velocities [11], [56]. Once again, a
similar relation can be derived for the quadrupole contribution:

2

(0’ (x, £)c2) ~ % Tyl o 244

p ’ ocoJquadrupole =~ 4‘7T|x|3coo v aTz y ( . )
T=7"

where Tj; stands for the Lighthill stress tensor. Lighthill [30] showed that in the case of negligible
heat transfer within the flow, the stress tensor is equal to

Tij = puv; + O(MZ) (24—5)

The latter is of great importance, as it states that for low Mach number applications the
approximation of T;j = pv;u; is sufficient. Moreover, Curle [10] showcased that the ratio of
acoustic intensities of quadrupolar to dipolar noise generated by turbulence near solid bodies,
follows roughly

2
Iquadrupole o (E) — MZ (2.4—6)
Idipole Coo

Therefore, in low Mach number flows in the presence of solid boundaries, the contribution of
dipole sources is much more dominant than those of the quadrupole ones. In the context of the
diploma thesis, the effect of these two sources in the accuracy of the computations is separately
examined.
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2.5 Proudman’s Acoustic Analogy

Building on the work of Lighthill [30], Proudman [46] derived analytical expressions to
approximate the sound intensity of homogenous, isotropic turbulence for low Mach numbers in
terms of the kinetic energy of the Turbulent Kinetic Energy (TKE) and its dissipation rate. It
should be noted that in a long, straight section of an HVAC duct with fully developed turbulence,
the latter may approach isotropy in the core region of the flow, away from the walls. This is because,
in fully developed turbulence, the energy distribution among different scales can become more
uniform. Additionally, according to Kolmogorov's hypothesis [24], at sufficiently small scales (in
the inertial subrange), turbulence tends to become isotropic regardless of the larger-scale

anisotropy.

According to this analogy, the rate of change of momentum in the flow field is related to the rate
of acoustic power radiated into the surrounding medium [46]. By integrating equation 2.1-1, the
acoustic power can be expressed as:

Pt—lfa( )a(+ )+62T L 2.5-1
(x’)_4nV6t PUU; o, pij + puiy; ox9x, U |Tx—yl 6] (2.5-1)

According to Proudman's analogy, the acoustic intensity resulting from flow-induced phenomena
can be represented using the conventional steady-state variables of turbulent kinetic energy (TKE),
k, and dissipation rate, €, commonly employed in CFD. This method offers a notable advantage
as it allows for the estimation of flow-induced noise using steady-state CFD, making approaches
based on Proudman's analogy significantly more computationally efficient compared to those
relying on Lighthill's analogy. The computational efficacy of flow noise predictions utilizing
Proudman's analogy renders the technique highly appealing for comparative design investigations
[9]. However, it should be noted that without an unsteady solution, the frequency spectrum cannot
be obtained and therefore tonal noise is not detectable.

The sources of flow noise can be represented as the sum of volume and surface components as
follows:

ps(yp)dS + f pv(y)dv (2.5-2)
S v

where P is the total acoustic power generated by the flow. ps(¥) and p,,(y) are respectively the
surface component (dipole) and volume component (quadrupole). ¥ and Y}, are the position
vectors of the volumetric and surface source points, respectively. Esimates for ps and p,, can be
given as:

5
kG )> (2.5-3a)

c

pv(y) = Ape(y) (
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3
ps(¥p) = Bp <@> (2.5-3b)

where ¢ is the speed of sound and p is the fluid density. k(y) and €(y) are the turbulent kinetic
energy and dissipation rate at y, respectively. ko(y,) is the kinetic energy of the fluctuating
component of the friction velocity evaluated at ;. A, B are constants to be determined by model
calibrations. The expression for py(y) comes from the work of Proudman [46] on the noise
generated by isotropic turbulence. py () is readily computed using the values for k and € from
the outcome of the CFD run. From the aforementioned, it becomes evident that a two-equation
turbulence model needs to be employed. The expression for pg(y,) is derived from the scaling
laws of aerodynamic noise and recognising that it corresponds to a dipole noise source, as
presented by Skvortsov et al. [51].

In the standard k — € turbulence model of Launder and Spalding [29] the relationship between
the tutbulent shear stress T and k is:

Ty =p |Ck (2.5-4)

where C,, is a constant coefficient of the turbulence model. Using this relationship, k is defined

as:

Tty (Vp)
o (yy) = 2222 25-5)
Py Cy
T¢, (¥p) is the fluctuating component of the wall shear stress at Y}, and is defined as:
0 g p
Ve
Tty p) = 10(¥p) N (2.5-6)

where To(¥}) is the mean wall shear stress at Y, V is the kinematic viscosity of the fluid and vy is
the turbulent kinematic viscosity and is taken from the computational cell adjacent to the wall.

Hence, a final expression for kqy(y}) is given by:

V¢

ko(¥p) = T0(¥p) v /T (2.5-7)

All quantities on the right-hand-side of equation 2.5-6 can readily be obtained from a steady-state
CFD analysis, therefore reducing the computational demands.
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2.6 Brief Description of Direct Noise Computation

Since this diploma thesis builds upon the work of [36], which was conducted as a part of another
diploma thesis in the PCOpt of NTUA, a concise overview of the CFD model utilized in this
research will be provided.

In general, Direct Noise Computation (DNC) is a method predicting both the
aerodynamic/hydrodynamic and the acoustic field simultaneously, by directly solving the unsteady
compressible Navier — Stokes equations [4], [56]. In DNC, both the flow mechanisms responsible
for sound generation and the propagating perturbations of pressure and density that make-up
sound are resolved simultaneously, using CFD, in the same computational domain. The necessity
for a compressible CFD formulation is dictated by the nature of sound since it’s expressed by
perturbations in the pressure and density fields [36] (see figure 2.6-1).

_— W WA

117
\‘V"“‘"“\-vvvvvvﬁo

NN

Figure 2.6-1: Propagation of a sound wave. Incompressible CFD model — absence of wave propagation
(left). Compressible CFD model — formation of acoustic waves (right) [47]. The necessity for a compressible
CFD approach for sound wave capturing.

DNC is considered the most accurate method up to date, since it does not rely on any model for
sound capturing, except in some cases a turbulence model for the flow [56].

Although the DNC is the only method that can directly compute the induced noise, it has a
significant drawback: When compared to other CFD applications, such as any acoustic analogy, it
tends to be very computationally demanding. In particular, the aeroacoustic simulation of a typical
HVAC duct, for a time step of 2 - 107> sec, requires approximately 4 days on 512 processors
based on the work of [30] (see figure 2.6-2). Especially if someone takes into consideration that

the design of a part is an iterative process, the total computational and time cost become non —
affordable.

CAD Model

Final Validation
cabin
Measurement

Simulation ' Design
(~ 4 days) Modification

Figure 2.6-2: Typical workflow for the aeroacoustic development of an HVAC duct.
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As a result, the need for the development of a viable, lower cost CFD model, yet with sufficient
accuracy, becomes necessary. Therefore, a steady-state, incompressible CFD model utilizing the
RANS equations and Proudman’s acoustic analogy was developed, managing to significantly

reduce run time from approximately 4 days to just 1.5 hour on 512 CPUs, while maintaining
accuracy within 4% compared to experimental measurements.
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Chapter 3:
CFD Modeling

3.1 The Navier — Stokes Equations for Incompressible
Flows

The Navier — Stokes equations are a set of highly complex non — linear partial differential equations
that describe the motion of a fluid in a continuous medium. For incompressible fluid flow
problems, they consist of the conservation of mass and momentum.

3.1-1 Continuity Equation

The continuity equation describes the conservation of mass in a fluid flow. It states that the rate
of change of mass within a control volume must be equal to the net mass flux across the control
volume's boundaries. Mathematically, the continuity equation for incompressible flows is
expressed as [60]:

Ju OJv OJw _

e T T 3.1-1
=tttz =0 G1-D

3.1-2 Conservation of Momentum

The conservation of momentum, which is equivalent to Newton’s second law, states that the total
momentum of a system remains constant unless acted upon by external forces. For incompressible
turbulent flows, the conservation of momentum is expressed as [20]:

ou; 6p+ d aui+6uj 1o
uj axj B axi ax] v aX] axi ( o )

where p is the pressure divided by the fluid’s density, v is the fluid’s kinematic viscosity and vy is
the fluid’s turbulent kinematic viscosity.
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3.2 The RANS (Reynolds Averaged Navier — Stokes)
Equations

The Reynolds-averaging method depends on the decomposition of each instant independent
variable f(x,y,2,t) of the problem to a sum of its time averaged value f(x,y,2) and its

fluctuation f'(x,y,z), as seen in figure 3.2-1. The time-averaged value of the fluctuations f' = 0
[45]. The independent velocity and pressure variables are expressed as:

u; = 'L_Ll' + u{ (32—1)
p=p+p (3.2-2)

So, for incompressible flows, the conservation of momentum equation according to Reynolds is
transformed to [45]:

7, Ot a[ 58, + <aai+aaj> 7 ’I (3.2-3)
Uj—==—|-p6;;+v|=—+=—]-u'u 2-
]ax] axj Y ax] axi .
1 i=j,
where 6;; ={0 i ijls the delta Kronecker [61].
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Figure 3.2-1: Instantaneous velocity consisting of the average value u and the disturbance u'. On the right
— hand side, u"' = 0.

During the time — averaging of the conservation of momentum equation, an additional term called
the Reynolds stress represented as —W emerges. This term is modeled following the Boussinesq
hypothesis, which postulates that the fluctuations in density due to turbulence are negligibly small
compared to the mean density, and hence can be disregarded except for their contribution to the
Reynolds stress. This hypothesis simplifies the modeling of turbulent flows by allowing the
Reynolds stress to be modeled as a linear function of the mean velocity gradients. Specifically, the
Boussinesq hypothesis assumes that the Reynolds stress is proportional to the product of the mean
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velocity gradients and a constant, which is referred to as the turbulent kinematic viscosity V¢. In
order to calculate this term, it is necessary to employ a turbulence model. The Boussinesq
hypothesis is expressed as follows [50]:

ou; 0m\ 2
— + L) -Zks;; (3.2-4)

Tayl —
—wuy, = Vt( _§ ij

where k = %u{u]’ is the turbulent kinetic energy [20].

Substituting the Boussinesq hypothesis into equation 3.2-3 the final formulation of the RANS
equations is acquired:

Com o ou, o o, 0w\ 2
= — —p6U+V —+ — +Vt —+— __k6ij (32—5)

3.3 Turbulence Models

Turbulence models in RANS simulations are mathematical models that are used to describe the
effects of turbulence on the mean flow. There are several types of turbulence models that differ in
the level of detail they capture about the turbulent flow. The models that utilize the Boussinesq
hypothesis, as stated in paragraph 3.2, are called eddy viscosity models. They are based on the
concept of turbulent eddies, which are assumed to act like molecular viscosity but with a larger
coefficient of viscosity. The choice of turbulence model depends on the level of accuracy required
for a given simulation and the computational resources available and consist of three categories,
often referred to as “grades”. These grades are based on the complexity of the turbulence model
and the level of turbulence that it can accurately predict. These are [28]:

1. Zero — equation models: These models assume a fixed eddy viscosity and are the simplest
of the turbulence models. They are typically used for low Reynolds number flows, where
turbulence effects are relatively small. The calculation of the turbulent kinematic viscosity
is achieved by algebraic equations that connect the flow variables.

2. One — equation models: These models solve for the turbulent kinetic energy or its
dissipation rate using one Partial Differential Equation (PDE). They are more complex
than zero -equation models and are often used for boundary layer and shear flows.

3. Two — equation models: These models solve for both the turbulent kinetic energy and its
dissipation rate using two PDEs. They are the most widely used turbulence models and
are suitable for a wide range of applications including industrial and environmental flows.

In this diploma thesis, the k — € model is used, which is a two — equation model.

3.4 The k — £ Turbulence Model

The k — € turbulence model is likely the most common model used in CFD to simulate mean
flow characteristics for turbulent flow conditions. It is a two — equation model that gives a general
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description of turbulence by means of two transport equations (PDEs) [58]. The first transported
variable is the turbulent kinetic energy (TKE) k and the second one is the rate of dissipation of

TKE &. The underlying assumption of this model is that the turbulent viscosity is isotropic, in
other words, the ratio between Reynolds stress and mean rate of deformations is the same in all
directions 28], [58].

The k — &€ model has been tailored specifically for planar shear layers and recirculating flows. This
model is one of the most widely used and validated turbulence model with applications ranging
from industrial to environmental flows, which explains its popularity. It is usually useful for free —
shear layer flows with relatively small pressure gradients, such as the airflow inside the HVAC duct,
as well as in confined flows where the Reynolds shear stresses are most important. It can also be
stated as the simplest turbulence model for which only initial and/or boundary conditions needs

to be supplied [58].

The TKE k is given by the following PDE:

d(kw) 0 [v, ok v E (341
ax] _ax] Oy ax] Ve 2 € ‘

while the dissipation of TKE & can be resolved by the following equation:

d(ewj)) a [v, 0e € g
o =a_leata_x,-l”REZWEHEU—CZer o

where
u; represents the velocity component in the corresponding direction
Eij represents the component of the rate of deformation

V¢ represents the turbulent kinematic viscosity and is equal to:

k2
ve = pCy ’

The constant values used in the standard kK — € model of this thesis are [6], [58]:

¢, =0.09
C, =144
C, =192
C3rpr = 0.0
o = 1.0
o, =1.3
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3.5 Wall functions

Wall functions are an essential component of many CFD simulations involving turbulent flows,
cooperating with the turbulence model used. These functions provide a means of accounting for
the effects of turbulent forces near the walls of the simulation domain, without requiring a highly
resolved mesh in those regions. By incorporating empirical relationships between the near — wall
behaviour of the velocity and turbulent quantities, such as the boundary layer thickness and friction
velocity, wall functions can accurately predict the velocity profile in the near-wall region, while still
allowing for a coarser mesh in the outer region of the flow. In general, wall functions can compute
directly or indirectly the value of the turbulent viscosity at the near-wall cells and store it as a
boundary condition in the next iteration of mean values calculation.

As illustrated in figure 3.5-1, accurately resolving a boundary layer would require a large number
of mesh elements. This would result in an increased number of equations in the final linear system
to be solved, leading to a significant increase in the overall computational time. In order to address
this issue, wall functions are introduced into the model. By utilizing experimental velocity profiles
and some additional assumptions, wall functions can accurately compute the quantities in the first
cell center normal to the walls of the object being simulated. Experimental data is used because
attempting to model the boundary layer using a discretized scheme or piecewise linear approach
would result in a significant error due to the steep gradients near the wall. Therefore, an accurate
analytical representation of the boundary layer is required.

Piecewise-linear Non-linear

f [

o
B —

° Y V//
i /
(a) Resolved (b) Wall function

Figure 3.5-1: Comparison between fully resolved boundary layer and wall functions approach [57].

In fully turbulent flows, boundary layers have a thickness of a few millimeters. Initially, wall
functions were designed to operate for y* values between 30 and 300. However, modern tools
have enabled the use of wall functions that work effectively in the viscous sublayer, log law region,
and even buffer region. It is worth noting that in the buffer region, the modelling of one equation
of the boundary layer y* = f(u™) is subject to certain assumptions that may affect the accuracy
of the results in some cases.

Viscous Sub-layer  Buffer layer Log-law region
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Figure 3.5-2: The wall functions approach in all regions of the boundary layer [57].
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The parameter y* denotes the dimensionless distance between the first cell of the boundary layer
yur

and the wall and can be interpreted as a local Reynolds number. It is defined as y* = ”

T . . . .
where u; = ’7'”, defined as the square root of the ratio of wall shear stress and fluid’s density, is

the shear velocity. Accordingly, U™ is a dimensionless velocity which is defined as Ut = ul and

used to normalize the velocity profile in the near-wall region. It is often used in conjunction with
y* to determine the shear velocity at the first cell from the wall through the U* and y™*
relationship, or any other suitable unit depending on the equations and models employed in each
specific case and calculation.

The equations that define each portion of figure 3.5-2 are:

For the viscous sublayer (1 < y* < 5):

u  yug
U+ = + > — = 5-
y ” " (3.5-1)
For the logarithmic region (30 < y* < 300):
1 u 1 yu
+=—1 + = —=—] e 3.5-2
Ut =G +C = o kn(v)+c (3.5-2)

where C = 5.

Considering that the buffer zone is neglected, exactly at the intersection of the two previously
mentioned regions, both equations are hold. We therefore get that at the logarithmic region:

1
y& = Eln(yg’) +C (3.5-3)

The latter equation can be solved using the Newton — Raphson method, thus obtaining the value
of y}. Following this, the identification of the region in which the point of the computation is
performed resides is needed. In order to do that, an initial assumption that the point lies in the
viscous sublayer is made. With the use of the velocity field from the previous iteration, the value
of U; is obtained from equation 3.5-1, thus computing the value of y*. If the computed y* value
is smaller than y;, then the initial assumption is correct. Otherwise, the point lies in the
logarithmic region and equation 3.5-2 should be used for the computation of u; [25].

If the point adjacent to the wall lies within the logarithmic region (which should be the case when
using a high — Reynolds turbulence model) where the production and dissipation of the turbulent
kinetic energy are approximately equal [25], [52] the turbulence model — specific variables can be
computed using the following equations:
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k= (3.5-4)

and

= (3.5-5)

where kK = 0.41 is the von — Karman constant.

The previous equations are derived by taking into account that the shear stress at the wall is equal
to

aui
T = WV +v)=—n; (3.5-6)
W Ox] 1

3.6 Wall Treatment in OpenFOAM®

In the OpenFOAM® environment, wall functions for k and € are implemented using equations
similar to those described previously, but with slight modifications [20], [31]. The methodology
involves computing the velocity gradient at the wall using finite differences to determine the
triction velocity U, i.e.

ou; f B (')ul]f _ulf—uf 461
Zh g, =[] SE M (3.6-1)
ox; on y

where 71 is the normal to the wall vector with a direction from the fluid to the wall. uf is the
velocity at the center of the cell adjacent to the wall (which is considered to be parallel to the wall)

and ulf the parallel to the wall velocity at the cell’s face (thus u/ is equal to zero). This process
employs the velocity values at the center of cells adjacent to the wall and faces of the cells to derive
accurate gradients. However, on meshes with high Reynolds numbers, approximating the velocity
derivatives in the first cells adjacent to the wall can be challenging. Therefore, to ensure the
accuracy of the wall shear stress predictions, an additional equation is employed,

ou;
Ty =12 = (v +vy) %| (3.6:2)

Initially, a zero Neumann boundaty condition is enforced on k. Subsequently, € undergoes an
initial computation of a weighting factor W, which depends on the number of the faces belonging
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to the cell currently being considered to which the boundary condition will be applied. Following
this, the value of € at the center of each cell neighboring the wall is equated [31].

w [ 33
1 C;} k2
£= —Z (3.6-3)
W4ia\ ky;

f=i

where k is the value of the turbulent kinetic energy at the same cell center and i refers to the
number of cells in the wall — normal direction. The value of y™ at the first cell adjacent to the wall
depends on the turbulent kinetic energy and is computed from

k
y*t =%y " (3.6-4)

Ultimately, the computation of V¢ relies on the distance of the cell from the wall. Initially, the
dimensionless distance, denoted as Y, is computed using a specified equation. If the center of
cells adjacent to the wall resides within the viscous sublayer, indicated by y > y*, v, is assigned
a value of zero.

3.7 The SIMPLE Algorithm

In the case of steady flow, there is no need to fully resolve the linear pressure-velocity coupling, as
the changes between consecutive solutions are no longer small [7]. In such instances, the SIMPLE
algorithm (Semi-Implicit Method for Pressure-Linked Equations) developed by [40] is used. An
approximation to the velocity field is obtained by solving the momentum equation. Continuously,
the pressure gradient term is computed using the pressure distribution from the previous iteration
or an initial guess and after that, the pressure equation is formulated and solved in order to obtain
the new pressure distribution. Velocities are corrected and a new set of conservative fluxes is
computed. The discretized momentum equation and pressure correction equation are solved
implicitly, where the velocity correction is solved explicitly [7].

In greater detail, the SIMPLE Algorithm consists of the following steps:

1. Definition of the boundary conditions.
2. Computation of the velocity and pressure gradients.

3. Iteration on the discretized momentum equation to compute the intermediate velocity
field.

4. Computation of the uncorrected mass fluxes at faces.
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5. Iteration on the pressure correction equation to produce cell values of the pressure
cotrection.

6. Update of the pressure field: p**tl = p¥ + w - p’, where w is the under-relaxation factor
for pressure.

7. Update of the boundary pressure corrections pj,.
8. Cotrection of the face mass fluxes: Th}f"'l = m; + my.

k+1 _ =« Volvp’
=V ———,
ap

9. Correction of the cell velocities: ¥ where Vp' is the gradient of the

pressure corrections, dp is the vector of central coefficients for the discretized linear
system representing the velocity equation and Vol is the cell volume.

10. Update of density due to pressure change.

To facilitate convergence, the fields were initialized by solving the potential flow model using the
potentialFoam solver in the OpenFOAM® environment, while the flow problem was resolved
using simpleFoam.

3.8 Boundary Conditions

The boundary conditions define the interactions between the fluid flow and the solid surfaces, and
how the flow conditions alter across the boundaries. The variables that the boundary conditions
will be imposed upon for the RANS equation with the k — € model are the velocity (u), pressure
(p) and the turbulence model’s variables (k, €).

In the case of a typical HVAC duct, the boundary surfaces appearing in a computational domain
are split into three categories: The inlet surfaces of the domain Sy, the outlet surfaces Sy and the

solid wall boundaries Sy,. The boundary conditions for u;,p, k, € for the respective boundary
patch are the following:

Inlet:

At the inlet, velocity is imposed by a constant volumetric flux, or a constant surface normal velocity
is defined.

Static pressure is defined by a zero Neumann boundary condition.

The turbulence model’s vatiable k is approximated depending on the turbulence intensity I and
the freestream velocity magnitude u at the inlet as follows:

= (ul)? 3.51)

35



while € is approximated depending on the user — defined inlet eddy viscosity ratio -

147
Ckz v
e=C,—|—
Fv \v,

inlet

-1
) (3.8-2)
inlet

Outlet:

A zero Neumann condition is imposed to the velocity components on the outlet boundaries, based
on the assumption that the flow field is fully — developed when reaching them.

Static pressure is set to a constant imposed value, equal to 0 in terms of manometric pressure for

convenience.

A zero Neumann boundary condition is imposed to the turbulence model’s vatiables k and €.

Walls:
The solid walls are treated using wall functions.

The boundary conditions used for each boundary patch are summarized below:

Variable Symbol Type Value
Volumetric Flow Rate 14 Flow rate Inlet Velocity Vo m3/h
Pressure p Zero gradient -
Turbulent Kinetic Energy k Fixed value 0.015 ] /kg
DISSIEUOI-I of Turbulent c Fixed value 0.134073 m?/s®
netic Energy

Table 3.8-1: Boundary conditions for the inlet patch for the steady-state HVAC case.

Variable Symbol Type
Velocity U Zero gradient
Pressure p Fixed value (p = 0)
Turbulent Kinetic Energy k Zero gradient
Dissipation of Turbulent c Zeto gradient
Kinetic Energy

Table 3.8-2: Boundary conditions for the outlet patch for the steady-state HVAC case.

Variable Symbol Type

Velocity U Wall function

Pressure p Zero Gradient
Turbulent Kinetic Energy k Wall function

Dissipation of Turbulent
Kinetic Energy
Table 3.8-3: Boundary conditions for the wall patch for the steady-state HVAC case.

£ Wall function
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3.9 Discretization Schemes

Term “discretization schemes” refers to the mathematical methods used to transform the
continuous governing equations of fluid flow into discrete algebraic equations. The accuracy of
the discretization scheme used is an essential factor that determines the level of precision of the
numerical solution, as well as its convergence. The discretization schemes used in this thesis are
hybrid for the gradient, adapting their order based on local flow conditions (celllLimited or
faceLimited Gauss Linear). They use second-order formulation in regions with smooth gradients
but revert to first-order near sharp gradients to maintain stability and prevent oscillations. This
makes them hybrid schemes, effectively blending second-order accuracy with first-order stability.
Second order schemes were used both for the divergence (bounded Gauss linearUpwind) and for
the Laplacian terms (Gauss linear limited).

Generally, higher order schemes enhance the accuracy of the simulation, as they can approximate
the solution to a higher degree of precision. This results in a reduction of truncation errors, which
are the errors caused by the approximation of continuous equations with discrete equations.
Second-order schemes can handle steeper gradients in the solution, which is important for
simulating complex phenomena accurately. The improved accuracy provided by second-order
schemes can lead to faster convergence of the numerical solution, as well as more accurate results
overall. The residuals plot for a typical simulation can be seen in figure 3.9-1. The latter proves
that a typical HVAC duct simulation can be faced as a steady-state problem, as the flow inside the
geometry is stabilized.

—— Ux_initial
~— Uy_initial
10-1 4 —— Uz_initial
— k_initial
—— p_initial
—— epsilon_initial

1073 1

1075

Residual [-]

10-7

1079

0 2000 4000 6000 8000 10000 12000
# Time

Figure 3.9-1: Typical convergence plot for 2nd order schemes for the benchmark HVAC duct steady-state
Proudman CFD model.
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3.10 Mesh Generation

As a first step for the implementation of the simulation, a computational domain is created, as
seen in figure 3.10-1. It is important to note that the HVAC duct is isolated from the vehicle’s
instrument panel and is analyzed independently. A bulbous structure serves as an artificial inlet
patch, designed specifically for computational purposes, connecting to an intermediary funnel that
directs airflow into the main duct configuration within the passenger vehicle. Downstream of this
duct, a bell-shaped plenum is positioned as the outlet boundary through which the airflow is
discharged. It is noted that the jet exiting the blower assembly is located at the center of the plenum.
Furthermore, two refinement zones are designated in the wake of the blower, where the mesh is
significantly denser. However, the second zone features reduced mesh refinement in comparison
to the first one, as the sound intensity diminishes, thereby reducing computational cost.

Geometry Refinement Zones

Outlet

Computational
Inlet Domain

Figure 3.10-1: The computational domain. Presentation of the artificial inlet bulbous structure (yellow),
the inlet extrusion (pink), the discharge plenum (light green) serving as the outlet boundary patch and the
HVAC side-duct of car 1 (dark green) as explained in paragraph 1.2. Refinement zones 1 (light orange)
and 2 (dark orange) are also introduced, with dense and coarse refinement respectively.

The computational mesh was generated following a surface-to-volume approach, with the use of
a commercial meshing software provided by TME. It consists of regions of locally uniform
hexahedral cells. The meshing procedure begins with the generation of a uniform mesh made up
of cubes of edge length hy, which are then refined in specified regions, up to a predefined
refinement level. Each refinement level n is attained by performing n consecutive subdivisions of
the initial cubic cells of edge height hy into 4 equal cubic cells. Therefore, the edge length of a

cubic cell of refinement level k is equal to hy, = :—z [36]. Finally, in the near wall regions, inflation

layers are introduced.
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A mesh sensitivity analysis was conducted to determine the appropriate base cell size. Typically, a
finer mesh enhances the accuracy of capturing the flow field surrounding a geometry, albeit at the
expense of increased computational time. The objective was to find a balance between achieving
accurate results and minimizing computational costs, thereby optimizing the efficiency of the
simulation model. Ultimately, a base cell size of h = 2.5 mm was selected, resulting in a reduction
in the number of elements from approximately 31 million in the corporate benchmark mesh to
just under 20 million, representing a reduction in computational cost of about 35%.

T
mnumuf
T
T
ammt

Figure 3.10-2: Computational mesh with base cell value h = 2mm aty = 0.

The mesh around the most delicate parts of the simulated assembly such as the blades of the
register channelling the airflow towards the passenger as depicted in figure 1.2-2, is composed of
hexahedral cells with minimum height of 0.4 mm (e.g. the register’s blades) in order to ensure the
integrity of the geometry. Moreover, there are two refinement zones in the wake of the blower,
where the mesh is gradually getting coarser, as the sound intensity diminishes by the square of the
distance. The first zone, closer to the geometry, consists of cells with a height of 3.1 mm, while
the second one has an average cell height of 6.2 mm. At the outlet, the density of the mesh was
significantly reduced to save computational resources, as there should not be any flow field
phenomena of significant interest or importance in that region, resulting in a cell of average height
of 24.4 mm.

As anticipated, a denser mesh is unnecessary outside these refinement regions because no airflow
is expected to pass through them, owing to the design of the register's housing outlet. By
decreasing the number of cells outside the area of interest, significant reduction of the required
computational resources is accomplished.
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Figure 3.10-3: Various levels of refinement across the computational domain at y = 0. Close up view on
the register (up left) and the register’s blades (up right). Duct’s outlet and register assembly (bottom).

Figure 3.10-4: Surface mesh around the register and its housing of side-duct of car 1.
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Chapter 4:

Calibration of Steady-State Model with
Previous Experimental Measurements

Developing a suitable and effective approach to compare the outcomes of the steady-state CFD
model with both the compressible simulation and experimental results from the work of [36],
carried out as part of a diploma thesis in the PCOpt of NTUA, was a key consideration. The main
disadvantage of the compressible model of [36] lies within its failure to accurately predict the noise
in the high frequency region, as illustrated in figure 4-1.
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Figure 4-1: Prediction of aerodynamically induced noise for two configurations of the side-duct of car 1
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[36]. Compatison between the compressible DNC model (compact line) versus experimental measurement

(dashed line). Significant drop of accuracy in the high frequency region. Wall clock time of simulation =~ 4
days on 512 CPUs.

The main goal of the steady-state model, which from now on will be referred to as the “proposed
CFD model,” in terms of accuracy, was to provide a more satisfactory correlation with the
experiment than that of the DNC of [36]. Furthermore, this comparison aimed to facilitate the
accuracy of the proposed model, with the feedback obtained being utilized to inform subsequent
stages of the research process.
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4.1 Noise Index Estimation in Experiment and DNC

The term "Noise Index Estimation" (NIE) pertains to the standardized methodology for assessing
sound intensity using relevant metrics. A standardized procedure was developed by [30] specifically
for isolated HVAC duct configurations, as detailed in section 1.3. This approach involved the
capture of noise through pressure perturbations using experimental probes, commonly referred to
as probes. Subsequently, these perturbations were transformed into Sound Pressure Level (SPL)
values.

The SPL, ie. the pressure fluctuations observed at any point in space, is a logarithmic scale
measured in decibels and is a valuable tool for comparison of various sound measurements [11],
[21], [48]. This is given by:

SPL(dB) = 10logy, (pr’"s) (4.1-1)
pref

It is defined using the acoustic root-mean-squared (RMS) pressure (equation 4.1-2) and a
reference pressure, the latter being equal to 2 - 107> Pa for measurements in air [11], [21]. The
RMS pressure is defined as the square root of the mean squared pressure at each point [21]:

= /p? (4.1-2)

meS
1 t0+T
p? = lim |= j p'* (t)dt (4.1-3)
T—oo T to

For the computation of term p'2 (t) an unsteady, compressible CFD model is required.

As the DNC model and the experiment of [36] follow a similar philosophy, wherein noise
generation and propagation are directly computed through perturbations in the pressure and
density fields using a compressible fluid approach, the same NIE criterion as described in section
1-3 is applicable in both of them. Consequently, a brief overview of the noise capturing technique
employed in the unsteady, compressible DNC model will now be outlined.

The pressure field resulting from compressible DNC simulations contains both convective
pressure fluctuations, expressing convected flow structures and acoustic pressure fluctuations,
expressing sound waves [17], [54]. In other words, pressure fluctuations in the field can be
expressed as a superposition of two components:

p' =pc+0pa (4.1-4)

where p; is the convective component and pg the acoustic one.
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The p; component arises from pressure gradients associated with eddies carried by the flow and
is commonly termed pseudo-sound. This designation stems from its absence of certain defining
attributes of sound, such as non-adherence to the wave equation. In order to compare numerical
results with experimental data, it is preferable to concentrate solely on genuine sound. Therefore,
in the context of DNC, the acoustic perturbations must be isolated from the raw computed
pressure field.

The DNC model of [36] computes pressure fluctuations, which are then recorded and stored using
8 linear probe arrays of a length denoted as L, consisting of 512 sampling points each (see figure
4.1-1). These arrays are strategically positioned near the jet exit of the blower. Subsequent to
storage, the wavenumber filtering method is applied to isolate the acoustic component of these
fluctuations. The positioning of the array centers is arranged to align with the respective locations
of the microphones utilized in the experimental setup. The acoustic pressure recorded at these
designated probes accurately reflects the corresponding measurements obtained in real-life
scenarios.

[ 512 prob®® 807

— = 135° | 45°
—

Microphones

gy = .
ey 225° 315°
I A 270°

Figure 4.1-1: Positioning of 8 linear probe arrays of length L consisting of 512 sampling points for pressure
fluctuation propagation capturing downstream of the side-duct of car 1, as proposed by [36]. The center
of the 4 cardinal ones coincides with the microphone positions of the measurements.

Having acquired the desired acoustic pressure over time, the corresponding SPL graph in the
frequency spectrum can be extracted, consisting of constituent frequencies and their respective
amplitudes, resulting in a direct comparison of the simulation results with the original experimental
measurements.

4.2 Noise Index Estimation in a Steady-State model

Given that the proposed model lacks temporal resolution and, consequently, does not provide
information on the frequency spectrum, direct comparison between Proudman's findings,
experimental data, and DNC results of [30] is not possible. Hence, an alternative criterion that
disregards transient effects must be chosen for comparison purposes.

The total SPL or OASPL (Overall SPL) is a metric that represents the total sound emission in the
DNC and experimental applications. It is defined as the integral of the RMS pressure divided by a
reference pressure, over the frequency spectrum [38]:

m A
OASPL = 10log,, Z Pl (4.2-1)
pref

i=1
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Where P is the SPL value per frequency and m is the number of discrete frequencies, defined by
the respective temporal discretization.

As Proudman’s acoustic analogy does not directly compute acoustic pressure, an alternative
approach was adopted to capture comparable information, indicative of the overall acoustic
emission within a specified domain. This involved integrating the acoustic power (FP,.) per unit
volume across the entire computational domain. Dividing this integrated term by a reference
power value yields a dimensionless quantity, which can be expressed in units of dBA:

Pac
Pref

n
OAPSD = 10log;, Z

i=1

(4.2-2)

. . — w .
where 1 is the number of cells of the computational mesh and Ppey = 10 12 —3is the reference

power. Term P, refers to the acoustic power computed by Proudman’s acoustic analogy, utilizing
the formula described in section 5.1 for the volumetric and the surface term respecrively and is
derived from a steady-state solution.

4.3 Steady-State Model Calibration with DNC and
Existing Measurements

A series of simulations was conducted in the context of this diploma thesis using various
volumetric flow rates, including one case with a tilted register?, as showcased in figure 4.3-1, to
simulate geometric variation effects, which would represent a modification of the duct’s design
during the development period. The results obtained from the proposed CFD model were then
compared with experimental measurements [36]. It is important to note that the specific
positioning of the measurement locations significantly influences the obsetrved phenomenon's
intensity. Therefore, it is emphasized that for the particular experiment, the microphone or probe
was positioned 500 mm downstream of the blower's outlet, measured from a vertical plane aligned
with the outer edge of the register. The outcomes of this comparison are depicted in figure 4.3-2.

OO

Figure 4.3-1: Rotation of the register of side-duct of car 1. Nominal positioning (left) versus 32° tilted
configuration (right).

2'The HVAC duct design enables the passenger to adjust the orientation of the register blades, directing the airflow
towards a preferred target, such as the face or upper body, or away from it as desired.
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Figure 4.3-2: Calibration of the CFD models of [36] (blue) and the proposed one (orange) with the
experiment of [30] for probe location of 500 mm.

In the graph of figure 4.3-2, the horizontal axis denotes the OASPL or OAPSD value derived
from each CFD model, whereas the vertical axis represents the corresponding OASPL value
obtained from the experimental measurement [36]. This representation method allows for the
examination of the correlation between each CFD model and the value measured in the laboratory,
considering the latter's representativeness of reality. Both quantities are dimensionless, have a
logarithmic scaling and exhibit a linear relationship with the experiment.

Following a linear interpolation process for each dataset, two-line equations are generated, each
accompanied by a linear correlation factor R?. This factor is of extreme importance, as it signifies
whether the CFD quantities exhibit an expected pattern, allowing for their prediction based on the
assumption that they disperse around this line equation. Both correlation factors exceed 97%,
indicating a robust linear correlation between the quantities represented on the horizontal and
vertical axes. This finding holds significant importance, as it enables the establishment of a direct
link between the output of a CFD case regarding the OASPL or OAPSD value and the anticipated
actual value, through a straightforward projection on the linear interpolation equation.

Moreover, the interpolation line can be transformed using an algebraic method to convert it into
the bisector of the first and third quadrants. This adjustment ensures that the CFD result closely
aligns with the experimental value, thereby facilitating the comparison of the two Key Performance
Indicators (KPIs). This transformation enables the evaluation of both the relative as well as the
absolute deltas among two or more ducts and understand how much quieter or noisier each one
is in real life.

To transform the line one has to multiply every point’s abscissa by its slope and add the constant
term. In general, if y = ax + b is the linear equation, then x; = ax; + b, where i is the specific
point of the line, a is the slope of the line equation and b is the constant term, should be the
corrected abscissa of each point. As a result, the diagram of figure 4.3-3 is created:
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Figure 4.3-3: Algebraic transformation of the steady-state CFD line. The DNC line remains unchanged
for the purpose of direct comparison.

The impact of the calibration on the model's line is particularly apparent in the chart of figure 4.3-
4, which directly juxtaposes the OASPL values obtained from the raw integration and the corrected
acoustic power results with those from the experiment across three selected cases: Case 1 refers
to the original register configuration as depicted in figure 4.3-1 for a volumetric flow rate of

. m3 . . -
V =110 - case 2 represents the tilted register variation for the same flow rate and finally case 3

. 3
is the original configuration for V = 140 mT Additionally, the DNC results of [36] are included

in the same chart as a benchmark. It is evident that when the correction is applied, the disparity
between the CFD simulations and the experimental data is notably diminished, underscoring the
necessity of employing the aforementioned calibration technique.
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Figure 4.3-4: Absolute OASPL values for each CFD model and the experiment of [30] for three different
configurations. Calibration of steady-state model after the projection to the linear interpolation equation.
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After this calibration, the relative error between the experiment and the newly developed steady-
state model was limited within the range of 0.52-2.24%, achieving excellent accuracy.

Upon careful consideration, it was decided to utilize the data set corresponding to microphone
placement 1 meter downstream of the blower as a best-practice approach. This decision was based
on its alignment with the typical observation distance within a vehicle's cabin. However, due to
the predominant use of a 500 mm probe location in the DNC simulations of [36], achieving
consistency between the two CFD models was not feasible. Consequently, for comparative
purposes between the CFD models, the prior correlation should be retained. However, when
projecting the results to the experimental data, the correlation showcased in figure 4.3-5 was

applied:
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Figure 4.3-5: Calibration of the new CFD model with the experiment of [30] for probe location of
1000 mm.

Consequently, the calibration coefficient and the constant parameter for aligning the findings of
the steady-state model with the corresponding experimental data for a probe location of 1000 mm
are as follows:

Gy = 0.4104 and by = 19.649

The further Gy deviates from the bisector value (Gy = 1), the more challenging it becomes for
the engineer to assess the duct's performance relative to the anticipated real value prior to
transformation. Hence, the essence of the transformation is increased. Additionally, while the
current methodology may be effective for the specific HVAC duct, its applicability to other
geometries remains to be evaluated. Last but not least, a notable limitation of this approach is the
inability to determine whether the model underestimates or overestimates the computed results
within a region of uncertainty.
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Chapter 5:

Design of a Noise Reduction Countermeasure

5.1 Visualization of Noise Sources

After assessing the accuracy of the simulation model, the potential of visual information from
post-processing fields in guiding the aeroacoustic development or even the optimization of an
HVAC duct was explored separately. Specifically, the objective was to determine whether
modifying features of the geometry that appear to generate high acoustic power could positively
impact the overall acoustic performance. To achieve this goal, the following two KPIs that aim to
visualize noise sources were primarily utilized:

The first KPI involves the volumetric component of Proudman's acoustic power, which calculates
the acoustic power resulting from the volume of isotropic turbulence using the theory outlined in
paragraph 2.5. It computes the acoustic power per unit volume in each cell of the mesh, denoted

as Py [%], in terms of TKE k and its dissipation € according to equation 5.1-1:

P, = a.psM;} (5.1-1)

In this formula, p is the fluid’s density, My = @ is the relative Mach number, whete C is the

speed of sound and finally @, = 0.1 is a model constant.

The previous quantity is also output in a dimensionless, logarithmic scale using:

Py
LPV = 10 10g10 ?ef (51—2)

- wi. .
where Pror = le 12 [ﬁ] is a reference power value per unit of volume.

The value of Lp,, in every cell is stored, resulting in the Proudman Field, as depicted in figure 5.2-
3.

The second KPI is referred to as the surface term of Proudman's acoustic analogy and was
developed in the context of this diploma thesis using the Paraview open-source post-processing
and flow visualization software [41]. This development was deemed necessary because, in low
Mach number flows, dipole noise sources originating from the surfaces of solid boundaries tend
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to dominate over quadrupole (volumetric) sources. The representation of the surface term per unit
area, computed at each cell of the mesh, is determined by equation 2.5-3b. Afterwards, the surface
term is converted into a dimensionless quantity with a logarithmic scale using:

Ps

LPS == 10 10g10 (51—2)

Pref

In a similar fashion, the value of Lp in every cell of the geometry’s surface mesh is stored, resulting
in the Proudman surface representation, as depicted in figure 5.2-1.

Both KPIs provide valuable insights into the mechanisms of noise generation. To ensure the safe
and accurate modification of design features, it is imperative to consult both indicators. Red areas
highlight regions of high acoustic power, effectively pinpointing the features that contribute the
most to noise generation inside the duct and ultimately to the passengers' ears.

5.2 Design Modification of HVAC Duct

By observing the post-processing figures of the duct, it was noted that a specific edge,
perpendicular to the registet's housing, had the most detrimental effect on the overall performance
of the duct. This observation is evident in the plot depicting the logarithmic magnitude of the
acoustic power field over the duct's surface.

Froudman_surface
-700 50 a 50 100.

' L

Figure 5.2-1: Proudman’s acoustic power representation at the register’s surface. Perpendicular edge on
the register’s housing and its effect on noise generation.

From now on this perpendicular edge will be referred to as “ring” due to its circular symmetry.

After consulting the mechanical design department it was found out that this feature was
manufactured to support some porous material, which was placed there to absorb sound
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emisssions. Hence, it was decided to remove this feature, to measure its impact. This led to the
design specification showcased in figure 5.2-2:

Figure 5.2-2: Original register’s housing (left) versus no ring design modification (right).

In order to understand in depth the effect of the countermeasure, the flow field for various
quantities is hereby presented side to side for the original and modified registers.

Initially, the Proudman field, as depicted in figure 5.2-3, illustrates a notable rise in acoustic power
around the ring feature. This occurrence arises due to the edge serving as a stagnation point for
the flow, where the fluid interfaces with the solid boundary, leading to noise generation.
Furthermore, the interaction between this feature and the blades appears to exert a significant
influence on the intensity of the phenomenon.

Figure 5.2-3: Proudman Field at the symmetry plane. Effect of ring removal on acoustic powet.

The aforementioned observations can be substantiated by examining the k field of the turbulence
model, as showcased in figure 5.2-4, which characterizes the turbulence intensity within the flow.
The initial design configuration results in the formation of a recirculation bubble in the wake of
the ring, impacting the performance of the outer blades and consequently amplifying the acoustic
emission. Following the design alteration, noticeable reductions in the vortical structures near the
ring and upper blade region are apparent, indicating an improvement in the airflow patterns and a
corresponding reduction in acoustic disturbances.
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Figure 5.2-4: k field at the symmetry plane. Significant decrease of vortical structures at the ring — blade
region.

Eliminating this feature resulted in an enlargement of the cross-sectional area at the inlet of the register,
leading to a localized decrease in velocity magnitude (figure 5.2-5) due to the principles outlined in the
continuity equation. As the acoustic power is directly proportional to the Mach number, the overall acoustic
emission experienced a notable reduction as a consequence, which can be observed in figure 5.2-6.

U,Magnitude

25 '\\,
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Figure 5.2-5: Velocity field at the symmetry plane. Evident decrease of the magnitude of velocity at the
register’s inlet.

-No Value

Figure 5.2-6: Proudman Field at the symmetry plane. Overall decrease of the acoustic power at the inlet
of the blade area
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5.3 Evaluation of Design Modification Based on
Previous Experiment

Following the qualitative assessment of the ring's removal, it is useful to quantify its impact.
Utilizing the metrics outlined in section 4.3 and referencing the calibration factor established
through the analysis of the experimental measurements of [36], the OAPSD values for both design
configurations were computed and are presented in figure 5.3-1.

The steady-state model predicted a reduction of 4.1 dBA in sound emission for the design
countermeasure compared to the nominal configuration, corresponding to a relative improvement
of 14.73%. This reduction in total sound emission is contrasted with the difference observed
between the original configuration and the scenario of the tilted register as outlined in section 4.3.
The latter represents a real-world case demonstrating a notable increase in sound perceived by
passengers.
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Figure 5.3-1: Ring’s effect compared to the nominal configuration and 32-degree tilted register as described
in section 4.3.

Subsequently, the necessity for validating the design countermeasure with experimental
measurements became evident.
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Chapter 6:

Experimental Measurements

To ascertain the correlation between the proposed model and real-world conditions for other
HVAC ducts, a sequence of experimental measurements was conducted in the context of this
diploma thesis. The primary objective of the experiment was twofold: to assess the accuracy of the
simulation and explore its potential for future development. Additionally, ensuring the repeatability
of the experiment compared to the measurements of [36] was crucial for directly comparing the
results to the original correlation.

6.1 Experimental Setup

Based on the insights gained from the experiment of [36], a standardized configuration was
established for measuring HVAC ducts outside of the vehicle cabin, as depicted in figure 6.1-1.
An airflow generator is employed to supply airflow to a pipeline assembly connected to the test
piece. Given the objective of solely measuring the aerodynamic noise originating from the HVAC
duct, stringent measures are taken to minimize interference from other sources of background
noise. The primary sources of background noise, notably aerodynamic fan noise and mechanical
noise resulting from vibrations, emanate from the equipment used for generating airflow.

Reverberant chamber (control room) Anechoic chamber

Through-wall Changing Point
piping

Dissipative sound
Y Splitter attenuator

i

I

\ PVC Piping :
\ ¢ :

HVAC Leakage tester

I
= = = + Adapter

Figure 6.1-1: Experimental setup for measurement of aerodynamically induced noise in isolated HVAC
ducts.

To mitigate the potential transmission paths of background noise to the receiver locations,
precautions are taken to isolate the test setup from extraneous noise sources. The test piece is
situated in an anechoic chamber or separate rooms housing the airflow generator, thereby
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minimizing the influence of background noise from both inside and outside the ducting. Flexible
piping is utilized for channeling airflow between the airflow generator and the test piece, mitigating
the transmission of noise through rigid connections. Additionally, two sound attenuators are
inserted into the airflow path to attenuate sound propagation within the conducted airflow.
Ensuring a fully developed turbulent profile at the blower inlet is crucial, achieved by positioning
a 4-meter-long, rigid, circular, straight tube immediately preceding the blower. A cone is placed
before the tube to induce turbulence tripping. Lastly, a customized adapter, fabricated using 3D
rapid prototyping, facilitates the connection between the blower and the rigid tube.

6.2 Test Piece Geometries

A diverse range of HVAC ducts were subjected to simulation and subsequent testing. The blowers,
situated in the instrument panels of three Toyota passenger cars, are categorized into two groups:

The side ducts which are located on each side of the instrument panel and consist of the following:

The side-duct of car 1 encompasses the original geometry utilized in the development of the CFD
model. As detailed earlier, a countermeasure was devised to mitigate noise in this duct.
Consequently, two distinct configurations were examined for this duct: The original configuration,
which is the official duct mounted on the vehicle and is presented in figure 6.2-1 and the modified
one, which is the design alteration proposed by investigating the Proudman field of the CFD model,

as described in paragraph 5.2. The perpendicular, circular edge removed can be seen in figure
6.2-2.

Tl

Figure 6.2-1: Side-duct assembly of car one.
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Figure 6.2-2: Original register’s housing (left) versus no ring design modification (right).

The side-duct of car 2, depicted in figure 6.2-3, has a smaller, circular register and an “S-shaped”
duct. Figure 6.2-4 depicts the side duct of car 3, notable for its distinctive orthogonal register and
characterized by a coarse grid of blades.

I~

Figure 6.2-3: Side-duct assembly of car two.

e

Figure 6.2-4: Side-duct assembly of car three.
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The second category is the center ducts which are located on the center of the instrument panel.
Center duct of car 2 is shown in figure 6.2-5 and the one of car 3 is shown in figure 6.2-6.

T LAl ]
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Figure 6.2-6: Center-duct assembly of car three.
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6.3 Microphone Arrangement and Alignment

Four and a half-inch omnidirectional condenser microphones were utilized to ensure measurement
independence from directional biases. These microphones were strategically positioned at four
cardinal locations relative to an axis perpendicular to the center of the plane defined by a reference
face, specifically chosen as the outlet section of the duct, located 1 meter downstream. Positioned
210 millimeters apart from each other, the microphones were arranged in a cross formation, as
showcased in figure 6.3-1.

To guarantee precise microphone placement, a laser cross was employed. This apparatus produces
two intersecting light beams, one vertical and one horizontal. The center of the resulting cross was
aligned with the center of the register, representing the desired measurement point (the average of
the four microphones). Prior to measurements, the microphones were aligned with these beams
to ensure accurate positioning of the measurement points. Additionally, the same device was
utilized to align the blades of the register with the vertical axis, corresponding to the nominal
design configuration of the HVAC duct. This process is shown in figure 6.3-2.

Moreover, foam covers were utilized, to eliminate pseudo sound, meaning recording of pressure
fluctuations caused by the non-uniform convected pressure field.

® Microphone locations

Figure 6.3-1: Positioning of microphones downstream of the blower assembly.

Figure 6.3-2: Alignment of test piece and microphones with the use of a laser cross.
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6.4 Signal Analysis

The recordings were conducted wusing a modular 6-channel analogue-to-digital
converter/acquisition system. To minimize random statistical etrors, five independent
measurements were performed for each tested configuration. Signals captured by each
microphone were processed individually using a commercial sound post-processing software
provided by TME, to extract the sound pressure spectrum in SPL units. The parameters utilized
for this processing are outlined in table 6.4-1.

Parameter Value
Measurement length 10 sec
Sampling rate fq 48 kHz
Number of samples per measurement 8192
Windowing Hanning Window 50% overlap
Frequency resolution 5.86 Hz

Table 6.4-1: Summary of the experimental parameters used for the recording of sound measurements

The human ear does not perceive all frequencies of sound equally. It is most sensitive to mid —
frequency sounds (around 2 to 5 kHz) and less sensitive to very low and very high — frequency
sounds. The latter means that sounds at the medium frequencies need to have higher SPL levels
to be perceived as equally loud as mid — frequency sounds.

In acoustics, the term weighting refers to the process of adjusting the sensitivity of sound level
measurements to account for the human ear’s varying sensitivity to different frequencies. A —
weighting is the most commonly used frequency weighting and it mimics the frequency response
of the human ear at moderate listening levels. The A — weighting curve provides a way to calculate
sound levels that more closely approximate the perceived loudness of sounds, taking into account
the non — linear relationship between sound pressure level and perceived loudness. It reduces the
sensitivity to very low and very high frequency sounds, emphasizing mid — frequency sounds. A —
weighting allows for measurements that correlate more closely with human perception of sound,
which is crucial for accurately assessing noise exposure inside a vehicle’s cabin.

It is underlined that throughout the context of this diploma thesis, the A — weighting function has
been used in the post processing of the acoustic pressure signals.

6.5 Evaluation of Background Noise

Despite efforts outlined in section 6.1 to mitigate background noise propagation in the
experimental setup, a notable amount of extraneous sound reaching the microphones, unrelated
to the blower segment, persists. As the computational model solely encompasses the geometries
of the duct and register, omitting the remainder of the experimental pipeline, this additional noise
is not accounted for and thus must be eliminated from the measurements.
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To address this issue, the sound produced by the experimental setup excluding the blower was
recorded using the same microphone configuration, positioned at the level of the adapter midpoint

Specifically, two distinct configurations were measured: one encompassing all side ducts (figure
6.5-1) and another involving all center ducts (figure 6.5-2).

Figure 6.5-1: Microphone positioning for the measurement of background noise for all side duct
configurations.

Figure 6.5-2: Microphone positioning for the measurement of background noise for all center duct
configurations.

6.6 Measurement of Design Modification Inside the
Vehicle’s Cabin

Finally, measurements were conducted on both the original and modified configurations of the
side duct of car number one inside the vehicle cabin. This was undertaken to ascertain whether
the observed relative difference between the two registers, as measured on the bench, could also
be discerned in a real-wotld scenatio.

To facilitate this comparison, the vehicle was transported to the anechoic chamber where the
bench measurements were conducted, aiming to minimize the influence of extraneous
environmental noise during the measurement process, which could potentially compromise the
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accuracy of the results (figure 6.6-1). Due to the limited availability of each design configuration,
it was determined that the impact of the driver's-side blower would be assessed (figure 6.6-2)
while sealing the outlet of the passenger-side blower at the section where the duct and the register
are interconnected using duct tape, as shown in figure 6.6-4. Two microphones were strategically
positioned at the location corresponding to where the driver's ears would be situated, as illustrated
in figure 6.6-3. It is underlined that the results of the car measurements are considered confidential
from TME and therefore are cannot be included.

Figure 6.6-1: Placement of the vehicle inside the anechoic chamber to minimize the effect of unwanted

environmental noise in the measurement.

Figure 6.6-2: Driver’s view inside the cabin of passenger Figure 6.6-3: Positioning of microphones in the level of
car number one. The driver’s — side register is measured. the driver’s ears.
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It is pertinent to note that all measurements were conducted under the accessory mode, denoting
a stationary vehicle state with the engine turned off. Each measurement iteration was repeated five
times to mitigate the influence of random statistical errors. Additionally, every configuration
underwent testing for three distinct volumetric flow rates, denoted as scale 1, 3 and 7, on a range
where 1 represents the lowest volumetric flow rate observed in the bench experiment, 3 denotes
a medium flow, and level 7 indicates the highest one. Throughout the entire procedure, the HVAC
mode was configured to face mode, with a temperature set to 20°C (figure 6.6-5).

N
20l »: __ (
G 1=3 .
; a R W = akx

Figure 6.6-5: HVAC mode settings. Blower was set to face mode,
Figure 6.6-4: Sealing of the passenger — side temperature to 20°C and the flux to the respective scale from 1 to 7.
blower to avoid impairing the results of the

measurement. The duct tape put on the outer

casing of the register is to visualize that it has been

sealed.
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Chapter 7:

Calibration of the Steady-State Model with New
Experimental Measurements

7.1 Post Processing of Experimental Measurements

Following the acquisition of experimental data detailed in section 6 of this thesis, the subsequent
task involved assessing their correlation with the corresponding CFD results. Initially, the pressure
signals over time captured by the four microphones for each measurement were transformed into
SPL utilizing the methodology outlined in paragraph 4.1, leveraging commercial software
supplied by TME. The resultant plot is referred to as the Narrowband spectrum, indicating that
the frequency range of interest is limited to a relatively small segment of the entire frequency
spectrum.

Subsequently, the narrowband spectra underwent conversion into 1/3 octave spectra. This
transformation offers a simplified representation, particularly beneficial for handling intricate
signals like those observed in the experiment, as it provides a more generalized depiction of the
frequency distribution. Furthermore, 1/3 octave bands correspond with the critical bands of
human hearing, rendering them more suitable for applications where human perception of sound
is a key consideration.

Following the acquisition of the 1/3 octave SPL-frequency curves, the average value from each
microphone was computed to simulate the anticipated measurement at the center of the
microphone-cross arrangement. This calculation also accounted for any random statistical errors
that might have been introduced by relying on the signal from just one microphone.

7.2 Investigation of Frequency Range Interest Region

As mentioned in paragraph 4.1, determining the OASPL value from a given experimental curve
involves integrating the SPL values across a defined frequency range. Establishing the range of
integration was found to be crucial for ensuring the accuracy of the proposed model. The objective
was to identify a specific range that would yield the optimal alignment between the two quantities.
The primary criteria used for evaluation were the linear correlation factor and the maximum
discrepancy between the CFD and experimental data, as these factors serve as indicators of the
divergence between the two quantities.

It is important to highlight that the initial correlation with the experimental measurements from
[36] was established by integrating across the entire frequency spectrum provided by each curve,
spanning from 5 to 20,000 Hz. However, it has been observed that the aeroacoustic phenomena
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relevant to HVAC measurements typically manifest within a narrower frequency range of 125 to
5000 Hz. For instance, below this range, the current peak tends to distort the results.

7.3 Removal of Background Noise

Another significant aspect of investigation pertained to the examination of the impact of
background noise on the experimental measurements. Initially, the effect of background noise was
deemed relatively insignificant and thus was disregarded during the post-processing. However, it
became apparent that particularly in lower frequencies, the measured values of background noise
occupied a significant portion of the respective measurement curve, potentially compromising the
accuracy of the results. It is important to reiterate that the computational model specifically
examines the sound generated within the stationary parts of the blower. Therefore, opting not to
exclude all other noise-generating features from the measurements would be a substantial oversight,
resulting in a final outcome that does not accurately represent the model's real accuracy.
Consequently, the decision was made to subtract the background noise 1/3 octave spectrum from
the spectrum pertaining to the measurement of the complete blower assembly in the bench
experiment setup.

The process to subtract the background noise followed a specific protocol: SPL values across the
frequency spectrum for 1/3 octave spectra wete obtained by averaging the readings from the four
microphones. For each frequency, the SPL value corresponding to background noise was deducted
from the original measurement, resulting in the generation of a new curve that purportedly
represents the genuine noise generated by the HVAC duct. This methodological approach is
depicted in figure 7.3-1.
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Figure 7.3-1: Direct comparison between the 1/3 octave spectrum for the overall blower assembly, the
measured background noise and their relative difference for a certain testing configuration at a specific
volumetric flow.
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Following the post processing method that was described in paragraph 7.2, the OASPL value for
every tested configuration was calculated by the integration of the latest curve, inside the range of

125 — 5000 Hz.

The effect of the background noise extraction can be visualized through the linear correlation
factor of the calibration graph of figure 7.3-2. It is evident that in the case where the background
noise is excluded from the experimental values, the deviation from the interpolation line is reduced,
hence benefiting the accuracy of the CFD model as a whole.
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Figure 7.3-2: The effect of the background noise expressed by the deviation of the measurement points
from the interpolation line.

Eliminating background noise could significantly enhance the accuracy in the work of [36] and
might be the primary reason for the discrepancy between the DNC and the experimental results
in the high-frequency region, as depicted in figure 4-1.

74 Calibration of the Steady-State Model with
Experimental Measurements

A direct comparison is drawn between the experimental values and those derived from the CFD
analysis. It is emphasized that the presented results are based on the averaged curve of the four
microphones, with a frequency integration range of 125-5000 Hz, and background noise has been
subtracted from all measurements. The graph of figure 7.4-1 reveals a linear correlation factor of
R? = 0.7688, indicating that the two quantities plotted on each axis exhibit a linear relationship.

Figure 7.4-2 provides arguably the greatest amount of information regarding the model’s ability
to predict the aerodynamically induced noise. Specifically, in this graph, the absolute deltas
between each testing configuration and the nominal condition of side-duct of car number one are
plotted for the experiment and the CFD respectively. Afterwards, their relative difference is
calculated by subtracting the experimental delta from the CFD one, therefore obtaining the
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absolute error between the two. The latter stands as the indicator for the performance of the CFD

model.
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Figure 7.4-1: Correlation of Proudman’s steady-state CFD model with experimental measurements.
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Figure 7.4-2: Absolute differences for the experiment and the CFD in comparison to side duct of car
number one at the nominal volumetric flow rate. The relative difference of CFD and experiment stands as
an evaluation criterion.

In the graph of figure 7.4-2, the sign of the experimental and CFD deltas showcases the relative

improvement or deterioration of each duct compared to a standard benchmark. It is evident that
the sign of these two quantities is the same for every measurement configuration (apart from one

particular measurement, where the experimental and CFD deltas are very close to 0). This is of
great importance, as it proves that the trend of relative differences is captured by the steady-state
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model, so this means it can classify all ducts from the loudest to the quietest. Finally, the biggest

offset between the two quantities reaches up to 1.5 dB, therefore defining the accuracy of the
model.

Once again, the calibration factors for the volumetric Proudman term as defined in section 5.3
are defined as follows:

Gy = 0.1327,b, = 18.115

7.5 Calibration of Proudman’s Surface Term with
Experimental Measurements

In low-speed aeroacoustics noise is primarily governed by dipole sources. Hence, an endeavor was
made to compute the OAPSD directly on the surface of the blower, as outlined in equation 2.5-
3b. Specifically, the surface Proudman term was integrated across the area encompassing the duct
and register, yielding an OAPSD value indicative of the sound emission on the surface originating
from dipole noise sources.

Figure 7.5-1 shows that the dispersion of the points from the linear interpolation equation is
significantly less. As a matter of fact, the linear correlation factor value equals R 2 = (0.8587, hence
stating that the surface integration is a more sophisticated evaluation metric in the case of low-
speed aeroacoustics applications, such as the flow inside an HVAC duct.
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Figure 7.5-1: Correlation of Proudman’s surface term with experimental measurements.

According to the experimental and the CFD deltas, as shown in figure 7.5-2, this time the

maximum offset between the two is reduced to 1.1 dB, so both evaluation criteria seem to be
benefited in the case of the surface term, therefore rendering this metric more suitable.
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Figure 7.5-2: Absolute differences for the experiment and the CFD in comparison to side duct of car
number one at the nominal volumetric flow rate for the surface Proudman component.

The calibration factors for the surface Proudman term are defined as follows:

Gs = 0.2232, bg = 10.592

7.6 Evaluation of Design Countermeasure’s
Performance

Based on the calibration factors of the surface Proudman term, the relative improvement of the
design countermeasure described in section 4.2 is re-examined. Table 7.6-1 showcases that
between the nominal side-duct of car one and its design countermeasure, the experiment predicts
a 1.14 dBA reduction in overall acoustic emission, while the respective value for the CFD is 1.27
dB, which results in a relative accuracy of just 0.13 dB between the two, which is barely noticeable
from a human perspective. As far as the relative error of the two is concerned, in the first case, the
experiment presents a 5.44% decrease in OASPL, while CFD predicts 6.13%. This results in a
0.69% relative accuracy between the two, which means that the performance of the design
countermeasure was accurately predicted.

Evaluation Method Experiment CFD
Relative reduction 5.44% 6.13%
Absolute Delta 1.14 dBA 1.27 dB

Table 7.6-1: Direct comparison between the experimental measurements and the CFD model for the
evaluation of the design countermeasure.
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Chapter 8:

Conclusions

This thesis delves into the investigation of aerodynamically induced sound phenomena within
automotive HVAC systems through the application of CFD. Throughout a six-month industrial
placement at TME, a steady-state, incompressible CFD model was devised in the OpenFOAM®
software, leveraging Proudman's acoustic analogy to estimate acoustic power. The RANS
equations were solved and the k — € turbulence model was employed, coupled with wall functions.
Notably, this newly developed simulation model achieves a substantial reduction in computational
cost, requiring only 1.5 hour on 512 CPUs compared to approximately 4 days with the DNC model
of [36]. This is of great importance for an application that involves numerous intermediate design
modification decisions, as it manages to speed up the development process significantly.

Furthermore, a technique for visualizing noise sources was devised to aid in the aeroacoustic
advancement of HVAC ducts by enabling the quantification of sound generation and its direct
association with geometric features. Two visualization techniques were developed, regarding the
volumetric and the surface term of acoustic power provided by Proudman’s acoustic analogy.
Utilizing this tool, a design intervention was implemented in the register of the side-duct of car 1,
where a circular perpendicular edge was removed to examine its effect on the generation of
acoustic power. This modification yielded a 1.14 dBA relative variation according to the obtained
experimental measurements compared to the initial configuration and a 0.13 dBA relative
agreement between the steady-state CFD simulation and the experimental results, therefore
signifying the ability of the model to provide qualitative and quantitative feedback to the engineer.
These post-processing methodologies enable the identification of noise generating features and
areas of interest, serving as valuable tools for improving the aeroacoustic performance of a given
geometty.

A novel methodology for comparing the outputs of the steady-state CFD model with experimental
measurements and unsteady models has been developed. This approach introduces a new metric
for evaluating aeroacoustic performance: the Overall Power Spectral Density (OAPSD). In this
method, the pressure time signals from an unsteady model or measurements are transformed into
Opverall Sound Pressure Level (OASPL), which represents the total noise emission at a specific
point, thus enabling the direct comparison with the steady-state data derived from Proudman’s
analogy.

The steady-state CFD model was ultimately validated against experimental data obtained from
measuring various HVAC ducts of Toyota passenger cars inside an anechoic chamber. The
background noise was measured separately and subtracted from the results, significantly improving
the accuracy of the correlation between computational and experimental data. The validation
demonstrated a maximum relative difference of 1.1 dBA between the experimental and CFD
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results, which is within the acceptable limits set by the company for sound emission. It was noted
that the surface term of Proudman’s analogy offered slightly better accuracy than the volumetric
term, which is expected in a low-Mach number application.

However, the use of a steady-state approach comes at the expense of losing frequency spectrum
information, as a temporal solution is required to detect tonal noise. This limitation means that
identifying which geometric features are responsible for specific frequency excitations is not
possible. Additionally, we cannot determine whether the model underestimates or overestimates
the generated noise within the safety margin of 1.1 dB, thus preventing us from accurately ranking
ducts or design modifications of the same duct that exhibit very similar noise levels.

In conclusion, this thesis underscores the efficacy of Proudman's acoustic analogy in low-speed
aeroacoustic applications of interior flows, aiming to consistently achieve optimal results in
minimal time.

Derived from the subject of this thesis, the following fields present great interest for future study
and improvement:

v" Use of the steady-state model for shape optimization of a given duct for minimization of
the acoustic power over the computational domain, utilizing the adjoint optimization
method.

v" In case the engineer wants to detect tonal noise, Curle’s analogy should be used, which is
less computationally demanding than DNC.

v" Application of Proudman’s acoustic analogy to external aerodynamics applications for
higher Re numbers (e.g. for a side car mirror).
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Extevng Ilepiindm Atmhmpatinng Epyootag

1 Ewoaywyn

To tekevtaio YOOV, GTOV TOREN TNG ALTOXIVNONG Elval OAOEVX 1L EpPAVESTEEY] 1] emtbupio puelwong
Tov emmédov HopvBov Twv oynudtwy. Eevveg delyvouy wg 1 cuveyng éubeon oe HBogvBo odnyet
oy %OTwoY Tov 0dMyoL, avfavoviag Etol onpavTd TV ThavOTTH TEOUANCNG TEOY LWV
atoynpdtev [1], [16] 1 axopn now nxpdroanwy nabnoewy [3], [18].

H tdon auty evvoeital onpuovtind oamo T Ualiny] TaQaywyy xul TOANGCY LEELOGY %ol AULYWS
NAEATOWY OYNUATWY, eARELPEL TNG GLVEYOUEVYIC AELTOLEYIAG TOL AVNTHEA. 2& XVTX TO OYNUXTA, OE
oV avnotag, o aepoduvapinog 00LEOC ToL THEAYETAL ATO TO GLOTYUA HALLATIOUOL ATOTEAEL
] povadwr nnyn BopvBouv (BA. oyfpe 1), 08MybvTag Tie ®oToreLAOTELES ETALRIES OTY LEAETT] %ot
TOV AV GYESLAGUO TWY CLOTNUATWY AVTMY.

Wind Moise Road Noise Powertrain Noise HVAC Noise

e e e e """’

Zynpa 1t Zoyxoton evtaong nnyngc BopvBou yia BEVs xat HEVs natd v sivron (aplotepd) nou oe otatiny
rnataotaoy, (eéid). Ov ovpmaryels UndEES avTmEOCWTELOLY TG cLVOTKES %ivnoNG, eVl Ol UXEO WTAEES
amettovilouy Tig otatinég owvrec. (o e Tnyy npoéhevorng v TME).

H Simlwpotinn auty epyaoio apoed 0 HeAETy] TOv acpoduvapind enayopevov Bopvfov and ta
OTATING OTOUYEL TOL GUVXQUOAOYYIEVOL GLVOAOL TOL AYWYOL MALUXTIGUOD, UATAOELMVDOUEVX HE
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TEAOWVO YOWUA OTO GYNUX 2. ATOTENEl OCLVEYELX TEOMYOLUEVNS SITAWUATING EQYAOING TOL
npaypatononOnue o1 Movada [TapddAnine Ynoroytotiung Pevotodvvapinne & Beitiotonoinong
tou Efvixob Metaofiov TTohvteyveiov [36] sat apopd v avdmtugy evog bToAOYLoTIHOD PLOVTELOL
Bootopévou oe ypovind pOVIpES eElOWOELS Phe YONOY TNG axovaTnyg avadoying Tov Proudman. To
povtéro avantoyOnxe oto hoyopind OpenFOAM®.

Duct
Register —

el e =T T HVAC Unit

kKK \\. B ))))

Zynpe 2: To ouvoEUOLOYTUEVO GOVOLO TOL GLOTIUATOS UMUATIOUOD %Al TO LTOCLOTYUA TWY XEQUYWYGY
(optotepa). TTpouknon aspoduvapnd enayouevou BopdBouv péoa otov aywyd (8eéd). (Xynua pe mnym
npoghevorc v TME).

2 Acsoduvvapxog @ogvBog

O Myog 611 pevoTOdLVALKT] EUPERLETAL WG BLATAEAYES UIXEOL TAGTOLG TwY peyebwy g mieong ot
TG TLUVOTNTAG Phéoa O v ePYLOpPEVO HeTO uat umopet va Hewpnbel wg pio emaAinAioc axovotinyg
dxtapayng not adtxtapayte eong [43]. Katd ouvvémewx, 1 ovvnbng mpooceyyon aviiotorywy
TEORBANUATOV YL TOV eLOL LTOAOYIGUO TWY AXOLOTIXMY TOCOTNTWY APOOX Y-UOVLULX LOVTEAX QOYG
CLUTILEGTOL PELGTOY, T OTOLX AVEAVOLY GTUAVTIUE TO LTOAOYLOTINO *OGTOS [306].

Evodlhortinn pébodo amotelel 1 x0NOoY aXOLOTIHGOY AVXAOYI®Y, Ol OTOIEG ATOGXOTIOLY OTY] UEIWOY)
TV LTONOYLOTIUMY ATAULTNOEWY, He YVwoToTepes avtég tou Lighthill [30], tov Curle [10] nat twv
Ffowcs Williams-Hawkings [2]. ITaxpa v emttuy?] pelwor tov umoloytotinod xdotoug, ot uébodot
awtég Baotlovtar emiong o pun-povipes e€lonmaoelg, yeyovog Tov Spa TEQLOPLOTIU GTY] Q1|07 TOLG GE
nalnueowi xenom.

H oxovotnn avaroyie tov Proudman [46], obpgpwva pe Vv onola 0 1)0g TEOEEYETAL AR TNV
OpoYevT] LooTEOTY] THER), TOOCPEEEL AVAAVTIUEG EXPORTELS YLO TYV EXTIUCY] TG EvTaang Tov HopdBov
amd TG mocOTNTES e TEROB0LE nvNTIHYS evépyetag K xow tou ELOROD xaTaoTEOYNG TG € TOL
povtéhov tHePNe. To 1epdotio TAEOVEXTNUA ALTNG TNG AVIAOYING Elval WG Ol TOGOTNTEG AUTES
umopovy vo anoxtnBovy and poviéla pong mov PBoactloviar ATOXAELOTING OTIC YQOVIUE UOVLUES
eblowoelg, petwvoviag SpaoTind 10 LTOAoYoTnO %0ct0¢. To vmoloywlopevo péyebog eivar
TLQAYOUEVY] AUOLOTINY] LOYDG VX UOVAOX OY%OL, 7] OTOlX WLOVIEAOTOLEL TIG TETQATOMMUES TNYEQ
BopvBov.

Ao, 6T0 TAAIOLO AVTNG TG SITAWUKTINYG EQYXOLAG, UEAETATOL EVAG EMLPAVELANOS OQOS TIOL PO
avtioToya Tig Stmoluég Tyeg Hopbou, oL OToleg EYOLY eV YEVEL GYUAVTING LEYXALTEQY ETISQMCY| GE

72



eQaEUOYES YounhoL aptbpod Mach, dnwg 1 pon oe évay acpaywyod. Xe oLYXELOY| Ye TO LTOAOYLOTIHO
UOVTENO UT7]-PLOVLILOL GLUTILEGTOL PELGTOL ToL [36] Tov LToAoYilel evbEwg TV TaEAywWYY Kot dtadoa
TOV AMOLOTIUWY OlATHEAY®WV OTO (OLO LTOAOYLOTIMO YWELO, TO WOVIEAO TOL AVATTOOGETAHL GTY)
Stmhwpatiny] auty epyaota Bactlopevo oty avakoyia Tov Proudman enttuyydvet puelwor tov ®06ToLg
and mepimov 4 nuépeg oe uokg 1.5 wpa oe 512 encfepynotéc. Lnpetwvetar Twg 1) axpifela Twy
vrohoytopwy Buoaletar eviog Aoymmwy oplwy, KE T TeMXY XTOTEAEOUXTA VX TeEtoEilovy TNy
ATOUALGY] TOL LTOAOYIGTIXOD OVTEAOD [E TNV TEAYUATIHOTNTX O MYyOTeQO amd 4%.

3 Ymohloyiotixyy Moviehomoinon

270 TAXLGLO TY|G EQYXOLUG YIVETAL Y0107 TwV YOV povipwy eétowoewy Reynolds-Averaged Navier-
Stokes (RANS), xaOmg xat Tov povtéhov pePne k — € [6], [58]. To tehevtaio éyet avantuy el etduwd
ylo eTUTESK OGTOWUXTA SLATUNONG UAL QOES Phe avanuxAoopio xat eivat cuvNBwg YENGLUO Yo POES e
OYETMS PInEEG ¥AlOELG Tieong aAAd nat Pogg Omov ot taoetg Reynolds eivat ot emnpatéotepeg [58].
Ao, YIVETAL Y107 CLYAETYCEWY TOLYOL, Ol OTOLEG Ao Bdvouy LTTOYY TNV eTdEAGY] TwV TLEBWSWY
SUVAUEWY HOVTE OTA OTEQER TOLYWHUATX, EMLTOEMOVIAG T7] QNOY] EVOG OYETIUX XQULOTEQOL TAEYIATOSG
OTIC TIEQLOYEG AUTEG, HELOVOVTAG ETOL TO LTOAOYLOTIXO %00T0¢. L' v emilvomn toL EOIXOL
TeoBANuatog yivetar yenon touv aiyopibpov SIMPLE [7], [40] o onolog Swxtumavet xot AdVer pto
ueony Stapoptny) e€iowan y Vv Tieo.

To poviého 10V aeEaywYOL UeAeTATOL AVEERQTNTH HXL EXTOS TOL TAXLGIOL TOL avToNyNTOoL. [or TIg
XVAYUES TNG TEOCOUOLWGYS dnptoveyeitat pia Tey vty BoABoetdng yewuetpla yla Ty TeEoYY E0Yg
otov aywyo (oynpa 3). Koatdvt g avaduopevng yewpetpiag tomobeteiton éva ywplo popgng
NOLUTIAVAG EVTOG TOV OTIOLOL TEAYUXTOTIOLELTAL 7] OLXAOTOLGY] TG QOT|C, TOL ATOTEAEL TO OELO €050V,
Anopn, yivetor 0101 {wvev TOXVWEYS TOL TAEYUATOS GTOV OLOQOL TOL AEQAYWYOL, OTIOL TO TAEYUX
yivetar oTadtoand xEatOTEQO Yiow €0MOVOUY G TOEWY.

Geometry Refinement Zones

Outlet

Computational
Inlet Domain

Zynpa 3: To vroroyotind ywelo. Tapovoiaon g teyynig etoddov Boifoetdols oyNpatos (Mitevo), g
EMENTAOTG TG EL0OB0L (p0Y), TOL YWELOL ATOYOETLENG (AVOLYTO TEAGWO) ToL anoTelel TO OELo e€bdou nat
00 TAAVOD-aEpaywyod tou oynuatog 1 (oxobpo mpaowvo). Optopods v {wvev moxveons 1 (avorytod
TOETONAAL) 1ot 2 (6%0DEO TOPTOUMAL), e TUXVO UL AEALO TIAEYILO XVTIGTOLYCL.
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4 BobOpovopnon 7tov Xpovixd Movipov Movtélov pe
Iepapatineg Metonostg

To mpotewvopevo vroloyotind povieho PBabuovopeitat, oe TEWIUO GTASLO, UE TG TELQXUATIXEG
UETONOELS XAl TO LOVIEAO GLUTLEGTOL PELGTOL TEONYOLUEVNC STAWPATHNG epyaoiag [36]. Baono
TEOBANUX YLt TV GLOYETLOY] TWY TEOTYOLUEVWY ATOTEAEL 7] ATOLGLA TAYQOYOPIAS GTO YPAOUX TNG
OLYVOTNTAG YL TO KOVILO HOVTEAO, WG ATOTEAEGUA TNG ATAAOLPNG TwV YEOvixwy opwv. I'to vo
NUTOOTEL SLUVALTY] AVTY] 7] GOYXELOY), TA UN-ROVLULO ATOTEREGUATA TOV [36] LTOXEVTAL GE [idt AVOYWY)
oe povipeg nocottec. Etot, e€dyeton  mocotta g Xouvoimne Meéong Xtabung Hyntung Iieong
(OASPL), mov avomatoTte 1) GLVOMAY] NYYTIUT| EXTOUTY] OE eVl ONPelo %aTavTl TG Statagng mou
UEAETATALL.

AvtioTotya, Yl 10 UOViho poviéro tov Proudman mov avantbooetat oty SIMAWUXTINY eQyxoia,
npoteivetat éva véo peyebog yla Ty extiunom g NYNTUYG EXTOUTYG, 1] Xuvoluy) Méon Ztabun
Axovotnng Ioydog (OAPSD). H nocotta awty) vrnoloyiletar pe OAOMANQEWOY TG AUOLOTUTC
tobog tou Proudman ce 6o 10 vTOAOYIGTINO YWELO Kot amOTENEL eTioNG Mt EVOEL€r TNG NYNTHNS
EXTIOMUTIYG EVTOG TOL EXXCTOTE ETUAEYOUEVOL OYXOL EAEYYOV.

To amOTENECPATA TWV LTOAOYLOTIMGY HOVTEAWY TOL [36] xat ¢ Tapodoag epyaoiog tonobetodvrat
oe noEabeon pe TIC TERAUATIHEG HeTENoELS TOL [30], OTwe napovatdleton oto aynpe 4. To peyedn
v 2 afovev mopepPailoviar yoaupna yr xdfe o amd TG TEONYOLUEVES TEQLTTWOELG,
nxpovatdovtag évtovy yoauuwy ovoyétnon (R% & 1). To yeyovdg awtd xabiotd Suvaty v
EXTIUNOY] TNC AVUUEVOUEVNG TELQUUATIUNG HETENONG omolaodnnote dtalne, PBootopévr oto
XTOTEAECUX TOL LTOAOYIGTXOL poviérov. BeBata, oto mhaloto g Babuovopnong, npoxetpévou va
TpoRAepbel 1 AVAPEVOUEVT] TELOUUATINY TLLY] ATXLTELTOL EVIG HETXOYNUXTIOROG TNG evbeiag (oTpoPN
noL UXTAKOQLYY] UETATOTLOY TYG), WOTE v mEoxLYet 1 diyotopog tov 1% tetapuoELoL, OTWC
QoiveTar 6TO OGN 5.

60 .
y = 1.2105x - 3.2266

R = 0.9859

50
240 »
=4 o V= 04705x +22053
z . R? = 0.9742
4 0 [ @ DNC
> :
Z 20 Steady State

10

0
0 10 20 30 40 50 60

OASPL/OAPSD CFD dB(A) [-]

Zynpoe 4: BaOpovopnon twv vmoroyotney poviehoy tou [36] (umhe) not ¢ TaQOLONSG SITAWUATIUNG
epyoolag (TOPTORUAL) Pe TIG MELQUUATIHES ETENOELS TOL [30].
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Zynpe 5: Metaoynpoatiopods g evleiog Tou yooviud KOVILOL LTOAOYIGTIMOD LOVTEAOUL.
5 Avaoyediaopog Aywyou yio Meiworn @ogdBov

To poviého mov TEOTEIVETHL GTY] SIMAWMUATINY EQYXCLX ETULTOETMEL TNV OTNTIMOTOLNGY] TWV TNYWV
BopvBov, Bonbwvtag Tov pnyavind va evIoTioer TOVG U AVIGPLOLE TXEAYWYNG AXOLOTINYG LaYDOG UL
netémetta voo emépuPel oTov oYedopRO TOL AYWYOL MOTE Vo PELOOEL TNV Nyt exmopny. H
SLYATOTNTA OTTIMOTOLNGYG TOOGYEPETAL TOGO GE UOEYY| MESIOL GUUPWVX UE TOV OYAUO OQO NG
anovoTnng avakoylag Tov Proudman, 6co xot méve oty enpdvela g YEWUETOLAG.

[Mapatewvtag to elayopeva Tedia TwV TOOCGOUOLOCEWY, SIATLOTWVETHL TwG 1] ©&BeTtn aupun aéovinng
ovppetoiag (SomtdAtog) mov natadevbetar and t0 BEAog oto oyNpx 6, Swdpopatiler oyLEO
XEVNTO POAO GTNV TTUEAYWYT] AUOLCTIUNG LoYLOG. [l ToV AOYO aTO, BOUIUACTNHE 1] APALPECY] TOL
OTOLYELOL LTO ATO T1] YEWHETELN, OTWS PaiVETAL OTO TN 7.

Froudman_surface
-700 50 a 50 100.

' L

Zynpa 6: Ontivonoinon ¢ axovotny] Loydog xate Proudman ndvw oty entpaveta ToL aywyol. Atoxpivetat

o SantbAog nou 1) enidpuct] Tov oty TaEaywy? opLBov.
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Zynpae 70 Apynd mepifAnpo Twv TTepuylny ToL aywyod (xELoTepd) ot oOYXELO?] Pe TO AVUOYEDIOUEVD oTO
10 onoto anovatalet o Saxtviiog (Se€id).

H apaipeon tov SantuAion awédvet ) Statopr| 6ty elcod0 Twv xotebhuvTinmy TTEELYLWY TOL AYwWYOL,
00MYOVTAG OTY] KELWGY] TOL UETEOL TNG TAYLTNTAG WG OLVETELX TY¢ eklowong ovveyetag. Kabwg 7
anOLGTINN Loy LG elvat avadoyr Tov aptbuob Mach oty 57 Sbvaur, 1 pelwon Tov cuvolinod BopdBou

_

Zynpa 8: TTedio anovotnyg toybog nate Proudman oto eninedo ovppetolog. Xuvolu] pelwor] g anovotnng

yivetor owoln (oynpx 8).

Loy DOG 0TV elc0B0 TwV %aTeLHLYTIHLY TTEQLYLWY.

6 Ilsipapatineg Metonoelg

210 TAXIGLO 171G SIMAWUATIUYG epyaoiag, TEaypatonominue oelpd and TELQXUATINEG UETONOELS
SLpopwY aywywyv emPBatinwy avtoutvitwy ¢ Toyota, mpoxetpgévov va Stepevvnbel xatd mOGO
Suvatar vor yevirevfovy yix Stdpopeg yewpetpleg uat ocuvbnmeg el6OG0L T ATOTEAEOPATH TYG
Babpovounong touv yooviua poviov vToAoyLoTnol povtelov. Ot aywyol petendnray anopovepévot
and TO TAXLGLO TOL AVTOALYYTOL, EVTOG a1} 0inoL Daddpov. Xto oynpe 9 napovotdletat 1 oy UoTHy
AVATIAEAOTAOY] TG TELQUUATINYG StaTaéNC.
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Reverberant chamber (control room) Anechoic chamber

Through-wall Changing Point
piping

Dissipative sound

Y Splitter attenuator

HVAC Leakage tester

Adapter

Zympee 9: TMerpopotinn Sidtan yroo ) pétenon tov aeoduvapind enoyopevou 0opdfov evide aywyoy
AMPATIOPOD ETULBATINGY XUTOXIYNTWY.

[a ) pétenom éyve yonon 4 moluxatevbuvtinmy HxEoPveLY, OTWS xatademvdetal 610 aynpe 10.
H tomobétmor toug na 1 evbuypapuion g yewpetplag moaypatonominue pe yonon laser (oynpe
11).

® Microphone locations

Zynpe 10: Tonobétnomn Twv UrEOPOVLY HATEVTL TOL AyWYODL.

Zympoee 11: EvOuydptprlor] ¢ TElQapartiny)g YEwUETOING %ot TV (UXQOPOV®Y ME oMo laser.
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[Tooxetpévou va ouyxpodv 0pfoTepa T LTOAOYLOTIUA e To TELQUUXTING ATOTEAECU AT, UETONOTME
o BopvBog Baboug ™ dataéng tTov metpapatog, dSNAadn o cuvolnog BopvBog mov vTaEYyeL oTNV
TepLOY OTAY O AELTOLEYEL 1] NYNTHY] TTNYY] TOL eVOLAPEQOVTOG TNG HeTENoNG. O Tekevtaiog TapayeTot
1LELWG ATIO TV GLOXELY] TOEOYNG XEQX AAR %ot aTO TOV aeEOdLVAUKO HOELBO oy dnutovpyelTaL
EVTOG TWY CWANVOGEWY TTOL BEV ATOTEAOLY EPOG TOL AYWYOL TOL XVLTOULYYTOV, TA OTOLX XGPAAWS OEV
AopBavovtal bTOYY 1AL GTO LTOAOYLGTIMO LOVTERO.

Teéhog, mpaypatonomnOnmray HETENGCELS TOL AYWYOL EVIOC TNG HAUTIVAS, T ATOTEAEGUATA TWV OTOLWY
dev emtpdnnue voo dnpoctevtodyv.

7 BaBpovopnoyy tov Movipov Moviehov pe  Neéeg
Iepapatineg Metonostg

To metpapatind dedoueva Tov amoRTNONUAY GE AVTNV T7] SIMAWUATINY EQYXCLN BEYOVTAL HATIAANAY
ene€epyaoio, wote va auyxptboly pe ta vrokoytotind. [Tpoueiuevon va emtevydel 1 nata T0 Suvatov
0p0061epm pebodoloyia, emhéyeton 1 xE7No1 TwY dedouevny eviog ToL Ylouatog cuyvotitey 125 —
5000 Hz, neployy mouv apopd xwplng tov acpaxovotnd 06pufo. Axdun, apurpédnxe o Bopufog
Baboug amd ti¢ metpapatinég petpnoets, xabog 1 enidpac?) Toug ota amoteléopata civar xabe aAlo
noEd apeintéa. [apddetypa avtng g enidpoong napovotaletat oto oynua 12.
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—_
—
(-

U
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125 160 200 250 315 400 500 630 800 1000 125016002000 2500315040005000
frequency [Hz|

Zympee 12: Apeon obyxpton petaéd tov pdopatog tou 1/3 g oxtafog yo 11 cuvolxh| netpopatiny] Stataéy,
0L petpobuevon BopbRov Baboug nat g oYETUNC TOLG SLXPOEAS YL CLYUEXQLUEVY] YEWUETOLN TELOXUATOS
%o TXEOYY OY%OL.

INivetou empépong welét g axplBelag 1wy ANOTEAECUATWY TOL LTOAOYLOTIXOD LOVTEAOL HE YOYON
TOL OYUIMOL KAl TOL ETULPAVELAHOL OQOL TNG avadoyiag Tov Proudman, 6mov Stamotavetat 1 vTEEOYY
TOL GeDTEQOL, YEYOVOG TOL GVUUEVOTAY YIX SPUQOHUOYES YAUNAWY TayLTNTwV. To Sdypappa g
Babpovopnong y 10 GOVOAO TV aywywyv mov petendnrav gaivetoar oto oynpe 13, an’ omov
edyovTal Ol GLVTEAEGTEG TG YOXMUIMYC GLGYETLONG %Al TOL AAYEBOMOL UETATYNUATIGUOD.
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Zympa 13: BaOpovounen tov enpavetaxod dpov xate Proudman pe yonon neloopotinidy LeTeroewy.

2yoMdlovTat Ol ATOUALGELS TOL LTOAOYLOTIXOD LOVTEAOL ATTO TNV TEXYUXTIMOTYTO UKTH ATOAVTY] TLUY)
Yo xdle mepintwon, dmov xo Samotovetor péytoty anodxhorn g éng tov 1.1 dB (oynpa 14).
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Zynpo 14: Amoloteg StapoEg YLor TO TElEapa oL TO LTOAOYLOTIXO LOVIENO OE GLYXQLOY PE TOV TAXIVO oywyO
TOL WTONVATOL 1 GTNY OVORAOTINY TUEOY T OYHOL YLa TOV ETLPaLVELARO OO natd Proudman.
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8 Zovpmegaoputa

Avamtoybnmre poviého pn-povipwv ypovixwv célonoswy Yoo TNV TEOAEEY TOL AEQEOSLVALUIXG
enayopevou HopvBov, Baotlopevo ot anovotiny avaroyia tov Proudman. Enttedybnue onpovtinn
Uelwo?] TOL LTOAOYLOTIXOL #OGTOLG G TYéan pe T hebodo mov avamtoyOnue nat yonotponomOnmne
o0 [30] yta tov idto onond, xabwg o TEAYUATIHOS YEOVOS TPOCOUOlWETS ehaTtwlnKe and Tepinov 4
ueoeg oe pohe 1.5 woa oe 512 mvpnvec. To TEOTEWVOUEVO LOVIEAO TOOGYEQEL GTOV UNYAVIUO T1]
SuvatOT T Vo atbLOAOYNGEL TAYDTATA TNV AEQANOVATINY| ETULSOGY] oG OOCUEVTS YEWUETLAG, YEYOVOQ
efalPeTnd YENOLO OE ePaUOYES nabinueptvig ouyvotnTac.

[Mapovotaotnue pae pébodog ontmomoinong twv wnyev HopLBov, pe yonon e omnolag
AVUOYESIAOTNIE O AEYINOG AYWYOS, ETULTLYYAVOVTAG T1] pelwan) Tov BopdBov natd 1.14 dBA adppwva
UE TIC TMELQUUATINEG WETENoELS. TeAog, 1 axpifet Tou UOVIHOL HOVIEAOL GE GLYXQLOY HE TIC
TELQUUATIXES PETENOEIS avépyetat oe oamdxhon uohg 1.1 dB, to omnolo Oswpeitoar emopnig
IXAVOTOLNTIXO.
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