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The aim of this investigation is the aeroacoustic analysis of the boundary
layer separation noise and trailing edge noise in a heat pump axial fan,
using Computational Fluid Dynamics (CFD), Fluid Fluid Structure Interac-
tion (FSI) and Computational Aeroacoustics (CAA). The Broadband Noise
Source (BNS) model and Transition SST turbulence model, implemented
in Fluent 19.0, were used to study the boundary layer noise component of
the three noise reduction features in steady-state and transient simulations.
The objectives of this study were divided into two main parts: the analysis
and optimization of golf ball dimples to control the the boundary layer sep-
aration on fan blade and the study regarding the application of two features
from the "silent" flight of the owl on the fan, the finlets and the flexible
trailing edge. The parametric optimization on dimples showed a 15,1% shift
in boundary layer separation. This optimized pattern when applied to the
suction side of the fan blade shifting the boundary layer separation which
promotes the inhibition of the vortex generated at the junction of the blade
with the hub resulting in a reduction of up to 0,8 dB under normal fan op-
erating conditions. It was also found that dimples have a greater influence
on operating conditions under an airflow less than 1500 m?/h, showing a
shift in the stall resulting in an increase of the fan efficiency by 1,9% and a
decrease in the boundary layer noise of 2,9 dB. On the second part of the
work it was found that a fan with finlets presented a reduction of 0,3 dB at
300 rpm, although the results showed an increase in noise and a decrease
in efficiency for higher rpm than those for which the finlets were optimized.
The study of an flexible trailing edge showed a decrease in the thickness of
the turbulence generated by the boundary layer. This, due to the downward
movement of the flexible trailing edge that decreases the pressure mismatch
between the suction surface and the pressure surface and the decrease of
the angle of attack caused by its upward movement. Experimental measure-
ments of an dimpled fan prototype, conducted in a hemi-anechoic chamber
showed noise improvements in the order of 0,5 dB(A), the results suggested
that for lower velocities than 380 rpm an increase in the fan efficiency is
expected. Lastly, an attempt was made to induce stall in the fan through
the obstruction of the heat pump evaporator. This investigation identified
that for an airflow of 1700 m3/h at 535 rpm the original fan enters in a
light stall condition while the dimpled fan prototype maintains its normal
operating conditions, resulting in a reduction of 0,9 dB(A).
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O objetivo deste trabalho de investigacdo consistiu na anélise do ruido
aeroaclstico emitido pelo ventilador aplicado as unidades exteriores das
bombas de calor, recorrendo a Computational Fluid Dynamics (CFD), Fluid
Fluid Structure Interaction (FSI) e Computational Aeroacoustics (CAA). O
modelo actistico Broadband Noise Source (BNS) e o modelo de turbulén-
cia Transition SST, implementados no cédigo comercial Fluent 19.0 foram
utilizados para avaliar diferentes técnicas de reducdo do ruido emitido pela
separac3o da camada limite e pelo bordo de fuga. Os objetivos deste estudo
estao divididos em duas componentes: a analise e otimizacdo de cavidades
inspiradas nas bolas de golf para o atraso da separacdo da camada limite na
pa do ventilador e o estudo da implementacao de duas caracteristicas do voo
"silencioso" das corujas no ventilador, o bordo de fuga alhetado e o bordo
de fuga flexivel. Os resultados da otimizacdo paramétrica das cavidades
das bolas de golf mostram um atraso na separacdo da camada limite de
15,1%. Este padrio otimizado quando aplicado no lado de succdo da pa do
ventilador atrasa a separacdo da camada limite o que promove a inibicdo do
vortex gerado entre a pa e o centro do ventilador resultando numa reducao
de até 0,8 dB em condicGes normais de funcionamento do ventilador. As
cavidades das bolas de golf mostram ter uma maior influéncia para condicGes
de operacdo com um fluxo de ar inferior a 1500 m?’/h, mostrando atrasar o
fendmeno de stall, aumentado a eficiéncia do ventilador em 1,9% e dimin-
uindo o ruido aerodindmico em 2,9 dB em comparacdo com o modelo origi-
nal. Na segunda parte da tese foi descoberto que um bordo de fuga alhetado
revela uma reducdo de ruido de 0,3 dB a 300 rotacdes por minuto, sendo
que se verifica perda de eficiéncia e aumento do ruido do ventilador para
rotacGes por minuto superiores aos quais as alhetas foram geometricamente
otimizadas. O estudo da utilizacdo de um bordo de fuga flexivel mostrou a
diminuicdo da espessura da turbuléncia gerada pela camada limite através
do movimento descende do bordo de fuga flexivel que diminui a diferenca de
pressdo entre a superficie de succdo e a superficie pressio e a diminuicdo do
angulo de ataque com o seu movimento ascendente. Medicdes experimen-
tais realizados numa camara semi-anecdica do protétipo do ventilador com
cavidades inspiradas nas bolas de golf mostraram melhorias na ordem de
0,5 dB(A) para diferentes rotacdes por minuto e sugerem um aumento da
eficiéncia para rotacdes por minuto inferiores a 380. Por fim foi feita a ten-
tativa de induzir um escoamento totalmente separado no ventilador através
da obstrucdo do evaporador da bomba de calor, este estudo identificou que
que para um fluxo de ar de 1700 m3/h a 535 rotacdes por minuto o venti-
lador original entra em condicao de separacdo total sendo que o protétipo
do ventilador com cavidades inspiradas nas bolas de golf mantem condicdes
de funcionamento normais, resultando numa reducdo de 0,9 dB(A).
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Chapter 1

Introduction and Background

The present work was developed within the Acoustics Team from Bosch Termotecnologia
S.A., based in Aveiro, and addresses the application of Computational Fluid Dynamics
(CFD) and Computational Aeroacoustics (CAA) in the research and development pro-
cess of axial fans for heat pump units. This chapter starts with a brief introduction to
the company and the phenomenon of fan noise, followed by the motivation behind this
work and the impact in different engineering applications.

1.1 Bosch Termotecnologia S.A.

The mission of Bosch Thermotechnology is to supply costumers with efficient room cli-
mate, domestic hot water and decentralised energy management solutions. The company
offers innovative solutions that address market needs while maintaining a constant focus
on new ways to reduce C'Oy emissions.

In 1988 Bosch Thermotechnology established its presence in the city of Aveiro with
the acquisition of the Vulcano Termodomésticos. At the moment the company is respon-
sible for the development and design of water heaters, gas boilers, electrical appliances
for water heating, heat pumps and in addition the production of some of these devices.

1.2 Heat Pump

In Europe, primary energy consumption in the building sector is around 40%. Of these,
75% are used for room heating and hot water generation [1]. The use of heat pumps is
an attractive solution due to the high seasonal coefficient of performance and low COs
emission compared to conventional heating systems. These advantages lead to an annual
growth of 12% in 2017, according to the European Heat Pump Association [1].

The working principle of a heat pump is to extract low grade heat from the heat
source, this heat exchange takes place in the evaporator due to the forced convection
promoted by the axial fan. In this phase the refrigerant goes from its liquid state to a
low pressure vapour. The low pressure vapour passes through the compressor increases
its pressure and temperature. Then the high temperature vapour enters the condenser
and transfers heat to the building, becoming a high pressure, moderate temperature
liquid after being condensed. The moderate temperature liquid passes through an ex-
pansion valve that reduces its pressure and temperature. The refrigerant returns to the
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evaporator to start another cycle.

The Bosch Heat Pumps external units currently uses two different types of axial fans
with different blade designs, one for each heat pump chassis (Figure 1.1). This research
focuses on one of the two fan types since it is in the company’s interest to use a single
fan for the entire product range.

1-Inverter
2-Expansion valve
3-Compressor
4-Condenser
5-Evaporator
6-Axial fan

Figure 1.1: Component diagram of the AirX Bosch Heat Pump outdoor unit [2].

1.3 Fan Noise

Turbomachines are used for the conversion of mechanical energy into thermal and pres-
sure energy by the interaction of the blade with the fluid, creating a pressure differential
between the top surface and the bottom surface of the blade. The fan is usually con-
tained within a shroud which channels the airflow in a certain direction according to its
application. There are four different types of fans: the axial fan, the centrifugal fan, the
tangential fan and the mixed fan. From these four fan types only one will be studied,
the axial fan.

Acoustic waves are generated by many different sources within the fan and the shroud.
It is necessary to consider that these waves propagate, influencing other waves from
other sources, and can be absorbed by the geometry or the flow. The aeroacoustic
noise sources in low-speed axial fans can be characterized by the frequencies at which
they occur. Every fan has the characteristic of generating a tone at the blade passing
frequency (BPF), given by Equation (1.1).

Nb-RPM

- (1.1)

fBpr =
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where Nb represents the number of blades and RPM the rotational speed in revo-
lutions per minute. The BPF tones are affected by the following factors:

e The operating point of the fan dictates the characteristics of the flow field and the
blade loading. When the fan operates in stall conditions, rotating instabilities are
generated producing wide peaks at the BPF [3].

e Inlet flow fluctuations leads to an increase in unsteady blade forces which causes
variations in the blade loading, this phenomenon generates eddies on the suction
side of the blade. The fan blades passing through these eddies results in a tone
noise at the BPF [4].

In addition to the tonal noise, axial fans produce broadband noise associated with
the variations of speed of the flow near the surface of the blade. Thus, the separation
of the boundary layer is directly related to broadband noise, due to the generation of
turbulence and unsteady loading. The research by Moreau et al. [5] have shown that
when an low to moderate Reynolds number flow goes over an airfoil it becomes complex
due to flow separation, impacting in a great scale broadband noise.

The axial fan under this study operates with a low Reynolds number witch is expected
to influence the broadband noise generated, leading to differences when compared to most
of the well-researched high Reynolds regime in axial fans. Therefore, the purpose of this
research will be the study of the broadband fan noise due to boundary layer separation
in the blade and its interaction within the rest of the neighbour blades, the motor and
the shroud.

1.4 Motivation

Aerodynamic noise emitted from turbomachinery is an increasing concern in different
engineering applications in terms of comfort and regulations. Industries such as automo-
tive, energy and aerospace have placed a emphasis in order to attend to the urbanization,
better standards of living and noise legislation.

In the automotive industry, with the great improvement in noise reduction inside
and outside commercial vehicles, more attention is given to reducing the noise emitted
from the radiator’s fan which is a huge contributor to the overall noise, in some cases
dominates over other sources such as engine, transmission, tire, mechanical or exhaust
contributions [6].

In the energy sector there is a focus on reducing the noise emitted by wind turbines,
which has been proven to reduce the quality of sleep, namely the reduction of deep
sleep and an increased frequency of awakenings [7]. Many countries have regulations
that stipulate the distance between wind turbine farms and urban areas, leading to a
constraint in the push towards energy sustainability [8].

Large delivery companies such as Amazon and Google plan in the near future to use
drones for delivering small and light packages. On July 17, 2015 the first commercial
drone was approved by the Federal Aviation Administration [9]. However, studies by
NASA show that the production of high-frequency noise of drones is perceived as more
annoying than the commercial car, making noise the biggest obstacle to the use of this
engineering application [10].
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As the density of buildings in urban centers grows, there are major concerns about
interior sound and its impact on people’s lives. In the comparison between different
equipment’s that produce interior noise, the exhaust fans come first with (75.8 dB)
followed by the pump (74.3 dB) and ventilation fan (65.5 dB)[11].

Considering the technological advances in the mentioned areas, it is imperative to
achieve an acceptable noise without compromising the efficiency or the design of the
application. The ideal fan design for low noise would aim to stop it from being generated
in the first place. Thus, the reduction of noise at the source is addressed as the target
of this research.

1.5 Objectives

One of the major targets for the next generation of heat pump’s is the reduction of
the overall noise. Therefore, the constant effort by Bosch Thermotechnology to reduce
noise in the main sources: the fan, the compressor and the occasional turbulent flow in
the fins of the evaporator. The previous research by Santos [12] has identified the noise
sources on the different heat pump fans and the influence of the tip speed, motor cap and
noise reduction features, such as serrated trailing edge and dimples. The experimental
test results of the re-scaled 3D printed model of the fan with dimples showed to be a
promising noise feature, with a potential reduction of 3.7 dB.

A parametric study of the boundary layer separation will be undertaken in a two-
dimensional flow. This will identify the mechanism behind the shift of the boundary
layer separation with the implementation of dimples in the blade surface. The optimized
parametrization will be adapted to a three-dimensional flow and will be applied to the
original model of the fan. The aeroacoustics of the dimpled fan models will be analysed
by comparison with the reference fan model through Computational Fluid Dynamics
(CFD) and Computational Aeroacoustics (CAA) numerical simulations. An steady-
state method will be used to compare the different fan performance curves and the
aerodynamic noise at the fan and motor surfaces using the Broadband Noise Source
Model (BNS) as the acoustics model and the Transition SST as the turbulence model.
Both algorithms are implemented in the commercial code Fluent 19.0. Also with these
models will be analyzed two noise reduction features inspired by the characteristics of the
owls’ feathers, which are responsible for a "silent" flight. These features, were compared
with the regular fan model, and due to the self oscillation of the trailing edge an two-
way transient Fluid Structure Interaction (FSI) numerical simulation will be used. As
a final step, the dimpled fan will be replicated at real scale, two types of stickers with
cavities with the similar parameters of the optimized pattern were applied in the original
fan. The prototype will be installed within the heat pump unit and measurements in a
semi-anechoic chamber will be conducted, so the noise levels of the dimpled fan could
be compared to the reference model.
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Chapter 2

State of the Art

2.1 Noise Mitigation Technologies for Turbomachinery

In this chapter, a review of recent research in noise reduction mechanism in aircraft
turbofan engine, wind turbine and unmannedaerial systems is presented.

2.1.1 Aircraft Turbofan Engine

An aeroplane travels through the air using a propulsion system capable of generating
thrust. Nowadays, most airplanes are equipped with a turbofan engine, capable of gen-
erating high performance and low noise, while maintaining fuel efficiency. The turbofan
works as follows: the air captured at the engine inlet goes through a fan, followed by
a compressor, and finally the burner where the air is mixed with the fuel and the com-
bustion occurs. The different components of an turbofan engine can be observed in the
Figure 2.1. Studies have shown that fans dominate total engine noise during take-off
and approach to landing, as can be observed in Figure 2.2.
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Figure 2.1: Aircraft turbofan engine components Figure 2.2: Breakdown of the noise components
[13]. of a typical turbofan [14].

Two innovative fan noise reduction concepts have been introduced by NASA - the soft
vanes and over-the-rotor metal foam liners [15]. Both of the concepts provide acoustic
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absorption by the introduction of viscous dissipation at internal surfaces (chamber walls
for soft vanes, and structural ligaments for the foam) and at the same time providing
pressure-releasing surfaces in the near-field of the noise generation process, reducing
radiation efficiency [15].

The first application of this concept is the soft vane stator, where a fan exit guide
vanes presents a suitable impedance boundary condition leading to surface softening.
This is achieved with the placement of porous surfaces to allow communication between
pressure fluctuations at the vane surface and multiple internal resonant chambers. Mul-
tiple configurations were tested in order to achieve the desired surface impedance. The
final design has a porous surface between 20% and 50% of the chord length of the pres-
sure surface of the vane, with the rest being used for the placement of four internal
chambers (Figure 2.4). The final configuration is shown in the Figure 2.3 allowing an
attenuation of 3 dB over the entire frequency range [16].

Figure 2.3: Photographs of the installed soft Figure 2.4: Open (no end cap) soft vane config-
vanes stator [16]. uration; four internal chambers [16].

The second technique used for noise reduction is the placement of a metallic foam
embedded in fan duct (see Figure 2.5). The foam has the effect of acoustic absorption
through the viscous losses generated by the interaction of the tip leakage flow with
the interior of the metallic structure surface. The optimized solution is made with an
cobalt allow (Haynes 25) with 80 pores per inch and 8% density. The experimental
results showed a 2.5 dB attenuation for frequencies above 2 BPF' [16]. Following studies
showed a loss from 2.76% to 8.75% with the implementation of this type of treatments.
A lighter alloy was implement to overcome this efficiency penalty, but fabrication of the
treatments was problematic, and increased noise due to fabrication flaws remained a
concern.

In order to find a solution which do not substantially increase the weight of the
turbofan one particular design was created. This over-the-rotor treatment consist in a
number of mesh-caps embedded into a honeycomb core as illustrated in Figure 2.6. This
concept allows a variable depth creating the desired distributed impedance, reducing 1
dB between the frequency range of 1 BPF to 3 BPF, without any efficiency loss. The
focus of the current research is the reduction of its manufacturing complexity [17].
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Uniform Depth

Single Layer Liner

Variable Depth

Figure 2.6: Single layer of honeycomb with vari-
able impedance inside the mesh-cap insertion
Figure 2.5: Over-the-rotor metal foam liner [15]. [18].

2.1.2 Wind turbine

Noise generation from wind turbines is divided into two types: mechanical and aerody-
namic. The sources of aerodynamic noise in wind turbines are very similar to the axial
fan. Therefore, a detailed explanation of the different sources of noise generation in this
type of turbomachines is discussed in Chapter 3.4.

The inlet flow turbulence is considered one of the major sources of noise in turbo-
machines. Although this type of noise source is difficult to mitigate, the introduction of
leading edge serration shows slight improvements in noise generation of this phenomenon
[19]. Different designs of leading edge serration has been researched with a focus on bio-
inspired solutions. Experimental studies by Hansen et al. [18] show that when turbercles
(inspired by the whale fin) are placed at the leading edge of an airfoil (Figure 2.7), the
tonal component generated is strongly reduced and shifted to higher frequencies, in ad-
dition an reduction of broadband noise at frequencies near to the shifted peaks was
observed (Figure 2.8). Tubercles with larger amplitude and small wavelength found to
be the most effective in noise reduction and also with a lower lift loss associated. It
is postulated that the turbercles create vortexes that increase the momentum exchange
within the boundary layer, changing its stability characteristics and frequency of velocity
fluctuations in the shear layer near the trailing edge.
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Figure 2.8: SPL vs. Frequency for Variation of
Figure 2.7: Section view of the 0021 NACA air- Amplitude of Tubercles and the standard 0021
foil with tubercles [18]. NACA airfoil [18].
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The presence of turbulent boundary layer next to the trailing edge is responsible for
one of the major causes of broadband noise in wind turbines. This phenomenon will
be explained in detail in Chapter 3.4. Recent studies [20] shows that in the presence
of a porous trailing edge has the effect of balancing the dynamic pressure mismatch
between suction and pressure side at the trailing edge. Different porous NiCrAl foams
(Figure 2.10) with cell diameters of 550 pum to 800 pwm were tested, according with the
following configuration represent in the Figure 2.9. It was found that larger cell size are
more suitable for higher angles of attack, showing a reduction of up to 18 dB at higher
frequencies. For lower angles of attack, the noise reduction was not as significant, with a
reduction of 5 dB. An increase in extension from 10% to 20% of the chord length showed
little to no effect on the coefficient of lift; in other hand, an reduction in low frequency
noise was observed.

Figure 2.9: Sketch of the NACA 0018 airfoil with
porous insert. The NiCrAl trailing edge is repre-
sented by the purple region while the grey region Figure 2.10: Photography of a metal foam trail-
represents the aluminum body [20]. ing edge [20].

Similar studies were carried out at the acoustic wind tunnel of the German Aerospace
Center for high Reynolds number (1.2 million) and larger airfoils [21]. These studies
compare metal foam with serration in the trailing edge and the original airfoil profile.
The results can be observed in the Figure 2.11, where the far-field, third-octave band
spectra for have been normalized with the values of the untreated blade. The negative
values represent noise reduction, while the positive values represent an increase in noise.

—x—Metallic Foam (Profile 1)
Hollow Sphere Foam
(Profile 1)

—— Serrations (Profile 1)

—o—Serrations (Profile 2}

100000

Difference in 1/3-octave SPL [dB]

Frequency [Hz]

Figure 2.11: Noise reduction comparison between different trailing edge modifications [20].
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Contrary to the studies presented for low-medium Reynolds number previously men-
tioned, the metal foam trailing edge presents a noise reduction up to 3 dB at low fre-
quencies (1-3kHz), followed by an constant noise increase at higher frequencies. The
trailing edge with serrations in the airfoil profile 2 presents lower noise emission for a
broad range of frequencies, with only an increase up to 5 dB at high frequencies [21].

2.1.3 UAVs

The use of different blade shapes shows a potential reduction of 1 to 3 dB. There is a
popular geometry developed in the 1970s and still used to this date - the g-tip (Figure
2.12). This geometry uses 90° tips to reduce the tip vortex, leading to the noise reduc-
tion. This geometry can be seen in Figure 2.12. Recent and innovative advances were
accomplished with the use of shrouds made with absorption materials (Figure 2.13),
promoting the reduction of low to mid frequency noise and adding more safety to the
UAVs [22].

| N

Figure 2.13: Lightweight fan shrouds comprising
Figure 2.12: Q-tip style propeller used in the D.JI sound-absorbing acoustic materials (Aerotestra
Mavic Pro [22]. MK10) [22].
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Chapter 3

Theoretical Background

For a better understanding of this work, some theoretical principles of fluid mechanics,
turbomachinery and aeroacoustics will be introduced. The present section will present
basic fluid dynamics equations. Subsequently, the turbomachinery equations and bound-
ary layer separation conditions will be derived. Finally, the axial fan noise generating
mechanisms and its sources will be explained and potential solutions will be presented.

3.1 Basics of Fluid Mechanics

In this chapter a summary of the basic equations of fluid dynamics is presented, and the
following laws are introduced: the mass conservation equation, the moment conservation
equation and the energy conservation equation. Then the occurrence of flow separation
will be explained.

Governing Equations

A three-dimensional fluid dynamics problem can be generally expressed mathematically
by the fundamental equations. Physical variables such as p and the velocity vector
¥ decomposed into three velocity components u, v, w described in dependency of the
Cartesian coordinates x, y and z must be have to solved for these type of problems [23].
The following conservation laws have to be applied for every fluid mechanical problem:

e Conservation of mass
e Conservation of energy

¢ Conservation of momentum

These conservation laws state that neither mass, momentum or energy can be created
or destroyed on a close system or within a fixed control volume. The laws can be
presented in the Euler form to mathematically relate the field quantities [23]. The
conservation of mass, which is mathematically described by the continuity equation,
defines that temporal change of the mass within a volume element corresponds to the
difference between the incoming mass flows and the outgoing mass flows [23]. This
relationship can be generally expressed as:

Op | 9(pw)
ot T o

=0 (3.1)
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Equation 3.1 can be written in Cartesian coordinates in the following form:

G0+ 50w + 50+ (e w) =0 (3.2)

In the case of steady (negligible temporal change) and incompressible (constant den-
sity) flow, the incoming and outgoing mass flows are having the same magnitude for a
given control volume [23]. In this case, can be simplified into the following form:

O(ui)
O;
The momentum equation in fluid mechanics can be derived by applying the Newton’s
second law to a model of flow, which vectorially expresses that the net force on a fluid
element is equal to the product of its mass and its acceleration. Two sources of this
force can be understood by body forces and surface forces, respectively. The body forces
are the forces that are acting directly on the volumetric mass of the fluid element. The
surface forces act on the surface of the fluid element. One of the sources for the surface
forces is the pressure distribution on the surface, which result in pressure force. Another
source of this are the frictional forces, which are produced by means of normal and shear
stress distributions on the surface. The equation of momentum can be expressed as
following in conservation form [24]:

=0 (3.3)

8uj 8]) o, ij

P +opuigT = o= = + g 3.4
ot o D o; Ny (3.4)
S——— ~—~ S~~~
temporal momentum pressure friction gravitational
momentum change of mass force forces force
change flows by

convection
Equation 3.4 can be shown in following equations for x,y and z Cartesian coordinates
[24]:

az(p-u-w—rzw)—p-gx =0 (3.5)

0 0
(p-u)+—(p-u?+p—Tuz)+ o (p-u-v—"Tye) +

ot ox oy

0 0 0 0
G+ G0 v u =Ty o0 =T (o w7y~ gy =0 (36)

0 0 0
a(ﬁ'w)+%(P‘W‘U—Tm)+§y(ﬂ‘w‘”—7yz)+&

In the equations above, the term of the viscous stress 7;;, which is a tensor, can be
considered to be symmetrical, which indicates | 7;; |=| 7;; |. An equation is necessary
to express 7;; in terms of du;/0z;. Under the assumption of the fluid to be Newto-
nian, where the shear stress is proportional to the time rate of strain [23], the following
equation can be expressed:

(p-w+p—Tse)—p-g: =0 (3.7)

B Ou; 0y, 2 Oy
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where p is the dynamic stress viscosity and o;; is the Kronecker delta. The index

k symbolizes the compressible part of the equation, which exists due to the increase in

surface area. By combining the continuity equation, the three momentum equations, the

six equations for the viscous stress with the thermal energy equation and the equation

of state of gas, a closed system of partial differential equations is obtained. This is

described by the Navier-Stokes equations under the assumptions of incompressible and
Newtonian fluids as following;:

Ou; duj,  Op 02 uj '

P(E WT%) = _87@ - Maxgi + pg;j

(3.9)

Together with the continuity equation, this equation system consists of four equations
for four unknowns, which are the pressure p and the three velocity components u, v, and
w. By defining suitable initial and the boundary conditions, this equation system can
be principally used to solve a flow problem. A complete partial differential equations
system can be obtained through the continuity equation and the momentum equations for
a constant-density fluid. The mechanical energy equation can be derived by multiplying
the momentum equation in Equation 3.4 by u;. The general form of mechanical energy
equation can therefore be expressed as:

Pl o w0 0w Oy Oy
= i
Dt 2/ Ox; Ox; Ox; O
—— —— ~—— ——
temporal change of kinetic pressure work done kinetic energy dissipation of
and potential energy energy during difference mechanical
difference expansion energy into
heat
(3.10)

where G is a potential which is derived from the gravitational acceleration g; by
following:

__9G
gj - (%cj

From the general equation of the mechanical energy, a special form can be derived,
namely the Bernoulli’s equation:

(3.11)

1
Py §u]2 + G = constant (3.12)
p

Some assumptions have been made in deriving this equation, such as for Newtonian
fluids, where 7;; = 0, for steady flow, which includes 9p/0t=0, and for incompressibility,
that considers p to be constant. However, this form of equation can be used in many
engineering applications. The change in term of the gravitational force is usually negli-
gible in many applications, because the change of this term is not substantial compared
to the other terms in the equation. With this, the simplified Bernoulli’s equation can be
expressed as:

0
Dtotal = Pstatic T Pdynamic = Dstatic + 562 = constant (313)
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3.2 Flow Separation

3.2.1 Two-Dimensional Boundary Layer Separation

Flow separation is defined as separation of the boundary layer [23]. A flow tends to
separate from its own flow path during a sudden deceleration, a high wall friction and
high pressure differences. The flow field will be pushed away from the surface of the
body contour. In the boundary layer, a fluid will be decelerated due to its low kinetic
energy. Hence, if there is a zone in the flow direction along the body contour with high
pressure available, the fluid with low kinetic energy in the boundary layer is not able to
penetrate the high-pressure zone. Accordingly, the boundary layer starts to disconnect
from its zone, to separate from the wall, and tends into the inner flow field [23].

flow separation point u,
u, u,
u. > [:: boundary
~ > layer
— >
— — =
CELRRTT T A
G s sy
surface S~back figy, Iy
Velacity u, X
Pressure p
u
Flow path
A D

Figure 3.1: Occurrence of flow separation (adapted from [25]).

The schematic occurrence of the flow separation is illustrated in Figure 3.1. In zone
A, the fluid will be accelerated due to the pressure drop. At Point G, the pressure is
minimum and the corresponding velocity is maximum. At this position, the point of
inflection of the velocity profile is exactly at the wall and there can be no separation
here. At the beginning of zone D, the fluid starts to decelerate and therefore the pressure
rises again. From the beginning of the zone D onwards, the boundary layer gets thicker
due to the continuously lost kinetic energy and the point of inflection is shifted into the
boundary layer. Yet, the flow is not separated due to the weak pressure gradient [25].
The pressure keeps increasing up to the point S. The point S is the separation point
which is defined as the boundary between forward flow and backflow. At this point, the
tangent at the velocity profile is exactly normal to the body contour, and the wall shear
(skin friction) stress 7, is zero [23]:

Tw=j— =0 (3.14)

From the point S onwards, flow separation occurs, the flow keeps decelerating up to
a certain location where zero velocity is reached, and afterwards the backflow occurs.
The occurrence of the flow separation consumes high energy to produce the separation
vortex and the highly turbulent flow, and therefore the mechanical dissipation loss and
noise generation is substantial [25].
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3.2.2 Three-Dimensional Boundary Layer Separation

When the axial fan is rotating, the direction and velocity of air were constantly changing,
this mechanism generates a transverse pressure gradient (Figure 3.2), leading to a three-
dimensional flow separation [26].

Figure 3.2: Effect of adverse pressure gradient on velocity streamlines of: a) 2D flow and b) 3D
flow with formation of transverse velocity distribution [26].

In contrast to the phenomenon described in the previous section, three-dimensional
separation do not behave in a simple and controlled way, making it difficult to identify.
Three-dimensional separation can happen without the presence of reverse flow or a non
zero skin friction. Experiments also show to be independent of the number of Reynolds
as opposed to two-dimensional separation [27].

Three-dimensional flow separation tend to separate along lines (Figure 3.3). This
phenomenon can be identified by the convergence or divergence of the wall-shear vector
field (also mentioned as skin-friction lines) under the influence of a transverse pressure
gradient and viscous forces. The kinematics of complex flows can be described by critical
points that are at the basis of the skin-friction vector field [28]. First, the friction field
T needs to be constructed to trace skin friction lines trajectories, when a point satisfies
Equation 3.15 it is considered an critical point, the point where the skin friction line
vanishes altogether [28, 29].

To =Ty =0 (3.15)

Critical points can be classified into two categories:

e nodes

e saddle points

A node is a common point of different skin friction lines, all of which are tangent to a
single straight line. There are two different types of nodes described as follows [28, 29]:

o The saddle point (Figure 3.5)- Point where two critical skin friction lines pass, act-
ing as barriers in the field for other skin friction lines, making one set of streamlines
inaccessible to the adjacent set. In the vinicity of a critical point, all skin friction
lines tend to avoid contact with the critical point and only two lines pass through
the critical point. These lines are called dividing lines.
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16 3.Theoretical Background

Figure 3.3: a) Illustration of separation on a delta wing, b) Skin-friction field representing the
flow separation (Adapted from [27]).

o Spiral node or focus of separation (Figure 3.4)- Point which has an infinite number
of skin lines around the node like an vortex, the arrows indicate its motion. An
attachment focus is set when motion goes away from the vortex or either into it,
defining a focus of separation.

Figure 3.4: Spiral node or focus of separation
[29].

Figure 3.6: Node of separation [27]. Figure 3.7: Node of attachment [27].

The Figure 3.6 shows two dividing skin friction lines defined as L1 and L2. Line L1
is coming from the upstream an the other from the opposite end, merging at the saddle
point S, and a group of lines turns towards the left and other to the right. After being
separated, the skin friction lines tend to follow the direction of L2. At the approach
of the line L2 the other lines on the surface will separate. In this phenomenon, the
viscous layer of the fluid represented by the group of skin friction lines will be leave
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Figure 3.9: Reattachment surface (
Figure 3.8: Separation surface { ema- emanating from a reattachment line ~
nating from a separation line 7 [27]. [27].

transversely along the line L2 to mix with the non-viscous flow (Figure 4.6). The Figure
3.7 represents the same principle for the attachment of the flow [29].

3.3 Fundamentals of Turbomachinery

In the following section is presented the most popular technique of axial fan design -
the meridional flow analysis for axial fans. The concept behind this technique is the ap-
proximation of the fully three-dimensional flow as two-dimensional averaged meridional
flow, with constant radial velocity (free vortex design). The technique defines a set of
meridional surfaces with direction equal to the flow, for an axial fan it is expected that
the majority of the flow follows a circular path when seen in the rotating frame. The in-
tersection between the blade and the meridional surface creates a curved airfoil for each
blade. Then the curved airfoils have to be unwrapped from the cylindrical coordinate
systems to a cartesian one. In the Cartesian form the different velocity components can
be analysed using the velocity triangle [4], shown in Figure 3.10.

LT

Tt

Figure 3.10: Inlet and outlet velocity diagram of an axial blade row with r=constant [4].

Basic equations of energy conversion of the axial fan are presented according to the
flow kinematics within a axial fan row of constant radius. Where the fluid has the
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18 3.Theoretical Background

axial direction from the left to the right. Therefore, on the left side the inlet velocity is
illustrated and on the right side the outlet velocity diagram [4]. The absolute velocity ¢
denotes the velocity of a fluid particle in the global coordinate system, with coordinates
r, v, z. Where, the absolute velocity c is related to the relative velocity w with respect
to the rotating coordinate system and the circumferential velocity of the fan blades wu,

C=u+7 (3.16)

The absolute velocity ¢ can be written as the vector sum of its radial component c,,
and the circumferential component ¢, [4].

c=cCm+ ey (3.17)

where the meridional velocity ¢, lies in the meridional plane, rz plane and the circum-
ferential velocity c¢ is aligned with the v-axis. In the same way the relative velocity w
can be expressed in the same components.

W= Wy, + Wy (3.18)

The angular correlation between the velocities ¢, w and u is given by the relative flow
angle 8 which represents the angle between the relative velocity w and the circumferential
velocity u. The absolute angle o represents the angle between the absolute velocity c
and the circumferential velocity u [4].

For axial fans, the magnitude of the vector u is given by the following 3.19, where r
represents the radius of the section and n the rotational speed.

u=u = ug = 2mwnr (3.19)

The magnitude of the vector ¢ is determined with by volume flow rate V and the fan
dimensions, as:

V

Cm — Cnml — Cm2 — —F——5— (320)
" " W(Tt%'p - rlgub)
In addition, from flow kinematics it follows that:
Cm = W, (3.21)

and

c=\/ct +¢c2 (3.22)
c =/ w2 + w2 (3.23)

The absolute flow angle a and the relative flow angle § are calculated with the
following trigonometric relationship:

« = arctan G (3.24)
Cu

and

Wm
(8 = arctan — = arctan
Wy U— ¢y

(3.25)
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3.Theoretical Background 19

Figure 3.11: Average flow relative velocity we,, and flow angle relative to the blade S, of an
axial blade row with r=constant [4].

The magnitude of the vectorial average relative velocity and flow angle will be derived
from basic trigonometric operations.

The average flow relative velocity ws and the flow angle relative to the blade S
the free flow [4]:

1
o — w _ N(“ Ve — )2 4k, (3.26)

P+ B2 2¢m
2

U+ /ws — )

Boo = ) (3.27)

= arctan(

3.4 Axial Fan Acoustics

The different noise generation mechanisms of a fan can be classified by the three funda-
mental noise sources, which are:

e Monopole - consequence of the blades moving through the air, creating periodic
volumetric displacement fluctuations in the far-field.

e Dipole - created as a result of pressure fluctuations on the blade surface.
e Quadrupole - as a consequence of the turbulent flow.

The major differences between the noise sources are elaborated below, where the
noise generation coming from an axial fan are divided into two types: the noise emitted
by the geometry of the blade, which is similar to the mechanisms of noise generation of
the airfoils, and the noise emitted due to the rotation motion of the fan.
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20 3.Theoretical Background

3.4.1 Sound Generation Mechanisms for Airfoils

Airfoil noise is defined as the noise produced by the interaction of the turbulence pro-
duced by the boundary layer and the airfoil surface itself, considering a non turbulent
inflow [30]. The different regimes of the boundary layer together with the geometrical
parameters of the airfoil define the self-noise emitted.

Boundary Layer Noise

The noise emitted comes from the pressure fluctuation within the turbulent boundary
layer. The noise is characterized by being a broadband noise and it is expected to radiate
from the middle part of the airfoil [4]. Boundary layer noise depends on the following
factors: angle of attack, Reynolds number and thickness of the turbulent boundary layer

[30].
Turbulent
boundary layer Trailing edge Wake
&w
s

Figure 3.12: Schematic representation of the sound generation mechanism boundary layer noise
[30].

Boundary Layer Separation - Stall Noise

One of the major focuses of this work is the control of boundary layer separation. The
literature mentions that when the flow is slightly separated it becomes the dominant
source of noise due to the complex flow formed [4]. The noise generated is expected
to radiate from the trailing edge while in fully developed stall conditions is distributed
throughout the suction side [4].

When the aerodynamic stall is triggered it is expected an increase of more than 10
dB in relation to the turbulent boundary layer phenomenon [30].

Boundary-layer

Large-scale separation
(deep stall)

e
SJ;_

Figure 3.13: Schematic representation of the sound generation mechanism due to flow separation
and large-scale separation (stall) [30].
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Trailing Edge Noise

Trailing edge noise is directly related to the occurrence of vortex shedding. There are
two different types of vortex shedding, which depend on the nature of the boundary
layer and the geometry of the trailing edge.

When a turbulent boundary layer passes through the trailing edge, it creates eddies
that interact with each other, generating a broadband noise with a dominant frequency
that can be calculated by the non-dimensional Strouhal ratio.

_ 1L

v

St (3.28)

Where f is the vortex shedding frequency, L the characteristic length and v is the
local flow velocity [31].

When the boundary layer in laminar regime interacts with the trailing edge strong
and clean vortexes are generated, that will create a feedback loop with the boundary
layer, resulting in instabilities waves that generates tonal noise [32].

Laminar Vortex
i boundary IaL—E)e\dding
Instability

waves

Figure 3.14: Schematic representation of the sound generation mechanism of trailing edge noise
and vortex shedding sound (excited by instability effects in the laminar boundary layer) [30].

Turbulence Ingestion Noise

The inflow conditions have a major impact on the noise emitted by an axial fan. The
ingestion noise is emitted by two inflow conditions: inflow turbulence intensity, a non-
uniform velocity profile or the combination of both [4]. The inflow turbulence is often
generated by heat exchangers, struts and other installation that lead to a substantial
increase of broadband noise. The non-uniform velocity profile are generated by obsta-
cles that induce inhomogeneous velocity profile upstream the fan, such as bends. This
condition creates unsteady blade forces leading to eddies that are passed multiple times
by fan blades generating low-frequencie noise [4].

Schematic Acoustic Spectrum of an Airfoil

In the Figure 3.15 a summary of sound sources of airfoils represented as a schematic
acoustic spectrum can be seen. It is possible to observe that the low-frequency noise is
dominated by the turbulence ingestion noise, while the mid high frequency noise derives
mostly from trailing edge sources.
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turbulence
ingestion noise

vortex shedding

trailing edge noise from the
turbulent boundary layer

sound pressure level L, in dB

1

frequency log(f") in Hz

Figure 3.15: Schematic acoustic spectrum of an airfoil [4].

3.4.2 Sound Generation Mechanisms for Low-Speed Fans

The noise emitted from an axial fan has the airfoil self noise component, the of turbulence
ingestion noise and other mechanisms due to the rotation movement of the blades. This
mechanism will be presented in the next section.

Reverse Tip Leakage

Tip leakage flow is an unavoidable phenomenon that prevents ideal flow conditions
around an aerodynamic body, causing a loss of efficiency and increased noise emitted
[33]. This phenomenon is characterized by the passage of fluid from the pressure side
(high pressure) of the fan towards its suction side (low pressure) through the tip leakage
gap [34]. Therefore, the leakage flow generates a moment to the vortex generating a
roll-up vortex that ends up blocking the flow in the tip clearance. The vortex roll-up,
when interacting with the shroud and with the fan surface itself, generates noise from
the dissipation of momentum energy into acoustic energy [34]. Reducing the size of
the vortex generated involves controlling the size of the tip clearance or changing the
geometry of the blade tip [35]. The literature references the use of wingles in order to
decrease the difference of pressures between the fan surfaces. A reduction in the gap size
between the blade and the shroud of 1.34% leads to an efficiency increase of 17.85% at
high speeds [35].

ST {
| Pringipal flow
‘_______h, ; Tip leakage *
— . D 5% vertex A
SRS oL Tt ”
A RN
ARMLSN Tip leakage . il TN

C flow

Figure 3.16: Schematic representation of the sec-

ondary flow formed in the tip leakage gap due to Figure 3.17: Roll up of the tip leakage vortex
the difference of pressures between the fan sur- from the pressure side to the suction side of a
faces [36]. compressor blade [29].

Vertex core
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Hub Corner Separation

The physical mechanism associated to the hub corner separation is the reverse of the
flow in great magnitude at the junction of the blade and the hub, thus generating a
vortex between these two regions.

This phenomenon begins with the interaction of the boundary layer developed on
suction side of the blade with the boundary layer developed in hub wall, with the conse-
quent increasing of the boundary layer thickness in the junction. The pressure gradient
in this region produce a three-dimensional separation in the junction near the trailing
edge, generating a vortex that blocks the main flow [26, 29] (Figure 3.18). This effects
the stability of the blade loading, and when the fan operates under its stability limit the
hub corner separation tends to grow, resulting in stall (Figure 3.19).

limiting streamlines
near solid surfaces

pressure  ~a. ENDWALL
rise

Figure 3.19: Hub corner separation represented
Figure 3.18:  Vortex hub-corner formation with skin-friction lines and the focus of separa-
schematic [29]. tion generating vortexes surfaces [26].

Figure 3.20: Blockage promoted in a blade by a) hub corner separation and b) aerodynamic stall
[26].
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3.4.3 Noise Reduction Features for Axial Fans
Trailing Edge Serrations

Trailing edge serrations are applied to airfoils and axial fans in order to reduce wake
separation. The majority of the literature on this subject refers a reduction of 2 to 6
dB with a greater emphasis on high frequencies [37]. The mechanism for reducing the
wake occurs when the flow from the suction side of the blade is mixed with the flow
of the pressure side, generating a conter-rotating vortex compared to the vortexes in
the boundary layer, energizing the boundary layer [37]. Studies between different types
of serrations show that the geometries that energize closer to the tip of the fan have a
major impact on the reduction of the vortex roll-up and the vortex shedding wake, as
can be seen in Figure 3.21.

(d)

Figure 3.21: Distribution of vorticity on the pressure side for different axial fans: (a) impeller 1,
(b) impeller 2, (c) impeller 3, and (d) impeller 4 [37].

Winglet

Noise prevention techniques focus on the vortex roll-up by introducing winglets. The
winglet prevents or groves the vortex resulting in a decrease of speed. However, the
vortex continues to interact with the suction side, creating a blockage [38]. The study
by Nashimoto et al. [38] on this subject refers a reduction of 1 dB in the frequency range
under 6 kHz, but conversely, tended to increase slightly in the range over 6 kHz.

Figure 3.22: Velocity profile and magnitude near the shroud a) without winglet and b) with
winglet [38].
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Dimples

The acoustic study done by Santos [12] in the application of dimples on the Bosch’s axial
fan showed promising results as a high potential noise reduction feature. The numerical
study showed a reduction of 0.8 average acoustic power level and the experimental study
showed a potential reduction up to 3.7 dB (A). The theory proposed by Santos argues
that dimples dissipate the flow turbulence into small eddies, which have low energy
content, as a result the turbulent kinetic energy decreases in the critical areas (Figure
3.23). It is also suggested that dimples reduces the flow separation on the fan blade
surface, making them a suitable solution for low airflow where a greater separation of
the flow is verified. Due to the fact that it is an original idea of the previous work, an in-
depth study will be conducted about the use of dimples for the control of the boundary
layer separation and its effect on noise.

Turtedent Kinetic Energy (k)

2300
2147
1283
124
1687

(L%:]

Jtimpled area|

(mats2| °%° lower airflow rate

Figure 3.23: Turbulent kinetic energy contours (k) on the suction side of: a) the original fan, b)
the dimpled fan [12] .
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Chapter 4

Flow Separation Control Using
Dimples

As mentioned before, the flow separation contributes greatly to the aerodynamics noise.
The previous research done on the heat pump fan by Santos [12] showed a great potential
of noise reduction with the placement of dimples to specific regions of blade surface.
The experimental study of a reduced size 3D printed fan model with dimples showed a
reduction of up to 3.7 dB(A), as mentioned in Section 3.4.3. The focus of this chapter is
the detailed study of the previous research on dimples. Initially, the effect of the dimples
in different applications will be presented. Then, the influence of the size, geometry,
pattern and location will be analyzed in a two dimensional domain analysis. With the
conclusions of this study, the optimized solution will be implemented in the original
fan, then different fan curves and noise curve will be analyzed in order to evaluate the
influence of the dimples in a complex three-dimensional flow.

4.1 The Effect of Dimples in Different Applications

In recent years there has been a great effort in the study of mechanisms capable of
controling the formation of the boundary layer. The use of dimples has gained a lot of
attention in terms of research due to its success in controlling the boundary layer in golf
balls reducing the pressure drag on a sphere as much as 50% as compared to a smooth
surface [39].

One of the famous investigations of the flow features near surfaces with spherical
dimples was made by Bearman and Harvey [41]. They found that only one dimple is
necessary for separation location shift by a few degrees if the dimple was located at
approximately 80 deg from the front stagnation point, showing that the location of the
dimple is a critical optimization factor.

Dimples due to its geometry, when the flow enters inside the dimple its generated a
re-circulation bubble. The bubble has circulatory flow inside that will be responsible of
generating discrete vortices which energizes the boundary layer flow immediately after
the dimple. The end result is a turbulent boundary layer with more momentum close
to the surface, leading to a more distance traveled until it starts to decelerate. When
this happens, the adverse pressure gradient will be able to detach the flow [39, 40, 42].
However, the skin friction is increased due to the presence of a turbulent boundary layer.

Multiple studies on NACA airfoils showed that the position and dimensions of the
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Turbulent
boundary layer

Transition

Laminar
boundary layer

boundary layer

Figure 4.2: Schematic diagram of the mechanism
Figure 4.1: Schematic representation of flow sep- that promotes the control of the boundary layer
aration on a smooth sphere [40)]. formation on a golf ball [40].

dimple affects the drag and lift characteristics, Loss et al. [40] showed that dimples
reduce separation when positioned upstream from the location of the flow separation.
Research on blade turbines done by Rouser [42] studied the effect of the dimple location
on the blade with an inlet of 25 000 Reynolds number. The author tested different
locations for the placement of one dimple and found that at 65% of the chord length the
maximum boundary layer shift was achieved. Casey [42] continued Rouser research by
showing that the use of different dimple patterns have a positive effect on flow separation
control.

turbulence generation by
o the shear layer instability

T,

WII:“““““ dimple reatianched Mow 'mrlll'ljI

uhhle high momentum
near the wall

Figure 4.3: Schematic diagram of the dimple mechanism that promotes a shift in flow separation
[39].

4.2 CFD Models

4.2.1 Turbulence Model

The accuracy of a solution using the Reynolds-averaged Navier—Stokes equations is de-
pendent of the chosen turbulence model. However, many turbulence models are still
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4.Flow Separation Control Using Dimples 29

not able to sufficiently accurately solve the position of flow turnover from laminar to
turbulence and the location of flow separation. Models applied to turbulent flow are
classified into 3 categories:

e Reynolds stress model - solves every component of Reynolds tensor;

o Eddy viscosity model - substitutes the Reynolds stresses with a turbulence viscosity
or an eddy viscosity;

e Eddy simulation models - solves complete unsteady Navier-Stokes equations;

The linear models have the characteristic of having two equations. These models can be
divided into k-e model, k-w model and Shear Stress Transport (SST) model [43]. The
k-e model applies two equations for turbulent kinetic energy and turbulence dissipation.
This model is suitable for inner flow field, not being recommended to solve flow separation
by pressure gradients. In other hand, the k-w gives accurate results for the near-wall
region. This model applies the specific rate of turbulence energy dissipation w, instead
of the turbulence dissipation €. The SST model combines the advantages of both k-e
and the k-w models. This model delivers accurate results in entire flow by combining
the advantage of the k-w model at near-wall region and the advantage of the k-¢ model
in the rest of the flow field [43]. The two equations of the SST transition model are
described as follows:

0 0 0 ok

0 0 0 ow
9 _ V= (1, w—Y,+Dy+ S, 4.2
51 (P0) + g (o) 8%,( 8gcj) + Gy = Yo+ Dy + 8 (4.2)

where G, and G}, represent the generation of turbulent kinetic energy and the spe-
cific dissipation rate; I',, and I'y, denote the flow diffusivity, Y,, and Y} correspond to
dissipation, and S, and S}, to source terms.

From this model the SST-transition model is derived with the objective of modeling
the transition of the boundary layer. This model aggregates two more equations to the
set of equations of the SST model, these consider the intermittency v and transition
momentum thickness Rég; to model the cross-flow of the region of separation, as:

py) | Uy _ 9 f\ 9y
5 + al'j = Pyl — E,yl + P»yQ — E»yQ + 871'3 [(M + a) 67%} (43)
d(pRegr) | O(pU;Regr) KA ORég,
T bz = Py + oz, [Uet(,u + ) oz, } (4.4)

The computational effort using the SST-transition model is acceptable and it deliv-
ers good results for phenomena such as a pressure-induced separation. Although, it is
necessary to have a fine mesh of the near-wall for the model to achieve the convergence
criteria and provide a detailed solution. The mesh refining is characterized by y+, where
v+ is defined as the dimensionless wall distance which tells the location of the first node
away from the wall. For the model used, an y+ less than 1 is recommended, which is
the lowest category of values, representing a very highly detailed meshe [44].
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4.2.2 Aeroacoustic Model

The first aeroacoustic noise propagation equation was developed by Lighthill and Curle
[43]. This equation correlates the fluctuating stresses in a flow field to the acoustic
density oscillation. This can be calculated with the conversion of the kinetic energy of
fluctuating shear motion of the flow to the acoustic energy of longitudinal oscillating
sound wave. One of the most used aeroacoustic noise algorithms currently implemented
in Fluent 19.0 is the Broadband Noise Source (BNS) - Boundary Layer Noise Source
model that contains mainly the Proudman’s model for quadrupole sources and Curle’s
boundary layer model for dipole sources.

The boundary layer noise sources model is based on Curle’s integral, where the
radiated acoustic pressure was derived as a function of the fluctuating surface pressure
of the rigid body surface. The surface acoustic power radiated from the blade surface
can be computed by the model, which is mainly focused on the dipole source produced
by pressure fluctuation on the blade, as:

1 27 T
Py = / / P2ridfdip (4.5)
pPoao Jo Jo

where p’2 represents the sound intensity, py denotes fluid density, ag the sound ve-
locity, r = |2 — ¥/| and 0 represents the angle between |2 — 3| and the wall-normal
vector 7.

Fluent 19.0 also enables to calculate the area-weighted average of a quantity using a
surface integral. This integral is computed by summing the product of the field variable
¢ and the facet area A;, where each facet i is associated with a cell in the domain, in a
total of n cells. The area-weighted average is then computed by dividing the summation
of the product by the total area of the surface A, as expressed in Equation 4.6.

1 1 &
1) ota= 33l (46)

Equation 4.6 was used to evaluate the area-weighted average of the Surface Acoustic
Power Level, which represents the total acoustic power of the boundary layer noise on
the entire surface of the fan, represented in dB levels. These equations were deduced on
the information provided by ANSYS Fluent User’s Guide [43].

4.3 Two-dimensional Boundary Layer Analysis

The objective of this section is to optimize through a parametric study the different
geometries and dimensions of the dimple with the aim of controlling the flow separation
and, as a consequence, decreasing the noise emitted. In order to carry out the flow
analysis over the investigated fan model, three different isolated profiles were simulated
with different parameters.

4.3.1 Geometries

The fan geometry provided by the manufacturer is shown in Figure 1, where it can be seen
that the fan blade is defined by a set of airfoils with a variable geometry along the radius
direction. As will be mentioned in the following section the study of flow separation and
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the aerodynamic model chosen require a very detailed mesh near the surfaces of the
blade. In order to obtain a detailed mesh and to guarantee the convergence of results, it
was required to simplify the original fan by removing some of its surface features. Figure
4.4 shows a comparison of the fan before and after removing the rectangular protrusions.
Software ANSYS Spaceclaim was used for this purpose.

Figure 4.4: 2630 Ebm Papst fan: a) standard fan and b) simplified fan.

In order to evaluate the effect of the dimples on the two-dimensional flow separation,
three sections of the blade were evaluated. The sections were carefully chosen in order
to represent the three phenomena responsible for most of the noise generation in the
axial fan due to their geometry, the vortex roll-up, the free-flow separation and the hub
corner separation.

As mentioned in Chapter 3.3, a full three-dimensional can be represented by two-
dimensional meridional flow. In order to define the two-dimensional flow it is necessary
to create a meridional surface with a direction equal to the flow. Thus the meridional
surfaces with 7 = 135 mm, » = 210 mm, r = 290 mm intersect the blades, as shown in
Figure 4.5. Afterwards the meridional surface has to be unwrapped from the cylindrical
coordinate systems to a cartesian one. The effect of this transformation can be observed
in Figure 4.5 b).

To the angle of attack of the different airfoil was subtracted the averaged relative
flow angle S, this way the airfoil is parallel to the mean velocity vector of the flow
(oo, simplifying thus the CFD-Model. The Table shows the results for the average flow
velocity and average flow angle for the main operating condition of the fan within the
heat pump, 535 rotation speed (3150 m3/h).

Table 4.1: Different parameters of the meridional flow method.

Radius section[mm] Velocity [RPM] Airflow [m3/h] s [m/3]  Boo [°]

290 4,12 12,2
210 535 3150 3,27 21,2
135 2,81 27,0
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(b)

Figure 4.5: Result of the intersection of the circular meridional surfaces r=135 mm, r=210 mm,
r=290 mm, with the fan blades, represented by yellow circular airfoils: a) blade sections in the
meridional plane and b) meridional planes in the cartesian coordinate system.

a) b)

Figure 4.6: a)Original meridional plane in the Cartesian coordinates and b) Meridional plane
with the change in the angle of attack of the different airfoils.

Since the flow is expected to be complex and three-dimensional within the cavity of
the dimples, the study was performed in airfoils with 6 mm thickness (Figure 4.7), in
order to predict the effect of the dimple on the flow properly.

Figure 4.7: Geometries generated from the meridional planes: a) r=290 mm, b) r=210 mm, c)
r=135 mm and respectively chord length.

Bernardo Filipe Valente Guimaraes Master Degree



4.Flow Separation Control Using Dimples 33

4.3.2 Dimple Location

The study by Bearman et al. [41] showed that with only one dimple it is possible to
observe a shift in flow separation. The objective of this section is to find the correct
position to place the dimples in an airfoil and the different parameters that affect this
choice. The majority of the literature on the use of dimples in airfoils mentions the
location between 60-80% of the chord length. This region is associated to the separa-
tion of the flow. The study by Casey [42] obtained excellent results in the control of
the turbine blade boundary layer separation through the numerical simulation of the
meridional plane method for an airfoil with a dimple at 65% of the chord length . This
distance was considered as the initial parameter of the optimization of the location of
the dimple (Figure 4.8). The geometry of the dimple analyzed in the previous work by
Santos [12] was considered as an the initial geometry for this study.

Figure 4.8: Single dimple application at: 65% of the airfoil chord length a) r=290 mm, b)r=210
mm and ¢)r=135 mm.

4.3.3 CFD Domain and Mesh

In the selection of the domain for the analyzed airfoils, the distance of the domain
was kept large enough to ensure that the boundary conditions did not influence the
interaction of the flow with the airfoil. The domain has the same thickness as the airfoil
to avoid the influence from the margins of the side walls on the main flow.

In order to build a qualitative mesh able to solve accurately the flow around the
profile, and especially the delicate problem of the flow in the near-wall regions, it is
necessary to use of inflation layers to ensure that the mean normalized wall distance
y+ is smaller than 1. The ANSYS guide [43] recommends the use of 25 inflation layers
with the first layer of 0.025 mm in height with a growth of 1.2%. The mesh used has
tetrahedral elements, to these elements were added the normal angle curvature of 9° so
that the elements fit the curvatures of the airfoil. The mesh is more detailed next to
the leading edge, trailing edge and dimple where important phenomena is expected to
occur. To guarantee a valid mesh, the analysis parameters were the orthogonal quality
which evaluates the coupling between the elements and the skewness which evaluates
how much the element is distorted. Orthogonal quality values above 0.1 and skewness
values below 0.15 are the target parameters for an ideal mesh [43]. The statistics of each
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Figure 4.9: CFD-Model geometry: a)frontal view and b)lateral view.

model’s mesh elements alternates between 3 and 3,5 million elements. The mesh was
generated and evaluated through ANSYS meshing.
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Figure 4.10: CFD-model mesh: a) front view of the mesh and associated boundary conditions,
b) mesh refinement leading edge and inflation layers and c¢) mesh refinement near the dimple
location.

4.3.4 Results

An analysis of the flow separation was carried out for the three airfoils with and without
dimples. The flow behaviour of these models was evaluated by analysing a centered
section view, as presented for the r=290 mm airfoil in the Figure 4.11. The Figure 4.11
shows the velocity field of the r=290 mm standard airfoil. At the leading edge, the
vector field shows a region of separation with reattachment this phenomenon represents
the leading edge vortex generation, commonly seen in airfoils with medium to high
angle of attack [45]. Then the flow kept attached until it reached the point of separation
at 63,4% of the chord length, followed by a reverse flow region. The results for the
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Table 4.2: Surface Acoustic Power Level (SWL) and point of separation location for the different
airfoil models.

Fan section Model Area Avg. Point of flow separation
radius[mm] SWL [dB] [% of the chord length)]
990 Standard Airfoil 16,5 63,4
Dimpled Airfoil 16,5 71,5
910 Standard Airfoil 18,0 77,6
Dimpled Airfoil 18,0 77,6
135 Standard Airfoil 31,5 68,8
Dimpled Airfoil 31,2 70,4

different airfoil are shown in Figure 4.12 and Figure 4.14 and resumed in Table 4.2,
where boundary layer separation point and the surface acoustic power were analyzed.

Velocity
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fector
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Figure 4.11: Velocity streamlines of the free-flow velocity in the CFD-Domain: a) frontal view
and b) beginning of reverse flow near the surface.

An Tsosurface is a good tool to illustrate the occurrence of the flow separation where
its theory has been presented in Chapter 3.2. With the physical variable of zero velocity,
an Isosurface can be generated. But this zero velocity would also include the flow at
the wall. Hence, an Isosurface near 0 m/s which is 0.7m/s can be applied to observe
the separation zone. In the analytical design, the separation zone for the different airfoil
with and without dimples is represented by the turquoise color Isosurface in Figure 4.12.

From the Image 4.12 and the Table 4.2 it is possible to observe a shift of 8.1%,
1.6% and 0% in the separation of the flow in the dimpled airfoils r= 290, r=135, r=210,
respectively. This result suggests that the closer the dimple is to the point of flow
separation, the more effective it is.

The Figure 4.13 shows in detail the velocity vector in the separation zone. The
sub-figure on the left shows the flow to separate generating a reverse flow, while in
the dimpled airfoil is generated a small vortex in the cavity represented in the figure
by the vectors with opposite direction to the flow. Above this, a higher density of
vectors with direction of flow creates a small re-circulation inside the dimple, mixing
the flow near the surface with low velocity with the free flow with high velocity (note
the distribution of the velocity vector above the dimple). The vortex generated though
the recirculation energizes the velocity vector, by increasing it near the surface of the
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(a) (b)

(<) (d)

(e) (f)

Figure 4.12: Isosurface with 0.7 m/s genecrated for the airfoil: a)standard airfoil r=290 mm,
b)dimpled airfoil r=290 mm, c)standard airfoil r=210 mm, d)dimpled airfoil r=210 mm,
e)standard airfoil r=135 mm and f)dimpled airfoil r=135 mm.

Separation Point Circular flow inside
the dimple

Velocity
Vector 1
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Figure 4.13: Velocity vector for the model: a) standard r=290 mm airfoil and b) dimpled r=290
mm airfoil.
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airfoil, so the accelerated velocity profile can overcome the adverse high pressure and
wall friction remaining attached to the airfoil. The necessity for the dimple to be close
to the separation point supports this theory. The small vortex has to be able to energize
the flow when the velocity vector is decelerated due to its low kinetic energy.

Although the dimpled airfoil with r=290 mm presents the maximum shift in boundary
layer separation, the analysis of the boundary layer noise does not show noise improve-
ments (Figure 4.14), whereas the dimpled airfoil with r=135 mm model with only a shift
of 1.6%, presents a reduction of 0.3 dB, which suggests that the biggest reduction of the
fan noise will be in that region. In spite of this, the aim of this section is the optimization
of the pattern that shifts more the flow separation so the focus of the two-dimensional
analysis will turn to the airfoil with r=290 mm.

:::::

Figure 4.14: Surface acoustic power for the: a) standard airfoil r=290 mm, b) dimpled airfoil
r=290 mm, c¢) standard airfoil r=210 mm, d) dimpled airfoil r=210 mm, e) standard airfoil r=135
mm and f) dimpled airfoil r=135 mm.

4.3.5 Dimples Depth

In order to analyze the influence of the depth of the dimple an analysis of the airfoil
r=290 mm, that showed the best results in the shift of the flow separation, was made with
different depths of the dimple, as shown in the Figure 4.15. The results are presented in
Table 4.3.

Table 4.3: Effect of the dimples depth on the flow separation point.

Fan section radius Dimple depth Point of flow separation

[rmm] [mm] [% of the chord length]
0,2 69,3

290 0,6 70,4
0,8 71,5
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Figure 4.15: Different dimple depth: a)0.8mm, b)0.6mm and ¢)0.4mm applied to the airfoil
r=290 mm at 65% of the chord length.

The results from the Table 4.3 suggest that with the increase of the dimple depth of
a bigger vortex is generated due to more recirculation inside the dimple. This effect will
accelerate more the flow right after the dimple, improving the flow attachment to the

blade. A bigger depth was not studied in order to guarantee that depth does not exceed
half the thickness of the blade.

(b)

Figure 4.16: Isosurfaces generated for the different models with dimple depth: a)0.8mm, b)0.6mm
and ¢)0.4mm.

4.3.6 Circular vs Hexagonal Dimple

The study documented along this section aims to identify effects of dimple geometry.
Two r=290 mm airfoils were evaluated: the solution optimized up to this point, and
another airfoil with the same parameters where the circular cavity is replaced by a
hexagonal one, as can be observed in the Figure 4.18.

Figure 4.17: Effect of the dimple geometry on the point of flow separation.

Figure 4.18: Geometry of the airfoil with an: a) circular dimple with @4,34mm and b) hexagonal
dimple with @4,34mm.

In the first analysis between the different patterns, Figure 4.19 shows a profile of
flow velocities above the cavity. In the case of the hexagonal pattern the generation of
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Table 4.4: Point of flow separation for different dimple geometries.

Fan section radius e Point of flow separation
[mm] Airfoil Model [% of the chord length]
Standard 63.4
290 Hexagonal 70.9
Circular 71.5

the reverse flow exists inside and slightly outside the cavity (Figure 4.19), which leads
to the vortex being dissipated away from the surface of the airfoil (vector field less dense
above the cavity), it will accelerate the vector field after the dimple surface, but in a
less efficient way. This can be seen in Figure 4.19 e) and f) where the vector field after
dimple hexagonal has a lower magnitude when compared to the circular dimple .

The Figure 4.19 ¢) and d) shows three dimensional streamlines that are a very useful
tool to represent the complex flow generated inside the dimple. It is observed that the
creation of the vortex is identical in both dimple geometries, where the flow is pulled
to the center of the dimple before leaving it. This suggests a tendency for the flow to
separate earlier at the edges of the airfoil than at the center.

The analysis of the skin friction of each of the dimple shows that in the hexagonal
lateral walls do not contribute to the increase of the skin friction. This is due to the
fact that these walls do not contribute to the surface shear stress because the velocity
vector in these walls is perpendicular to the flow. Even so, the circular dimple presents a
smaller contribution to the increase of drag due to the velocity profile being distributed
over its surface, where only the deepest zone has parallel flow to the main flow resulting
in a slightly increase of the wall shear stress in this region.

Velocity
vacior 1
7.5346+000 |

5651e+000 [

376722000 |-

1.8844000

0.000¢4000 ~ 1 ) I

[mst1]

(0 (d) L — [ S—
(e) (f)

Figure 4.19: Effect of the: a) Isosurface with 0.7ms in the circular dimple, b)Isosurface with
0.7ms in the hexagonal dimple, ¢) 3D pathlines affected by the circular dimples, d) 3D pathlines
affected by the hexagonal dimples, e) velocity vector of the circular dimple and f) velocity vector
of the hexagonal dimple.
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(a) (b)

Figure 4.20: Skin friction coefficient for the surface of the: a)hexagonal dimpled airfoil and
b)circular dimpled airfoil.

4.3.7 Number of Dimples

In an attempt to re-energize the flow several times in order to further shift the flow
separation, more dimples were added 1 mm apart to the airfoil with the same parameters
as the previously optimized solution.

% W

(a) ; (b)

~ 2000

\\ =

(c) (d)

Figure 4.21: Geometry of the airfoil r=290mm with: a) one dimples, b) two dimples, ¢) 3 dimples
and d) 4 dimples with 1 mm between each other.

Table 4.5: Point of separation evaluation with an increase on the number of dimples applied to
the airfoil.

Fan section radius Number of dimples Point of flow separation
[mm] P [% of the chord length]

1 71,5

2 73,8

290 3 78,5

4 76,9

The results of the Table 4.5 and Figure 4.22 show the influence of an increase on
the number of dimples downstream the original point of separation. The results of an
increase of dimples show that they have the ability to energize the flow several times
until the velocity vector acceleration provided by the vortex generated inside the cavity
is not sufficient to penetrate the high pressure gradient zone. The airfoil with three
dimples, with the first one placed on the point of separation, shows an improvement of
7% in relation to the previously optimized solution, reaching a flow separation shift of
15.1% in comparison with the original airfoil. The pattern with two and four dimples
shows the flow to separate first near the edges of the airfoil according to the theory
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Figure 4.22: Isosurface with 0.7m/s for the r=290 mm airfoil with: a) one dimple, b) two dimples,
¢) three dimples and d) four dimples.

presented in Section 4.3.6.

4.3.8 Dimples Pattern

This section aims to evaluate the influence of distance between the dimples and other
types of patterns in order to avoid separation on airfoil edges. The different patterns
are shown in Figure 4.23.

Table 4.6: Effect of the different patterns on the point of flow separation.

Fan section radius Pattern Point of flow separation
[rmm] [% of the chord length]

a) 78,5

b) 76,8

290 c) 78,5

d) 70,7

The analysis shows that with the increase of the distance between the dimples, the
flow may not be accelerated when it presents low kinetic energy. Furthermore, the fluid
tends to separate at the edges of the section. This is represented in the Figure 4.24
with signs of the isosurface between the second and third dimple near the lateral edge
of pattern b).

It is possible to observe the effect of dimple on b) and c) patterns, where despite the
flow is already separated from the surface the acceleration of the flow immediately after
dimple exit is sufficient for the reattachment of the flow being separated shortly after.
Thus, the pattern a) continues to be the most optimized solution.
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Figure 4.23: Dimples configuration applied to the airfoil r=290 mm, a)three dimples spaced by
1mm b)four dimples spaced by 2mm, c¢)pattern with 2 dimples between the first and last dimples
with 1mm of spacing and d) pattern with 2 dimples between the first and last dimples with 2mm
of spacing.

In the analysis of patterns a) and c) the displacement of dimples near the edges of
the airfoil is shown to be beneficial, since the separation line is evenly distributed.

() (d)
Figure 4.24: Isosurface with 0.7 m/s for the r=290mm airfoil with: a) lmm of spacing between
dimples pattern, b) 2mm of spacing between dimples pattern, c¢) pattern with 2 dimples between
the first and last dimples with 1mm of spacing and d) pattern with 2 dimples between the first
and last dimples with 2mm of spacing.
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4.4 Three-Dimensional Flow Separation

When the fan is rotating, the moving direction and velocity of air flow in fan surface
were constantly changing, resulting in a complex three-dimensional flow.

The present section aims to adapt the optimized dimple pattern from the two-
dimensional flow study to the original 630 mm fan and evaluate the noise reduction
and efficiency of the different dimpled fans.

As a first step, the different aeroacoustic phenomena resulting from the three di-
mensional separation of the flow in the original fan were identified. Followed by the
validation of the model by comparison with the fan curve provided by the manufacturer.

Then the optimized pattern of circular and hexagonal dimples studied in section
3.2.1 was applied in the standard fan, with some adjustments considering the circular
direction of the flow. In a final stage the fan curve, efficiency curve and noise curve of
the dimpled fan models and the standard fan were compared and analyzed.

4.4.1 Simulation Domain and Mesh

Due to the high complexity of the fan blade, there is a compromise between ensuring a
fine mesh and keeping the number of elements below the limit of 10 million in order to
guarantee the post processing of the simulation.

As mentioned in the Section 4.2.1, the tubulence model requires a y+ less than 1
in order to converge, so the inflation layers were used with the same parameters of
Section 4.3.3. The mesh was generated with ANSYS Meshing, where the proximity and
curvature function was used in order to give flexibility to the elements, increasing the
mesh detail next to the complex geometries and geometries that have more effect on the
flow. The angle of curvature was kept at 92 in order to capture the twisted surfaces of
the blade. This value is recommended for turbomachines by ANSYS turbomachinery
guide [44].

The mesh generated for the entire fan had a statistic of 33 million elements, even with
access to Bosch High Performance Computer (HPC), there were pre-processing problems
due to the high number of elements. In order to solve this problem, periodic boundary
conditions were used (Figure 4.25) since it is expected a periodically repeating nature
of the solution flow. This technique reduced the number of elements to approximately
7 million. Experimental studies [46, 47] compared with simulations show that the use
of periodic boundary conditions can accurately predict the flow and broadband noise
generated by an axial fan.

Unfortunately, the simulation was not possible with the complete geometry of the
heat pump, since it would increase in large scale the number of elements used. The
biggest influence of the chosen domain in the simulation would be the evaporator that
was simplified through a half-cylinder with its center align with the axis of rotation
(Figure 4.25). The shroud is expected to influence the acoustic results, so the original
geometry was considered.

4.4.2 Results

Using CFD-Post, the streamline velocity profiles were plotted for the original fans, to
better understand the generation of flow separation in the rotating flow.
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Figure 4.25: CFD-Model details: a) CFD-Model geometry with boundary conditions, b) Mesh
and boundary condition used, ¢) Mesh refinement to capture the flow separation (y+ less than

1).

Through the streamlines it is possible to identify the reverse tip leakage flow in the
blade tip clearance. This is due to the difference in pressures between the suction surface
and pressure, leading to the separation of the flow that ends up rolling over the winglet
(Figure 4.26 b)), generating turbulence in the blade suction side.

It is also possible to visualize the hub corner separation in junction between the
blade and the hub. The flow separation developed on the blade fan interacts with the
flow separation from the hub increasing of the overall thickness of the flow separation,
generating a well-developed vortex (Figure 4.26 c)).

It is also shown the effect of reverse leakage after the motor, generating turbulence
in the outlet of the simulation domain.

It is necessary to identify the region of flow separation in the blade surface in order to
proceed with the application of the optimized dimple pattern studied in the Chapter 4.3.
In order to identify the location of the flow separation in a complex three-dimensional
flow, the skin friction pathlines were plotted in which their theory was explained in
Chapter 3.2.2.

In the analysis of the Figure 4.27 it is possible to observe, at the leading edge of the
blade, a separation dividing line followed by an attachment dividing line from the hub
to the tip emerging with the dividing line of separation near the tip. This represents
the leading edge vortex developed at the leading edge of the blade and transported
out toward the blade tip, caused by the adverse pressure gradient and the geometric
curvature of the blade leading edge [45].

Next to the tip is shown a separation dividing line, which corresponds to the sep-
aration of the flow creating a vortex that will roll-up over the winglet followed by the
attachment on the pressure surface of the blade, representing the reverse tip leakage
already shown in the Figure 4.26.

At about 41% of the chord length near the hub, it is possible to notice a diving line
of separation with radial direction up to 36% of the trailing edge. This line represents
the separation of the free flow. The separation on the blade and the separation on
hub generates two focus of separation, which illustrates the formation of the hub corner
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Figure 4.26: Velocity streamlines at 535 rotation speed 3000 m3/h: a) entire CFD-model, b)
vortex roll-up near the tip and ¢) hub corner separation and vortex generated.

vortex also shown in Figure 4.26.

It should be noted that the skin friction lines, illustrated in Figure 4.27, are shown for
the simulation at 535 rotation speed (1000 m3/h) which is an expected condition close to
the aerodynamic stall, for a better perception of the dividing lines. When comparing the
Figure 4.26, that represents the streamlines at the operating point 535 rotation speed
(3000 m3/h), with the Figure 4.27, the separation occurs closer to the trailing edge,
which shows that the separation line moves towards the leading edge with the decrease
of the airflow. This follows the literature since at low airflows is expected the occurrence
of stall, represented by complete separation near the hub, as illustrated in Figure 3.20.

4.4.3 Dimpled Fans Geometries

With the separation location of the boundary layer already defined it was possible to
apply the optimized pattern in the standard @630 mm fan. The optimized pattern is
composed of 3 circular dimples 1mm apart, with 4.34 mm of diameter and 0.8 mm of
depth. Besides this pattern, another pattern with the same parameters was applied
to another fan. The only change was the geometry of the dimples, being the second
model with hexagonal dimples. The aim of this model is to evaluate as a final study the
influence of a bigger dimple per area ratio at critical operating point (near stall).

The application of circular and hexagonal dimples on the blade presented some chal-
lenges due to their design. Previously the dimples had been applied to an airfoil being
aligned with the direction of flow. In this case the flow is quite complex, but largely
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Figure 4.27: Skin-friction lines on the original fan blade suction surface at 535 revolution per
minute (1000 m3/h).

follows a circular trajectory. Thus, the circular dimples were applied with this trajectory,
unfortunately this cannot be applied to the hexagonal dimples. The different designs
are shown in the Figure 4.28.

The first dimple of the optimized pattern was placed over the 535 rotation speed
(1000 m3/h) separation line represented in the Figure 4.27, in order to guarantee the
most important condition found in Chapter 3.2.1, the flow acceleration in the line of
separation. Since the separation line tends to move closer to the trailing edge with the
increase of the airflow, one to two dimples were added to the optimized pattern in order
to make the geometry suitable for a higher airflow. Further information on the dimpled
fan design can be observed in the Figure 4.29.

(a) (b) e)

Figure 4.28: Dimples design on the 2630 fan blade: a) original blade, b) blade with circular
dimples along the separation line nad c¢) blade with hexagonal dimples along the separation line.

4.4.4 Results

In this section the results of the airflow variation at 535 rotation speed are compared
with the manufacturer’s data sheet. Subsequently, the aeroacoustic behavior and the
efficiency of the model with dimples are compared with the standard model. Due to
time limitations the hexagonal pattern will be evaluated only for critical operating points.
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a) b)

Figure 4.29: Zoom in on the dimples designed on the @630 fan blade and its dimensions.

The variation of the airflow was made through the changing of the mass-inlet-flow in
the boundary conditions of the CFD model. The results obtained for the variation of
the airflow at 535 rotation speed are presented in Table 4.7 and subsequently compared
with the curve provided by the manufacturer, in Figure 4.31.

Table 4.7: Operating points and surface Acoustic Power Level (SWL) of the standard and the
dimpled (circular) fan models at 535 rotation speed.

Fan Model Velocity ~Airflow Pressure Drop Area Avg.SWL Fan Efficiency

[RPM]  [m?/h] [Pa] [dB] [%]

500 46,3 53,2 8,9

800 45,8 51,1 13,1

1000 AT 4 50,6 15,8

1500 44,3 51,2 18,7

2000 38,1 50,3 23,3

Standard Fan 535 92500 35.8 19,9 28.1
3000 33,5 48,8 31,9

3500 31,3 47,9 35,1

4000 28,7 47,5 36,2

4500 25,3 47,4 37,9

500 47,2 52,5 11,2

800 48,7 48,2 15,0

1000 48,2 48,5 17,3

1500 44,5 51,3 19,1

. 2000 38,1 49,9 24,5
Dimpled fan 535 2500 35,7 49,2 28,8
3000 33,6 48,0 32,5

3500 31,0 47,5 33,7

4000 97,2 47,0 34,9

4500 93,2 46,6 35,1
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Model Validation

The simulated models show to operate at normal airflow rates with similar pressure
drop to the ones predicted by the manufacturer. There is a big difference between the
curves for airflows higher than 3500 m?3/h, which can be correlated to the fact that the
manufacturers carry out the experimental studies without any type of shroud around
the fan. The experimental studies [48] supports this theory, by showing that a fan
without shroud has a lower pressure coefficient associated in comparison with a ducted
fan, especially for higher airflow rates.

Since the flow separation is a phenomenon which increases at lower airflow rates and
near-stall or complete stall conditions, which correspond to operating points often not
covered by the manufacturer’s fan curves, the fan curve was extended to lower airflow
values.
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Figure 4.30: Evolution of the operating points standard and dimpled(circular) fans models at
535 rotation speed, for different airflow rates and comparison with the experimental curves based
on the fan’s data-sheet.

Fan Noise

The comparison between the curves of the dimpled model and the standard model shows
that they fairly similar pressure drop associated after the 1000 m?/h operating point.
At 1000 m3/h there is a point of inflection of the standard fan curve and it is referenced
for the appearance of aerodynamic stall by the literature. In the model with dimples
this inflection point only appears at 800 m?/h, which suggest flow separation control for
the dimpled model resulting in a shift of stall to a lower airflow. A detailed study of this
phenomenon will be described in the next section.

Analyzing the fan noise curves, it is possible to see how boundary layer noise of the
dimpled model is lower than the standard fan for airflows above 1500 m?/h. The Figure
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Figure 4.31: Evolution of the operating points and boundary layer noise of the standard and

dimpled fans models at 535 rotation speed, for different airflow rates.
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Figure 4.32: Velocity streamlines at 535 rotation speed 3000 m?3/h for the a) standard fan and

b) dimpled(circular) fan.

4.32 clarifies this reduction showing the velocity streamlines for 3000 m3/h, in the fan
with dimples it is possible to observe the shift of the boundary layer separation of the
main flow. This way, the turbulence generated does not have enough momentum to
merge with the turbulence generated in the hub avoiding the increase of its thickness
and the generation of the hub corner vortex, resulting in a reduction of 0.8 dB.
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For values below 1500 m3/h the curve presents a dip followed by an increase of the
average boundary layer noise. In order to clarify this phenomenon, the following section
is focused on this study.

Fan Efficiency

In Figure 4.33, the evolution of the operating points and the efficiency of the fan are
compared for the standard model and the dimpled model.

The results show a higher efficiency for the model with dimples for airflow values
below 3000 m3/h. There is a more significant increase for values below 1500 m3/h of
airflow to these is associated greater separation up to the point of stall. This supports
the theory that the dimples shift the occurrence of stall, which affects the efficiency of
the fan.

For higher airflows 3000 m3/h the model with dimples presents a lower efficiency,
and this result was expected. The introduction of dimples increases the skin friction as
seen in Chapter 4.3.6, by increasing the overall drag of the fan, which has more influence
at higher airflow rates.
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Figure 4.33: Evolution of the operating points and the fan efficiency of the standard and dim-
pled(circular) fan model at 535 rotation speed, for different airflow rates.

Stall Study

In order to clarify the suggested stall shift in the dimpled model the Isosurfaces are
shown for the different model in Figure 4.34 for the 535 rotation speed (800 m3/h)
operating point. At this point of operation the curve suggests that the standard fan is
in aerodynamic stall, and it is also expected that a larger number of dimples per area
will be beneficial. Therefore, the model with hexagonal dimples was also simulated.
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Table 4.8: Surface Acoustic Power Level (SWL) for the three fan models under 535 rotation
speed and 800 m?/h.

Velocity Airflow Pressure Drop Area Avg.SWL Fan Efficiency

Fon Model " (rPM] mi/n] [Pd] dB] %
Standard Fan 45,8 51,1 13,1
Dimpled Fan 535 800 48,7 48,2 15,0

Hexagonal Fan 47,3 48,0 13,5

Unfortunately, unlike the isosurface presented in Chapter 4.3.4, the Isosurface illus-
trated in the Figure 4.34 represents the surface where there is velocity 0 m/s, which
means that the surface of the blade itself will appear represented by the isosurface as
well as the phenomena associated with the separation of the boundary layer.

With the isosurface analysis of the standard blade model it is possible to observe
the flow separation of the blade from the leading edge to the trailing edge in the hub
region. This represents the generation of a vortex that develops along the radial direction
triggering boundary layer separation and eddies in the middle of the blade to trailing
edge. The developed eddies will propagate to the neighbour blade. These characteristics,
observed in Chapter 3.4.2, are indicators of the stall condition.

The blade with the dimples presents the flow still attached to the blade in the region of
the hub and this ends up separating due to the transverse pressure gradient, forming the
well developed hub corner separation that will affect the attachment of the flow to leading
edge of the neighbour blade. The same is true for the blade with the hexagonal pattern
and in this case a small zone of total detachment near the hub is already developed,
representing the beginning of a circular vortex that leads to the stall. This suggests that
the circular pattern is more efficient in controling the occurrence of stall compared to
the hexagonal pattern.

The comparison of the results of the table also identifies the blade with circular
dimples is more efficient than the blade with hexagonal dimples, which follows the ob-
servations from Chapter 4.3.6.

In spite of these results, the Figure 4.35 shows the region of the hexagons with an
acoustic emission considerably lower than the dimples, in particular close to the trailing
edge of the blade.
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Figure 4.34: Isosurface with v= 0 m/s for: a) standard fan front view, b) dimpled fan front view,
¢) hexagon fan front view, d)standard fan top view, e) dimpled fan top view and f) hexagon fan
top view.
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Figure 4.35: Surface Acoustic Power Level contours of the three models: a) standard top view,
b)standard front view, ¢) dimpled top view, d) dimpled lateral view, e) hexagon top view and f)
hexagon lateral view.
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4.5 Conclusions

The concept of adding dimples to a low velocity axial fan is innovative. The following
conclusion have been draw from the parametric study on the application of dimples in
the original @630 fan:

e When the flow along the suction surface of the airfoil enters the dimple, a reverse
flow is formed inside the cavity. As a consequence the vortex generated inside the
cavity mixes the main flow with the boundary layer flow energizing it. This leads to
an increase of kinetic energy in the boundary layer after the dimple. This increase
is represented by the accelerated velocity profile of the flow after the cavity, making
it able to penetrate the high adverse pressure zone until the flow decelerates, and
then flow separation occurs.

e The optimization study shows that the location of the dimples is one of the most
important parameters in the optimization process. When the dimple is located at
the point of separation, it is observed a shift in the boundary layer separation of
8.1%. The placement of a dimple in upstream from the separation point shows no
effect on the flow characteristics.

e The comparison between the different shapes of dimples shows that the circular
dimple energize more the flow promoting the mixing of the main flow with the
boundary layer. This leads to an increase of 0.6% on the shift of the boundary
layer separation in comparison with hexagonal dimple. In addition, the circular
dimple distributes more uniformly the flow in its cavity resulting in a smaller
increase of the skin friction coefficient.

e The introduction of dimples after the point of separation increases the shift of
the boundary layer significantly. The pattern with 3 dimples with spacing of 1
mm showed an shift of the boundary layer by 7% in relation to airfoil with a single
dimple, and 15.1% in comparison to the standard airfoil. Different patterns showed
a evenly flow separation line, but there were no improvements in the shift of the
boundary layer.

e Skin friction lines provide a method to identify the location of separation and
attachment of the flow in different aeroacoustic phenomena, such as the vortex
roll-up, the hub-corner separation and the leading edge vortex. The location of
the separation line is a crucial factor for an successful application of dimples. The
skin friction lines allow the application of this feature in different fan geometries.

e The flow separation line fluctuates with the variation of air flow and the rotation
speed of the fan. The flow separation line is prone to come closer to the leading
edge for low airflow operating points.

e The use of the optimized dimples pattern in a standard fan with operating point
between 2000 m?/h and 4000 m3/h shows a shift in the separation of the main
flow, leading to inhibition of the generation of hub corner vortex, and resulting in
a reduction potential of 0.3 - 0.8 dB.
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¢ The improvement of the flow attachment in the fan with dimples leads to the shift
of the aerodynamic stall condition, resulting in a reduction of 1.9 dB for the stall
operating point of the standard fan.

o An increase in fan efficiency with dimples is verified for lower airflow of 3000 m3/h.
This is due to the shift of the stall condition, which leads to less blockage of the
main flow. After 3000 m?/h, a decrease of the efficiency of the blade with dimples
is verified, a result that was expected for these range of speeds due to the increase
of the skin-friction coefficient inside the cavities.
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Chapter 5

Bio-Inspired Trailing Edge Noise
Control

With the aim of reducing the trailing edge noise of the fan, two different noise reduction
features inspired by the owl’s wing were introduced: the finlets and a flexible trailing
edge.

The noise benefits from finlets have been studied by several authors [49], but most of
the studies are applied to wind turbines to which an high-Reynolds regime is associated.
Therefore, the finlets were designed and applied to the original fan and compared with
the standard model, exposing how finlets effect the flow in a low to medium Reynolds
number regime.

In recent years, a greater focus has been given to the study of the flexibility of owl’s
wing trailing edge since this is the owl’s noise suppression technique that has been less
investigated. Theoretical models and experimental studies were conducted by Talboys
et al. [50], but numerical simulation is still necessary for a better evaluation of the
self-oscillation mechanism of the flexible trailing edge and its influence on the flow.
This study intends to adapt this feature to the 2630 fan and analyze the phenomenon
through numerical simulation. Unfortunately, the blade with an elastic trailing edge
was not possible to model due to the complexity of the numerical simulation. As an
alternative it was simulated the airfoil with radius = 290 mm though the meridional
flow method described in the Chapter 3.3. The rigid trailing edge of the airfoil was
replaced by a elastic one, and its oscillatory behavior was qualitative evaluated with the
rigid airfoil.

5.1 The Structure of Owls’ Wings

Owls are known for their silent flight to reach their prey without being detected. In
recent years there has been a great efforts of research in order to identify the different
mechanisms of acoustic camouflage and their application in aerodynamic applications.
Aeroacoustic studies applied to the flight of owls show that they are able to largely
eliminate noise emissions between 1.6kHz and 10kHz and these are the frequencies at
which human hearing is most sensitive [51].The aeroacoustic benefits of owl wings have
been studied by several authors over the years, identifying three distinct characteristics
of the remaining species:
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e Soft coating on the upper surface of the wing - modifies the boundary layer tur-
bulence as it approaches the trailing edge, damping small eddies that generate
high frequency noise. The eddies would be damped at frequencies lower than the
frequencies at which viscous dissipation normally occurs [52].

o Curved serration at the leading edge - the serrations triggers a bypass transition
leading to the boundary layer becoming turbulent relatively close to the aerofoil’s
leading edge. The study [53] compare two airfoils with straight serration and
another with curved serration, showing that a curved serration outperforms the
straight one by a 5 db reduction, when it had a large radius of curvature and small
angle of inclination. The author believes that the peak of the curvature of the
serration acts as a shield that removes the turbulence generated by the serrations
themselves, without a large drag penalty [53].

e Fringe of flexible feathers at the trailing edge of the wing - theoretical models
predict that the elastic behavior serves as a pressure-release mechanism for pressure
fluctuations as they approach the trailing edge [52].

o -

[

Trailing Edge Fringes

Figure 5.1: Unique features of the owl’s wing feathers that enable a silent fly. Photographs
through a microscope of top: soft coating right:leading edge serrations, down: flexible trialing
edge fringes [54].

5.2 Finlets

This section aims to evaluate and adapt the solution inspired by the down coat of
the owl studied by Clark et al. [52]: the finlets. When the finlets are applied to the
trailing edge of a wind turbine, they reduced the trailing edge broadband noise by 10
dB. The solution shows great interest when applied to wind turbines, which operate
under high Reynolds numbers. Since the fan under study operates in low-velocities, it
was necessary to identify the characteristics of the flow that influence the geometry of
the finlets according to the author. The aeroacoustic comparison at different velocities
was made between the standard fan and the fan with finlets applied to the trailing edge.
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5.2.1 The Effect Of Finlets

The finlets were developed taking into account the velvet like surface of the owls feathers
[52]. This consists of small hairs emerging from the surface of the feather and soon after
they end up bending. Test in wind tunnels show that this type of fibers reduce far-field
noise but certain configurations generate high-frequency noise. The results of these tests
inspired the finlet geometry, being modified more than 20 times due to the multiple
parameters that can be manipulated in its geometry. The author [52] mentions that the
set of finlets is responsible for reducing the speed of the free flow between the finlets
and consequently the pressure fluctuations at the surface. It also mentioned that finlets
break large scale eddies that are one of the major sources of far-field noise.

Geometry

An increase in drag is expected due to the nature of the flow on the surface of the blade,
and it was necessary to adjust the direction of the finlets so that they are aligned with
the flow. The finlets were placed on the trailing edge next to the tip where the highest
speeds are expected. Clark et al. [52] identifies the height and spacing of the finlets as
the most important parameters, stating that the recommended height should be 25%-
50% of the boundary layer. An similar study of airfoil in Chapter 4.3, for 300 rotation
speed revealed a thickness of the boundary layer of 4 mm and therefore the height of
the finlets was considered to be 2 mm. The spacing between the finlets was 2 mm. The
final geometry is shown in the Figure 5.2.

Figure 5.2: Finlets applied to the trailing edge of the @630 mm fan blade.
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CFD Model and Mesh

The same mesh and model from Section 4.4.1 was used. The simulation evaluates the
blade acoustic power due to the boundary layer and kinetic energy on the blade for
different rotation speeds.

Results

The Table 5.1 shows the results of the two models for rotation speeds of 300 RPM, 535
RPM and 700 RPM. It is possible to observe that there is only a reduction of the surface
acoustic power for the speed of 300 RPM, while for higher speeds the noise increases,
the Figure 5.3 illustrates the effect of the finlets on the surface acoustic level.

The turbulent kinetic energy on the surface of the blade, that represents the velocity
of the flow and the generation of vortexes and directly representing the source of trailing
edge noise, can be analyzed in Figure 5.4 for the different models. A reduction in the
finlet zone is observed. It is possible to notice for that an increase of the rotation speed,
the effects of the finlets become less noticed. This makes sense and its geometry depends
on the thickness of the boundary layer and this is variable with the fan rotation speed.
With the increase in rotation speed the pressure drop of the dimpled model decreases
compared to the standard model. This suggests the influence of the finlets on the overall
drag coefficient, which is strongly dependent on the speed of the fan.

Table 5.1: Operating points and surface Acoustic Power Level (SWL) for the original fan and
the fan with finlets at 300 RPM, 530 RPM and 700 RPM.

Velocity Airflow Pressure Drop Area Avg. SWL

Model * ppa]  [md/n] Pa] (dB]
300 1726 15,7 441

Standard 530 3477 34,9 48,0
700 5652 56,3 55,2

300 1703 5.7 133

Finlets 530 3465 35,1 48,3
700 5569 94,1 56,1

As previously observed the turbulent kinetic energy is reduced near the finlets region
at 300 rotation speed. Figure 5.5 shows a comparison of the turbulent kinetic energy
in the wake for this operating point. It is possible to observe in the finlet model that
the turbulent kinetic energy of the flow is reduced immediately next to the surface of
the finlets followed by a increase in the wake after the trailing edge, representing the
generation of a vortex with higher velocity than the generated wake. This corroborates
the hypothesis presented by Clark [52] after carrying out experimental studies. The
author argued that the finlets generate small and strong vortexes that brake the large
coherent turbulence coming from the separation of the boundary layer.
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Figure 5.3: Surface Acoustic Power Level contours on the suction side of: a) the simple fan at
300 RPM, b) the fan with finlets at 300 RPM, c) the simple fan at 530 RPM, d) the fan with
finlets at 530 RPM and e) the simple fan at 700 RPM f)the fan with finlets at 700 RPM.
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Figure 5.4: Turbulent kinetic energy contours (k) on the suction side of: a) the simple fan at
300 RPM, b) the fan with finlets at 300 RPM, c) the simple fan at 530 RPM, d) the fan with
finlets at 530 RPM, e) the simple fan at 700 RPM, f) the fan with finlets at 700 RPM.
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Figure 5.5: Turbulence kinetic energy contours in plane parallel to the finlet at 300 rotation
speed: a) original blade, b) blade with finlets.

5.3 Flexible Trailing Edge

In the present study, a novel configuration of a self-oscillation trailing edge, inspired by
owl’s wing is evaluated. The study was conducted through the meridional flow technique
on the airfoil studied in Chapter 3.3. This airfoil was modified to have an flexible material
near the trailing edge. The numerical simulation was conducted through fluid structure
iteration (FSI) simulation.

5.3.1 The Effect of a Flexible Trailing Edge

The turbulent boundary layer generates turbulence when interacting with the trailing
edge, and creates acoustic waves initiating a self-exciting feeedback loop, as explained
in Chapter 4.3. In order to mitigate this aeroacoustic phenomenon, several solutions
were proposed. The first is the use of porous airfoil, which has already been mentioned
in Chapter 2.1.2. Although the advances in this type of airfoil, the penalty in the lift
and drag of porous airfoil cannot be eliminated. Another technique used is trailing edge
serrations mentioned in Chapter 3.4.2, being this a target of numerous researches. As
the interest in bio-inspired features grew, the first study of how the flexible trailing edge
of the owl influenced the flow was carried out by Talbois et al. [50] where an array of
silicone flaplets were added to a NACA 0012 airfoil. The results show a reduction in the
thickness of the boundary layer leading to an overall noise reduction of 1.5 to 2 dB. Jodin
et al.[55] used an morphing trailing edge but with oscillation with the same frequencies
as Talbois et al. [50] study and the results showed an reduction a 10% in the boundary
layer thickness, with a 2% increase in lift.

Figure 5.6: Flaplet placement in the suction side of the NACA 0012 airfoil [50].
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5.3.2 CFD model

Since the oscillation of the trailing edge induces a pressure wave in the surrounding
and opposite fluid, a transient simulation is necessary that includes both domains: the
flexible structure and the fluid. The domains have to be coupled in order to evaluate the
natural frequencies and the response of the dynamic excitation. In the flow domain, the
forces that are applied to the flexible structure by deforming the elements of the mesh
are calculated; the non-linear displacement response is transferred to the fluid domain
affecting the flow. This two-way transient interaction loop continues through multiple
cycles. Since the geometry of the airfoil is the same as the one previously studied in
the Chapter 4.3.3, the same turbulence model was used. In order to guarantee the
coupling between the simulations, the mesh of the fluid domain was coarser than the
one mentioned in the Chapter 4.3.3, this way the elements from the fluid domain align
with the mesh of the flexible trailing edge. Thus, the fluid elements are compatible and
aligned with the elements of the flexible structure. The different modules of the software
ANSYS have been used, the fluent and mechanical linked with the system-coupling
module, the workflow can be consulted in the Appendix 3.

Geometry

The geometry shown in Figure 5.7 illustrates the airfoil studied by the meridional flow
simplification previously studied in Chapter 4.3.4, where the orange region represents
the flexible trailing edge (10% of the chord lenght), modeled with the silicone material
with an Young modulus of 0.001 GPa. The remaining section of the airfoil is composed of
ABS (the original material). The boundary conditions are the same as those considered
in the Chapter 4.3.3.

Figure 5.7: Airfoil r=290mm with the orange color representing the flexible part made of silicone.

Fluid Mesh And Structural Mesh

The mesh of the fluid domain has been greatly reduced in size and refinement in com-
parison with the previous mesh used in Chapter 4.3.3. Only one element was considered
in the transverse direction to the airfoil, in order to avoid errors between the coupling
of the fluid mesh and the airfoil. In fluent and mechanical domain three and four noded
mesh elements were used to ensure a refined mesh near the trailing edge. It was not
possible to use inflation layer because the sweep method does not support this function.
The little refinement of the mesh and the small domain of the fluid domain lead to a
large decrease in the number of elements. The fluid domain presents an estimate of of
30 000 elements while the structural domain presents 1800 elements. The FSI transient
simulation was done only for 1.5 seconds of numerical simulation, generating about 140
GB of data.
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Figure 5.8: The two meshes used in the model: a) front view of the ANSYS Mechanical mesh,
b) front view of the Fluent mesh wit the boundary condition used, c¢) top view of the ANSYS
Mechanical mesh d) top view of the Fluent mesh, e) Coupling of the two meshes and f) Mesh
alignment between the different meshes and the finer mesh in the flexible trailing edge.

Results

In Figure 5.9 it is possible to observe the streamlines between the conventional airfoil
and the airfoil equipped with the flexible trailing edge. For t= 0.01 seconds, although,
there is no displacement of the flexible trailing edge. It has an higher speed, creating a
decrease of the pressure difference. When the pressure is higher on the suction side, a lift
force contrary to expected, is applied, causing the trailing edge to move downwards. This
is verified for t= 0.53 seconds where the maximum downward displacement is verified,
shifting the separation of the limit layer and its thickness. For this configuration of
the airfoil is associated a higher angle of attack, which will lead to the increase of the
velocity of the flow in the suction side of the airfoil, making the pressure lower than
that of the pressure side, leading the lift force to move the flexible trailing edge upwards
until its maximum displacement at t=1.5 seconds. At t=1.5 seconds the considerably
smaller angle of attack causes the boundary layer separation to shift. Figure 5.11 shows
the surface acoustic power of the different models for the respective simulation time,
which revealed small reductions in the trailing edge. A more significant reduction was
expected, taking into account the qualitative reduction in the thickness of the airfoil
turbulence, suggesting that the mesh is not fine enough for the acoustic model or the
acoustic model is not suitable for this analysis since the experimental study conducted
by Talboys et al, [50] showed improvements in tonal noise and the chosen model is more
suitable for prediction of boundary layer broadband noise.
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Figure 5.9: Velocity streamlines for the equivalent u., of 800 rotation speed, and boundary layer
turbulence thickness represented inside the circle: a)standard airfoil for t=0.01 seconds, b)airfoil
with flexible tailing edge for t=0.01 seconds, c¢)standard airfoil for t=0.53 seconds, d)airfoil with
flexible tailing edge for t=0.53 seconds, e)standard airfoil for t=1.5 seconds and f)airfoil with
flexible tailing edge for t=1.5 seconds.
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Figure 5.10: Relative position of the trailing edge a)standard airfoil for t=0.01 seconds, b)airfoil
with flexible tailing edge for t=0.01 seconds, c) standard airfoil for t=0.53 seconds, d) airfoil
with flexible tailing edge for t=0.53 seconds, e) standard airfoil for t=1.5 seconds and f) airfoil

with flexible tailing edge for t=1.5 seconds.
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Figure 5.11: Surface Acoustic Power Level contours of the two models for a)standard airfoil
for t=0.01 seconds, b)airfoil with flexible tailing edge for t=0.01 seconds, c)standard airfoil for
t=0.53 seconds, d)airfoil with flexible tailing edge for t=0.53 seconds, e)standard airfoil for t=1.5
seconds and f)airfoil with flexible tailing edge for t=1.5 seconds.
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5.4 Conclusion

Given the results obtained with the two features inspired by the owl feathers analyzed
in this chapter, the following conclusions can be drawn:

o Finlets have a positive effect on reducing trailing edge noise when their geometry
is optimized for the present flow on the fan.

o The results suggest that the finlets increase the coefficient of drag of the blade,
acting as a bump in the flow.

e The finlets are a potentially a valid feature to be implemented in the fan that
operates at low and constant rotational speeds, characteristics that are present
when the heat pump is in night mode.

e The turbulent kinetic energy increase near the wake region and supports the ex-
perimental tests conducted by Clark et al. [52] that suggest that an increase of
the turbulence kinetic energy on the wake might be beneficial to attenuate larger
eddies.

e The flexibility of the trailing edge allows the displacement in the downward di-
rection in order to balance the pressure mismatch between the pressure side and
suction side of the airfoil. Then, the upward movement decreases the angle of
attack by placing the airfoil in the direction of the flow. Both movements lead to
a decrease in the boundary layer turbulence thickness, which is directly related to
the trailing edge noise, motivating the interest for further investigations.
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Chapter 6

Experimental Study

The following experimental study aims to evaluate the noise emission of the dimpled fan
studied in Chapter 4.4.3, applied to the external heat pump unit. Prototyping dimples
to a rotating propeller presented some challenges related to the design and size of the
fan itself. Thus, in order to replicate the cavities of the different dimples, two different
patterns were trimmed in a self-adhesive sticker with the same thickness of the depth
of the dimples and then the sticker was applied to the @630 fan. The experimental
study was conducted in a hemi-anechoic chamber where the Acoustic Power level of the
different fan models was compared with the standard fan. A second study was conducted
in an attempt to reduce the inlet airflow in order to induce the aerodynamic stall, since
the dimples showed a bigger noise reduction before reaching this type of flow regime.

6.1 Model prototyping

In order to study the effect of the dimples, two patterns were applied to the standard
fan. For the adhesive material, paper and acrylic with thickness of 0.4 mm and 0.8
mm were chosen in order to get a thickness equal to the depth of the dimple cavity.
Unfortunately, it was not possible to prototype the circular dimples due to the complexity
of the cavity shape. The simulation of the hexagonal dimples have shown identical
results on flow in relation to circular dimples. However, inferior results are expected for
hexagonal geometry, due to the lower wake energization, as seen in Chapter 4.3.5. The
different patterns were trimmed with a COs laser cutter with tolerance of 0.005 mm.
In order to make the transition between the sticker and the blade as homogeneous as
possible, 5 mm of plasticine was placed between the two components. The plasticine
was weighed previously to avoid unbalance the different blades. Therefore, a negative
effect is expected due to the roughness of the plasticine.

6.2 Experimental Setup

The acoustic measurements were conducted inside Bosch’s hemi-anechoic chamber. The
sound test was conducted in accordance to the ISO 3144 with the change in orientation
of microphones 1 and 3 due to the high dimensions of the mid chassi. This change was
made to guarantee a distance of 1 meter from the center to the the microphone 1 and 3
according to the ISO 3144. Therefore, the two microphones were moved 45° from their
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Figure 6.1: Dimpled Fan models prototype a) acrylic sticker with 0.8 mm of thickness and
hexagonal dimples with @4.34mm and 1mm of spacing. b) 320g paper sticker with 0.45 mm of
thickness and hexagonal dimples with #4.34mm and 2mm of spacing. c)acrylic sticker applied
to the blade d)paper sticker applied to the blade e)final 0.8mm hexagonal dimpled fan model
f)final 0.45mm hexagonal dimpled fan model.

original position to the outlet side of the fan. This position change can be observed in
the Figure 6.2.

The Sound Power Level measurements were performed using 9 PCB ICP micro-
phones (378B02) with windshield mounting (Audio CA132), with a frequency range
between 20Hz and 20kHz.The microphones were calibrated to 94 dB by Rion Sound
Calibrator NC-74 at 1000Hz. The HeadLab Compact24+12 channel module data acqui-
sition equipment was used,with a measuring frequency range between 1Hz and 24kHz.
The software used for the data acquisiton and analysis was the HEAD Acoustics 8.1.
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Figure 6.2: Experimental test setup: microphones distribution and setup inside the hemi-anechoic
chamber: microphone 1 and 3 distance 1 m from the center; microphones 2 and 4 distance 1,22
m; 1,17 m distance from the floor to the center and 1,23 m from center to microphone 9. Overall
dimensions are 2,5x2,5x2,5 m.

(b

Figure 6.3: Experimental test setup: a) modified location of the microphone 3 b) setup of the
microphones 2 and 5.
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6.3 Measurements

6.3.1 Performance and Acoustic Measurements

The first test consisted in comparing the noise emitted from the dimpled fan models
with the standard fan model. Thus, different motor input voltages were tested and the
rotation speed of the fan generated from the different models and the sound pressure
level of the far-field were measured. This experiment had two phases, in a first phase two
standard fans were tested, denominated standard 1 and standard 2. Subsequently, the
adhesive stickers were applied to these standard fans and the tests were repeated. The
different models were installed in the heat pump, and its hydraulic system was turned
off during the tests to remove this contribution from the noise emission. The only active
element was the fan motor. The rotation speed were measured by an strobe tachometer
with associated error of 0.5 rotation speed.

In the analysis of Table 6.1 and 6.2 it is possible to observe that for the same input
voltage (2V-3V) of the motor it is generated one more or in some cases two different
rotation speeds for both models with dimples, at low speeds. This was verified for both
dimpled fan models, which suggests that it is not an error associated to the measuring
device. In spite of a speed increase, the opposite effect was expected due to the increased
in weight of the prototype fan.

Table 6.1: Comparison of the SPL between the 0.8 mm thickness hexagonal sticker fan model
and the standard model to the increase of input voltage in the motor.

Motor Input Voltage Velocity SPL

Fan V] [RPM) [dB(A)

2,0 200 36,5

3,0 288 42,2

4,0 380 46,7

Standard 1 5,0 470 54,4
6,0 564 58,8

7.0 649 62,5

8,0 740 65,9

2,0 202 36,0

3,0 290 41,7

4,0 381 46,2

Hexagonal 0,8 mm 5,0 471 53,9
6,0 565 58,6

7.0 649 62,1

8,0 740 65,5
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Table 6.2: Comparison between the 0.45 mm thickness hexagonal sticker fan model and the

standard model to the increase of input voltage in the motor.

Fan Motor Input Voltage Velocity SPL
V] [RPM] [dB(A)]
2,0 198 36,2
3,0 285 41,8
4,0 377 46,6
Standard 2 5,0 471 54,3
6,0 565 58,8
7,0 649 62,5
8,0 740 65,6
2,0 200 36,0
3,0 286 41,5
4,0 378 46,5
Hexagonal 0,45 mm 5,0 471 54,3
6,0 565 59,4
7,0 649 62,9
8,0 740 65,9
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Figure 6.4: Far-field Sound Pressure Level measured inside the hemi-anechoic chamber for the
standard and 0.8 mm acrylic hexagonal fan at different rotation speeds.
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Figure 6.5: Far-field Sound Pressure Level measured inside the hemi-anechoic chamber for the
standard and 0.45 mm paper hexagonal fan at different rotation speeds.

In addition to the small increase in rotation speed there is a reduction of 0.5 dB
for low to medium velocities in the fan with hexagonal dimples with 0.8 mm depth. It
should be noted that with a slight increase in speed, the noise emitted increases, and it
is expected that the noise reduction will be greater for 380 rotation speed. For all speeds
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the FFT graphs show a reduction between mid-to-high frequencies(Figure 6.6 and 6.7).
This frequency range is associated with the noise emitted by the flow separation shown
in Chapter 3.4.1. Therefore, the results suggest an increase of the fan performance for
lower speed where the penalties of increased drag by the roughness of the plasticine and
increase of the blade thickness have less influence on the flow. The fan with hexagonal
dimples with a cavity spacing of 2 mm and 0.45 mm of thickness shows worst results
than expected and a possible explanation of the paper roughness affect on the free-flow.

[SPL]dB(A)
50
—_— 288rpm standard fan : 42.2 dB(A)[SPL]
—— 290rpm 0.8mm hexagonal : 41.7 dB(A)[SPL] =
40
30
20
10
4 0
50 100 200 500 fHz 1000 2000 5000 10k

Figure 6.6: Representation in the frequency domain of the A-weighted sound pressure level dB(A)
of the hexagonal dimpled and standard fan rotating at 288 rotation speed.

ISPL dB(A)
50

—_— ©649rpm standard fan : 62.5 dB(A)[SPL]
—— 649rpm 0.8mm hexagonal : 62.1 dB(A)[SPL]
40

30

20

50 100 200 500 fiHz 1000 2000 5000 10k

Figure 6.7: Representation in the frequency domain of the A-weighted sound pressure level dB(A)
of the hexagonal dimpled and standard fan models rotating at 649 rotation speed.
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6.4 Airflow Near Stall

In an attempt to induce a stall condition in the dimpled fan model since it showed
the most noise reduction from the results of the previous section, the inlet of the fins
(evaporator) was obstructed with adhesive tape (Figure 6.8), in order to force a decrease
in the airflow. The velocity of the flow was verified in different points of the evaporator
inlet, and the average of these values was considered. This measurement was made
with an airflow meter CPS ABB-200 with accuracy of 0.5%. The results are presented
in Table 6.3, where the fan with hexagonal dimples of 0.8 mm thickness and 1 mm of
spacing is compared with the corresponding standard fan.

Figure 6.8: Outdoor heat pump fins (inlet) obstructed with tape.

The results show to be in agreement with the simulations obtained in Chapter 4.4.
For airflows higher than 2000 m?3/h the expected reduction is much smaller than for
lower airflows. This noise reduction on a larger scale, followed by a peak with both
models with very similar noise levels, suggests the occurrence of aerodynamic stall in
the fan. This observation follows the simulation results described in Chapter 4.4, which
showed the same behaviour for airflow values of 1500 m3/h. This reduction is due to
the fact that the standard fan increases its noise along low-to-mid frequencies, which
can be seen in Figure 6.11, while the dimpled fan stayed similar to the previous airflow
FFT, providing a reduction of 0.9 dB. This increase correlates with the phenomenon of
light stall studied by Moreau et al. [56] in airfoils, that shows the increase of low-mid
frequency noise for the a light-stall condition.
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Table 6.3: Far-field Sound Pressure Level measured inside the hemi-anechoic chamber for different
operating points of the standard and 0.8mm thickness hexagonal sticker fan at 535 rotation speed.

Velocity  Inlet Area Average Speed Airflow SPL

Fan [RPM] [m’] [m/s] [m?/h] [dB(A)]
0,945 1,49 5071 56,5
0,439 1,90 3003 58,1
Standard 1 535 0,253 2,13 1937 62,7
0,220 2,25 1782 63,1
0,200 2,35 1692 62,5
0,945 1,50 5103 56,3
0,439 1,95 3082 58,1
Hexagonal 0,8 mm 535 0,253 2,10 1913 62,4
0,220 2,30 1822 63,2
0,200 2,36 1699 61,6
Ze « Standard 1
g Hexagonal
§ - 0.80 mm
’ - o AirfloffrTth] w - >

Figure 6.9: Far-field Sound Pressure Level measured inside the hemi-anechoic chamber for dif-
ferent operating points of the standard and 0.8mm hexagonal fan at 535 rotation speed.
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Figure 6.10: Representation in the frequency domain of the A-weighted sound pressure level
dB(A) of the dimpled and standard fan models rotating at 535 rotation speed and approximately
1800 m3/h.
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Figure 6.11: Representation in the frequency domain of the A-weighted sound pressure level
dB(A) of the dimpled and standard fan models rotating at 535 rotation speed with inlet and
approximately 1700 m3/h.
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6.5 Conclusions

e The application of the sticker and the plasticine on the surface of the fan blade, to
obtain the model with dimples, might had a strong influence on the aerodynamic
noise produced by this upgraded geometry. In fact, the difference of the surface
roughness of the added feature and the presence of the sticker, acting as a bump
to the flow, may have been responsible for a harmful disturbing effect (turbulence)
on the boundary layer.

e At low speed, the fan with the dimpled sticker showed for the same motor voltage
a slight improvement of one two rotation speed compared to the original fan. This
suggests a small increase in fan efficiency for low speed conditions as predicted by
the numerical simulation of the model.

o The dimpled fan showed a noise reduction up to 0.5 dB(A) for its main operating
points.

e The fan with dimpled sticker showed a reduction of broadband noise in mid to high
frequencies that goes in agreement with the theory presented in Chapter 3.4.1 for
the trailing edge noise.

e The fan with the 0.8 mm thickness dimpled sticker showed a higher noise reduction
compared to the 0.45 mm dimpled sticker fan which suggests that a deeper dimple
is beneficial, which follows the results of the simulation in Chapter 4.3.5.

e At 1700 m3/h, the original fan drastically increases the noise emitted at low to
mid frequencies, contrary to the fan with dimpled sticker, which suggests a shift
in the occurrence of light stall, reducing noise by 0.9 dB(A).
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Chapter 7

Summary and Future Work

7.1 Concluding Remarks

Along this work, an analysis of aerodynamic noise on heat pump fans was conducted.
The fan with dimples were studied in terms of optimization and implementation, and
the aeroacoustic mechanisms of the finlets and the flexible trailing edge were explored.

A broad study has been undertaken to understand how dimples impact the two-
dimensional flow in general, and how the different parameters affect the optimization
process of the boundary layer separation control. This study showed that the dimples
pattern must be placed at the separation line of the airfoil, this way vortex generated
in dimple’s cavity energizes the free-flow, accelerating it and making it overcome the
adverse pressure gradient. From the parametric optimization analysis, it was found that
the location and number of dimples are the parameters that most affect the shift of the
boundary layer separation.

The implementation of the optimized pattern in the fan was made through the study
of skin friction lines that showed the different locations of the flow attachment and
detachment on the blade. The effect of the dimples on this complex three-dimensional
flow was evaluated by showing that they control the separation of the boundary layer
leading to the inhibition of hub corner vortex generation, reducing the boundary layer
noise up to 0.9 dB and increasing the fan efficiency under regular heat pump fan operating
conditions.

Since the heat pump does not work in conditions that may be favorable to shift stall
formation, it is expected that this result can be used in other industries such as wind
turbines where it is beneficial to control stall. This allows to place an higher angle of
attack of the blade generating more energy while reducing its noise.

The noise of the heat pump is more noticeable during the night. Therefore, the use
of finlets can be a solution to be implemented in order to reduce noise in the heat pump
during its night mode. This mode has characteristics of low and constant speed, and at
this conditions the finlets have shown to reduce noise by 0.3 dB.

The flexible trailing edge showed to be capable to balance the pressure mismatch
between the suction side and pressure side of the airfoil and to adapt the angle of
attack to the flow, decreasing the thickness of the boundary layer turbulence. Also,
it is important to note that a coarse mesh was used not fulfilling the requirements of
the acoustic model used, which may be the possible cause for the boundary layer noise
reduction prediction not to be significant.
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The experimental study showed that, despite the possible negative effect of the
sticker, the noise of the fan was reduced by 0.2 to 0.5 dB(A) and the efficiency of
the fan was increased for low speeds. However, the study of the airflow for the different
models should be done.

The obstruction of the heat pump inlet showed that at an airflow around 1700 m3/h
the original fan increases considerably the noise at low frequencies, which in the literature
is referred to as light stall characteristic, while in the fan with the dimples the low
frequencies noise emitted was kept constant suggesting the shift of light stall. The
higher the speed of the fans, the lower the noise improvements registered with dimpled
fan, which is aligned with theoretical expectations.

Considering that the separation flow is not the main source of aeroacoustic noise of an
axial fan, this result is not surprising. Investigation on the effect of the fins (evaporator)
on the velocity inlet fluctuations and possible changes in the shroud in order to decrease
the reverse tip leakage should be studied.

Overall, considering this work analyzed solemnly the boundary layer effect on the fan
broadband noise it became clear how the different features affect the flow. Considering
that different acoustic waves are generated by the different components, it is necessary to
consider the effect of these waves propagation on other waves produced by other sources,
or even if these waves can be absorbed by the geometry or the flow.

7.2 Future Work Suggestions

The possibility of using dimpled fan shows promising aeroacoustic benefits, however it is
necessary to evaluate the model within the heat pump unit trough numerical simulation
without sacrificing the mesh quality. This way the effect of the fins on the velocity inlet
fluctuations of the fan can be evaluated, which will affect the boundary layer in a great
extent.

Regarding the experimental measurements, it is important to repeat them with a
prototype with the dimples cavity on the blade surface. Only then, the concrete noise
reduction can be drawn from the model. Additionally, a more detailed study of the
airflow in the heat pump should be done in order to obtain lower airflow reaching the
full stall condition. A study with fixed rotation speed of the different model should be
conducted. Since, during experimental study it was only possible to control the motor
voltage input and when an increase in efficiency and noise reduction was observed, this
noise reduction is expected to be higher due to the fact that the rotational speed has
increased a increasing the noise generated.

The finlets proved to be a potential solution to implement in order to optimize the
heat pump noise during its night mode, the different parameters of the finlets geome-
try were collected from the study by Clark et al. [52] on airfoils with finlets at high
Re numbers, which suggest there is room for the optimization process of the finlet ge-
ometry adapting it to the complex three-dimensional flow with low Reynolds number.
Additionally, a detailed analysis of the fan efficiency be conducted.

The flexible trailing edge showed a decrease in wake thickness suggesting a reduction
in trailing edge noise. Unfortunately the mesh used does not reach the requirements of
the acoustic model. Since it is a novel idea, there are several possibilities to explore.
Concrete suggestions consist in modifying the flexible material and the shape of the
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flexible trailing edge making it with a serration shape, since the literature refers to
the use of serrations as a method of reducing wake thickness showing that it has the
same effect as the flexible trailing edge which can lead to a combined reduction. The
complexity of simulation is the main challenge for this study, but it can be drastically
reduced if the movement of the trailing edge is characterized by wind tunnel test and
subsequently inserted as a pre-processing parameter, transforming the simulation from
FSI into a transient state CFD simulation.

Overall, considering this work a detailed study of the broadband boundary layer
noise resulting in a small increment to the overall fan noise reduction. In the same way
as this study different in depth studies should be conducted in the major contributors
to heat pump noise (fan, compressor, pipes, fins) being subsequently evaluated within
the heat pump unit. This way the noise reduction of the heat pump unit should be
predicated by small increments resulting in a continuous work towards a "silent" heat

pump.
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Figure 2: Impeller operating curves at 50Hz [57].
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Figure 3: FSI Simulation workflow for the Chapter 5.3.
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