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ABSTRACT

Ang Li Master of Science, Purdue University, August 2019. Characterization of Aero-
dynamic and Aeroacoustic Performance of Bladeless Fans. Major Professor: Jun
Chen.

Bladeless fans are well known for their unique shape and efficient performance,
which have a great impact on the fan industry. At present, there are few studies
on the bladeless fan and the research on the improvement of fan design is a lack.
Therefore, the study on the performance of the bladeless fan with different design is
the main purpose of this thesis.

In the present study, a bladeless fan prototype is created and studied by numerical
simulations. When characterizing the aerodynamic and aeroacoustic performances of
the bladeless fan, the entire fan prototype, including wind channel, base, rotor and
stator, is adopted; when investigating the influence of the wind channel’s geometric
parameters, only wind channel is considered in simulations. The influence of the
slit width, the height of the cross-section, the slit location and the profile of the
cross-section are studied.

It is found that the flow outside the bladeless fan consists of the air blown out
from the wind channel and entrained from the back and side of the fan. The air
entrained from the side is the main source of flow rate increase. As for the aeroacoustic
performance, the rotor and stator inside the base are the predominated source of the
noise generated by the bladeless fan.

The performances of the bladeless fan are very sensitive to the geometric details
of the wind channel. The generated noise always increases as the wind strength
improves. The slit width of the wind channel has the greatest impact. With the slit
moves away from the leading edge, the wind produced by the bladeless fan becomes

more powerful and the noise becomes louder. The cross-sectional height of 4cm has
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the best aerodynamic performance but the generated noise is a little larger than
other designs. The profile of the cross-section shows insignificant influence on the

performances.



1. INTRODUCTION
1.1 Background

A fan is a powered machine used to generated flow within a fluid, especially
in the air. Typically, air flows with high volume and low pressure are produced
by the fan with rotating blades (Wallis, 2014). Nowadays, fans are widely used in
industries. For example, fans are applied as the cooling system in the vehicle system
and the CPU radiator. It is also widely used in HVAC (heating, ventilation, and
air conditioning) system for ventilation (Cory, 2010). (Bruegmann, 1978). The most
popular application is to cool people. They do not cool air significantly, but increase
heat convection into the surrounding air due to the produced air flow (DOE, 2003).

The axial fan and centrifugal fan are two main types of fans used in industry
(Boddy, 2001). The axial fan, as illustrated in Fig. 1.1(a), is a type of fan that
leads air to flow through it in an axial direction which is parallel to the shaft about
which the blades rotate. The flow is axial at both entry and exit. The fan produces
a pressure difference, and then force is generated to cause a flow through the fan
(Theodorsen, 1948). The centrifugal fan, as shown in Fig. 1.1(b), is a device for
moving air in a direction at an angle to the incoming fluid, which usually includes a
ducted housing to direct outgoing air in a specific direction (Cann and Duell, 1972).
Centrifugal fans use the kinetic energy of the impellers to increase the volume of the
air stream, which in turn moves against the resistance caused by ducts, dampers and
other components. Centrifugal fans displace air radially, changing the direction of
the airflow (Kind and Tobin, 1989).

Since the fans are widely used in industry, many research has been carried out in
the past decades. Corsini et al. (Corsini et al., 2013) summarized the computational

methods and application in industrial fan design. They elucidate how Reynolds-



Figure 1.1. (a) Axial fan. (b) Centrifugal fan

averaged Navier-Stokes approach and large eddy simulation are applied to calculate
the flow field of axial fans, centrifugal fans and ventilation systems. Meyer et al.
(Meyer and Kroger, 2001) studied the flow field near an axial fan by numerical sim-
ulations. They model the axial flow fan as an actuator disc and uses blade element
theory to calculate the actuator disc forces. It is found that the radial forces are small
compared with the axial and tangential forces exerted on the fluid stream by the ax-
ial flow fan blades. The interaction noise radiated from an axial fan is calculated by
Hu et al.(Hu et al., 2013). Their results show the scattering effect of the duct wall
plays an important role in the prediction of rotorstator interaction noise and is able
to increase the accuracy of the prediction. Reese et al.(Reese et al., 2007) predicted
the aerodynamic noise source. Various computational methods, including LES, DES,
SAS and URANS, are employed to predict the noise radiated by an axial fan. It is
shown that LES is able to give the most accurate prediction. Jiang et al. (Jiang
et al., 2007) investigate the aeroacoustic performance of the axial fan applied on a
room air conditioner and illustrate the tip vortex affect the flow fields near the blade
tip significantly and has a large blockage effect on the flow. Younsi et al. (Younsi
et al., 2007), investigate the unsteady flow in the centrifugal fan by CFD and exper-

iments. They found that the main source of flow perturbation and unsteadiness in a



centrifugal fan is the volute tongue zone. The noise generated by the centrifugal fan
is studied by Liu et al.(Liu et al., 2010). It is reported that the main source of tonal
noise in the fan is the aerodynamic interactions between the impeller and the volute
tongue.

Traditionally, fans are designed with visible blades and wind is produced by the
rotating blades. In 2009, a new concept of fan, bladeless fan, was invented by James
Dyson (Fitton et al., 2011). Compared to the traditional fan, the wind generated
by the bladeless fan is softer and more uniform. Furthermore, since the bladeless
fan has no visible blades, children will not be easily hurt by the rotating blades
like in the traditional fans, the bladeless fan is much safer (Gammack et al., 2012).
The bladeless fan uses the knowledge of jet engine and turbocharges technology of
automotive for reference. It features compact structure and streamlined contour.
Since the air velocity blown out from the outlet is very large, more air is entrained
from upstream and side of the fan. Thus, compared to the traditional fan, the flow rate
at downstream is much larger. The bladeless fan also promotes industrial development
because of its innovative design. Many variations are invented, such as air purifiers,
humidifiers and hair dryers.

Although bladeless fans have been widely acclaimed since its inception, they have
some disadvantages. The noise generated by the bladeless fan is as high as that
produced by traditional fans. In a high operating level, the noise produced by the
high-speed jet from the outlet is sharp and harsh. In terms of the energy utilization
efficiency, the resistance inside the wind channel of the bladeless fan is large, resulting
to lower efficiency than that of the bladeless fan. In addition, the base structure of the

bladeless fan is light and thin, so it may be stable and prone to reducing vibration.

1.1.1 Flow Characteristic of the Bladeless Fan

Figure 1.2 shows the typical air handling path of a typical bladeless fan, which

is consisted of a base and a wind channel. The air intake is located at the base in



which the motor, impeller and stator are set. An annular slit is located at the wind
channel whose cross-section is of an airfoil profile. The air is sucked from the intake
and driven into the wind channel by the enclosed motor-impeller combination. The
air then exits the wind channel from the annular slit, forming a high-speed jet that
induces a pressure gradient between the fan’s front surface and its back surface. Due
to the presence of this pressure gradient, the ambient air is entrained from the back
and side of the fan, then moves forward, resulting in a significant increase of mass

flow rate.

Wind channel

Qback Qside

=
Step2-Outlet air

Stepl-Inlet air

impeller ﬂ e gz
\ Qintet
r / ;
\ Step5- Inlet & Outlet air
=
Base
Step3- Suctioned air Step4- Entrainment

N

Figure 1.2. Air handling mechanism of the bladeless fan (Jafari et al., 2015)

The flow inside the fan is a bounded flow. Due to the presence of the motor-
impeller-stator system in the base, the internal flow has the flow characteristics similar
to that of a rotating machinery (Gammack et al., 2012). The flow outside the fan
consists of the jet blown out from the wind channel’s slit and the entrained flow around

the fan. The jet is constrained by the surface near the slit, forming the Coanda effect.



Figure 1.2 illustrates the flow characteristic of the bladeless fan. In addition, the total

mass flow rate at downstream can be calculated by:

Qtotal = Qjet + Qentrained

where

Qjet = Qinlet

Qentrained = Qback + Qside

Figure 1.3. Schematic of the flow outside the bladeless fan

1.1.2 Research of the Bladeless Fan

Bladeless fans generate jet flow with the help of Coanda effect through the wind
channel. Jet flow has been widely used in nozzles, jet engine, active control technique

on the airfoil and other devices involving fluid injection and many research have been



carried out. Zhang et al. (Zhang et al., 2012) studied synthetic jet circulation control
technology to enhance the lift of an airfoil. A two-dimensional unsteady Reynolds-
averaged Navier-stokes simulation is used to investigate the effect of synthetic jet
circulation control on NCCR1510-7067N airfoil. The results illustrate that synthetic
jet is able to effectively delay the flow separation on the airfoil trailing edge and to
increase the circulation over the airfoil by Coanda effect.

Howe investigated the noise generated by a Coanda wall jet circulation control
device by analytical research (Howe, 2002) in which a 2D circulation control (CC-)
hydrofoil was employed. It is found that the noise produced by a circulation control
device consists of curvature noise, jet slot noise and passive slot noise. Curvature
noise generated by the interaction of boundary layer turbulence with the rounded
trailing edge of the CC-hydrofoil is the main source at very low frequencies. The jet
slot noise dominates at higher frequencies; Passive slot noise caused by the scattering
by the slot lip of nearfield pressure fluctuations in the turbulent boundary layer of
the exterior mean flow past the slot is comparable to the conventional sharp edged
trailing edge noise.

Wetzel et. al.,(Wetzel et al., 2009) studied the acoustic characteristics of a circu-
lation control airfoil by experiments and it validated Howe’s results. It is illustrated
that the main noise source is located at the slit. In addition, the flow separation causes
a loud noise, but this kind of noise is able to be eliminated by increasing jet velocity.
However, with the increase of the jet velocity, the overall noise level increases.

The Coanda surface adjacent the slit of the bladeless fan is a crucial structure to
keep the air jet attached to the convex surface, delaying the flow separation (Gam-
mack et al., 2012). Thus, the outflow produced by the bladeless fan is much more
uniform than that of the conventional fan. Li et al. (Li et al., 2014) investigated the
influence of Coanda surface’s curvature on the aerodynamic performance of bladeless
fans by conducting two-dimensional and three-dimensional numerical simulations.
Coanda surface with five different curvatures was investigated. It was found that the

magnitude of curvature affects the flow direction and an optimal curvature keeps the



outflow attached to the surface. Simulation results show that a low-pressure region
exists near the outlet. With the increase of the Coanda surface’s curvature, several
separated low-pressure regions gradually enlarges, merging slowly and finally form a
large low pressure region.

To investigate the flow structure outside a circular bladeless fan and the influence
of Reynolds number, Li et al. (Li et al., 2016) conducted experiments by using
constant temperature anemometer (CTA) hot-wire system. It is shown that the time-
averaged velocity and turbulence intensity increase with increased Reynolds number.
The complete flow field structure is shown in Fig. 1.4, where the annular jet is injected
outward from the annular slit, entraining the ambient air. The entire outflow field
shows symmetry in a horizontal direction. At near field, the flow structure consists
of two separated peak. As far away from the bladeless fan, the annular jet starts to

converge and at far field and the flow develops into a classical single jet.

Combined Region

Figure 1.4. Sketch of the outflow field structure for the bladeless fan
(Li et al., 2016)

Jafari et al.(Jafari et al., 2015) employed a numerical method to evaluate aero-

dynamic and acoustic performance of the bladeless fan with a circular wind channel.



It is reported that the outlet air velocity at the top is larger than that at the bot-
tom. In addition, with an increase of inlet volume flow rate, the outlet volume flow
rate increase linearly, but the generated noise level also increases at the same time.
Therefore, to design the bladeless fan, a compromise between the increased inlet flow
rate and reduced noise level is required. The main noise source is also predicted. As
shown in Fig. 1.5, the output slit is the predominant noise source. It is caused by

high pressure gradient and vorticity gradient at the slit (Jafari et al., 2015).

Surface Acoustic Power Level (dB) Surface Acoustic Power Level (dB)

n

(a) (b)

Figure 1.5. Sound Power contour at (a) front side (b) back side of the
bladeless fan (Jafari et al., 2015).

Jafari et al.(Jafari et al., 2016) studied the effect of geometric parameters on the
aerodynamic performance of bladeless fans. The discharge ratio, defined by the ratio
of outflow rate to inlet flow rate, Qout/Qinier, is applied to evaluate aerodynamic
performance of the bladeless fan. The slit width is identified as the most influential
parameters. The discharge ratio increases significantly by narrowing the slit. A
circular fan with a cross-section height of 3cm and outlet angle of 16 ° yields the
optimal aerodynamic performance. Furthermore, the aspect ratio, defined as the

ratio of the wind channel’s height to its width, affects aerodynamic performance of



bladeless fans. When the aspect ratio is higher than 1, the discharge ratio decreases.
The shape of the wind channel is also investigated. At high aspect ratios, the discharge
ratio of the circular fan is greater than that of the rectangular fan.

Jafari et al. (Jafari et al., 2017) carried out numerical simulations to investigate
the influence of geometric parameters on acoustic performance. Sound pressure level
(SPL) and overall sound pressure level (OASPL) diagrams are illustrated to evaluate
the noise generated by the bladeless fan with different geometric parameters. It is
found that with the decrease of the cross-sectional height of the wind channel, the
generated noise decrease. The results obtained by different outlet angle show that the
noise produced by the bladeless fan increases by increasing the outlet angle. Similar
to the effect on aerodynamic performance, the slit width has the greatest impact on
the acoustic performance. The generated noise increases significantly with decreased
slit width. As for the aspect ratio and shape of the wind channel, the rectangular wind

channel with the aspect ratio of 1 (i.e., a square) has the best acoustic performance.

1.2 Principle of CFD Simulation

In the context of studying bladeless fans, the flow can be treated as incompressible
flow without heat transfer. Then velocity u(x,t) and pressure p(x,t) are described

by the incompressible Navier-Stokes equations,

Gui
= 1.1
Sl (1.1)
ou; ou; 1 0p 0 Ou;  Ou;
el A - __ 1.2
o "oz, " pow, oz, [V (5% i 3%” ’ 2

where p is fluid density and v is kinematic viscosity.

In computational fluid dynamics (CFD), Reynolds-Averaged Navier-Stokes (RANS)
simulation is frequently used for the steady state, and Large Eddy Simulation (LES) is
conducted for the transient unsteady state (Wilcox, 1998) (Ferziger and Peric, 2012).
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1.2.1 Reynolds-Averaged Navier-Stokes Simulation

In RANS, every flow variable ¢ is decomposed into a time-averaged part and a

time varying fluctuation:

O(xi, t) = d(x;) + ¢/ (24, 1), (1.3)

where

_ 1 (T

3 = Jim /0 o (i, D)t (1.4)
Here, t is time and 7' is the averaging interval. This interval must be large compared
to the time scale of fluctuations and then ¢ is independent of time. From Eq. 1.3,
it follows that ¢’ = 0. Thus, averaging any linear term in the conservation equations
simply gives the identical term for the averaged quantity. A quadratic nonlinear term

can be expressed by:

wid = (W + uj) (¢ + ¢/) = W + ujd. (1.5)
The velocity and pressure are then expressed by:
u(ws, t) = u(w;) +u' (2, t), (1.6)

p(xi,t) = pla;) + p'(xi, t). (1.7)

Furthermore, the time-averaged velocity u; and p can be solved by the Reynolds-

Averaged Navier-Stokes equation,

Ju;
=0 1.8
o, O 19p 0 ou; o, 9 (ujul;)
— 4 uj— =—— - 1.9
ot Yoz, pom  ox {” (afj * (‘99%)] oz, (1.9)
where 7;; = —puzu’; is the Reynolds stress. Thus, 7;; is a symmetric tensor and

therefore has six independent components. In RANS equations Eq. 1.8 and Eq.
1.9, there are four unknowns of interest, i.e. the averaged pressure p and three

averaged velocity components u. The six Reynolds stress components present six
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extra unknowns in RANS equations. However, since there are only four equations,
including a continuity equation Eq. 1.8 and three momentum conservation equations
Eq. 1.9, the RANS equations are not closed. In order to close the system, additional
equations are required.

A common approach is to model the Reynolds stresses. For example, Boussinesq
hypothesis relates the Reynolds stresses to the mean velocity gradients,

N Ou;  0Ou; 2 Ouy,
puzu] :ut(axj =+ axl ) 3 (,Ok + ot (9$k )5137 ( O)

where u; is turbulent eddy viscosity. The Boussinesq hypothesis is employed in the
popularly used in Spalart-Allmaras model, the k — ¢ models and the k£ — w models,
etc. (Ferziger and Peric, 2012). The advantage of this approach is the relatively low
computational cost associated with the computation of the turbulent viscosity, .
The disadvantage is that u, is assumed as an isotropic scalar quantity, which is not
strictly true (Fluent, 2011).

In the present study, the standard k£ — ¢ model is applied in RANS simulations. k
is the turbulence kinetic energy and e presents the turbulence dissipation rate, which

is defined by,

1—
k= - (1.11)
2
and
ou;, Ou
= Lt 1.12
¢ Val'k &%k ( )

In k£ — e model, k and € are solved by their transport equations:

9 oh) +

9, 9, ok
Py (pku;) = — [(u%—&) —] + G+ Gy — pe — Yy (1.13)

ailfi 81’]- Ok (91’]-

and

O¢ X

0 0 0 e\ Oe € €

Here, G is the production of turbulence kinetic energy due to the mean velocity

gradients, which can be calculated by an exact equation:

G = —puld, 24 (1.15)
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It can also be evaluated in a manner consistent with the Boussinesq hypothesis,
Gr = S? (1.16)
where S is the modulus of the mean rate-of-strain tensor,
S = /2555 (1.17)

Gy in Eq. 1.13 and Eq. 1.14 is the production of turbulence kinetic energy due to
buoyancy and it is usually included when the flow field have both a non-zero gravity

and a non-zero temperature gradient,

pe OT

Gy = 6giP_rt oz,

(1.18)

where Pr; is the turbulent Prandtl number for energy and its default value is 0.85.
g; is the component of the gravitational acceleration in the ith direction. [ is the

coefficient of thermal expansion,

B = _% <g_§:)p (1.19)

Cs¢ in Eq. 1.14 determines the degree to which e is affected by the buoyancy and is

given by the following equation:
v
Cye = tanh H (1.20)
u

where v is the component of the flow velocity parallel to the gravitational vector and

u is the component of the flow velocity perpendicular to the gravitational vector.
Yy in Eq. 1.13 represents the contribution of the fluctuating dilatation in com-

pressible turbulence to the overall dissipation rate, which is only considered in high-

Mach-number compressible flow. This term is modeled by:
Y = 2peM;} (1.21)

where M; is the turbulent Mach number and given by:

k
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where a is the speed of sound.
The constants in Eq. 1.13 and Eq. 1.14 have the following default values (Moukalled
et al., 2016):
Cie =1.44;,C5 = 192,04, =1.0;0. = 1.3

The turbulent viscosity pu; is modeled by:
k2
po = POy (1.23)
where C,=0.09. All constants mentioned above are determined from experiments
with air and water for fundamental turbulent shear flows including homogeneous

shear flows and decaying isotropic grid turbulence (Moukalled et al., 2016).

1.2.2 Large Eddy Simulation

In RANS simulations, only time-averaged flow variables are taken into considera-
tion. However, eddies may affect the flow characteristic significantly. The large scale
motions are generally much more energetic than the small scale ones. Their size and
strength make them by far the most effective transporters of the conserved proper-
ties. Thus, a simulation which treats the large eddies more exactly than the small
ones may be more effective. Large eddy simulation (LES) is just such an approach
(Ferziger and Peric, 2012). Compared to RANS, LES is much more computationally
expensive, but it is more accurate in most cases (Sagaut, 2006).

In LES, a spatial filter is applied to relate the large scale components of the total
field, which is essentially a local average of the complete field. The spatial filter is

used to decompose the flow parameter ¢(x,t) into a filtered part
(%, ) = / G(x, X)b(x — X, £)dx’ (1.24)
and a subgrid scale (SGS) part

QNSSQS(X’ t) = ¢(X7 t) - QNS(X’ t) (1'25)
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where G(x/,x) is the filter kernel. Popularly used filter kernels include Gaussian, box
filter (a simple local average) and cutoff filter (a filter which eliminates all Fourier
coefficients belonging to wavenumbers above a cutoff one) (Ferziger and Peric, 2012).
Every filter has length scale, A. Roughly, eddies of size larger than A are large eddies
while those smaller than A are small eddies, the ones to be modeled (Wilcox, 1998).

The filtered Navier-Stokes equations for incompressible flow can be obtained by

filtering the standard incompressible Navier-Stokes equation,

ou;

=0 1.26

a!)ﬁ'i ’ ( )

7 P _ 29T 1.27

ot T 0z p Ox; * Oz, {V <8xj * 8@)] p Oz, (1.27)
Here,subgrid-scale stress is 7;; = —p(u;u;—1u;a;), which presents additional unknowns.

The subgrid-scale stress contains local averages of the small scale field so models
for it should be based on the local velocity field or, probably, on the past history of
the local fluid. The latter can be accomplished by using a model that solves partial
differential equations to obtain the parameters needed to determine the SGS stress
(Moukalled et al., 2016).

Due to the presence of the subgrid-scale stress, the filtered Navier-Stokes equations
are not closed, so additional equations are required. The most widely used subgrid
model is one introduced by Smagorinsky (Lilly, 1966) (Smagorinsky, 1963), which is

an eddy viscosity model,

1 ou; Oy

ij — 5 ThkOij =
= g = (G 5

) = 20115y (1.28)

where p; is the eddy viscosity and S*Z»j is the fitlered strain rate. The form of the

subgrid-scale eddy viscosity can be derived by dimensional arguments:
= C2pA2)3] (1.29)

where C's is a model parameter to be determined, A is the filter length scale and

S| = 1/5:;5;; (Canuto and Cheng, 1997).
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1.2.3 CFD Flow Solver

There are two types of solver applied in computational fluid dynamic, the pressure-
based approach and the density-based approach. The pressure-based approach is
mainly applied for low-speed incompressible flows, while the density-based approach
is usually used for high-speed compressible flows. However, both methods have been
extended and reformulated to solve for a wide range of flow conditions. (Ferziger and
Peric, 2012).

In both approaches, the velocity field is computed from the momentum equations.
In the pressure-based approach, the pressure field is obtained by solving a pressure
or pressure correction equation which is obtained by manipulating continuity and
momentum equations. In the density-based approach, the density field is extracted
by solving the continuity equation and the pressure field which is obtained by the
equation of state (Moukalled et al., 2016).

Since the flow inside and around the bladeless fan is low-speed and incompressible,
the pressure-based approach is employed in the present study. The pressure-based
solver applies an algorithm which belongs to the projection method. In the projec-
tion method, the constraint of continuity of the velocity field is extracted by solving
a pressure or pressure correction equation (Ferziger and Peric, 2012). The pressure
equation is derived from the continuity and the momentum equations in such a way
that the velocity field, corrected by the pressure, satisfies the continuity. Since the
governing equations are nonlinear and coupled each other, the solution process in-
volves iterations in which the entire set of governing equations is solved repeatedly
until the solution converges. The segregated algorithm and the coupled algorithm are
two types of algorithm for pressure-based solver. In the segregated algorithm, the
governing equations are solved one after another. Since the governing equations are
non-linear and coupled, the solution loop has to be carried out iteratively to obtain

a converged numerical solution (Ferziger and Peric, 2012).
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In the segregated algorithm, the individual governing equations for the variables,
e.g., velocity, pressure, temperature, are solved sequentially. Each governing equation
is decoupled from other equations. The advantage of the this algorithm is memory-
efficient because the discretized equations only need to be stored in the memory one
at a time. However, the solution convergence speed is relatively low because the equa-
tions are solved in a decoupled manner. The procedures of the segregated algorithm
are outlined below (Fluent, 2011):

(i) Update fluid properties accoriding to the current solution.

(ii) Solve the momentum equations sequentially, using the recently obtained values
of flow properties, i.e.,pressure and mass fluxes.

(iii) Solve the pressure correction equation by using the recently updated velocity
field and the mass-flux.

(iv) Correct pressure, velocity field and face mass fluxes by using the pressure correc-
tion obtained from Step (iii).

(v) Solve the equations for additional scalars, including turbulent quantities and en-
ergy, by using the current values of the solution variables.

(vi) Update the source terms arising from the interactions among different phases.
(vii) Check for the convergence of the equations.

(viii) Repeat the above steps until the solution is convergent.

The coupled algorithm is another algorithm for the pressure-based solver. The semi-
implicit pressure-coupled equations are widely used in CFD software. This algorithm
solves a coupled system of equations comprising the momentum equations and the
continuity equation. The procedure of the coupled algorithm is,

(i) Update fluid properties based on the current solution.

(ii) Solve the momentum equations and continuity equation simultaneously.

(iii) Update mass flux.

(iv) Solve the equations for additional scalars, including turbulent quantities and en-
ergy, using the current values of the solution variables.

(v) Check for the convergence of the equations.
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Since the momentum and continuity equations are solved in a coupled manner,
compared to the segregated algorithm, the convergence speed of the solution is im-
proved. However, the shortcoming of this approach is that the memory requirement
increases significantly because the discrete system of momentum and continuity equa-
tions need to be stored in the memory when solving for the pressure and velocity
fields.

In the present study, Semi-Implicit Method for Pressure-Linked Equations (SIM-
PLE) algorithm is used. SIMPLE algorithm is a type of pressure-based coupled
algorithm and was proposed by Patankar and Spalding in 1972 (Patankar and Spald-
ing, 1983). Since the inception of SIMPLE algorithm, it is widely used in CFD and
computational heat transfer and it becomes a main method to solve the problems
of incompressible flows. Subsequently, this algorithm was improved and successfully
applied to the computation of compressible flows.

The fundamental assumption of SIMPLE algorithm is that velocity field and pres-
sure field are independent of each other. Another assumption is that the influence
of velocity corrections at different locations is neglected. The procedure of SIMPLE
algorithm is outlined below (Fluent, 2011):

(i) Assume a velocity distribution to calculate the coefficients and constants of the
momentum equation for the first iteration.

ii) Assume a pressure field.

iii) calculate the coefficients and constants of the discrete equations.

iv) Solve the momentum equation.

(
(
(
(v) Solve pressure-correction equation based on the velocity field.
(vi) Correct pressure and velocity.
(vii) Solve others discrete transport equations.
(viii) Check for the convergence of the equations.

The main idea of SIMPLE algorithm is assumption and correction. Since the
assumption may be not accurate, the obtained velocity field may not satisfy the

continuity equation. Thus, the correction of the pressure field is required. The
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principle of the correction is that the velocity field obtained by corrected pressure field
is able to satisfy the discrete continuity equation. According to this principle, the
pressure and velocity predicted by the discrete momentum equation are substituted
into the discrete continuity equation, then the pressure-correction equation can be
obtained and the correction value of pressure can be computed. The updated velocity
field is able to be calculated by the corrected pressure field. The steps above are

iterated until the velocity field is convergent.

1.3 Principle of Acoustic Simulation

In the present study, aerodynamic noise generated by the bladeless fan is inves-
tigated. Aerodynamic noise refers to the noise caused by air flow or air disturbance
caused by a moving object in the air. There are three types of noise sources of
aerodynamic noise, including monopole, dipole and quadrupole (Kinsler et al., 1999).

Monopole source, also known as pulsating noise source, is caused by uneven mass
or heat inflow into the air. The monopole is like a pulsating sphere, and the wavefronts
which cause sound wave are in the same phase, so the directivity of the monopole is
a sphere. However, the radiation of the monopole has no directivity (Kinsler et al.,
1999).

The dipole source is formed by the unstable reaction between the fluid and the
object when there are obstacles in the fluid. The simplest dipole source consists of
two monopoles with equal strength placed an infinitesimally short distance apart,
operating at the same frequency but always vibrating 180° out of phase with each
other (Kinsler et al., 1999). The vortex shedding at the blade or airfoil trailing edge
is a typical dipole source (Crighton, 1975).

The quadrupole is formed by sound waves radiated by viscous stress, without mass
or heat injection or obstacles in the air. It is one kind of stress sources (Kinsler et al.,
1999). Subsonic turbulent noise is the most common quadrupole source (Crighton

et al., 1992).
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The noise sources of the bladeless fan include noise generated from the motor,
rotating rotor, airflow and vibration of the structure. The noise produced by the
motor is electromagnetic noise and will not be investigated in the present study.
The noise produced by the rotor includes discrete noise and broadband turbulence
noise. The noise generated by airflow is broadband turbulence noise (Schmalz and
Kowalczyk, 2015). Passive noise cancellation method is applied by Dyson fan to
reduce the noise generated from the rotating rotor and 75% noise has been reduced
(Gammack et al., 2012). In the present study, numerical method is employed to
investigate the aerodynamic noise generated from each part of the bladeless fan and
the effect of geometric parameters on airflow noise.

The methods to solve aerodynamic noise include the direct method, aeroacoustic
analogy, and broadband noise source models. In direct method, acoustic equations
are solved directly. This approach has high requirement on mesh, so it is very com-
putationally expensive. Aeroacoustic analogy is based on the transient solution of
flow field to extract sound source and then calculate sound propagation. Broadband
noise source models are based on the steady solution of the flow field to determine
the position of the noise source (Mohamud and Johnson, 2006).

In 1952, Lighthill rearranged the Navier- Stokes equations, which govern the flow
of a compressible viscous fluid, into an inhomogeneous wave equation, thereby making
a connection between fluid mechanics and acoustics. This is called Lighthill analogy
(Powell, 1964) (Lighthill, 1952).

The Navier-Stokes equations for compressible flow are:

dp 0
E + 8@ (pul) =0 (130)
and
0 0 0
5 (Pui) + 5 (puiny) = a—xi(—p% +7i5) (1.31)

where 0;; is the Kronecker delta, and 7;; is the viscous stress tensor.

Based on Navier-Stokes equations above, Lighthill’s equation can be derived:

ix]

0> 0 0
(@ - Cga—;g)) (p—po) = e, [puiuj + (- C%P)fsij - Tij} (1.32)
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Here, the Lighthill stress tensor is introduced and given by,
Tyj = pusuj + (p — cgp)dsj — 7 (1.33)

Each of the acoustic source terms in 7;; plays a significant role in noise generation;
pu;u; describes unsteady convection of flow; 7;; describes sound generated by viscous
forces, and (p — c¢Zp)d;; describes non-linear acoustic generation processes.

The limit of Lighthill analogy is that it can only be used to solve the fluid in
a free space. In 1955, Curle develops Lighthill’s theory so that the analogy is able
to be applied to cases with solid and stationary boundary (Curle, 1955). In Curle’s
analogy, the solid boundary is described by f(x) = 0, and then Heaviside function is
introduced,

1 for x; outside f
H(f) = (1.34)

0 for z; inside f
Apply Heaviside function in Navier-Stokes equations for compressible flow, the

Curle’s equation can be obtained:

0% 9 ( 9H\ 0 ([, 0H\ &
(@ . Coa_ng> [(p— po)H] = ot (puzﬁ_xz) " or; (Tijaxj)—i_axiaxj (T3;H) (1.35)

In 1969, Ffowes Willams and Hawkings extended Curle’s analogy to a more general

Ffowcs Willams and Hawkings (FW-H) equation, which can be used to solve the case
with moving solid boundary (Ffowcs Williams and Hawkings, 1969). When the solid

boundary is moving with U;, 2% = 0. Eq. 1.35 becomes:

ot
0? 5 0%p 0 oH 0 OH
<ﬁ - Coa_ng> [(p = po)H] ot ((P(Uz - U;) + poUi)a—xi) " Oz <Twa—x]) +
82
(1.36)

Farasset and Brentner (Farassat, 2007)(Brentner and Farassat, 2003) developed
the solution of FW-H analogy, in which only the surface integrals are taken into
consideration and quadrupole sources are neglected. Sound pressure can be divided

into thickness noise, p/r(z,t) and loading noise, p} (z, 1), i.e.,

p/(ZL‘,t) :p,T(mj) +plL($’t)> (137)
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and
1 n n
L [ar g
47T f=0 2 T
) (1.38)
1/ pvnrM —i—cM—cM)
am Jr—o r2(1 — M,)3 T’
and
1 [
t — 1 dS
p (x,t) = Arc /f:O [7’<1_Mr)2 ) +
1 I — Ly
— —_— 1.
i /g EE Mm]f (139)
1 l,(rM, + ¢M, — ¢M?
dre Ji—g r(l1—M,)? ’
where
,
T=t——,
Co
Uy = |:Uz' + 2wy - Ui):| ni,
Po
li = Pz-jnj.

In the equations above the variables with a dot are the source time derivatives
of those variable. M denotes the surface velocity vector normalized by the speed of
sound. The subscripts n and r implies the dot product with the unit normal vector

or the unit radiation vector, respectively.

1.4 Motivation for Research

Most of the previous researches focus on circular fans with an aspect ratio of 1.
However, increasing the aspect ratio may improve the aerodynamic performance(Jafari
et al., 2016). In this study, a bladeless fan model with high aspect ratio is investi-
gated. The performance of the bladeless fan is very sensitive to the design details.
Although the effect of slit width and cross-section height on performance has been

investigated previously, their effects on flow structure and influence zones are not
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illustrated. In addition, there were few studies on the influence of geometric param-
eters on acoustic performance and noise source. Thus, the detailed aerodynamic and
aeroacoustic characteristic is presented in this study, which will help the improved

design of the next-generation bladeless fan.

1.5 Research Objective

In the present study, a combined numerical and experimental study is reported.
Steady and transient CFD simulations are used to predict aerodynamic performance
of the bladeless fan. Then, based on transient CFD results, computational aeroa-
coustic method is employed to calculate the noise generated by the bladeless fan and
identify the main noise source. The simulations of the wind channel with different de-
sign are carried out to investigate the influence of geometric parameters on bladeless

fan’s performance.

1.6 Outline of the Thesis

The methodology, including details of numerical simulation and experiments set-
up, is presented in chapter 2. Validation of numerical results is given in section 3.
Chapter 4 illustrates the flow characteristic of the bladeless fan by velocity contours
and velocity profiles. In addition, the effect of geometric parameters on aerodynamic
performance is presented. In chapter 5, aeroacoustic analysis is reported. Sound
pressure level is investigated to evaluate acoustic performance of the bladeless fan.
Similarly, the influence of geometric parameters is investigated. Finally, conclusions

and suggestions of future work are given in chapter 6.
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2. METHODOLOGY

In the present study, both numerical and experimental studies are carried out for a

prototype of a bladeless fan baseline model and its variation.

2.1 Experimental Set-up

In the present study, experiments are conducted to validate the numerical results.
Air velocity measurement is conducted to verify aerodynamic results. The bladeless
fan is placed in the center of a room of 13mx8.5mx6.7m so that the influence of the
surrounding hard wall on the wind generated by the fan can be neglected. A three-
dimensional ultrasonic anemometer (Model DA-600) is used to measure air velocity
at © = 1.5m, illustrated in Fig.2.1(a). A two-dimensional robotic scanner is used to
translate the anemometer to different measurement positions automatically. Figure
2.1(b) shows the 3D anemometer fixed on the scanner. More than 800 measurement
positions are selected. The range along vertical direction Z is from 0.1m to 1.4m with
a resolution of 0.1m; while the range along horizontal direction is from -0.5m to 0.5m
and the resolution is 0.01m. At each position, measurements last 30 seconds and the
sampling rate 1s. The time-averaged velocity components are calculated.

Sound pressure is measured to validate aeroacoustic simulations. The experiments
are conducted in an anechoic chamber in Ray W. Herrick Laboratories of Purdue Uni-
versity. A B&K intensity probe is mounted on the two-dimensional robotic scanner,
as shown in Fig. 2.2(a). The intensity probe (B&K 2270-S), as illustrated in Fig.
2.2(b), is covered by a wind shield to eliminate the effect of the powerful wind. The
sound pressure measurements are conducted at 9 measurement positions. All posi-

tions are located in the center plane (y = 0) of the bladeless fan at three different
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(a) (b)

Figure 2.1. (a) Air velocity measurement set-up. (b) 3D ultrasonic anemometer

heights, z =0.3m, 0.55m and 0.8m, respectively, and their distances away from the
fan is = 0.1m, 0.5m and 1.5m, respectively.

Contours and profiles of the measured velocity are used to validate aerodynamic
results while sound pressure level is employed to verify the aeroacoustic results, which
will be presented in Chapter 3.

To determine the boundary conditions of simulations, air velocity measurement
at wind channel inlet and pressure measurement at the intake are conducted. The
pressure at the fan intake is measured by a digital manometer, as shown in Figure.2.3.
The measured pressure is used to define the boundary condition for the simulations
for the entire fan prototype.

When investigating the influence of the geometric parameters of the wind channel,
the base with rotor and stator are neglected. The mass flow rate at the intake is used
to define the boundary condition. To calculate the inlet mass flow rate, the velocity
magnitude at the wind channel inlet is measured. Figure. 2.4(a) illustrates the

experimental set-up of velocity measurement at wind channel inlet. Two dimensional
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Figure 2.2. (a) Sound pressure measurement set-up. (b) Intensity probe

hotwire anemometer is applied to measure velocity magnitude and the velocity profile

is obtained, which is used as the boundary condition for simulations.

2.2 Geometric Model of the Bladeless Fan

The details of the baseline wind channel is illustrated in Fig. 2.5(a)with a height
and width of 0.76m and 0.17m, respectively. The corresponding aspect ratio is 4.5.
There are five small blocks set near the slit on each side, and the spacing between
each block is 10cm. At the top of the wind channel, a block with 12 perforations is
set on each side so that the air is able to penetrate the block and enter the top part.

The structure of the base is simplified, as shown in Fig. 2.5(b). For the prototype,

there are 12 separated square inlets with perforated patterns. In the simulation,
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Figure 2.3. (a) Pressure measurement at the intake. (b) Digital manometer.

details of the perforated structure are neglected so the inlet is of a cylindrical shape.
Inside the base, only the air handling parts, i.e, the rotor and the stator are taken

into consideration

2.3 Numerical Set-up

The fan prototype is set in a computational domain (4m x 2m X 2m), as shown in
Fig.2.6(a). When characterizing the aerodynamic and aeroacoustic performances of
the bladeless fan, the fan model with rotor and stator in the base is employed. When
investigating the influence of geometric parameters of the wind channel on aerody-
namic and aeroacoustic performance, on the other hand, the motor and impellers
are not included in the simulation. Figure 2.6(b) illustrates the cross-section of the

baseline model with details listed in Table 2.1.
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(a) (b)

Figure 2.4. (a) Velocity measurement at wind channel inlet. (b)
Hotwire anemometer.

Table 2.1. Parameters of the cross-section of the baseline wind channel

Geometric parameter Value

Chord of cross-section, ¢ 12cm
Width of slit, d 2mm
Height of cross-section, H 3cm

Location of slit, xg 1.2cm

The hybrid mesh is generated for each case. At the near field, the unstructured
mesh is applied, while the structured mesh is used at the far field, as shown in Fig.
2.7. The mesh of the cross section of the wind channel is shown in Fig. 2.8(a). Figure

2.8(b) shows the mesh for the rotor.
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Figure 2.5. Schematic of (a) the wind channel, and (b) the base.

Mesh independency test is conducted with four sets of grids, N=4,060,000; 6,320,000;
8,120,000 and 9,680,000, respectively. The streamwise velocity distribution over a ref-
erence line (centerline at =1.5m) is plotted in Fig. 2.9. The results predicted by
grids 6,320,000 do not show evident difference from those obtained by refined grids.

Thus, the subsequent analysis is based on simulations using 6,320,000 grids.

2.3.1 Boundary Conditions

By measuring velocity magnitude by the hotwire anemometer at the wind channel
inlet, a velocity profile is obtained, as illustrated in Fig. 2.10. r is the distance away

from the center of the wind channel inlet. A fitting function is estimated as below,

v(r) = —1.6 x 10** — 2.3 x 10°* + 6.5 x 10°7* — 8.86r + 14.03(0 < r < 0.4m)
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Figure 2.6. (a) Computational domain and boundary conditions. (b)
The cross-section of the wind channel (d: slit width; H: cross-section
height; ¢: chord length; x: slit location)

Based on the fitting function, mass flow rate at inlet is calculated, Q;uer = 0.11kg/s.
When investigating the effect of the geometric parameters of the wind channel, the
inlet mass flow rate is defined as the inlet boundary condition.

In the case with rotor and stator in the base, since the rotating speed of the rotor
is specified, w = 8480RPM, then pressure boundary condition, p;,.;=-41.56Pa, is

defined at inlet, which is determined by the measurement via the manometer.
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Figure 2.7. Mesh of (a) computational domain, and (b) center plane.

No-slip conditions are presented to the fan’s wall and the floor of the computa-
tional domain. The side and top surfaces of the computational domain are defined as

pressure outlet with zero gauge pressure.
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(b)

Figure 2.8. Mesh of (a) cross-section of the wind channel, and (b) the rotor.

2.3.2 Turbulence Model

There are low-speed flow regions in the flow field of the bladeless fan, in which
the viscous force can not be neglected, so the viscous model is applied in the present

study.
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In the flow field of the bladeless fan, there are two high-speed flow regions, which

are located at the slit and the rotating rotor, respectively. At the slit, the maximum

velocity is 24m/s and the temperature is 26.2°C. The corresponding Mach number is

0.07, which is less than 0.3. Thus, the flow field of the bladeless fan can be regarded

as incompressible flow.

The velocity at the intake is also measured. At the intake, the mean velocity is

2.1m/s. The Reynolds number at the intake and the slit are calculated by:

_ pul
L

Re

(2.1)
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Figure 2.10. Velocity profile at the wind channel inlet

where p is air density, L is the characteristic length, and p is the dynamic viscosity
of the air. The density and the dynamic visocisity of the air are 1.184kg/m? and
1.849%x107°kg/(m-s). At the slit, the characteristic length is the slid width, d =2mm.
At the intake, the characteristic length is the width of the intake, D=5cm. Therefore,
the Reynolds number at the slit and the intake are 3073 and 6723. Both of them are
larger than 2300, so the flow field of the bladeless fan is turbulent flow.

In the present study, k — e turbulence model is applied for steady field and
Smagorinsky-Lilly model is used for Large Eddy Simulation.

2.3.3 Simulation Solver Set-up

In the present study, openFoam is employed to run simulations. When studying
the influence of the geometric parameters of the wind channel, SIMPLE algorithm is

implemented via simpleFOAM solver in openFoam for simulations of flow through the
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wind channel. This solver is widely used in steady-state solution for incompressible
flow (Moukalled et al., 2016). Gradient schemes of velocity and pressure are both
defined as Gauss linear. As for the divergence scheme, bounded Gauss upwind is
used. For each case, the steady RANS simulation is carried out first until it is con-
verged. Then, LES is carried out with the time step of 10~*s. The highest frequency
investigated is 5000Hz. LES is carried out for 20s and the flow data, i.e. velocity and
pressure, from 4s to 20s are exported for post-processing.

When investigating the performance of the entire fan prototype, the rotating im-
peller is included. Thus, an incompressible combined transient SIMPLE-PISO algo-
rithm is applied by the pimpleDyFoam solver in openFoam. This algorithm allows to
use large time step and meanwhile provide high stability (Issa, 1986). Similar to the
steady state, Gauss linear is used for gradient schemes and bounded Gauss upwind
is used for divergence schemes. For each case, unsteady RANS simulation with the
time step of 4 x 107°s is carried out for 1s. The corresponding rotation angle of the
rotor is 2°. After the URANS simulation is converged, LES is carried out for 15s with
the time step of 4 x 107°s. The flow data from 5s to 15s are exported for further
post-processing.

LibAcoustics in openFoam is employed to calculate the sound field around the
bladeless fan. FW-H analogy is applied and Formulation 1A derived by Farassat (?)
is used to solve FW-H equation. When investigating the aeroacoustic performance of
the bladeless fan, the entire fan and the floor are defined as the noise sources. When
studying the influence of the geometric parameters of the wind channel, only the wind

channel of the bladeless fan and the floor are considered as the noise sources.

2.4 Investigated Geometric Parameters

In this study, the effect of four geometric parameters on performances of the
bladeless fan is investigated. The first parameter is the width of slit. As shown in

Fig. 2.11, the widths of the slit are 1.5mm, 2.0mm, 2.5mm and 3.0mm, respectively.
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The corresponding non-dimensional width, d/c, are 1.25%, 1.67%, 2.08% and 2.50%,
respectively. The airfoil profile, height of cross-section and the location of the slit are

identical for all cases, the same as the one for the baseline model.

d= 1.5mm, 2mm, 2.5mm, 3mm

—_—
—_—

N\ N\

Figure 2.11. Cross-section of the wind channel with the slit width of
1.0mm, 2mm, 2.5mm and 3mm.

F ey

The second parameter is the height of cross-section. The heights of 2cm, 3cm,
4cm and bem are considered, as shown in Fig. 2.12; and the corresponding non-
dimensional heights H/c are 16.7%, 25.0%, 33.3% and 41.7%, respectively. In these
four cases, the width of slit is 2mm and the slit is located at 10% of the chord.

<

Figure 2.12. Cross-section of the wind channel with distinct heights
(a) 2cm, (b) 3cm, (c) 4cm and (d) 5cm.

The effect of the slit location is also investigated. The cross-section with locations
of slit of 5%, 10%, 15% and 20% of chord are designed in Fig. 2.13. The performances

of airfoil profiles for the wind channel are compared to the baseline model. The three
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airfoil profiles, NACA0015, CLARK YM-15 and EPPLER 478, are studied. For all
cases, the slit with a width of 2mm is located at 10% of chord and the height of

cross-section is 3cm, as shown in Fig. 2.14.

(a) (b)

G T

() (d)

Figure 2.13. Cross-section of the wind channel with distinct locations
of slit (a) xo/c = 5%, (b) zo/c = 10%, (¢) zo/c = 15% and (d)
xo/c = 20%.

Figure 2.14. Cross-section of the wind channel with different airfoil
profiles: (a) NACA0015, (b) Clark YM-15, (c) Eppler 478 and (d)

Baseline.
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3. VALIDATION OF SIMULATION RESULTS
3.1 Aerodynamic Result Validation

Air velocity along x direction is measured to validate the numerical simulation.
The numerical results from the baseline model are compared with experimental data.
Figure 3.1 illustrates x velocity contour at x = 1.5m. The numerical simulation is
able to predict the position of the influence zone and peak velocity accurately, but the
shape of the influence zone obtained by CFD and experiment are not exactly the same.
In order to present the comparison further, two reference lines are defined as shown
in Fig. 3.2. As illustrated in Fig. 3.3(a), the peak x velocity and the position where
the peak velocity occurs obtained by CFD and experiments are in a good agreement.
However, at the lower height, x velocity predicted by numerical simulations are larger
than that measured in experiments and LES result is much closer to experimental
results. Fig. 3.3(b) shows x velocity profile along the horizontal reference line. The
numerical results match with experimental result precisely. In general, numerical
method applied in the present study is able to predict aerodynamic performance of

the bladeless fan accurately.

3.2 Aeroacoustic Result Validation

The sound pressure level at near field and far field are calculated from the LES
results. Figure 3.4 shows two defined receivers. Both of them are located at z = 0.8m,
and the distance from the bladeless fan is 0.1m and 1.5m.

Figure 3.5(a) illustrates the sound pressure level at near field obtained by numer-
ical simulations and experiments. At all frequencies, sound pressure level calculated

by numerical method is lower than that measured in experiments, especially between
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Figure 3.1. X velocity contour at x = 1.5m obtained by: (a) LES
(averaged from t=5s to 15s), (b) RANS, (c¢) experiment
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Figure 3.2. (a) Reference line along vertical direction. (b) Reference
line along horizontal direction

3800Hz and 5000Hz. Since structure vibration is not considered in simulations, then

mechanical noise generated by the vibration is not included in numerical results. In



1.4 —s— Experiment

=~ CFD

Z (m)

: : —
1.0 1.5 2.0 25 3.0 35 4.0
X velocity (m/s)

(a)

0.3 4 | \ -
\\'\\.\!\\-\ —s=— Experiment
s --—--CFD

024 =
014
1S
=~ 004
>—
0.1 -
_02 -
0.3- I
T

1

T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
X velocity (m/s)

(b)

Figure 3.3. (a) Velocity distribution along the horizontal reference
line. (b) Velocity distribution along the vertical reference line.
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this case, the rotating speed of the rotor is 8480rpm, so the corresponding blade pas-
sage frequency is 1272Hz. In numerical result, a signature peak can be observed at
1252Hz. Thus, the blade passage frequency is able to be predicted by Ffowcs Williams
and Hawkings model at near field.

At far field, as shown in Fig. 3.5(b), sound pressure level predicted by Ffowcs
Williams and Hawkings model is still lower than experimental data and the difference
is approximately 5dB at lower frequencies. It is caused by the lack of noise generated
by mechanical vibration in simulations.

In general, the difference between the numerical and experimental results is ac-

ceptable.

7 4
X
x=0.1m xX=1.5m
o
° e z=0.80m

<«— Wind channel

l l,, Base cavity

\

Floor

Figure 3.4. Two receivers at near field and far field
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Figure 3.5. (a) Sound pressure level at near field. (b) Sound pressure
level at far field.
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4. AERODYNAMIC PERFORMANCE
4.1 Flow Characteristic

To characterize the aerodynamic performance of the bladeless fan, averaged flow
data is calculated by LES results from the flow time of 4s to 15s. Three height
levels are selected to investigate the development of the flow outside the bladeless fan,
including z = 0.3m, z = 0.55m, z = 0.8m, as shown in Fig. 4.1. z = 0.3m corresponds
to the height of the bottom of the wind channel, and z = 0.8m corresponds to the
location of the beginning of the arch part of the wind channel. Mean x velocity

contours over these three planes are generated, as shown in Fig. 4.2.

z=0.8m
z=0.55

z=0.3m

Figure 4.1. Planes at 2z = 0.3m, z = 0.55m and z = 0.8m

Fig. 4.2(a) illustrates that there is a hotspot at the center of the wind channel.
With the increase of the height, the flow at near field is divided into two jets and x
velocity becomes lower. However, the region of the influence zone becomes larger, as
shown in Fig. 4.2(b) and Fig. 4.2(c).

To investigate the flow structure outside the bladeless fan, streamlines around the
baseline model are plotted using averaged velocity. As shown in Fig. 4.3(a), the
outflow at far field of the bladeless fan consists of the air blown out from the slit

of the wind channel and entrained from the back and side of the fan. Figure 4.3(b)
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Figure 4.2. X velocity contours at (a) z = 0.3m, (b) z = 0.55m, and (c) z = 0.8m
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illustrates the flow direction. As the air goes away from the fan, it moves upwards
simultaneously.

Furthermore, velocity profiles on both the horizontal and vertical directions at
different distances away from the bladeless fan are illustrated. Figure 4.4(a) shows
the velocity profiles on horizontal direction at height z = 0.8m. It is found at the
near field, z = 0.1m, the flow is formed by two jets. As far away from the fan, the
two jets start to merge, forming a flow similar to a single jet at x = 0.5m.

Velocity distribution along the vertical direction is shown in Fig. 4.4(b). At near
field, there are two separated jets at the top and the bottom of the annular wind
channel. As the distance away from the fan increases, similar to the velocity profile
along horizontal direction, the two jets merge and form a single jet. At far field, the
velocity at lower height is very low, forming a low energy region. It agrees with the

results reported in (Li et al., 2016).

4.2 Influence of the Geometric Parameters of the Wind Channel

To illustrate the influence of the geometric parameters on the performances of the
bladeless fan, several reference planes are defined, as shown in Fig. 4.5. Reference
plane 1 is the central XZ plane y = Om). Reference plane 2 is a XY plane (z = 0.8m).
Reference plane 3 and 4 are two YZ plane (x = 1.5m and —0.5m, respectively).
Streamwise averaged velocity, u,, at * = 1.5m is used to evaluate aerodynamic per-
formance. Non-dimensional velocity, w, /winer, is calculated, where w;,e; is the mean
velocity at inlet (u;ner = 2.5m/s). In addition, mass flow rates at inlet, Q;ner, and the
reference planes located at reference plane 3 and reference plane 4, Qpeer and Qorar,

are estimated. Then, the ratios of mass flow rate are defined by

Qtotal
M, = , 41
' Qinlet ( )
and

B Qinlet .



(b)

Figure 4.3. Streamline of the averaged flow field (a) over horizontal
plane (z = 0.8m) and (b) in the central vertical plane (y = Om)
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Figure 4.4. Profiles of the averaged velocity (x component) at different
downstream location (a) over horizontal plane (z = 0.8m) and (b) in

the central vertical plane (y = Om)
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Reference plane 3
Reference plane 4 Reference plane 1

Reference plane 2

Figure 4.5. Schematic of the reference planes

4.2.1 Effect of the Slit Width

The first investigated parameter is the width of slit. The mean x velocity contours
at = 1.5m with different slit width are illustrated in Fig. 4.6. It is shown that with
the decrease of the slit width, the height of the influence zone becomes lower. For
the bladeless fan with slit width of 3mm (d/c = 2.5%), the center of influence zone is
located at z = 1.1m, which is higher than the fan, while for the bladeless fan with slit
width of 1.5mm (d/c = 1.25%), the center of the influence zone moves downwards to
z = 0.6m, which is close to the center of the wind channel, more suitable for household
appliances. Furthermore, by narrowing the width of slit, u, increases. The velocity
profiles at different distances away from the bladeless fan is illustrated in Fig. 4.7.
The flow structure for each case are similar. At near field of the fan, the flow is formed
by two jets. As far away from the fan, the two jets start to merge, forming a flow
similar to a single jet-flow. In addition, at x = 1.5m, with the decrease of slit width,
both the peak value of x velocity and the range of influence region increase. Figure

4.8 presents the ratio of mass flow rate against the slit width. With the decrease of



48

X velocity (m/s) X velocity (m/s)

() (d)

Figure 4.6. Mean x velocity contour at x = 1.5m (a) d/c = 1.25%,
(b) d/c =1.67%, (c) d/c =2.08% and (d) d/c = 2.50%.

the width, the ratio of mass flow rate becomes larger. In the case of the narrower
slit, the outflow velocity is larger and greater pressure gradient is produced, so more
air is entrained from back and side. Moreover, for all cases, M; is always much larger
than M,, suggesting the main increase of mass flow rate is due to the entrainment

from side instead of from back.
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Figure 4.7. Velocity profile along horizontal direction with different slit widths
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Figure 4.8. Ratio of mass flow rate for different slit widths
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4.2.2 Effect of the Cross-sectional Height

The effect of the height of the cross-section is also studied. By changing the height
of cross-section, the curvature of wind channel surface is changed, which influences
the Coanda effect. Thus, the aerodynamic performance of the bladeless fan will be
affected. X velocity contours for different height of cross-section are illustrated in
Fig. 4.9. The shape of the velocity contour predicted by the cross-sectional height of
H/c=16.7% is totally different from the other three cases. Furthermore, X velocity
at far field of this case is smaller than the cases with thicker cross-section. Mean x
velocity profiles along the reference lines are indicated in Fig. 4.10, showing similar
flow structures. At x = 1.5m, the case with H/c = 33.3% has the largest maximum x
velocity and the widest influence zone. The ratio of mass flow rate is also calculated,
shown in Fig. 4.11. The wind channel with H/c = 33.3% yields the largest ratio of
mass flow rate. The possible reason is that for the thinner cross-section, the upper
surface is so flat that the Coanda effect, which requires a convex surface near the jet,
is not evident. However, for the cross-section with too large height, the air entrained

from back is blocked. Thus, H/c = 33.3% has the best aerodynamic performance.

4.2.3 Effect of the Slit Location

The effect of the slit location on performances is also studied. Figure 4.12 illus-
trates the shape of the influence zone obtained by xq/c=5% is totally different from
the ones of other three. In this case, the slit is very close to the leading edge, the
angle between the direction of jet flow and the streamwise direction is large, and the
jet is far away from the convex surface so that the Coanda effect is not significant.
As shown in Fig. 4.13, at far field, the influence zone of xo/c = 5% is wider than
other cases, but the peak value of x velocity is much lower. As the slit moves closer
to the location of the airfoil maximum thickness, ratios of mass flow rate increase, as

shown in Fig.4.14, due to the enhanced Coanda effect.
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Figure 4.9. Mean x velocity contour at = 1.5m (a) H/c = 16.7%,
(b) H/c =25.0%, (¢) H/c=33.3% and (d) H/c = 41.7%.
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Figure 4.11. Ratio of mass flow rate for different cross-sectional height
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Figure 4.12. Mean x velocity contour at x = 1.5m (a) zo/c = 5%, (b)
xo/c = 10%, (¢) xo/c = 15% and (d) zo/c = 20%.
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Figure 4.13. Velocity profile along horizontal direction with different
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Figure 4.14. Ratio of mass flow rate for different locations of the slit

4.2.4 Effect of the Profile of the Cross-section

Figure 4.15 shows mean x velocity contours for different cross-sectional profiles.

Although the maximum x velocity obtained by the cross-sectional profile of CLARK
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YM-15 is the largest, the area of the influence zone is smallest. For a household fan,
this feature may cause discomfort for users. For other three cases, the shape and
the region of the influence zone are similar, and the x velocity obtained by EPPLER
478 is largest. Figure 4.16 illustrates streamwise velocity profile obtained by the
bladeless fans with different airfoil profiles of wind channel cross-section. It shows
similar phenomenon observed from velocity contours. The fan with the cross-sectional
profile of CLARK YM-15 has the largest peak velocity and smallest influence zone.
It indicates that the flow field produced by this case is not uniform. For the other
cases, the velocity profiles are similar while EPPLER 478 gives the largest maximum
streamwise velocity. However, compared to other geometric parameters, changing
airfoil profile of cross-section has less impact on aerodynamic performance of the
bladeless fan, because the ratios of the mass flow rate obtained by different profiles

of cross-section do not change significantly (Fig. 4.17).

4.3 Summary

In this chapter, using the LES results, aerodynamic performance of the bladeless
fan is characterized and the effect of the wind channel’s geometric parameters is stud-
ied. The investigated geometric parameters include the slit width, the height of the
cross-section, the location of the slit and the profile of the cross-section. X velocity
contours, velocity profile and streamlines are used to characterize the aerodynamic
performance of the bladeless fan. The main discoveries include:

i) With the increase of the height, the wind outside the fan becomes less powerful,
but the region of the influence zone becomes larger.

ii) The flow outside the bladeless fan consists of the air blown out from the wind
channel and entrained from the back and side of the fan. As the air moves away from
the fan, it moves upwards at the same time.

iii) From the horizontal view, the flow near the bladeless fan are formed by two sep-

arated jets. The two jets merge to a single jet along the downstream direction.
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Figure 4.15. Mean x velocity contour at = 1.5m (a) NACA 0015,
(b) Clark YM-15, (¢) EPPLER 478 and (d) Baseline.
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Figure 4.16. Velocity profile along horizontal direction with different
profiles of the cross-section
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Figure 4.17. Ratio of mass flow rate for different profiles of the cross-section

iv) From the vertical view, at near field, two jets are located near the slit. As the
distance away from the fan increases, the two jets merge to a single one. And at the
far field, there is a low energy region at the lower height.

v) The results for slit width of 1.5mm, 2mm, 2.5mm, and 3mm, indicate that with
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the decrease of the slit width, both mean x velocity and the ratio of mass flow rate
increase.

vi) The results for the height of cross-section of 2cm, 3cm, 4cm, and 5¢m, shows that
the bladeless fan with the height of cross-section of 4cm has optimal aerodynamic
performance.

vii) As the slit moves closer to the location of the maximum airfoil thickness, aero-
dynamic performance of the bladeless fan is improved.

viii) The wind channel with the cross-sectional profile of Eppler 478 has the best
aerodynamic performance. Aeroacoustic performances of the fan with different cross-
sectional profile are similar. Comparing to other geometric parameters, the profile of
cross-section has insignificant influence on aerodynamic performance of the bladeless

fan.
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5. AEROACOUSTIC PERFORMANCE

In the present study, sound pressure level is used to evaluate the aeroacoustic perfor-
mance of the bladeless fan. Pressure fluctuation in the time domain, p(¢), is obtained
from LES results. The power spectral density of sound pressure, |p(f)|, is calculated
by Fast Fourier Transform. The sound pressure level is calculated by

SPL:101og(|1;(f)|)2 (5.1)
ref

where p,.; = 20puPa. In some results shown below, A-weighting is applied. The
function of A-weighting, A(f) is,

121942 . f4
(f2 4 20.62)(f2 + 121042)/f2 4 107.72(f2 4 737.92)

A(f) = (5.2)

5.1 Aeroacoustic Characteristic of the Bladeless Fan
5.1.1 Noise Source Analysis

To find the predominant noise source, a noise source analysis is conducted. The
definition of the noise sources and the receivers are shown in Fig. 5.1. The receiver
at near field is located at x = 0.1m, y = Om, z = 0.8m. The receiver at far field is
located at z = 1.5m, y = Om, z = 0.8m. Four possible noise sources are investigated,
including the wind channel, the base cavity, the rotor and stator inside the base and
the floor.

Figure 5.2(a) illustrates the contribution sound pressure level from different parts
at near field. It is indicated that the noise produced by rotor and stator is predom-
inant. The wind channel is the second main source and the noise generated by the
floor is lowest. As for the noise at far field, as shown in Fig. 5.2(b), the rotor, stator

and the wind channel are still two dominated noise sources. However, the noise pro-
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duced by the base cavity decreases significantly, even lower than that generated by

the floor.
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Figure 5.1. The definition of the noise sources and the receivers

5.1.2 Directivity Analysis

To further analyze on the noise around the bladeless fan, the sound pressure level
at the front, back, right and left sides are calculated, and the locations of the receivers

at the four sides are illustrated in Fig. 5.3(a).
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Figure 5.3. (a) Receivers on the front, back, right and left sides of the
bladeless fan. (b) Receivers along circumferential direction

The sound pressure level on these four sides is shown in Fig. 5.4. At near field,
the generated noise at the front and the back are larger than that at left and right,
and the noise at the front is largest, as illustrated in Fig. 5.4(a). At the front side
of the bladeless fan, the air blown out from the slit of the wind channel results in a
large flow fluctuation and forms a turbulent mixing layer at the center plane of the
bladeless fan. Thus the large pressure fluctuation causes a louder noise. At the back
of the wind channel, the entrained air is relatively steady compared to that at the
front, so the noise at the back is lower. At the left and right of the wind channel, the
flow is more steady, so the noise level at the side is lowest. The sound pressure level

at far field is presented in Fig. 5.4(b). The noise generated at the front is largest
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and the difference of sound pressure level between the front and other three sides is
approximately 10dB. At far field, the receiver at the front is located at the influence
region where the pressure fluctuation is large. Therefore, the noise level at the front
is much larger than the other three sides.

For the present case, the rotating speed of the rotor is 8480rpm and the number of
the blades on the rotor is 9, so the corresponding blade passage frequency is 1270Hz.
In Fig. 5.4(a), a signature peak can be identified at around 1300Hz. Therefore,
the blade passage frequency can be predicted accurately by the current simulation
method.

To analyze the noise directivity of the bladeless fan further, receivers are also
set up along the circumferential direction. Six height levels, z = 0.3m, 0.4m, 0.5m,
0.6m, 0.7m and 0.8m, are selected. In addition, two radial distances are chosen.
The receivers located at r = 0.155m are used to analyze the noise at near field,
while those located at » = 1.055m are for far field. On each height and radial
distance, the azimuthal resolution of the receivers is 2°. The schematic of the receivers
is shown in Fig. 5.3(b). To aviod the confusion in the figure, only receivers on
three heights, z = 0.3m, 0.5m, 0.7m and at eight circumferential locations, ¥ =
0°,45°,90°,135°,180°, 225°,270°, 315°, are illustrated.

The sound pressure level at each receiver is calculated. Figure 5.5 illustrates the
sound pressure level at near field. At each height level, the signature hotspot appears
near 1300Hz, which corresponds to the blade passage frequency. With the increase
of the height, two separated hotspots around 4000Hz appear. The value of sound
pressure level at these two hotspots increases as the height increases. z = 0.3m
corresponds to the bottom of the wind channel, the flow near the wind channel is a
single jet. As the height increases, the flow divides into two separated jets. Thus, we
can believe the two hotspots in sound pressure level contours correspond to the jets.
The louder noise around 4000Hz may be caused by the turbulent jet at the near field.

Figure 5.6 shows the sound pressure level contours at » = 1.055m. At far field, the

peak at blade passage frequency cannot be identified. With the increase of height, the
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sound pressure level increases. Since the influence zone at far field is at approximately

2z =0.7Tm to z = 0.8m, the generated noise in this region is larger.

5.2 Influence of the Geometric Parameters of the Wind Channel

Similar to the investigations on aerodynamic performance, the influence of four
parameters, the slit width, the height of the cross-section, the slit location and the
profile of the cross-section is investigated.

As shown in Fig. 5.7, the pattern of sound pressure level for different designs of
the wind channel are similar. Figure 5.7(a) shows the sound pressure level of different
slit width. It is illustrated that with the decrease of the slit width, the noise generated
by the fan increases. It matches with the changing tendency of x velocity. Figure
5.7(b) shows the sound pressure level obtained by the wind channel with different
cross-sectional height. It is reported that the worst design exists. The wind channel
with cross-sectional height of H/c = 33.3% generates the highest noise level. The
effect of the slit location is presented in Fig. 5.7(c). It is indicated that the generated
noise increases with increased zo/c. It means as the slit moves to the trailing edge,
the noise level produced by the wind channel becomes higher. The influence of the
cross-sectional profile is shown in Fig. 5.7(d). The sound pressure levels obtained
by the wind channel with different cross-sectional profiles are almost identical, which
implies the profile of wind channel’s cross-section has little impact on the aeroacoustic

performance.

5.3 Summary

In this chapter, aeroacoustic performance of the bladeless fan is predicted by
solving Navier-Stokes equations and Ffcows-Williams and Hawkings equation. Noise
source analysis and noise directional analysis are conducted. In addition, the influence
of the wind channel’s geometric parameters is investigated. Main discoveries include:

i) The rotor and stator inside the base are the predominated source of the noise
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generated by the bladeless fan. The wind channel is the secondary source.

ii) At near field, the produced noise at the front and the back of the bladeless fan are
louder than those at left and right; at far field, the noise at the front is much larger
than the other three sides.

iii) At near field, the peak at the blade passage frequency is predicted accurately.
Another peak is obtained around 4000Hz.

iv) With the increase of the height, two separated jets appear over 4000Hz and the
sound pressure level at these two hotspots increase.

v) At far field, the noise distribution at different heights are similar. The peak at
blade passage frequency cannot be predicted, but the peak near 4000Hz is still able
to be estimated.

vi) The noise generated by the bladeless fan is very sensitive to the geometric details of
the wind channel. With the decrease of the slit or as the slit moves to the trailing edge,
the noise increase significantly; The wind channel with the cross-sectional height of
4cm generates the loudest sound; Noise generated by the wind channel with different

profiles of the cross-section are very similar.
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6. Conclusions

The main purpose of the present study is to characterize the aerodynamic and aeroa-
coustic performances of the bladeless fan. Also, the effect of the wind channel’s ge-
ometric parameters on the performances is investigated. Reynolds-Averaged Navier-
Stokes approach and Large Eddy Simulation are employed to compute flow field inside
and outside the bladeless fan; Ffowcs Willams and Hawkings model is used to predict
noise generated by the bladeless fan.

When characterizing the aerodynamic and aeroacoustic performances of the blade-
less fan, the entire fan prototype, including wind channel, base, rotor and stator, is
adopted. When investigating the influence of the wind channel’s geometric parame-
ters, only wind channel is considered in simulations. Velocity contour, velocity profile,
streamlines and ratio of mass flow rate are used to evaluate aerodynamic performance
of the bladeless fan; Sound pressure level is used to evaluate aeroacoustic performance.
The major discoveries include:

i) The flow outside the bladeless fan consists of the air blown out from the wind
channel and the one entrained from the back and side of the fan. The air entrained
from the side is the main source of the flow rate increase. As the air goes away from
the fan, it moves upwards simultaneously.

ii) With the increase of the height, the wind outside the fan becomes less powerful,
but the region of the influence zone becomes larger.

iii) From the horizontal view, the flow near the bladeless fan is formed by two sepa-
rated jets. As far away from the fan, the two jets merge to a single jet.

iv) From the vertical view, at near field, two jets are located near the slit. As the
distance away from the fan increases, the two jets merge to a single one. At the far
field, there is a low energy region at the lower height.

v) The rotor and stator inside the base are the predominant source of the aerodynamic
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noise generated by the bladeless fan. The wind channel is the secondary source.

vi) At near field, the produced noise at the front and the back of the bladeless fan are
louder than those at left and right; at far field, the noise at the front is much larger
than the other three sides.

vii) With the increase of the height, two separated peaks appear over 4000Hz and the
sound pressure level at these two hotspots increase, which is caused by the turbulent
jet at near field.

viii) With the decrease of the slit width, both x velocity and the ratio of the mass
flow rate increase. However, the generated noise level increases at the same time.

ix) The bladeless fan with the height of cross-section of 4cm has optimal aerodynamic
performance. Also, it generated the highest noise level.

x) As the slit moves closer to the location of the maximum airfoil thickness, aero-
dynamic performance of the bladeless fan is improved and the generated noise level
increases.

x) The wind channel with the cross-sectional profile of Eppler 478 has the best aero-
dynamic performance. Aeroacoustic performances of the fan with different cross-
sectional profile are similar. Comparing to other geometric parameters, the profile of
cross-section has little influence on performances of the bladeless fan.

In the present study, the aerodynamic and aeroacoustic performances of a bladeless
fan prototype are characterized, and the influence of the geometric parameters of the
wind channel is investigated. The results will be used to optimize the design of Midea
new generation bladeless fan.

In the present study, the wind strength is the only criteria to evaluate the aero-
dynamic performance of the bladeless fan. However, in reality, the uniformity and
steadiness of the wind may affect the comfort level experienced by the users. Thus,
a general criterion needs to be come up with to evaluate the aerodynamic perfor-
mance. According to the conclusions above, the noise level always increases with
the increase of the wind strength, so when designing a bladeless fan, a compromise

between aerodynamic performance and noise generation needs to be considered.
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When investigating the influence of the wind channel’s geometric parameters on
the performances, the base, the rotor and stator are not considered. In future work,
the entire fan prototype should be adopted to study the effect of the geometric pa-
rameters. Furthermore, more geometric parameters should be studied, such as the

outlet angle and the aspect ratio of the wind channel.
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