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ABSTRACT

Axial ventilation fans are used to improve the air quality, remove contaminants, and to
control the temperature and humidity in occupadas. Ventilation fans are one of the
most harmful sources of noise due to their close proximity to occupied areas and
widespread use. The prolonged exposure to hazardous noise levels can lead-to noise
induced hearing loss. Consequently, there is a akitieed to reduce noise levels from
ventilation fans. Since fan noise scales with thétht power of the fan tip speed,
minimizing the fan tip speed and optimizing the duct geometry are effective methods to
reduce fan noise. However, there is a tradeofiveen reducing fan speed, noise and
aerodynamic efficiency. To this end, a new innovative comprehensive optimum design
methodology considering both aerodynamic efficiency and noise was formulated and
implemented using a multibjective genetic algorithm.HE methodology incorporates a
control vortex design approach that results in a spanwise chord and twist distribution of the
blades that maximize the volumetric flow rate contribution of the outer radii, i.e. the axial
flow velocity increases from the famih to the tip. The resulting blade geometry generates

a given volumetric flow rate at the minimum fan tip speed. The fan design is complemented
by the design of the optimum inlet duct geometry to maximize volumetric flow rate and
minimize BL thickness folow noise generation. Good agreement with experimental
results validates the design process. The present study also incorporatesemeltit
airfoils to further increase the aerodynamic characteristics of the fan blades and enable
lower fan speeds andise. Good agreement between experiments and predictions indicate
that traditional blade element momentum methods can be implemented in conjunction with
multi-element airfoil aerodynamic characteristics with good accuracy. A direct comparison
of fans desigad with single and mukgelement airfoils has shown that fans designed with
multi-element airfoils aerodynamically outperform single element airfoil fans.
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GENERAL AUDIENCE ABSTRACT

Axial ventilation fans are widely used to improve the air quality, remove contaminants,
and to control the temperature and humidity in occupied areas. However, high noise levels
from ventilations fans are a harmful source of noise that eaah fo irreversible noise
induced hearing loss. Therefore, this work addresses a critical need for quiet and efficient
ventilation fans. To this end, a new innovative comprehensive optimum design
methodology considering both aerodynamic efficiency andeneiss formulated,
implemented, and tested. The methodology optimizes the fan geometry to maximize the
volumetric flow rate and minimize noise. The fan design is complemented by the design
of the optimum inlet duct geometry to increase the volumetric faderand minimize BL
thickness for low noise generation. Good agreement with experimental results validates the
design process. The present study also incorporates-etarttient airfoils to further
increase the aerodynamic characteristics of the fan bldddsect comparison of fans
designed with single and mukiement airfoils has shown that fans designed with multi
element airfoils aerodynamically outperform single element airfoil fans.
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CHAPTER 1

1l ntroducti on and mot

According to the Natinal Institute for Occupational Safety and Health (NIOSH), poor air quality
due to insufficient air flow and accumulated air contaminants can create a hazardous working
environment for exposed workers. Poor air quality often occurs when working in confined
enclosed spaces with poor air circulation. When these conditions exist, the use of ventilation fans
is necessary to provide a healthful and safe working environf@StA, 2013) Consequently,
ventilation fans are used widely across different industries to improve the air quality, remove

contamnants, and to control the temperature and humidity in the working areas.

For ventilation fans to be the most effective, they need to be in close proximity to the working
areas. Consequently, loud ventilation fans are one of the most harmful sourdse diiedo their
proximity to the workers. Long term exposure to harmful noise levels can lead to irreversible
hearing damage, i.e. noiseduced hearing loss (NIHL). Consequently, NIOSH has stablished
recommended standards to regulate the exposure lofriige levels and prevent NIHL. The
NIOSH recommendation is an exposure limit for occupational noise of 85 decibélsjghted

8-hour time weighted average (TWA). It is also important to note that in the calculation of the
TWA, the recommended exchangee is 3dB. Therefore, for a 3dB increase in the noise levels,
the time of exposure must be halved. Consequently, if the 85 dBA as an 8 hour TWA is exceeded,
the use of all administrative controls must be used to ensure noise levels are reduced or the
expasure time is reduced.he short term exposure to high noise levels is also hazardous as it
creates physical and psychological strégsrease job performanand contribute to workplace

accidents and injuries from difficulty to hear warning sigitiis et al., 2012)

Due to future climate change, the demandafaal fans is expected to increase as the demand for
cooling will exceed the demand for heatifigabriet et al., 2013)Consequentlythe European

Union introduced regulations on the minimum efficiency of ventilation fans in 2013 in an effort to
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reduce CO2 emissions. The Commission Regulation (EU) No 327/2011 limits the minimum
efficiency of fans driven by motors with an electric inpatver between 125W and 500kW
(Council, 2011) Consequently, quiet operation and ahheégerodynamic efficiency are becoming
increasingly important when selecting of ventilation f@tiang Hua et al., 2012However, most
ventilation fans available in the market tend to have a poor aerodynamic efficiertuglamdise

levels. This can be partially attributed to the widely applied design methods based on trial and
error approachesA review on fan design methods suggests that a comprehensive design
approach is needed to fill in the gaps that still persist vetliterature, particularly considering

both aerodynamic and noise performancefo this end, a new comprehensive fan design
approach is presented as part of this researdbsign low pressure axial fans with low noise and

a high aerodynamic efficiencyhe novel aspect of this approach is thptéisents a clear, concise,

and weltthoughtout quantitative approach for the design of low speed quiet ventilation fans. The
design approach is limited to the widely used ratoly configuration with no fixedranes or
diffuser. The main function of these fans is to generate flow with minimum losses from friction,
flow separation, and secondary floW&/allis, 1983) To this end, theséans are designed to
function within a low static pressure environment for the purpose of pulling or pushing air in large
volumes at low cost, i.e. low pressure rise fartgerefore, the main metrics of intetan this
research are volumetric flow rate, sound power level, mechanical power, and aerodynamic

efficiency.

The main premise of this research effort is that reducing the fan speed while maintaining a high
aerodynamic efficiency will result in signifignt noise reduction This approach is justified
considering that the fan aerodynamic noise sources scale directly witi6thgodver of the fan

speed. To this end, two approaches are implemented to improve the aerodynamic characteristics
of the fan blade to reduce the fan speed and noise while maintaining a high aerodynamic
efficiency. First, a control vortex design (CVD) approach is used to design the blades. The CVD
approach is used to better design the axial and swirl velocity distributions aldrigdbespan to
improve the contributions of the blade outer sectidimss allows for a reduction of the fan tip

speed and noise while reducing the complexity of the blade, i.e. the chord and twist distribution
are reduced along the blade. This resultirplelgeometry is ideally suited to implement rulti

element airfoils that can further reduce the fan speed. Jdleithent airfoil configurations



outperform single element airfoils by preventing flow separation and subsequent stall that lead to
higher lift characteristicsFigurel1.1 shows the flow around a single element and a reldtinent

airfoil. As illustrated here, the flow remains attached in the peldtinent configuration due to the
accelerated flow in the gap that increaseskinetic energy of the flow on the suction surface of

the subsequent airfo(Roy et al., 2009) Consequently, the use of mudfiement airfoils in a

tandem configuration has been previously investigated to improve the aerodynamic characteristics

of compressor blades by several auth@ammert and Beelte, 1980; McGlumphy, 2008; Saha

and Roy, 1997)However,b6 t he best of t he -eanenhanfoilssavekoto wl e d
beenpreviously investigatetbr rotor-only low-pressure axial ventilation fans considering both

aerodynamic performance and noise

(@)

Separated flo Attached flow

Figure 1.1: Flow field streamlines aroun@) Single element, an¢b) Multi-element airfoil showing separated flow
characteristics for the same AoA, taken from Roy et al. (2009).

The current trend in the fan industry is to use BLDC motors to drive the ventilation fans. This is
due to the higher efficrey, higher power density, and lower weight relative to other variable
speed driver6Yong-Han et al., 2006 However, significant motor noise can arise from the electro
magnetic forces and motor housiiGho, 2018) The work in this dissertation is only focused on
reducing aerodynamic noise and not the BLDC motor noise. Thus, for the experimental part of the
work, off the shelf BLDC motors are used. To this end, several candidate motors with suitable
characteristics have been experimentally evaluated for noise. The quietest motor was implemented

for the experiments.

The focus of the experimental work is to dalie the aerodynamic tools used in the design process
and to gain insight into sources of noise in fans designed with-edeittient airfoils. Additionally,

the data collected for fans designed with melément airfoils is provided as a first step towards
future acoustic prediction tools that can be used for reldthent airfoil fans.



1.1 Objectives
The main aims of this work are to develop and experimentally demonstrate a comprehensive
approach for the design of rotonly low-pressure axial ventilation fagsnsidering aerodynamic

performance and noise. To this end, the main contributions from this work are:

1 A new comprehensive design approach for rotdy low-pressure axial ventilation fans
considering both aerodynamic performance and noise. Thigationo addresses gaps in the
literature regarding the design of lgawessure axial ventilation fans. To this end, a clear,
concise, and welhoughtout method for the design of low speed quiet ventilation fans is

presented that can be easily implementgéab designers.

1 The first implementation of muielement airfoils in the design of lepressure axial
ventilation fan blades in the open literature. Melement airfoils are implemented to enable

lower fan speeds and noise while maintaining aeradymafficiency.

1 A new multifan unit concept is designed and experimentally tested as a practical

implementation of the innovations proposed here.

1.2 Organization

The remaining chapters of this dissertation are organized as follows.

Chapter 2 reviews agdynamic and acoustic performance of commercial fans. The dominant
sources of noise are identified as their dependence on the fan speed is presented. An overview of

the most widely used theories for the design of rotor only axial fans is presented.

Chagper 3 described the aerodynamic and acoustics tools used in the design process developed as
part of this research effort. The acoustic tools consider both-getbnoise and boundary layer

(BL) turbulence rotor interaction noise, i.e. the dominant ssurteoise in roteonly axial fans.



Chapter 4 introduces a new comprehensive design approach considering both aerodynamic
performance and noise. The fan design is a stepwise approach that implementshbjectilie

genetic algorithm to design the béadeometry to generate a given volumetric flow rate at the
minimum fan tip speed. The comprehensive design approach is applied for the design of the first

fans in the open literature implementing mueliément airfoil geometries.

Chapter 5 experimentallgvaluates the innovations proposed here using a test rig designed and
implemented as part of this research effort. The prototype fans are used to validate the aerodynamic
design and acoustic prediction tools used in the design process. Additionallyedaiaing to

fans designed with muiglement airfoils is provided as a first step towards future acoustic
prediction tools for the design of muéllement airfoil fans. The performance of fans designed
with single and multelement airfoils are comparéd evaluate the potential benefits of multi

element airfoils.
Chapter 6 describes the mechanical design of the first-faaltinit as a practical implementation
of the innovations developed in this research. The focus here is at providing an oveenalgfic

the trends related to the addition of multiple fans connected in parallel.

Chapter 7 describes the overall conclusions and outlines potential future work.



CHAPTER 2

2L1 terature review

The aim of this chapter is to review the characteristic®ise generation in axial ventilation fans

in an effort to understand tradeoffs between fan noise and aerodynamic performances. To this end,
a broad overview of the aerodynamic and acoustic performance of commercial ventilation fans is
first assessedhiorder to stablish a baseline understanding of design trends in the fan industry. The
collected data related to the fan aerodynamic and acoustic performance freastalgished
datasheets published by the fan manufacturers is presented in SectidreZaurces of noise in

axial ventilation fans and their dependence on the fan speed are reviewed in section 2.3. The
historical development of widely used theoretical principles for the aerodynamic analysis of fans
is presented in Section 2.3. Lastly, &@t 2.4 presents a historical development of the methods

implemented to design axial ventilation fans.

2.1 Current state of the ventilation fan industry
Ventilation fans are commonly used across many industries for a wide range of applications.

Figure2.1 shows three different applications for rotor only axial ventilation fans. As illustrated

here, ventilation fans can vary in size depending on the performance requirement, i.e. volumetric
flow rate, efficiency and noise. To this eraah, extensive review of rotor only ventilation fans has

been carried out in an effort to benchmark the current state of the ventilation fan indostry. T

review is limited to low pressure axial ventilation fans withiamneter ranging from 30 to 80 cm.

Data has been collected from 80 commercial ventilation fans from variouskmeiin
manufacturersin the figures presented below, the size of the data circles is proportional to the
diameter of the fan. The diameter of selected fans is also noted inthesfigu. T he manuf ac

data was taken at face value and, thus, its accuracy not independently assessed.



Figure 2.1: Ventilation fans used ita) manufacturingPowerStarElectrical, 2019) (b) Construction(Industries,
2019) and(c) road tunnelgcybernetics;, 2019)

Since the fanoise data provided by the manufacturer is in terms of sound pressure level at a given
distance (different for each manufacturer), the sound power level was estimated as

L, =L,(R) 40log,(4R) [dB] 21)

where L (R) is the sound pressure level provided by the manufacturer at a didance,

Figure2.2 shows the commercial fan volumetric flow rate as a function of the fan speed (RPM).
As illustrated here, fans can be designed for a high volumetric flow rate by increasing the fan speed
and/or increasing the fan diameter. However, a trade off exists between the fan speed and noise.
Figure 2.3 plots the fan noisas a function of the volumetric flow rate. As illustrated here, the
trend to design fans with a high volumetric flow rate at low noise levels is to increase the fan
diameter.However, workplace constraints can significantly restrict the fan size. Comslgque
smaller fans are often implemented while compromising for higher speeds and noise levels.

Therefore, there is a need for quiet, compact ventilation fans with a high volumetric flow rate.
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Figure 2.3: Sound power level for commercial ventitan fans at the design speed as a function of the output
volumetric flow rate Data collected from published manufactured data.
To better display trends of commercial fans with different sizes, the data was normalized and
replotted. The sound power waermalized by the fan cross sectional area to give the sound

intensity (sound radiated per unit area). The sound intensity IeMelR) ) is computed as

apD?*32 0
L, (dB) = L, (dB) 10 LogoaepT ol 08 22
¢
where D is the fan diameter [m].



The fan speed was normalized by the size of the fan to give the fan tip speed. The fan tip speed is
computed as

_DW 23)

® 2C’air
whereW is the fan speeddd/se¢ and c,, is the speed of sounth[d. In addition, fan efficiency
is also plotted. The fan aerodynamic efficiency is defined here as the ratio of threppased
to the fluid divided by the shaft power (Sforza, 2012). It is computed as

MV
h, = o (2.4)

m

Pshaft

where rmis the mass flow rate [kg/sy, is the area average axial flow velocity [m/8),,,is the
shaft power [watts]. The area average axial flow velodity s computed by dividing the reported
volumetric flow rate by the annulusea, A=p(R -1°). WhereR is the fan radius ang is the

hub radius. Since the radius of the huly)(is not readily provided by the manufacturer, it is

estimated herby analyzing the picture of the rotors. Additionally, the shaft power is assumed to
be equal to the electrical power, i.e. efficiency of the motor not accounted for. This introduces
uncertainties in the computation of the fan efficiency. Consequentlfarthefficiency computed

using Equatiorg2.4) represents a rough estimate only (lower than actual), i.e. it is not accurate and
it is intended for illustration purposes onfygure2.4shows the efficiency of the commercial fans

as a function of fan tip speed. It is evident here that the size of the fan does not have a direct
relationship with the fan efficiency. However, a linear curve fit of the data shows that the fan

efficiency increasewith the fan tip speed.

Figure2.5 shows the sound intensity level as a function of the fan tip speed. The clear trend is that
fans designed for low noise have a larger diameter. However, it can be observed that the data
collapses better than iRigure2.3 and a clear dependence of the noise with tip speed is evident.
The sound intensity levels increase significantly with fan tip Mach number as shown by the linear
regressionkigure2.4 andFigure2.5 show that an increase in the fan tip speed results in an increase

in the fan efficiency and noise. Hence, the tradeoffs between fan noise and efficiency are evident.
Consequently, both efficiency and nomast be accounted far the design process for fans.
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2.2 Dominant sources of noise iraxial flow fans

The typical fan noise spectrum is composed of broadband and discrete tones as shgune in
2.6(a). The dominant discrete tones noise occur at the blade passage freqligpyyald

harmonics. The BPF is

n* N
fopr =——— [HZ
BPF 60 [ ]
wherenis the fan speed [RPM] anl; is the number of blades.

(2.5)

However, the human ear does not have affequency response. To account for the human
perception of sound at different frequenciesw@ighting is used as illustrated Figure 2.6(b),
Although the Aweighting narrowband spectrum is preferred in this mefean engineering
applications it is common to present the fan noise spectrum'frottave bands. In addition, fan
noise in 1/8 octave bands is widely applied in environmental and noise control applications to
stablish noise regulations. Therefonejse results are presented in narrowband artl d¢gave
bands when appropriatéigure2.7 shows the 1/8 octave band spectrum for the farFigure?2.6.
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Figure 2.6: Fan noise spectrua) Z-weighted andb) A-weighted for a 7 blades fan (186mm diameter) at a fan
speed of 3000 RPM, i.e. BPF of 350 Hz.
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4

The most significant sources of aerodynamic noise for rotor only axial fan configurations are well
documented by several authdheise and Michel, 1994; NIEKERK, 1965; Wright, 197&)d
illustrated inFigure2.8. The tonal sources of noise are due to rstaut interaction, steady blade
loading, and steady blade thickness noise. Steady loadirtpe blades occurs when the fan
operates in clean axisymmetric steady flow. The steady lift and drag forces are perceived as
harmonic pressure fluctuations (noise) at the observer location due to the rotation of the blades.
Steady loading noise scalestiwthe @" power of the fan tip speed. Blade thickness noise is
generated from the periodic pressure fluctuations created by the displacement of air by the rotating
blade(Marte and Kurtz, 1970; Moreau and GuériB)ade thickness noise scales approximately

by the 4" power of the fan tip speed. Lastly, tones are also generated from several possible rotor
strut interaction noise mechanisms. First, the perturbation field of the downstream strut can trigger
unsteady pressure fluctuations on the upstream blades that diate raocise. Secondly, the
interaction of the rotor wakes with the downstream struts results in unsteady aerodynamic forces
that generate noiséNakamura et al.,, 1986)The rotorstrut interaction noise scales with

approximately the Bpower of the fan tip speed.

The broadband sources of noise aregép noise, turbuler® ingested noise interacting with the
rotor, boundary layer (BL) turbulence interacting with the rotor, airfoitisaiée, and rotor wake
turbulence interacting with the strut. Two mechanisms are possible for the generation of tip gap

noise. First, tipgap noise can be generated from the leakage flow driven from the pressure to the
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suction side of the blade as showrrigure2.9 (Fukano et al., 1986). The resulting vortex system

is characterized by a considerabégree of unsteady pressure fluctuations that results in noise. As
the tip gap gets larger, the vortex strength and noise incréasksno € al., 1986) Second,
ingested turbulence from the duct wall BL and atmospheric turbulence results in noise from the
interaction of the turbulence eddies with the leading edge of the givfajumdar and Peake,
1998; Mugridge and Morfey, 12]. The incident turbulence interaction noise scales with

approximately the ®power of the fan tip speed and tHé @ower of the airfoil chordHutcheson
et al., 2012)

Self-noise is generated from the interaction between an airfoil blade and the turbulence produced
in its own BL(Brooks et al., 19895elfnoise is a combination of fundamentally different sources
occurring in different regions of the airfoil. Since they do not interfere with each other, they are
considered independentigse sourcegJianu et al., 2012) They are Tusulent BL trailingedge

noise, Laminar BL vorteshedding noise, Separatistall noise, Trailing edge bluntness vortex
shedding noise, and Tip vortex formation nqiBeooks et al., 1989)

Tip gap noise—-—-—-—-

........... Airfoil self-noise

e — — Thickness and loading
noise

'~ -— Rotorstrut interaction
Turbulence ingested . noise

noise (L.E. noise) .

SR R RCAPLOLPICICLY)

Figure 2.8: Major noisegenerating mechanisms in ducted rotor only axial flow fans. Noise sources scale with the 4
6™ power of the fan tip speed.
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Tip Leakage Vortex

Rotation
g

Figure 2.9: Tip vortex generating mechanism illustration. Leakage flow driven from the pressure side to the suction
side of the blade results in the tip leakage vortex, taken from Fukano (1986).

The design featuseof commercial ventilation fans show that improvements in the design process
can significantly reduce noise. Some of the poor design features on a common ventilation fan are
illustrated inFigure 2.10. It is evident here, thahé fan operating in the wake of the motor and
struts results in high leading edge noisdditionally, the rotosstrut interaction noise is amplified

by the close proximity of the struts and large motor to the blades. The tip gap is also very large (>
bladce thickness) and the flanged inlet generates a thick BL that result in a high tip gap noise and
duct BL turbulence interacting with rotor. Lastligetthick airfoil sections and trailing edge of the
blades are a dominant source of broadband airfoinsede. Consequently, it is evident here that

fan design procedures considering aerodynamics and acoustics can significantly improve

aerodynamic efficiency and reduce noise levels in axial ventilation fans.

Sharp corner inlet

Flat plate sections

Wrong Hade/strut
count

Large tip gap
(gap > airfoil thickness)

- ~

Fan close to struts

Fan operates in the
wake of motor and struts

Figure 2.10: Typical features in commercial fans that deteriorate the aerodynamic efficiency and increase noise
levels.
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2.3 Brief Historical Review of Aerodynamic Theories
The first aerodynamic model that was used to guideddsegn of axial fans was the turbine
equation. Euler derived the turbine equation in 1837 from the conservation of energy and angular

momentum. The turbine equation relates the change in swirl velositieth(ough the rotor with

the torque required to drive the fan.

The design of axial fans was further improved with the introduction of the axial momentum theory
(also known as the actuator disk theory) by Rankine in 1885 for the use of marine propellers. The
axial momentum thegrwas later developed by Froude in 1889. The momentum theory is a global
analysis of the conservation of mass, momentum, and energy of a propeller in a control volume.
The major contributions for the axial momentum theory is that it allows for the caloutditthe

ideal efficiencyas the ratio of the work done to the fluid to the available poWweansequently,
momentum theory is a very useful theory for estimating the necessary power to operate a fan.

Additionally, it can be used to estimate the siztheffan to generate a given flow rate.

The axial momentum theory does not take into account the blade geometry, number of blades, or
airfoil characteristics. Consequently, Blade Element Theory (BE) was proposed by Froude and
Drzewiecki(Drzewiecki, 1892hs a solutionBE theory assumes that each blade section behaves
as a 2D airfoil generating aerodynamic lift and drag forces. The blades are divided into individual
sections with velocity vectors acting on the airféihe thrust and torque can then be determined

by integrating the normal and tangential forces along the blade.

One key issue with the BE theory is that it does not account for the induced velocities by the rotor.
Consequently, BE theory assumes that as the drag approaches zero the efficiency begomes unit
This created discrepancies with the induced efficiency derived from momentum theory. The blade
element momentum (BEM) theory proposed by Gla(@lauert, 1926)%o0lved this discrepancy

by combining the blade element theory with the momentum theory to compute the induced
velocities at the rotor. Numerically intensive methods such as vortex theory and computational
fluid dynamics can be used for the design of rotors. However, tradeoffs between accuracy and

computational effort make the BEM method a more practical way to analyze and design rotors. It
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is still the most widely used method today for the design of rotors and turbimespproach was

used in this dissertation and presented in more detail in Chapter 3.

2.4 Brief Historical Review of Fan Design Methods
The first known documented design of a ventilation fan dates back to 1827 in Paisley, Scotland

for mining applicationgCory, 2005) Without aerodynamic theories, these designs consisted of
empirical trial and error methods. With the development of the aerodynamic theories presented in
section 2.3, aerodynamic design me {Castedmro,ac hi e\
2018) The purpose of fan design methods is to determine the fan size (diameter dodifub

ratio), blade geometry (chdand twist distribution), and blade cross sectional area (airfoil) to meet
the design requirements. The first known guidelines for the design of axial flow fans are credited
to Keller (1934). The work of Keller was widely distributed after the transldtjoWeske and

Marks (1937). A key assumption implemented by Keller is that of uniform axial velocity and
pressure rise along the blade span, i.e. free vortex design (FVD). The FVD is characterized by a
tangential velocity that is inversely proportional ttee radius. The design approach assumes
isolated airfoil characteristics (no mutual interference between adjacent blade elements) and that
the lift coefficient and number of blades are known. Using this information and the flow angle, the
angle of attackAoA) for the given lift coefficient can be used to determine the blade chord and
twist at a given radial position. The process is repeated for all radial positions to get the chord and
twist distribution along the blade spéfeller, 1934; Keller et al., 1937)

An assumption for the blade loading different from fveetex is a challenge given that it can
result in radial induced velocities if not properly designed, i.e. 3D flow. Consequentiypftes

design is the most widely used method. However, it is possible to design blades witbenon
vortex loading that result in flow with-@mensional characteristics. The first fan design approach

of this kind was implemented by Ruden (1944) for tegigh of singlestage axial fans for a wind
tunnel in Goéttingen, Germany. Here, the relation between the axial and swirl velocity distributions
to maintain radial equilibrium (2D flow characteristics) along the blade span are derived from
direct integratia of the Euler equations. To this end, the blades are loaded so that the centrifugal

force due to the rotation of the fluid is balanced by a pressure gradient, or
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W_ . v gﬁl (2.6)
ur air r m

where r_, is the air density [kg/A}, p is the static pressure [Pal,is the radial spanwise position

[m], and v, is the swirl velocity [m/s].

Using this approach, Ruden designede¢éhfans with different spanwise chord distributions;
decreasing, constant, and increasing along the blade span. Experimental investigations on these
rotors showed that rotors with an outwardly increasing chord are more suitable for higher blade
loadings die to the increasing axial velocity along the bl@@astegnaro, 2018; Ruden, 1944

1947, Kahaa implemented the approach described by Ruden to design twioeeovortex fans

with a high pressure rise. One with an approximately constantwslattity (v, © consf) and the

other with a forced vortex distribution (= const (). Both fans employed a high hadip ratio

of 0.69 with a NACAG5 series airfoil. The forced vortex design is characterized by a radially
increasing swirl velocity along the blade that results in a large chord at the blade tip that radially
decraxses towards the blade root. The approximately constant swirl velocity distribution resulted

in a nearly constant chord along the blade span. Kahane tested the measured radial pressure
gradient for the two fans iRigure2.11 agairst radial equilibrium equation (Equatio.6)). As
illustrated inFigure 2.11, theory agrees very well with experimental data. Consequently, it is
concluded that nofree vortex methods can be used injoantion with two dimensional airfoll

data with sufficiently accurate results.
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Figure 2.11: Static pressure coefficient along the blade span for a rotor designed with approximately constant swirl
loading(Fan 1), and with a forced vortex loading (Fan 2), taken from Kahane (1947) . Experimental data shows
excellent agreement with the radial equilibrium equation.

In 1953, Cordier carried out an extensive analysis of experimental data pertaining totéffitsen
blowers, and pumps. The empirical analysis correlated the optimum operating conditions
(flowrate, pressure rise) of fans with two parameters that can readily describe the performance of

the turbomachine for assessment, selection, and compariseriwdlparameters are the speed

number () and the diameter numbeg/( ) defined as

s sy N (27)
(2Y)3/2
q = «g v2 (2.8)

whereY = D% N V is the volumetric flow rate, anBp is the pressure rise.

Figure2.13(a) shows th data collected by Cordier for fans, blowers, and pumps in terms of the
speed number and the diameter number in a logarithmic plot. As illustrated here all of the data
collapses to a wellefined line (Cordier line) reproduced kigure 2.13(b). Deviation from the
Cordier line represents a decrease in efficiency as illustrated by the efficiency conteigigen
2.13(a). In addition,Figure 2.13(a) shows the lines for the optimupressure coefficient (

Vo= P/0.57, ( RF). These lines indicate that impeller designs for low pressure coefficients
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with a higher efficiency are better achieved with high speed numbers and low diameter numbers,

i.e. axial flow fans as shown Figure2.13(b). The Cordier line is widely used in the fan design

process is two different ways. First, the Cordier line is used to determine the maximum fan

diameter with a known rotational speed. Second, for a fixed diameter édsasletermine the

fan speed. However, this approach is not encouraged by some g@bkbosne, 1966; Wallis,

1983) The physical explanation of the Cordier line is that there is an optimum velocity triangle

that can achieve the required design point (flate and pressure rise) withe highest efficiency
(Castegnaro, 2018)
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Figure 2.12: (a) Original performance diagram for fans, blowers, and pumps in terms of the speed number and the
diameter number by Cordier (1953), aiit h e
captured by Cordier (1953) and reprodd by Bohl and Elmendorf (2008).

Cordier

l i ne

representing

Aoptir

In 1961, Wallis published his book on axial flow fans which has become a standard in the fan

design literature. The book presents guidelines for the design of axial flow fans for a given

operation point, i.e. pressure ris@lumetric flow rate. The design approach involves first using

trial and error method to establish the best overall dimensions of the fan (fan diameter and hub to

tip ratio) and the fan speed. Once these parameters are determined, the radial distfilbgion
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flow velocity can be obtained using one of two proposed methods. The first is the classical free
vortex method characterized by a constant axial velocity distribution. The second implements an
arbitrary vortex approach. The arbitrary design isrd@rmediate swirl velocity distribution that

is between that of a free vortex distribution and a forced vortex distribution, i.e. between

v, = const ®" and v, = const ®). Figure 2.13 compares the resultinchord distribution for the

free vortex, forced vortex, and arbitrary vortex (in between the other two) designs. As illustrated
here, they result in significantly different blade geometries. Themeawvortex design by Wallis

was largely based on the potimental success of Kahane (1947). Consequently, Wallis
recommended caution using the ffoge vortex designs pending further experimental validations.
The experimental validation was carried out later by Downie et al. (1993) using two 0.610 m
diameter &ns employing an arbitrary vortex design with a-taship ratio of 0.38. Results by
Downie confirmed the findings by Kahane that tdimensional design methods can be used for

the design of noiffree vortex fans while the radial equilibrium equation issfiatl.

Free vortex

Forced vortex

Arbitrary vortex

Figure 2.13 Blade geometry shape resulting from a free vortex, force vortex and arbitrary vortex loading designs,
taken from Cory (2005).

Most authors advocate the use of the fresex loading due to the resulting simplifications in the
design process. However, nfmee vortex designs can result in smoother chord and twist
distributions while achieving similar efficienci@d/allis, 1983) However, tip losses can increase
considerably for noffree vortex designs. Consequently, the gap should be kept at minimum to

avoid significant losses and noise in Hogevortex fans.

In light of the preceding findings by Wallis and Kahane, the design of axial flow fans employing

non free vortex loading distributions has gained popularity in recent years with many different
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methods being developed. In an effort to corapgans designed with different vortex criteria,
Castegnaro et al. (2017) carried out an extensive review of over 25 different fans designed with
different swirl velocity distributions. The experimental efficiency of the rotdy fans with
different vorte distributions is presented figure2.14in terms of the speed number and diameter
number, i.e. Cordier diagram format. The vortex distributions have been grouped into three groups:
free vortex, forced vortex, and arbitrary @t It is evident fronfigure2.14 that fans with and
without the free vortex criteria can be designed to achieve a high efficiency, i.e. all fan types are
in close proximity to the Cordier line. Additionallifjgure 2.14 shows that fans designed with
arbitrary vortex tend to have higher specific speeds, i.e. they generate higher flow rates at a lower
pressure rise relative to the free vortex and forced vortex designs. Therefore, the arbitrary vortex
is expected to have comparable efficiency to free vortex while also generating more volumetric

flow rate at a given tip speed.

3.0
N
Y
2.5 e
\
N
2.0 N
\\‘ o
0 15 7 ‘@\%
o Forl SORa,
10 A FY —g
\"\
05 oAl >
0.0 —=Cordier line, Lewis (1996)
0.1 1 10
(0]

Figure 2.14: Speed numberg , ) and diameter numbe%) comparison of fans designed with a free vortex (FV),

Forced vortex (ForV), and Arbitrary vortex (AV) loading with the Cordier line (showrigare2.13). Taken from
Castegnaro et al. (2017).

One of the key benefits of arbitrary vortex designs is thdisteibution of the solidity to higher
radii to increase the volumetric flow rate and pressure rise of the blade designs. An increase in
solidity allows for a high blade loading and hence ghér volumetric flow rate contribution.

However, the blade loading can also be increased by using airfoils with higher lift coefficient. One
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method for increasing the lift coefficient involves using melément airfoils. The use of multi
element airfols in turbomachines was first proposed by Karl Stahl in 1924 under US patent
1,742,792 as illustrated iRigure 2.15. This invention consist of a single airfoil with a slit that
would be equivalent to a twelement or tandem airf¢stahl, 1924 YStahl, 1924 .)The patent
describes this invention asuiag an advantage in efficiency relative to a normal propeller. Stahl
justified the increased in efficiency by the additional force generated by the slit relative to ordinary
blades. The use dad tandem configuration have also been investigated by semgtadrs to
improve the aerodynamic characteristics of compressor bimamert and Beelte, 1980;
McGlumphy, 2008; Saha and Roy, 199&ilditionally, multrelement airfoils have been recently
implemented in the d&#gn of horizontal blade turbines. However, after an extensive review,
tandem airfoils have not been implemented into axial low speed axial fans. This can be attributed
to the lack of information regarding the performance of tandem airfoils at low Raymwlders

(Re <500,000).

Figure 2.15: First proposed mukelement blade for improving the aerodynamic performance of impellers, US
patent 1,742,792 tiled fAAir propellero by

From the review e of design methods, there is a need for a method for selecting the best vortex
criteria for a given design. It should also be noted here, that none of these design methods reviewed
address fan noise in the design, i.e. the focus is on achieving aehnggtymamic efficiency and
pressure risd-lowever, the need for incorporating fan noise into the fan designs is obvious and

a shortcoming of existing fan design methods including using medliement airfoils.
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CHAPTER 3

SAerodynamic and Acsous

This chapter describes the aerodynamic and acoustic tools used to guide and implement the fan
design approach. To this end, the aerodynamic code implemented to analyze the aerodynamic
characteristics (polars) of different mudiement airfoil geomes is first described in section

3.1. The code used for this task is MSES. The airfoil characteristics are used for the design of the
blade geometry using XROTOR. The theoretical background of XROTOR is briefly described in
Section 3.2. Two noise predicti@odes are implemented in this research and presented in section
3.3. These acoustic tools are used to gain insight into the rotercssdf (RSN) and boundary

layer (BL) turbulence rotor interaction noise (BLTRIN) sources. These noise sources aresthe on
dominating the acoustic signature of the fans. The BLTRIN requires BL data. To this end, the duct
analysis program, DFDC, is used to estimate the BL characteristics. The code DFDC presented in
Section 3.4 is also used to design the duct geometry tamzxihe performance of the fan while

indirectly minimizing noise by reducing the BL thickness.

3.1 Airfoil Polars
The code MSES, developed by Mark Dr@baela, 2007aat MIT, was chosen for the analysis of

the airfoil aerodyamic characteristics in the absence of experimental data. This code was
primarily used in the calculations of the lift and drag polars for the +alginent airfoils. MSES

is an inviscidviscous solver with an interactive framework consisting of seveograms used

for the analysis, design, and optimization of airfoil geometries. In this work, the main programs
used are MSET (grid generation program), MSES (Flow solver), and MPOLAR (version of MSES
that sweeps through a range of specified parameter). ré@fidts from MSES have been
experimentally evaluated for both single and melkéiment airfoils showing good agreement with
experimental datéLakshmi et al., 2018)Consequently, it has been implemented in this work to

obtain the aerodynamic performance characteristics of-glelthent airfoils at different AoA, i.e.
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the lift and drag polars. For the single element airfaiperimentally measured polar data was

used.

MSES couples the inviscid Euler formulation and the integral viscous formulation to compute the
airfoil characteristics of airfoils at different Reynolds numbers. The fundamental assumption is
that the viscas effects are confined to the BL and wake. The inviscid flow is solved using the

steady state, twdimensional Euler equations of

Conservation of mass

[V Gids © (31)
Conservéon of momentum
{7 (VG)V 1) ds © (32)
Conservation of Energy
[fi .V Gihds © (33)

whereV is the velocity vectorh is the stagnation enthalpy, amdis the unit normal vector.

The discrete Euler equations are solved on a grid formed from the intersection of the inviscid flow
streamlinesnd the curves from the airfoil surface points as shoviaigure3.1 The streamlines

are solved using a panel method (potential flow solver) for a user specified AoA, arbitrary selected
only used for the initial gd generation. The spacing of the grid nodes on the airfoil surface were
left at the default value computed by MSET (grid generation code from MSES). Additionally,
MSES documentation shows fairly low sensitivity to the location of the outer boundaridisei.

grid size(Drela, 2007b) Consequently, the grid size was also left at the default value. The main
assumptions for the solver are a vortex+source+doublet airfeflefadt BC and streamwise
momentum (streamline enpy is conserved) everywhere except near the leading edge where a

isentropic condition is applied.
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il

ure .1: MSES.grid for an E214 twelement airfoilu at an AoA of 5 deg. (s€able4.1underE214T3 fo
configuration details).
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The computation of the airfoil characteristics is carried out using the MSIS flow solver. MSIS is a

special case of MSES used for extremely small freestream Mach numihers).001or less. The

MSES solver assumes that the only effect of the BL and wake is to displace the inviscid flow away
from the physical body t o c(brelaga198)Thedispatementt i v e
body is shown irFigure3.2 To this end, the inviscid grid is coupled to thecaus flow through

the displacement of the streamline adjacent to the airfoil, i.e. BL displacement thiakne3$é

BL equations used in the analysis of the viscous flow are derived from the Prandtl integral BL
equations. Withhe assumptions of negligible crestseam pressure variations and an adiabatic
free streams. The final form of the BL equations used in the prograffiearg, 2004)

%+(H ) Ms)_q% S (34)
dx U, dx 2
And
H L on (1 H)) 29 (35)
= +(2H" H (1 H))U = B,

e

where g is the momentum thikmess, C, is the coefficient of friction,C is the dissipation

coefficient,xis a local coordinate along the BM _and U_are the Mach raber and velocity
component at the edge of the BL, respectively. Additionally, the three shape factors are
H:i,H*:i’Hﬁzi (36)
q q q

whered is the density thicknesg;” is the kinetic energy thickness.
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Additionally, empirical relations are used for laminar and turbulent closure to Eq(@tipand
Equation(3.5). To predict the onset of transition, the Gwmmerfeld equation is used where the
critical amprdoi ffiod enttelbperused ia E Additionafiy, transition can also be

forced using the MSES code. This allowstfte additional capability to analyzing tripped airfoils.

MSES can also account for the effect of inflo
code Xfoil. The system of coupled invisertscous noHdinear equations and constraints are solved

using a NewtorRaphson iterative method.
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Figure 3.2: MSES inviscid flow streamlines and viscous region for an E214etenment airfoil at a grid AOA of 5
deg. (se@able4.1underE214T3 for configuration details).

3.2 Rotor Analysis

In this thesis, XROTOR is used as the main tool to design and analyze the rotor. XROTOR is an
open source code developed by Mark Drela and Harold Youngren gDvéiR, 2011) XROTOR

is an extension of the classical blaglenent/vortex formulation developed HBetz, 1919)

Goldstein (Goldstein, 1929) Theodorson(Theodorsen, 1948and reformulated by Larrabee
(Larrabee and French, 1983XROTOR was chosen because it has been validated and is
extensively used in practice by both academia and industry. XROTOR is an interactive program
for the design and analysis of ducted and free tip rotors. The rotor ggarae be analyzed or
designed to achieve a minimum induced loss circulation distribution. The induced velocities and
induced losses are calculated using one of several available methods based on the user preference.

They are: Vortex formulation, Gradedomentum formulation, and Potential Formulation. The
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last two aforementioned methods treat the rotor blade sections as lifting lines and assume the wake

contraction and wake sdffieformation are small, i.e. relatively low disk loading (Drela, 2003 ).

Thevortex formulation is used for rotors with noadial lifting lines (raked or swept blades). The
induced velocities on the lifting lines are computed using a discrete vortex wake that trails from

the lifting line into the faffield downstream.

The Gradd momentum formulation is based on the classical theory of propellers developed by
Glauert (Glauert, 1926) and revived by LarralfEeigene Larrabee and French, 198Bhis
approach assumes that the rotor has a low advance ration and relies on PeBatztip loss

factor. The main advantage of this method is its extreme computational efficiency.

The third approach is the potaitformulation which is more computationally expensive. The

potenti al formul ation is extension -sgnimetcol dst e

potential flow about a rigid helicoidal wake. Therefore, it applies to rotor with any blade numbe
and radial load distribution. This approach also treats ducted rotors when computing the induced
velocities and induced losses. Noting the need for a rotor analysis tools that accounts for the
presence of the duct, the third approach (potential forroulais used throughout the rotor
analysis in this research. The duct here is

uniform inflow velocity.

The rotor analysis is carried by decomposing the blade into 30 radial sections with user specified
aerodynamic parameters, i.e. lift and drag polars. The velocity triangle seen by the blade section
at some radial positionis shown inFigure3.3. The axial and tangential velocities add to give the

relative velody as
3.
W, =W A [ B &9

whereW, andW, are the total axial and total tangential velocities, respectively. They are computed
as
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W=V v [/ 59

W= Wy ¢ [m/g 59

Where v, is the induced tangential velocity, is the induced axial velocityy is the forward

velocity, u, andu, are externalljinduced axial and tangential velocity, respectively.

Though, XROTOR hasx¢éensive capabilities and can be used for many applications. However, in

this research XROTOR is exclusively to calculate the induced velocities on-anbt@xial flow

fan. Consequently, no externally induced velocities §nd u,) or forward velocity V) are

implemented in the rotor analysis as part of this research, i.e. they are assumed to be zero.

Qr

Figure 3.3: Total bladerelative velocity decomposition diagram at a radial position r.

XROTOR relates the induced tangential velocit
Heml holtzds theorem. Hel mholtzds theoitsem st a
length. Therefore, the line integral evaluated along the contour of the induced tangential velocity

vector (V) is equal to the circulation around the blade. That is
G 4L (3.10)
Consequently, the total circulation at a radial positigns(described adN,&(r) where G(r) is

the circulation at the radial positionHere, it is assued that the wake has a senfinite helical
shape as shown Figure3.4. Therefore, only half of the circulation about the rotor plane is shed
as illustrated irFigure 3.4. Half the circlation about a circumferential circuit at a radial position

r in the rotor plane is
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201V, = % Ng ¢ (31D

Where the circumferentialigveraged tangential velity (V,) is related to the blade tangential

velocity (v;) as

44/ R ¢ (3.12)
C

whereFi s t he Prandt | 6 shef aficttiopRiddusdssoemdiusan]eadd, isvi t h t
the | ocal wake advance ratio. The Prandtl 6s f

Foeo = 2 arcco{e‘ f ) (3.13)

oss

where:

2
/,=—tan f=r—%
R RW

Assuming that the total induced relative velocity is perpendicular to the total relative velocity, the

axial velocity can be computed as

v, =y M (314
a Wa

This assumption is true for a lightlpaded rotors having a Goldstein circulation distribution and

a noncontracting helical wake that has the same pitch at all radii.

Figure 3.4: Semiinfinite helical wake showing the circulation/swirl relation in XROTOR.
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The overall system performance is evaluated using a global Newton method where the Newton

residual ) is theC, - (relation. Thereforethe residual is

A(Y) = GW,cG(a,Re,M,) (519
where cis the chord [m],a is the AocA [deg], andC, is the coefficientof lift. The solution

converges when tHdéewton remedialT) is approximately zero. The result is the local circulation

along the blade@r) . The circulation around the airfoil creates a lift force which is perpendicular

to the relative velocity\

rel

) and a drag foeein the direction of the flow as showrfAigure3.5a).

The lift (L) and drag D) force for a positiom along the blade are then described as:
dL :% NBrairWEI q’ Cdl (316)
dD :% NBrairwgl Q Cdr (317)
Where C, is the Coefficient of drag. The section thrust and torquéharéorces in the axial and

tangential direction as shownkigure3.5b). They are computed as

dT—— Ny/ W ( Goos( § -G sir{ )f cd (318)
dQ: B a.rV\/Zu(chm( ]) +Q COS( )r crdi (319)
Wheref7 is the flow angle computed as
f =arcta ! (3.20)
C'%

Noting that W, =W, cosf and W, =W, sinf from Figure 3.5a), the local ThrustT) and

Torque Q) are expressed as
dT _% NBralr el ( q COS( ’) - Q S|r( )) cdi (3.21)
dQ:% NBrairV\él ( QSin( 7) +G COS( )) crdi (322

The total thrust and torque generated by the rotor are computed by integrating ggu#jiand
equation(3.17) respectively.
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Figure 3.5: Aerodynamic blade section force components resolved atdt -drag forces, an(b) torquethrust

forces.

The aerodynamic effiency is described by the ratio of the propulsive power and the shaft power

as
po=YT (323
total
wWQ
Similarly, the local propulsive efficiency can be described as
_ vd1T (3.24)
local V\UQ

Combining Equationg3.21), (3.22), (3.8) and (3.9) the local aerodynamic efiency can be
computed as

Vi
_ VW égé W (329

The local aerodynamic efficiendg the product of the inviscid Froude efficiency) (and the

viscous profile efficiency—(.q ), hence

hlocal(r)z /|7[{ (326)

The local viscougrofile efficiency(—h ) is derived as
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aé} e
h(r) = ¢ W (3.27)
aa+eﬂ
Wa

and thanviscid local Froude efficiencig computed as

\'A
B (r) = g (3.29)

%va"" _‘

Where eis the drag toitt ratio computed as

o=Ca (329

The local profile efficiency accounts for the viscous drag on the airfoils through the drag to lift
ratio (e). Therefore, the viscous profile efficiency describes how well the propeller airfoils
perform. The inviscid Froude efficiency represents inviscid losses that result from accelerating the

rotor.

3.3 Noise Prediction Tools
As discussed before, there are many nemeces in ventilation fans. However, the two dominant

ones are the rotor self noise (RSN) due to the airfoil boundary later interacting with the the trailing
edge and the turbulence in the inlet BL interacting with the rotor tip section (BLTRIN). Thetisnod
implemented to predict these noise sources are described in this section. The models predict the
power spectral desinsity (PSD) function for the source sound power. The PSD is then used to

compute the sound power spectrum in narrowbands affcb&t8we bands.

3.3.1Rotor Self-Noise (RSN)

The approach implemented to predict RSN is to use an empirical expression for theesslle
spectrum in conjunction with a model for trailing edge noise. To this end, the edge scattering
Howeds model moseatlowMachinumbeys isantpigraented (Howe, 1978; Howe,

1998). The model predicts the féeld acoustic pressure PSB,. (g, » R ), for an observer at

(9. ¥R) as
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whereh is the airfoll spanés(w) IS the spaswise integral correlation lengthy is the oscillation

()sin( ) &i6 ) B( ) s (330

em

frequency (rads/s)Spp(W) is the PSD of the surface pressure over the airfoil near the trailing
edge, andJ_ is theconvection speed of the turbulence eddies over the airfoil that is less than the

relative flow speed over the airfoilJ , <U, . The relative flow speed ,is estimated by

XROTOR.

In Equation(3.30), it is assumed that the turbulence is on the upper surface of the airfoil and that
for large values of the reduced frequenespb/U , the turbulence flow on the bottom side of the
airfoil is uncorrelated to the upper turbulence. The total noise is the incoherently addition of the
upper and bottom side of the airfoil. Another assump#idhat the noise sote is compact, e.g.

/ >2b where/ is the acoustic wavelength a2t is the airfoil chord.

The observer positiofg, ¥ R)relative to the trailing edge is illustratgdFigure3.6.

-p ¢g ¢
O¢cy ¢p
Free stram velocityU

(Stationary observer

O \
')
Turbulence Q

0

Trailing edge

Figure 3.6: Coordinate system relative to trailing edge.

The surface pressure PSR(w) in Equation(3.30 needs to be defined. There are many

empirical equations for the surface pressure with increasing degree of compléxgydge,
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1973; Amiet, 1976Howe 1998; Rozenberg et al., 2012; Lee and Shum, 2019). In this work, we
considerthe model proposed by Amiet (1976). It is given by

5. (W)= U, &7 9 210 N

pp (} rel %rm g aud 0 o . em4 (3.3)
a+g? 50217 8)00562—ae
§ cU. - Tg? + Ue ¢

In the above expression for the surface pressure, it is assumagpt(w) is singlesided. That is

Pirs = ﬁspp(W) du
0

Since we are mainly interested in the sound power level, the pressure in E&tpis used to

estimate intensity and integrate over hese with radiufk to get acoustic power hat is

S (W) = qnpy ks 9. YR Ve ggq , eN (332
-p yO: ralrcalr 8

Replacing Equatio(B3.30 into Equatior(3.32) and solving for the integrals

g=p y=p
fiSif(g)dg mnd {ir{ )
g=-p V&
yields
- Uh eNm (333
Sl = 2 (s b s

Several parameters rie¢o be assumed to implement Equat{@33). The BL displacement

thickness at the trailing edge is estimated in terms of the drag coeff@jentlid for both upper
and lower surfaces, as

J @2bC, [m] (3.39)

The drag coefficient is also obtained from XROTOR and accounts for the fan solidity.

The sparwise correlation length and the convention turbakevelocity are assumed as

rel [m] Uc o O'&Jrel (3-35)
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Replacing the above expression, multiplying by number of blades (noise frate bfe

uncorrelated), and Ami et 6s (8.8l Egaatioe(3.33mesudtss ur e
in
O 8Mrelralrca|r N (Ch) Q (336)
w F
S (W) =2 ” (v
where
23 105
F(W)_e awd © 0 i df
é1+aEL 20.217 §00562—‘Z‘e
g ¢V = Tg? * Ue g

The expression in Equatiof3.36)(3.33 needs to be multiplied by 2 to account for Bk
contribution from both surfaces. In geakithe results should also be multiplied by 2 to account
for the two sided PSD. However, the surface pressure spectrum in EqB8ai)ms already single

sided and thus it is not needed.

Finally, it is importah to note that the RSN source is predicted using the flow velocity profile
without accounting for the presence of Ble. This introduces errors in the RSN predictions. The
blade angle of attack in the outer section of the blade, affected BLth@creaes while the
relative flow velocity will decrease. These effects can have an important effect on the predicted

noise spectrum and they are not considered here.

3.3.2Turbulence Rotor Interaction Noise (TRIN)

For this noise source, only the prediction of thlet outer wall turbulence interacting with the
rotor tip is considered. The inner BL interacting with the rotor hub section was assumed to be
significantly lower in level and not modelled. The flow field in the duct andsRlomputed using

the code DFDC

The noise prediction approach implemented is the method developed by Mugridge and Morfey
(Mugridge and Morfey, 1972; Mugridge 1973, Morfey, 1974) in conjunction with the turbulence
upwash spectrum assuming a Von Karman isotropic turbulence nttideg(1959). Consistent

with the RSN models, the formulation predicts the sound power. The approach starts with the

35



expression of the sound power PSD due to incident turbulence interacting with a rotor blade. That

is

4 120 1. eS.(wti( v [watts® § (3.37)

S (W) =15,

The airfoil unsteady lift loading,S, (w), is due to the incident turbulence interacting with the

blade. Mugridge proposed the following expression for the unstb&tie lift spectrum

eN?
SLL( ) (Zpa{brel) K_( )%( )em S (338)
e
where S, (w) is the velocity upwash turbulence spectrumig the transversal turbulence in the
BL) enering the blade row an&, (w) is a threedimensional lift response factor computed by

Mugridge (1971).

The lift spectrum (similar to the Sears Function) is given by Mugridge as

<, (W)= 1 g (2- ) (3.39)
- (1+20k)g  2H,
where
y =D 2&2 2 5|<1 s (3.40)
L " op 2 ,02 9

is a sparwise correlation factor accounting for spaise coherent of incident turbulence akd
is the reduced frequenck, =wh/U_. For large blade aspect ratib>¢2b) Equation(3.39) is

approximated as

K, (w)= m (341)

For isotropic turbulence, explicit expressions for the transversal turbulenclaracterized in

terms of the streaiwise turbulence strengthu(.) and integral length scale () are available.

Gliege (2002)proposed to use the upwash spectrum derived by Mani (1971) with additional
simplifications. He derived the following upwash spectral function
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It is interesting to notdhat this expression corresponds to the isotropic turbulence model

developed by Liepmann.

However, the other weknown modelof isotropic turbulence is by Von Karman (Hinze, 1959;
Amiet, 1975). Using the Von Karman model, Amiet (1975) derived the upR&® as

srgp O WY, w zg
/U2, &pG, (5/6) 'U, 2
S (W) = i (349
ed 36w 58
! /. — 89
U 20

+&
= RpG, (5/6) ' U,

where G, is the Gamma function.

To write the Von Karman model in the form of the Liepmann expression in Eq@a#ae) the

term G(1/3)/\/,5 &5/6) #.339!is inserted in Equatio(8.43 and after rearranging leads to

° 2,
. 1+8%13303, W 2
&M(W)‘a%—/fum g ¢ e + (3.44)
g2 8 5 |
2+51.33903, ¥ §6
€ ¢ Ue =0

Comparng Equation(3.42 to Equation(3.44) the two models have very similar functional

definition. However, it was decided to use the Von Karman model from Eqyatddn

Replacing(3.38 into (3.37) and multiplying by the number of rotor blades (noise from blades

assumed uncorrelated) gives

37



2 2 g
S () =2 2”55 8w (oo =M k(s b wets § G99

rel

This expression shows that the turbulence rotor interaction scales withgbevdr of the relative

Mach numberM , =U  /c. However, there are other terms thatiadérectly a function of the
relative Mach number. Assuming the convective velodity)(and spaswise correlation length (

/) as

gs(W) ° % UC © O'a'JreI (346)

The sound power spectral density implemented is

c. anb?

SNW(W) — Bp6a|r air 2 U2 @.82 Mrel Zb}-) reI KL( ’/y va( 91' (3.47)

with K, (w) computed using Equatiq8.41) and S, (w) computed with Equatio(8.44).

The final step in the implementation is to model the turbudénand estimate thBL thickness,

mean velocity profile, streatwise turbulencentensity, and integrdiength scaleln aBL, the

mean and fluctuating velocities vary from the distance to the wall. The turlBllecdnsists of

two layer, inner and outer. The mean velocity profile in both the inner and outer regions for a
smoothflat surface with zero presege gradient is given as (Cebeci and Smith, 1974; Coles, 1956;
Joseph and Parry, 2001)

U(r 3 &
(r.) =1 | g 2—1'753ir?ae—prw 8
UR,)_ 1 1.75 . &, p
=—— Ln 6 2= —sifgR ™=
U, 0.41 (R”) 0.41 ¢ 2

A\ J J

Y Y
Inner Outer
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wherer, =R, -r is the distance from the walR, =r,/d is the normalized distance to the wall,

ip
d is theBL thickness, and), is the friction velocity. The friction velocity is a normalizing factor

that accounts for the wall shear stresss given as
C 3.49
d . ?é o4

whereC, is the skin friction coefficient on the wall atu, is the mean velocity in the free stnea

A similar expression exits for the mean flow velocity profile for a rough (not aerodynamically

smooth) surface based on the height of the roughness elements (Cebeci and Smith, 1974).

From the experimental data in this work, it was found that Equégi#®)d o e s n 6t RLr edi ct
mean velocity well. This is likely because the flow in the small fans tested here behave more like

a pipe, e.gBL thickness is ~ 10% of the duct radius. However, the 1/7 power velocity distribution

for theBL mean velocity (Vhite, 1991)matches the experimental data very well and it was used

to predict the mean velocity profile. It is gives as

u(r,) _
. €

I

w

Qo

(3.50)

B
1-0: G

TheBL thickness,d, needed in Equatiof8.50 is obtained from th&L displacement thickness,
D :d/ d, whereD is in the 4.8 to 6.4 range for pipe flows an®.9 for airfoils (Rozenberg et
al., 2012). Here, it was assumBd=. TheBL displacement thickness akd are estimated from

DFDC.

The three component of turbulence intensities Bt aver a smooth flgblate without a pressure

gradient were measured by Klebanoff (1954) and reprodudéedtine3.7.
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Figure 3.7: BL turbulence intensities as a function of the diséato the wall normalized by BL thickness
for a smooth flat plate and zero pressure gradient. Data from Klebanoff, 1954wsier@mwise,w
transversal, andradial components.

The approach here was to use a polynomial curve fit of the stresartubulence intensity. The

expression is

2

wzo.oom-o.osoa” 0098 0178 .18 o003 G5

o}

The last parameter needed for #ie turbulence characterization is the integral length scale

(macrescale),/ .. This parameter is a measure of the largest eddy size in the turbulent fluid and

it is calculated using the turbulence energy speclﬂ(ni , rW) evaluated at=0 as

_E(fr)u(n) (352
/4 (rw) - 4ur2ms(rw) ‘f:O

Ganz et al. (1998) made measurementsoBthe or t he 180 fan tested at

turbulence length scales in the strearse, transverse and radial directions are presentédime
3.8 The turbulence integral scale and distance to the wall are normalized by the BL thickness. The

results for normalized distances/d >1 (outside the BL) should be ignored due to noise in the
measured data. The results fiQyd <1 shows significant differences in the length scales. The

measured data was also compared to previous measurements for a flat plate BL (solid dots). The
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measured integral scales are to some extent larger that the measuretdatanrbut it follows

the same trends.

Streamwise turbulence componant

» Data reported in references 9 to 15

0.0 T
1.0 T i
Transverse turbulence compaoneant ,'ﬁ e
0.8 U
Corrected fan speed (%) Xr ‘g
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Figure 3.8: Normalized integral length scales of inlet BL (Ganz et al., 1998).

Here the strearwise turbulence integral scale was estimated by curve fitting thefrdan a flat
plate inFigure3.8. The expression for the curve fitted data is

/¢ (R,)) (353
d

=(7.321&R -12.87TR. +5.957R)

3.3.3Computation of Total Sound Power Spectrm
The acoustic power PSD in Equati@i36) for RSN and Equatio(8.47) for BLTRIN needs to be

converted to sound power level spectrum if%d8tave and/or narrow bands fromparison to
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the measured dat a. To this end, the acoustic

This integral can be simplified by assuming the spectral density to be constant in the band. Thus,

W(WC)ZWrUN]SNW( Wd P Sl M w-)w S ) w (3.54)

where f_, f,, and f, are the band center , upper, and lower frequencies in Hz, respectively.

For the case of 1/octave bandDw =0.231556 . Thus, Equatioif3.54) reduces to

2pf,

W(£)= fi Sw(®2pdf =5.,(2 A2 (pf -H Su(2 P2 fpe3 G5

2pf,

For the case of narrowband, using the spectral resollfiaesired Equatio(8.55) reduces to

W( )= Sw(20 )2 o0 (3.56)

where f_ are the frequency vector of the spectrum.

The RSN and BLTRN are then added incoherently to obtain the total noise spectrum. This
assumption is a reasonable first order approximation since the RSN is affected by the turbulence
in the inlet duct BL. It is well known that inflow turbulence will result in an ina@eashe airfoil

drag coefficient due to the development of a thicker BL, especially at high angles of attack. This
effects is directly related to the turbulence intensity in the duct wall BL and it is not accounted for
in the RSN model.

3.4 Aerodynamics of Duct Geometry
The duct geometry is designed and analyzed using the open source code Ducted Fan Design Code

(DFDC) developed my Mark Drela and Harold Young(@mela, 2005)DFDC combines a lifting

line representation of the rotor with an axisymmetric pasglesentation of the duct and hub to
compute the selihduced velocities form the fan, duct, and center body. The formulation used in
DFDC in part derives from XROTOR which combines the classical td&taent/vortex
formulation with simple models to ament for the hub and duct.

DFDC uses the panel method (potential flow solver) solution for the velocity distribution and free

stream mach number to model the effect of the duct wall BL. The hybrid BL analysis consists of

42



a two equation momentum/energytimed to model the laminar BL and Green's lag entrainment
formulation to model the turbulent BL. The momentum and kinetic energy equations for the
compressible axisymmetric flow are derived by D{@eela, 2014ns

Momentum equation

C
dX U d x 2 b, d
Kinetic energy equation
dH’ g du, (3.59)
qd—+(2H H (1 H)) o %,

Where b, is the lateral width parameter. Equation 3.57 and 3.58 are essentially the same 2D

integral equations used in MSES (Equati(8%) and(3.5)) except for the lateral divergence term

involving dr / dximplemented to account for the axisymmetric flow.

Transition is modeled using the @ommerfeld equation. Transition from a laminar to a turbulent

BL is assumed to occur when the integrated amplitude has grown by more than affagtor
(~8100). The empirical assumption is the weakest link as it can vary betwldedepending on

the free stream turbulence, surface roughness and background noisgteleel 2014) The
turbulent BL is model ed by entraimment eqeatoliSrdemet e gr at
al., 1973)

Momentum equation

rc,
i(rq)_— {H 2 m2)7 rq du, (359
dx 2 . dx
Shape factor equation
dH _dH € &6C du @
-, Hi— (I (3.60)
dx dHl e i R X y
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Entrainment equation

e 28 v2 | ag du, o
e (C e 1CT} B 6
gdC, e L Ge £Q (3.61)
=Fé ) N\ a '
d : 1+0.2M
§ guiduefuo.omwz( +0 Z) ﬂ
g O 1+0m;) 5

Where C_is the entrainment coefficienC, is the shear stress coefficieatyd / ;is the scaling

factor on the dissipation length. The shape parameters are defined as:
H:i’ H:lr% U (%]1 Hl:d_ d (362)

q Go¢ U. = q
The equations are solved on a parametric grid wké&eonstant along each quaadial line and

his constant along each streamline as showsignre3.9. The BLOE6 s ar e i ntegrat
variable step size second order Ruiggta scheme. The main assumptions of this method are:
Adiabatic wall conditions, Prandtl number of unity, and Isentropic flow. Viscosity is evaluated by
Sutherland's law. Empirical relatioase implemented for closure of the laminar and turbulent BL

ODEG6s resulting in thdH®&uitadde BL anal ysis var

Duct wall

Figure 3.9: Grid and grid parameters defined parametrically)x, r) and /(X r), taken from Drela (2005).
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CHAPTER 4

4Fan Desi gn

The review of fan design methods in sectb#suggests that a comprehensive design approach

is needed to fill in the gapthat still persist in the literature. Particularly, considering both the
aerodynamic performance and the acoustic signature of low speed fans. To this end, a design
methodology was formulated and implemented to design rotor only low pressure ducted axial
ventilation fans for minimum noise. The proposed design approach is innovative because it is
comprehensive, well thougbut, and easy to implement. The design approach has been
implemented using the open source codes XROTOR and DFDC described in Ghdjitese

codes are used because they provide accurate and computationally efficient results that can model
key effects including induced velocities, blade solidity, and BL properties in the duct. The
comprehensive design method is presented in SectionFérlthe sake of clarity in the
presentation, the design approach is presented in the form of a case study. The single input here is
the volumetric flow rate of 1000 CFM in conjunction with a compact design.

The case study in Section 4.1 is limited taditional single element airfoils. The design of fan

blades employing mukelement airfoils in presented in Section 4.2. Contrariwise to single element
airfoils, experimental data for mulalement airfoil configurations at low Reynolds numbers is
nontexistent. Consequenthgection 4.2 also presents the numerical desigheofnultielement

airfoil configuration. Themulte | e ment ai r f oi | bl ade design pre:
concept A campaisog between fans designed with reldiment blade and single

element blades is also presented in section 4.2. All of the fans are designed using the control
vortex methodology. Hence, the fans will be referred t€¥S (Controlvortex single) for the

single element airfoil an@VT (Controlvortex Tandem) for the mulelement airfoil.
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4.1 Proposed Fan Design Approach

The fan design is implemented in a stepwise approach consisting of 4 stages as follows:

1. Selecting the airfoil that will result in the highest profile efficiency.

2. Implementing anulti-objective genetic algorithrto determine the fan size (hub and tip
radius), the fan speed, and the span wise axial and swirl velocities that maintain radial
equilibrium. This optimization is constrained by using the minimum fan tip speed with
maximum p@asible fan efficiency. Also, the genetic approach provides a family of solutions
for the designed to choose from.

3. Inverse design of the blade chord and twist distributions that result in the optimized axial
and swirl velocities from the previous step.

4. Desgn of the fan duct to maximize flow rate and minimize BL thickness.

Although noise is not directly used in the design approach, noise is indirectly accounted for by
minimizing the fan tip speed, drag losses, and the duct BL thickness. This approatited hs
considering that the fan noise scales directly with the drag losses and t6"tpewer of the fan

speed, i.e. reducing the speed by half can potentially reduce noise levels significantly. Another
reason not to include noise as a metric indégign is that noise prediction tools, in particular for
broadband component, lack sufficient accuracy and in some cases require inputs rarely available
at the design stage, e.g. turbulence data. Moreover, currently there are no noise prediction tools for

multi-element airfoils.

The four design stages are now presented irssabons 4.1.1 through 4.1.4.

4.1.1Airfoil Selection

The fan blade airfoil sections are one of the most important component of axial fans as it
determines the maximum attainable aerodyicaefficiency. The design of the airfoil blade
sections is not normally carried out by fan designers. Instead, these are selected from open
literature based on a high lift to drag ratio. Airfoils have been extensively researched and optimized
in the lastcentury, particularly for large scale conventional aircraft. This has resulted in a

substantial amount of airfoil geometries and corresponding aerodynamic characteristics in the open
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literature. However, these airfoils have been primarily designed toteparahord Reynolds
numbers over 1,000,000. Consequently, these airfoils may not be applicabléote Beynolds
numbers for industrial fans, estimated to be in the range of 40,000 to 4QE®Q973) e.qg.

three orders of magnitude lower than the operating Reynolds numbers for modern aifpdanes.

4.1 shows the variations of the maximum sectionaittftirag ratio with the Reynolds number. It

is illustrated here that conventional smooth airfoils designed to operate at high Reynolds numbers
(>10°) perform best. However, a significant diagerformance at low Reynolds numbers®&0

Re < 106) is observed. Consequently, the high lift airfoils optimized for aircraft are not suitable
airfoils to use for the design of low speed fans. Therefore, airfoils must be designed to operate in

low Reyrolds numbers.
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Figure 4.1: Effect of Reynolds number on the airfoil maximum-tifiag ratio, taken from Winslow et al (2018).

Experimental airfoil characteristics for low Reynolds number airfoilelaively extensive in the

open literature thanks to the work of Selig e{aglig et al., 1989a; Selig et al., 1989b; Williamson

et al., 2012)To this end, this data was reviewed and several airfoils canslslslerted based on
ahigh lift to drag ratio at low Reynolds numbers (Re¥1Bigure4.2 plots the lift to drag ratio as

a function of the Reynolds number for the airfoils seledtaplire4.2 shows thathe Clarky airfoil

has a high lift to drag ratio at a Reynolds number of 500,000. However, its performance
deteriorates at low Reynolds numbers and it was also excluded from further consideration.
Although some airfoils like the FX 6B37 and E423 airfasl have favorable airfoil characteristics

at low Reynolds numbers, these type of airfoils were excluded due to a very complex geometry

that is difficult to fabricate. To this end, the second criteria for selecting the airfoils was a geometry

47



feasible for farication, in particular using 3D printing technology. Thus, the airfoils considered
as part of this research are the E214, SD5060, DF101, SD8020, and SD8000.
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Figure 4.2: Effect of Reynolds number on the maximum-[iftag ratio of low speed airfoils, experimental data
retrieved from Selig et al. (1989).

The performance and efficiency of axial fans is affected not only by the airfoil geometry but also
by the air velocity pst the blades. To this end, the airfoil efficiency is also investigated for different

velocity flow fields, i.e. axial and tangential velocities. Tleeoglynamic efficiency A) is the
product of the ideal efficiencyf)andi s t he vi scoué))pracf islhe wef fiinc iEe

326 The ideal e f fmaximura theonetical efciencyiinbae iavisdidiled and
accounts for the kinetic erggrlosses. Conversely, the viscous profile efficiency accounts for the
viscous profile drag losses of the airf(iilrela and Youngren, 2003pue to the viscous features
of the flow at low Reynolds number, the focus here is on the viscous profile efficiency only,
hereafter referred as simply the airfpibfile efficiency. Assuming that the tangential velocity is

larger than the induced tangential veloc¥y> >, Equation(3.27) becomes

48



h ¢ GM (4.1)

w h eV, B the tangential velocity [m/s]. To account for the presence of other airfoils, the airfoil

efficiency is computed assuming a cascade with the velocity vectors shbwguie4.3. Here the
solidity due to adjacent airfoils in the airfoil cascade is

s=gd (4.2)

whecies the airtdiothectiosdanaedbet ween succeedi
carried out at a Reference Reynolds number of
steady. Consequentl vy, the unsteady fl ow effec

bl adewntaraeecounted for.

Figure 4.3: Airfoil vectors for numerical analysis of the airfoil cascade.

The maximum profile efficiency/ ) is computed for a given flofield (v, andV,) by optimizing

the chord €) and twist (¢) that results in the highest lift to drag rati@ (C, ). To this end, the

profile efficiency for an E214 airfoil was computed for a range of tangential velocities between O
and 0.2 Mach and different axial velocities as showhigure4.4. As illustrated, the efficiency
increases as thargential velocities increases up to a maximum and then roll off with constant
slope. Additionally, it can be observed fréfigure4.4that as the axial velocity increases so does
tangential velocity required to nmaain high aerodynamic efficiencifigure4.4 shows that the

airfoil stalls by the sharp rebff of the profile efficiency at a very low tangential velocity.

49



90 | —
g 80 - .
o
s 70 —vu=10m/s |
v =14 m/s
60 v=17m/s
va=20m/s
50 1 1 1 1 1 1 Il 1 1
0 002 004 006 008 0.1 012 014 016 018 02
V./c.
t air
Figure 4.4: Profile efficiency as a function of the tangential velocity for various axial velocities on an E214 airfoil
geometry.
Next, the profile efficiency is ploFtegedr®gai ns
As il lustrated here, al |l of the profile effioc
evident t hat there is a velocity triangle th
efficiency. The co(Vf/espoonnmcuwmmgs veil olcittlye r it gloe :
i s al so |iFlilgéSteh att es,ritnhieo i ncreases, the fl ow
subsequently eebBolthei Ao Ao fdfd e & teverlseotwi hoes riosl Id u e
as already iVWdiaeatedi sAsntheased, the airfoil
for the maximum | ift to drag ratio.
100 T T T T T
7Maximum lift to drag ratio
90 T .
|
sor | i
QD‘ 0.018 0.02 0. ()( 5 0.024 0.026
70 /4 J
60 \\Increase Vt/Va, N L i
decrease in AOA o
50 '
0 1 2 7

V /v
t a

Figure 4.5: Collapsed profile efficiency curves as a function

50

of the Vt/Va ratio for the E214 airfoil.



As previously mentioned, a widelayjywsuseasd tpr aetsii

the highest |ift to drBgg4baédi o.s Hhowev drl,e &0 io
lift to drag ratios while still maintaining a
design fans at | ow¥/fyraantg ulsar tvoe lroecdiutciee sn,oiis.ee .w

high aerodynamic efficiency.

This process can be repeated for different airfoils as shoWwigure4.6. As it can be observed
from this figure, the profile efficiency varies for different airfoils. Consequently, the normalized
profile efficiency curves can be used to directly compare the performance of different airfoils.
From this figure, th&e214PT airfoil is the best performing airfoil which is the airfoil with the
highest lift to drag ratio. Furthermore, it is also illustrateBigure4.6that regardless of the airfoll

geometry, the minimur¥, /v, ratio occurs at 0.6 for all airfoils. Therefore, the minimum tangential

velocity for the design of the blade sections is

V. >0.6 %, (43)
100 T T T T T T T T T T
I < somoan P
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— 80 [
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Figure 4.6: Collapsed profile efficiency curves for the E124 (blue), SD8020 (cyan), SD8000 (green), DF101(red)
and SDO060 (dark grey) airfoils.
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4.1.20ptimum Fan Dimensions and Velocity Profile Design
The second afye is used to determine the fan dimensions, the velocity profile without the need to

know the actual blade geometry, and the fan speed. The fan volumetric floW yagelfe integral

of the axial velocity profilev,(r) from the hub to the tip. That is

V = fRorv, (r)dr (4.4)

Therefore, the design of the velocity profile to generate a target volumetric flow rate involves the
following design variables: (1) hutbo-tip ratio, (b) fan diameter, and (c) axial velocity distribution.

The selection of these parameters is traditionally based on trial and error methods based on
guidelines in the open literature. However, the guidelines vary widskgdoan the source. For
instance, Wallis (1983) recommends a-ioiip ratio between 0.4 and 0.7 for welksigned fans
However, Osborne (1966) describes efficient fans having a hub to tip ratio less than 0.55.
Additionally, fan diameter is also determinieased on thempirical Cordier diagram which has

been shown to have a very wide range of possible efficient designs.

The axial velocity distribution is often set by a free vortex blade loading. The only known approach
for the selection of the nefinee vortex velocity distribution is one presented by Castegnaro (2017).
This approach uses a Cordier diagram for-free vortex fans to select the appropriate swirl

velocity distribution, i.e. free vortex, forced vortex, etc.

In this work, amulti-objectiveGenetic Algorithm (GA) was implemented to optimally determine
fan dimensions and axial flow profileThe GA (Chipperfield and Fleming, 1995%)lgorithm

searcles the design space for the design variables that will minimize the fan tip speed (

M, = W/g, ) while generating the target volumetric flow raté)( The desigraxial velocity

profile must be selected such that r&dguilibrium is maintained along the blades. Consequently,

the centrifugal force must be balanced by the radial pressure gradient on the fluid element. If there
is no radial equilibrium, there will be a radially outward flow that will increases these$oand

tip stalling with a potential increase in no(8ad and Horvath, 2008rigure4.7illustrate forces

on a fluid element. Summation of forces in the radial direction gives
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(p+dp(r +ng/ pdrd/ 2¢p Yrdp dlsin(%) n¥% 0 (4-5)

Here all of the streamlines are assumed to be concentric about the axis of rotation. Ignoring higher
order terms, this leads to the simple radial equilibrium equation (Equ@®)n) first derived and
experimentdy validated by Kahane (1947) for the design of Hfi@e vortex fans.

Figure 4.7: Radial forces acting on the rotating fan fluid elemeRedial outward fhw results from imbalnce of the
centrifugal force c) and radial pressure forces.

The simple radial equilibrium equation (Equati@®)) canbe expressed using the total pressure

(pt:p %rair(\é \*5)353

1 dp(n =v.(r) dy, (1) IVg(f) d(rv{n) (4.6)
r dr 2 dr r dr

air

Equation(4.6) is solved for the axial velocity profilev((r)) by assuming the swirl velocity has
the power law distribution expre=s as

v, =ar" 4.7)
where ais the swirl velocity coefficient ana is the swirl velocity exponent.he swirl velocity
exponem describes the distribution of swirl velocity along the blade, while the swirl velocity
coefficient determines the magnitude. Then, using Euler's work equatien, r v, 1) ) the

corresponding axial velocity profile to maintain radial efuilm is derived by Bruneau as
(Bruneau, 1994)

2n 2n
w=2 (e %) e PEET ) @
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where

o 2,
R(r):lngey 8 for n D (4.9)
¢/t =
and
ar’-r’ o (4.10)
R(r)=Ingg—— gfor n ,0 '
n +

¢

One main issue with Equatio(.8) is that the velocity at the huby/((r,)) must be assumed.

However, in this research the axial velocity at the hub is set such that the velocity ratio at the hub

must beV, /v, >0.6 as determine from the airfoil analysis in Sectibf.1 Consequently, the
velocity at the hub is conservatively defined as

W, (4.11)

Va(rh) = 0 7

Therefore, Equatio(.8) becomes,

2n 2n
va(r):\/z (™t g1t a?(n 1)£Ln—rh

(4.12)

Fe] o
S
ro:o0f

The axial and swirl velocity equations to maintain radial equilibrium are therefore explgsse
Equationg4.12 and(4.7), respectively. However, the velocity distributing is not defined until the
parameters fomandn are specified. Theris an infinite number of possible velocity distributions
depending on the selected valuesfandn. Themost common swirl velocity distributions used

in industry areFree Vortex ¢, = ar*), Constant Swirl y, = ar®), and Forced vortexvf, = ar’)

(Cory, 2005) Figure4.8shows the swirl velocity distributions and corresponding axial velocities.

As illustrated here, the free vortex design leads to very high swirl velaoggshe hub that will

result in a large chord and twist. As described by Wallis (1983), this is the most practical design
and thus widely used. The constant swirl velocity leads to an axial velocity distribution that
increases from the hub to the tip andonstant swirl velocity distribution. This typically results in

a constant chord and low twist distribution along the blades similar to designs by Ruden (1944).
Lastly, the forced vortex leads to axial and swirl velocity that increases from the hugotip. th
Consequently, the resulting blades are characterized by a small chord at the hub that increases

along the blades span. Forced vortex designs achieve high efficiencies at low pressure coefficients.
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However, the reduction of fan efficiency with tipeatance is significantly higher for the forced
vortex designgCastegnaro et al., 2017)herefore, due to the high efficiency characteristics of

the free and constant swirl designs, the present approach focuses on velocity distributions
employing a swirl velocity exponémetween-1 and O, i.e. between a free vortex and constant
swirl. This range of swirl velocity distribiutions are herein referred to as a control vortex design.
To this end, the GA algorithm implements a control vortex design approach to find the dxial an
tangential flow distributions (find andn), fan angular velocityhub-to-tip ratio, and fan diameter

to generate a target volumetric flow rate.
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Figure 4.8: Common industry dégned(a) axial, and(b) swirl velocity profiles resulting in radial equilibrium.

The GA algorithm searches the design space to find the combination of input varialles(id,

W) that minimize the tipspeed 1,,) and satisfy the volumetric flow rate requirement. The

process begins by setting a set of individuals (initial population) that are characterized by a
combination of the design variables. Therefore, a range of valuesbaisiecified for each
variable. The fitness of each individual (combination of design variables) is evaluated against other
individuals with only individuals with a high fitness (individuals close to the minimum tip speed)
surviving to the following iterdon (generation). The individuals must also satisfy the volumetric
flow rate design constraint. To this end, the maximum volumetric flow rate for each individual
must be computed. The optimizer finds axial and swirl velocity profiles that will resutein t
highest volumetric flow rate for the set of design variables (individual). To this end, the swirl and
axial velocity profiles are computed using Equati¢h3) and(4.12 respectively for a range of

swirl velocityexponentsr{) betweenrr1 and 0. If the maximum volumetric flow rate is greater than

the design flow rate, the set of design variables (individual) are a feasible solution. This process

55



was repeated for 150 gentoas. The results are plotted figure4.9 using a Pareto front. The
Pareto front describes a set of ritmminating solutions. Therefore, for each Hiakip ratio shown

in Figure 4.9 the corresponding i speed M, ) is the minimum possible, i.e. where

tip
V, /v, (r,)° 0.7. Therefore, the fan designer must prioritize between tip speed artd-tipbatio.
The hubto-tip ratio and corresponding tip speed selected for the mledigase study are 0.405
and 0.1, respectively.

The fan tip speedNl,. ) is used to compute the fan diameter using Equgi2aB). This is

tip
accomplished by matching the fan angular velo¢ity) to the design angular velocitf the

BLDC motor and computing the dimeteD( corresponding to the design fan tip speit] ().
This is justified considering that the fan noisgieportional to the fan tip speed(, ), hence

there is no tradeoff between the angular velocity and the diameter of the fan. For the motor
selected, the design speed is 3500 RPM, i.e. 366 rad/sec. Then, the diameter is defateld to m
the designed tip speed. For the case study, the diameter is 0.I8&mesulting axial and swirl

velocities are shown iRigure4.10.

- Pareto Front”

Hub/tip ratio for

0.1F : i
case study design
0.09 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45

hub to tip ratio
Figure 4.9: Multi-objective GA Par front representing the minimum tip speed for the design volumetric flow rate
and the best possible compromise with the-tadtip ratio.
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Figure 4.10: Design (a) axial and (b) swirl velogiprofiles optimized to minimize the fan tip speed for the design
volumetric flow rate of 1000 CFM.

4.1.3Blade Geometry

In this stage of the process, the number of blades and the blade geometry are defined, e.g. radial
chord and twist distributions. To thesid, an inverse design approach is implemented to determine
the blade geometry that results in the axial and swirl velocity distribution from the previous stage,
i.e. velocity profiles inFigure 4.10. The design problem involvesecomposing the blade into
independent sections with known velocity vectors and prescribed airfoil gailguse4.11 shows

the known velocity vectors and blade airfoil, i.e. E214 airfoil selected in section 4.1.1. The solver
XROTOR is then used to compute the blade chord and twist that will result in the known velocity
vectors at the highest efficiency. As an example, the ideal design of a blade section is where the
airfoil operates at the AoA corresponding the maximum lift to datig. This process is repeated

for all radial sections to compute the blade chord and twist distribution along the blade span.

It is important to note that for a very low  value,it can lead to a very large chord distribution

that are geometrically possible but not very practicable. Therefore, it is required to address the
feasibility to fabricate an efficient blade. Therefore, three methods for reducing the chord size are
possible. They are:

I.  increase the number of blades

Il.  increase the operational tip speed, and
[ll.  select an airfoil geometry with a higher performance, e.g. falgdiment airfoil.
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The latter is investigated in Section 4.2. Iterations over the first two resulted in a decision to
increase the tip speed of the CVS far®t115 and implement a 7 bladed fan. The resulting chord
and twist distribution are shown kgure4.12 for the CVS fan.

i Step 1:airfoll

Step 3:Design of
L chord and twis

Step 2:velocity profile at
Figure 4.11: Summary 6the design process consisting of (1) airfoil selection, (2) Velocity profile design, and (3)

inverse design of the blade geometry that will result in the design velocity vectors with the selected airfoil

aerodynamic characteristics.
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Figure 4.12: (a) chord andb) twist distribution consisting of 5 blades which results in the design velocity profiles
with the selected airfoil aerodynamic characteristics.

Figure 4.13 shows the blades integrated into a fan. Particularly, a circular fan hub is added to
provide smooth flow to the blade root sections and an outer ring is added to the blade tips to
increase its structural strength and to eliminate the tip clearancé@aghouse(Longhouse,

1978) demonstrated this to be an effective method for reducing tip gap noise. Tokushige et al.
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(2011) demonstrated a decrease of overall noise levels of the ring fan by 3dB relative to a

traditional propeller fan.

Fan ringj ;

Blade chord

1 » /— and twist

distribution

Fan hu

Figure 4.13. Fan blade geometry consisting of the designed blades and added fan hub and ring.

4.1.4Duct Design

In this last stage, the duct is designed. The use ofdales in low speed axial fans is common
given that it helps increase the aerodynamic efficiency and the mechanical strength of the unit
(Jang et al., 2001; Longhouse, 1978; Magne et al., 2015; Magne et al., XlEzd Rt al.;
Shimada et al., 2003 herefore, the inlet duct is an important component that has a direct impact
on the performance of axial fans. There are different types of inlets that are frequently used as
illustrated inFigure 4.14. Each inlet has different flow characteristics. However, losses are

minimized when the curvature of the inflow streamlines is at minirffwhadlis, 1983)

() (b) () (d)

Figure 4.14: Axial fan duct commonly used inlet&) sharpedge,(b) short flange(c) conical, andd) bellmouth.

The design of irdt ducts expands to any application requiring a fluid to be ingested with minimum
losses. That includes compressors, blowers, pumps, jet engines, etc. Consequently, the
performance of different inlet geometries is vast. However, the effect of the diffgremietric

parameters on the performance of axial ventilation fans is limited in the open literature. This can
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be attributed to the widely accepted understanding that a bellmouth shape will result in lower losses
relative to other inlet typg®lair and Cahoon, 2006; Padhy, 1998he smooth convergent shape

of the bellmouth can be accomplished with several methods. Some include airfoil profile shapes
(Szafran et al., 2014; Yilmaz et al., 2018)eecircles(Tiwari et al., 2016)and a simple radius.
However, the elliptical profile is the best geometry since it results in minimum losses, it is easy to
fabricate and it is cost effecti ®lair and Cahoon, 2006; Tiwari et al., 2018 this end, the
present section investigates the design of an elliptically shaped inlet duct fesniytaxial fans.

The design parameters for the bellmouth inlet are the vesilipse axis ), the horizontal
ellipse axis &,), and the ellipse angle)). Additionally, the length of the exhaust dudt { is

also investigated. Herehe center body is assumed to have a circular shape (radius equal to the
hub radius).

20

Bell mouth
inlet

JaN

Rear duct
length(L, )

axis2(a,)

Quarter chord
line

Flow
direction

centerbody Fan blad
an blade

geometry

Figure 4.15: Elliptically shaped inlet duct design geometric parameters.

The tapered channel tiie bellmouth gradually converges the flow towards the fan inlet. This
results in the generation of a BL that can directly impact the aerodynamic performance and the
noise radiated by the fan. In general, a thin BL is desirable. Therefore, the meiniesest for

the design of the duct are the inlet BL thickned9 and the total volumetric flow. To this end,

the open source code Ducted Fan Design Code (DFDC) developed my Mark Drela and Harold

Youngren(Drela, 2005)was used for the analysis of the duct geometry and to estimate the BL
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thickness. DFDC was seled due to its rapid analysis capabilities and accuiaayy et al.,

2015; Sargent and Anemaat, 2018)FDCis a two dimensional code that combines a lifting line
representation of the rotor with an axisymmetric panel representation of the duct and hub to
compute the selihduced velocities form the fan, duct, and center body. To this end, duct geometry
in DFDCis adjusted to an inviscid profile that has the same mass flow near the body as the real
viscous profile. This is done using the integral BL equations given by Prandtl. The difference
between the real and the inviscid profile is the local BL displacemiekness| ). This is about

1/2 to 1/3 as large as the overall BL thickn@ela, 1989) In this research, the BL thickness is,
therefore, assumed to be approximately 3 times the displacement thickness,3.&. Although

it is an approximate value, it has been shown to agree well with experimentalire€hlgpter 5.

To this end, the velocity profile predicted by DFDC is adjusted to account for the BL. The BL
profile was estimated assuming that the flow through the duct has similar characteristics as the
flow through a smooth pipe. Therefore, the®ppwer law empirical equation for the velocity

profile is implementedSchlichting and Gersten, 2016)

o A4
arl

_ar, 0 (4.13)
U(y) - ?g 9 Uedg
whereu ., is the edge velocity and'is the BL thicknessd =3 a with ¢ estimated by DFDC).

For the sake of illustratiorfigure 4.16 shows the velocity profile predicted by DFDC and the
predicted BL velocity profile at the blades quarter chord using Equ@tis).

25 Il |- . I
> ! !
= 20 DFDC 1
= I C.

b prediction
| |

>
5 151 1 Boundary layer 1
s Hub wall—"1 correction |
S 10t I I
I : !
2 s |
< | Duct wall

0 | L | |
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Radial position [mm]
Figure 4.16: Designed axial velocity profile predicted by DFDC and the corrected velocity profile incorporating the
BL profile at the blade quarter chord.

Inlet ducts increase the size of the fan unit. Due to work spattetiess, compactness of the
design is a desirable attribu{leaboratory, 1989)Therefore, the objectives of the duct design are
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to minimize theBL thickness, minimize the size of the inlet duct, and increase the volumetric flow
rate. To this end, a dynamic programmimgthodology has been implented using DFDC
(Puterman, 2014) lllustrative results of the optimization process are present&thure4.17
throughFigure4.20.

Figure4.17 shows the volumetric flow rate increase for a range of ellipse af@lgand height
to length ratios & / a,). As illustrated here the volumetric flow rate increase is not very sensitive
to the ellipse angléQ ) when it isgreater than 0 degrees and independent odtha, ratio. When

the bellmouth inlet is les®ian a quarter of an ellipse, the performance decreases considerably.

Figure4.18 shows the BL thickness at the blades quarter chord location (illustrdtegline4.15)
normalized by duct diameter asum€tion of the ellipse angl€®) ) and (g, / a,) ratios. A thin BL

is achieved for ellipse angles > 15° again independent & fleg ratio.

Figure4.19 shows the Blthickness as a function of the ellipse arc length to diameter ratio (S/D).
Thus, this figure assesses the impact of the size of the bellmouth. As shown, the BL thickness

reduces as the arc length is increased faa dlb, ratios. Thusresults in Figure 49 and 50 indicate

that for a thin BL a large bellmoth with a minimum ellipse angle of 15° is needed.
Finally, Figure4.20 shows the volumetric flow rate increase as a function of the ratio of the length

of the rear duct to the diameter. In this simulations, the rear duct is assumed of constant radius. It

is illustrated here that the performance of the fan is not very sensitive to the length of the rear duct.
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Figure 4.17: Volumetric flow rate increase as a function of the ellipse an@¢ &nd height to length ratica( / a,
). Red and green squares indicate C ariBie@mouth inlet designs.
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Figure 4.18: BL thickness (estimated by DFDC) as a function of the ellipse afglegnd height to length ratio (
a / a,). Red and green squares indicate C ariBe@mouth inlet deigns.
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Figure 4.19: BL thickness at the blade quarter chord as a function of arc length for a range of height to length ratios
(a /a,). Red and green squares indicate C arBe@mout inlet designs.
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Figure 4.20: Volumetric flow rate (CFM) increase as a function of the length of the rear dugt/fag =0.85, and
y =0. Yellow square indicates reduct design.
The design of the inlet and rear duct using the dynamic programming methodology resulted in the

geometry shown ifrigure4.21(a). The height to length ratigy(>p) of the belimouth is 0.64, the

ellipse angle is 1°, the arc length to diameter r&i®)(is 0.21, and the length of the rear duct to
diameter ratio is 0.42. The performance of the inlet and rear ducts are indicated by the red square
in Figure4.17 to Figure4.20. This bellmouth inlet is herein referred to as thB&limouth inlet.

The DFDC predicted BL thickness along the duct is also showigure4.21(a) as a dashed blue

line.
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An additional bellmouth inlehas been designed with ti&D ratio relaxed. The second inlet
designed is referred to as theB@limouth inlet. The €Bellmouth inlet has &/Dratio of 0.41 and
height to length of 0.8 indicated by the green squafegure4.17to Figure4.20. The Qbellmouth

inlet and the resulting BL thickness is illustratedrigure 4.21(b). As illustrated here, the-Q
Bellmouth inlet reduced the BL thickness by nearly 70%. A 3D view of thiged inlet ducts is

shown inFigure4.22.

It is important to note that the experimental results do not show the reduction in the BL thickness

using the @Bellmouth as predicted by DFDC. The reason for this discrepancy is detstood.

It is speculated that it can potentially be attributed to the fact that the fan is positioned in very close

proximity of the inlet and the blade potential flow field affected the growth of the BL.
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Figure 4.21: Inlet duct geometry and duct wall boundary for the (@ellmouth and, (b) €Bellmouth inlet (units
inm).

65



C-Bellmout

Rear duct
geometry

Q-Bellmouth

Figure 4.22: Fan GBellmouth andQ-Bellmouth inlet and rear duct geometry incorporated in to the fan design.

4.2 Design of multirelement axial fans
In this section, the implementation of medtement airfoils in ventilation fans is investigated.

Though multielement airfoils are complexa definitive trend towards implementing these
geometries to axial compressors, wind turbines, and UAV propeller blades is ongoing. The main
aims of investigating mukelement airfoils in this research are to assess their potential to i)
improve aerodynaro performance and ii) reduce fan noise due to a decrease in the fan speed. To
this end, the fan design approach presented in Settiamalso applied to mukelement airfoils,

i.e. design process is the same for singlerantliple element airfoils. To this end, the polar for

the multielement airfoil is needed.

Unlike single element airfoils, there is no lift and drag polar data available in the open literature
for multi-element airfoils at low Reynolds numbers. Consatjygthe approach here is to design

the multielement configuration and to estimate the polars. The optimum design of the multi
element airfoil is a difficult task because of the large number of design variables, e.g. airfoil type,
relative placement ofil@ments, size of elements, etc. To simplify the design, it was decided to use
the E214 airfoil geometry because its good aerodynamic characteristic at low Reynolds numbers.
Secondly, the number of airfoils is limited to two. Consequently, hereafter thieatenhent airfoll

will be referred simply as a tandem airfoil.
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The design of the tandem airfoil configuration using a dynamic programming methodology is
presented in Sectiofh.2.1 The tandem airfoil polars are used to designaxial fan in Section
4.2.2

4.2.1Tandem Airfoil Design

The aim here is to design a tandem airfoil configuration with higher lift and lift to drag ratio than

the single element airfoil. To this end, the design of the tandidoi & carried out at a chord

Reynolds number of 200,006RE, =°t°ta'Vre'V. ) using the viscous/inviscid MSES/MSIS solver

air

presented in Chapter 3he design parameters for the tandem airfoil are showigure 4.23

They are the chord rati@{/ c,), gap size (defined whedf = ¢ 9), vertical displacement of the

rear elementd,. ), and main and rear airfoil deflection angles &nd d,), respectively.

Rear
—» e 93p element

Main i
element '
Ciotal ‘

Figure 4.23: Design parameters for the tandem airfoil geometry.

The airfoil design is carried out by first investigating teect of the design parameters
individually in order to gain insight into the sensitivity of airfoil performance to these parameters.
The sensitivity studies are presented in the form of plots of lift vs drag for a range of AoAs in
Figure4.24 throughFigure4.28.

Figure4.24shows the effect of the rear deflection anplg (whenth=12°, ¢ /c,=1, gap =0, and

dre= 0. As illustrated, the @&fficient of lift increases as the deflection angle (increases for the

rear element up to a position where the leading edge of the rear airfoil is near the trailing edge of
the main element. After the maximum lift is achieved, further increasangefiection angle

results in a decrease in lift and an increase in drag until Sthller ef or e, the airf
strongly sensitif(i.Figured4.26shaws & $imeilar trendwhel a n g 1if, e

¢,/ c, =1, gap =0, anddre= 0. Howeverthe maximum CL that can be achieved is lowér ais s

d e c r eViheretlderear deflection anglg () is further reduced to°&he coefficient of lift is

shown to increase i the rear deflection angle. However, here the CL continues to increase
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for 7 . Therefore, the rear element does not stall and the BL remains attached to the rear

element.

. . .
O ! configuration for
maximum CL
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CL wkelt
Il ncrease2CD w

0 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
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Figure424 Tandem air f oi#6 .d5 atgo p¥i2, ewd &lpand gap =0 .
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Figure 425 Tandem ai r f oiz#5tod0.5wpenp=d0°,a c, £lg d,. T0, and gap =0.
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Figure426 Tandem air foix0dt ag 1988 byhce=lf di.r=0,and gap =0.

The effect ofvertical displacement of the rear element is showrigire4.27. It is shown here

that the coefficient of liftincreasesasthe r t i cal di spl acednpgincteasest t he

However, when the trailing edge of the main element is directly aligned to the leading edge of the
rear elementhe lift and drag decrease instantly. This is likely due to the coupled phenomenon
between the trailing edge flow of the main element due to th&Kondition and the stagnation

point of the rear element. Further increasing the vertical displacement of the rear element results

in an increase of lift and drag relative to the aforementioned configuration.

—— 1
1.2 r 1
1+ Maximum i
—
O 0.8 L Minimum cL i
' Cd
0.6 |- y

—_—>

04| Increase in CD with distance from

“"| minimum drag position

0.2 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

CD

Figure 4.27: Tandem airfoil drag polar fatrefrom-0 . 12 t o 0=D ZBlO,mﬂd € A1, and gap = 0.

Figure4.28 shows the effect of the gap size on the lift and drag of the tandem airfoil. As

illustrated here, the lift increases and the drag deeseasthe gap is reduced.
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Figure 4.28: Tandem airfoil drag polar whengapfc 0 . 04 t o 0 ;=4 ®065)0, g hog=l, dinddre= 0.

To design the tandem airfoil, an iteratidynamic programming method was implemented using
MSES to compute the aerodynamic properties for each iteration. To this end, various combinations
of the variables shown iRigure4.23 where analyzed resulting in the nearly optimsafution
shown inFigure4.29(a). The E214 tandem airfoil 2 (E2T2) airfoil geometric parameters are
listed inTable4.1. However, concerns with the proximity of the rear element to the main trailing
edgeduring fabrication of the airfoil led to a new design referred to as E214 tandem airfoil 3
(E214T3) shown inFigure4.29(b). The E214T3 has the same geometric parameters as the E214
T2 airfoil with the exception of the rear elent vertical displacement. As shownTiable4.1, the
E214T3 is displaced down vertically 2% of the total chord relative to the H214dirfoil. The

drag and lift polars for both airfoils are showrrigure 4.30showing that both airfoils have similar
aerodynamic performance. However, the EZP4airfoil generated less drag for coefficients of
lift between 1.6 and 1.85 as showrFigure4.30(a). Figure4.30(b) shows that the zero lift AOA
increases by 1 degree for the EZN3! airfoil configuration. However, the maximum lift is

increased.
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(@) (b)

Figure 4.29: (a) E214T2 airfoil geometry resultipin the best aerodynamic characteristics @)dE214T3 airfoil
modified to accommodate for fabrication difficulties related to the proximity of the airfoils.

Table 4.1: E214T2, and E214T 3 airfoil designgeometric parameters.

Geometric parameter E214T2 E214T3
Airfoil geometry E214 airfoll E214 airfoll
c, /¢ 1.0536 1.0536
Main airfoil deflection angle ¢]) 12 12

Rear airfoil deflection angled,) 9.28 9.28

Gap size 0 0

dre [% of the total chord] 0 -2

(@ (b)

2
1.8}
16
O
14+
E214-T3 E214.T
L2y E214-T2 | 12l E214‘T§ ]
0 0.0l 002 0.03 004 005 0 5 1'0 s

b AoA (deg)

Figure 4.30: E214T2 and E214 T3 clean airfdi&) drag polar andgb) lift polar comparison.
The pressure coefficient @214 T2 and E214T 3 airfoils at an AoA of 8 degrees is compared to
the single element E214 airfoil Figure4.31 The chord for the single and tandem airfoils is the
same (tandem airfoilhord is from leading edge of main to trailing edge of rear airfoil). As shown,
the tandem airfoils increase the pressure difference at the rear end of the airfoil relative to the
single element airfoil. The increased in performana#uis to the acceleratdlow in the gap of
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the tandem airfoil that increases the kinetic energy of the flow on the suction surface of the
subsequent airfoil. The first half of the tandem airfoil shows a similar pressure distribution as the
single element airfoil. However, inddual element of the tandem configuration exhibit lower
chord Reynolds numbers relative to the single element airfoil. The lower chord Reynolds numbers
leads to separation bubbles (shownFigure 4.31) and a increase in turbukeBL thickness
resulting in an increase in parasitic d(ggnslow et al., 2018)The separation bubble can also be
seen in the viscous region, i.e. wake, of the rear elemé&igume4.32(a) and (b) for th&214 T2

and T3 airfoils, respectively. Additionally, the stagnation streamlindsgare 4.32(a) and (b)

show that the increased gap size for the ER34irfoil results in higher flow velocities on the
pressure side relative the E214T2 airfoil which results in a lower coefficient of pressure, i.e.

lift. The coefficient of pressure contour for the single element airfdfignre 4.32(c) show that

the coefficient of pressure is reduced at the secolidhténe E214 airfoil relative to the tandem

airfoils. Therefore, a higher lift is achieved for the tandem airfoils.

-2 I I I L
0 0.2 0.4 0.6 0.8 1
x/c
Figure 4.31: Pressure distribution for the clean EZI2, E214T3, and E214 singlelement airfoils at AOA = 8°,
and Re = 200,000.
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Figure 4.32 (a) E214 T2, (b) E214T3 and(c) E214 airfoil coefficient of pressure contours at Re=@00, and
AOA=8deg.

Transition enhancement is a method for eliminating or reducing the intensity of the laminar
separation bubble by tripping the lamirBk (Gopalarathnam et al., 2003Jhe trip enables
transition from a laminar to a turbuleBt that is more capable of sustaining adverse pressure
gradients. The chordise location of the trip has little effect on theag as long as the trip is
located upstream of the laminar separation bufihylen et al., 1997)Consequently, the E214 T2

and T3 airfoils have been tripped upstream of the separaiibbles of the main and rear elements.
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The transition locations for each tandem airfoil are present€ahle4.2. As illustrated inFigure

4.33, tripping of the airfoils resulted in the eliminationtbé separation bubbles while preserving

the same pressure distribution. Consequently, resulting in a decrease in the drag while maintaining
a comparable coefficient of lift as shownFigure4.34 for the E214T2 airfoll.

Table 4.2: Tandem airfoil trip locations.

Airfoil X1/Cl X2/C2
E214T2 0.80 0.50
E214T3 0.70 0.45
() (b)
5 5
4 L
3 L
2t
Q i e,
O TTTERLL e,
1 T ‘.::, ..............
0 i
) .
-2 : : : : 2 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c

Figure 4.33 Coefficient of pressure fdia) E214T2 and(b) E214T3 airfoils polar for tripped (dotted lines) and
clean (solid lines) airfoils at AoA =8 deg, and Re=200,000.
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2 T T 2
1.8 (Tripped airfoil 1.8
Trippedairfoil
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@) @)
L4y 1.4t +——clean airfoil
*——clean airfoil
1.2} 121
0 0.01 0.02 0.03 0.04 0.05 0 5 10 15
CD Agle of Attack (deg)
Figure 4.34: Comparison of théa) drag andb) lift polar for the tripped and clean E2T2 airfoil at a
Re=200,000.
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The lift and drag polars for the tripped EZI2 and E214T3 airfoils are compared to the E214
single element airfoil ifrigure4.35 As illustrated here, thtandem airfoils resulted in an increase
of the coefficient of lift by approximately 35%. However, as showrigure4.36the lift to drag
ratio was slightly increased while increasing the coefficient of lift. Therefore, tr@tpeaused
by the increase in drag is more than offset by the gain in the lift coeffidiabte 4.3 directly
compares key aerodynamic parameters for the H214E214T3, and E214 single element
airfoils at their maximum liftd drag ratio. It is illustrated here that the EZXI2airfoil increased
the drag by 36% while increasing the lift by 43%. The EZ34ncreased the drag by 46% while
increasing the lift by 46%.

(a) (b)
2 2
Increase in lift |
1.5} 1.5} Nereg
drag
— —
@) @)
1 1
e
0.5 . : 0.5 : . :
0 5 10 0 0.01 0.02 0.03
Agle of Attack (deg) CD

Figure 4.35: Airfoil (a) Lift and (b) Drag polars comparison for the tripped EZ02, E214T3, and Single element
airfoils at Re=200,000.

95 . . . T '
= —

90 r o 7@/\
S e | x| .
g8 \ Same or greater lift
&0 g0 | to drag ratio while
5 increasing the
a3 coefficient of lift
&
= 70

65 \

60 : : : ; :

0.8 1 1.2 1.4 1.6 1.8 2

CL
Figure 4.36: Lift to drag ratio as a foction of the coefficient of lift for the tripped E24#2, E214T3, and Single
element airfoils at Re=200,000.
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Table 4.3: Direct comparison of the aerodynamic characteristics of the-E21&#214T3 and E214isgle element

airfoils.
Airfoil AoA for max  CL max LD max CD atLD CL atLD
CL max max
E214airfoll 9 1.349 87.92 0.01341 1.179
E214T2 10.7 1.92 92.28 0.01835 1.693
E214T3 114 1.951 87.93 0.01964 1.727

4.2.2Multi -element Airfoil Blades Design

In this section, the two tandem airfoils from section 4.2.1 have been used in the design of the fan
using the approach presented in SeclidnThe tandem airfoil fans will be referred to as Control
Vortex Tandem Control-Vortex Tandem). Hence, CVT2 and CVT3 for airfoils EZIZ and
E214T3, respectively. The CVT2 and CVT3 fans have been designed to have the same diameter
(0.186 m) and volumetric flow rate (1000CFM) as the CVS fan. Hence, the approach here is to
designthe CVT2 and CVTS3 fans to generate the axial and swirl velocity profilegure4.10(a)

and (b) using the polars for the E212 and E214T3 airfoils, respectively. However, the airfoll
characteristics can vary based on Reynala®iber as described in Sectidri.1 Consequently,

the two tandem airfoil polars were recomputed for the expected Reynolds number at the hub and
tip. Figure4.37 shows the different polars, polar allRRe and the polars actually used at the hub
(70k Re) of and at the tip (120 Re) of the blade. It is interesting here that he Reynolds number has
a more unfavourable effect on the Coefficient lift than expected relative to a single element airfoil.
The raason here is likely that a decrease in the total chord Reynolds number increases the viscous
effects of the individual elements of a midtement airfoil more than a single element airfoil. This

is because the chord Reynolds numbers of each elementlig maé of that of the total chord

Reynolds number.
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Figure 4.37: E214T2 airfoil (a) Drag, andb) Lift polar at RE=200,000, 120,000, and 70,000.

Unlike the design of th€VS fan, the CVT2 and CVT3 fans were designed to have the minimum

tip speedof 0.1 for the 0.405 hub to tip ratio. In fact, the number of blades was reduced to 5
(relative to 7 for the CVS fan) to increase the chord size to be comparable to the chofthgze

CVS fan.Figure4.38 shows the chord and twist for the CVS, CVT2 and CVT3 fans. As illustrated
here, the twist increased for the CVT2 and CVT3 fans since the tandem airfoils operate at higher
angles of attack. However, thgarall change in chord from the blade hub to the tip is the same.
Figure4.39 shows the 3D blade geometry of the CVS, CVT2, and CVT3 fans. As illustrated here,
the tandem airfoils are significantly thinner which leads to a reductithe thickness noise. The
geometry of the 3 fans is comparedrigure 4.40. As illustrated here, the CVT2 and CVT3 are

geometrically very similar.
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Figure 4.38: Spanwisga) Chord andb) twist distribution for the CVT2 (5 blades) , CVT3(5 blades), and CVS (7
blades) fans.
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Figure 4.39: Comparison of the blade geometry fbhetCVS, CVT2, and CVT3 fan.
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Figure 4.40: (a) CVT2, (b) CVTS3, and (c) CVS fans blade geometry consisting of the designed blades and added

fan hub and ring.

The overall performance of tHeVSs, CVT2, and CVT3 is very similar as shownTiable 4.4.
However, the CVT2, and CVT3 fans operate at a lower tip Mach nurrigeire4.41 shows the
volumetric flow rate as a function of the fan speedilléstrated here, the CVT2 and CVT3 fans

generate a higher volumetric flow rate for the same fan sf@gdre4.42 shows that the CVT2,

and CVT3 fans consume roughly the same power for the same volumetric flow rate.

Table 4.4: Aerodynamic performance of the CVS, CVT2, and CVT3 fans at the design speed.

Fan design Number of Design Design Fan Designtip  Design
blades Volumetric speed speed power
flow rate [mach]
CVT2 5 1038 3500 0.105 174
CVT3 5 1038 3500 0.105 174
CVS 7 1037 4000 0.115 165

79



1200 . . T . .

1000 - P :
- T e
X/ .........
800 - - Pt
et
600 1
[ ot

\

.
.

400 1 e - .

.

200 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000

Fan Speed [RPM]

Volumetric Flow Rate [CFM]

Figure 4.41: Volumetric flow rate as a function of the fan speed for the CVS, CVT2, and CVT3 fans.
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Figure 4.42: Mechanical power as a function of the volumetric flow rate for the CVS, CVT2, and CVT3 fans.
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CHAPTER 5

5Experi ment al Resul ts

This chapter outlines the research facility, fan test rig, and instriation used in the experiments.
Furthermore, a validation of the aerodynamic and acoustic prediction tools is presented. The focus
of the noise data is to gain insight into the sources of noise of fans designed with single and tandem
airfoils. Additionaly, the tandem airfoil data provided is a first step towards development of future

acoustic prediction tools that can be ugadmulti-element airfoil fans.

5.1 Experimental facility, fan test rig, and instrumentation
This section describes the facility, teg, and instrumentation developed for the acoustic and

aerodynamic experimentation of the fans designed in Chapter 4. To this end, all aspects of the
fabrication of the testig and the fan prototypes are presented. Additionally, the selection of the
guiet motor to drive the fan is described.

5.1.1Experimental Facility

All of the experiments were carried out inside the Mechanical Engineering anechoic chamber
(cutoff frequency of 100 Hz) at Virginia Tech. The dimensions of the anechoic chamber are
5.4x4.1x24m from wedge tips to wedge tips. The experiments are focused on measuring the fan

speed, flow profile, motor torque and noise.

5.1.2Fan Test Rig
The prototype of the CVS, CVT2, and CVT3 fans designs in Chapter 4 have been fabricated using

additive manufactumg by Protolabs. The material used was an opaque white SLA plastic that
behaves similarly to a polypropylene/ABS mix. The tolerances in the X/Y/Z dimension are
+0.001"/in. (0.001lmm/mm). The parts are smoothen to a 400 grit standard finish. A comparison
of the CAD geometry with the 3D printed prototype of the CVS, CVT2, and CVT3 fans is
illustrated inFigure5.1. A close up view of the leading and trailing edge of the blades is also
shown.Figure5.1(a) shovs that the finish of the blades is very good. Particularly the trailing edge
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is shown to be very uniform, sharp, and with minimum defects, i.e. chipping of the Blapes.

5.1(b) shows the finish of the CVT2 fan which is inhéhgmore complex due to the tandem
element airfoil geometry with a small gap. Here the trailing edge of the airfoils are shown to have
less uniformity along the blades with chipping of the trailing edge of the main and rear elements.
Especially the trailig edge of the rear element shows significant damage from the removal of the
support material for 3D printing. As highlighted in Chapter 4, the proximity of the two airfoils
significantly increases the difficulty of fabricating the fan. To alleviate thwsern, the CVT3

fan was designed with a modified version of the airfoil used for the CVT2 fan. The 3D printed
prototype for the CVT3 fan is shownkigure5.1(c). Here, it can be shown that the quality of the
finish is significanly better. Particularly a decrease in chipping is observed which is complimented

by an increase of uniformity along the trailing edge of the blades.

The fabrication of the @ellmouth and @ellmouth inlet designed in Chapter 4 have also been
fabricatedusing 3D printing technology. The Bellmouth inlet has been fabricated using standard
ABS and white SLA plastic materials (used to fabricate the fans) by 3D Hubs and Protolabs,
respectively. The standard ABS material is 3D printed using FDM (Fused Depddodeling)

with a layer thickness of 200 microns. ThéB€llmouth inlet 3D printed using the ABS material

is herein referred to as €Bellmouth inlet. The éBellmouth inlet 3D printed using the white SLA
material is herein referred to as-B2limouth nlet. The @Bellmouth inlet was 3D printed using

the white SLA materialigure5.2 shows the bellmouth inlet prototypes.

The prototype fans have been tested in conjunction with the C1, C2,-8stin@puth inlets.
Figure5.3 shows a side view of the experimental test rig with the fan fitted with the different inlets
tested. An exploded view of the experimental test rig is showRigare 5.4. The testrig
implements a Brushless DBLDC) motor to drive the fans. The BLDC motor is coupled to the
fans using a motor shaft collar and a mounting plate as showigume 5.4(a). The motor is
supported by a motor clamp and a swept strut downstream of the fanrdslyreamic motor

sleeve is added to eliminate the cavity or backward and forward steps between the fan and the
motor and the potential for parasitic noise. The fan is then enclosed with an inlet and outlet ducts.

Additionally, a rotating shroud is addedtte fan to eliminate the leakage flow from generating
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tip gap noise as shown kgure5.4. The rotating shroud also increases the structural strength of

the blades that decrease potential damage of the brittle 3D printed material

(@)

Leading edge|

_ Trailing edge

Figure 5.1: Comparison of the CAD geometry and the 3D printed prototype ¢a)leVsS, (b) CVT2, and(c)
CVT3 fan. Detailed views show the leading and trailing edge along the blades span
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Flgure 5.2: 3D prlnted prototype of th@) C1-Bellmouth inlet,(b) C2-Bellmouth inkt, and(c) Q-Bellmouth inlet
using standard ABS (black) and SLA plastic (white).

(b)

Figure 5.3: Side view of the experimental test xigth (a) C-Bellmouth, andb) Q-Bellmouth inletsgeometries.
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Motor-shaft
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flow

Figure 5.4: Fan test riga) exploded view showing the components of the test rig. Front agshows the motor
strutresults in small flow blockage. Last{g) shows the cross section view of the test rig and the method for
eliminating the tip leakage vortex.

Several BLDC motors with suitable speed and torque characteristics were consider. However,
information regardinghe motor noise was nesxistent. To this end, 5 candidate motors were
selected and tested at Virginia Tech. The aim of this experimental investigation was to select a
motor with low noise levels so that the aerodynamic noise was the dominant soursendtoes
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considered are shown iRigure 5.5 with the corresponding characteristics per manufacturer

datasheets shown Trable5.1.

NEn

— I A30-12-XL-
QBL5704116-04-042 RPX40250Vv48 Glider

'@\“,‘“\ X
- NV
2

- F 2
:I DB59C024035RA A30-10 XL V4

Figure 5.5: Candidate BLDC motors tested for noise to enable the selection of a quiet motor to driving the fan.

Table 5.1: Motor characteristics of the candidate motors.

Motor Rated torque Rated Speec Power Diameter Axial length
[n-m] [RPM] [watts] [mm] [mm]
DB59C024035RA 1.79 3500 220 57 93
A30-10 XL V4 0.651 6000 722 43 45
A30-12-XL-Glider 0.5 6100 500 43 48.5
QBL5704116-04-042 0.42 4000 160 57 116
RPX40250v48 0.25 4075 140 41 40

The motors were testi unloaded and loaded using an inertial dynamometer. However, the
dynamometer rotating flywheel and belt used for loading the motor resulted in high noise levels.
Consequently, only results of the unloaded motors were considered to characterize theigetor

at different speeds. Results will show that the motor was not a dominant noise source. The motors
were tested in the reverberation chamber at Virginia Tech using the experimental set up shown in
Figure 5.6. The volume of theeverberation chamber is 46.67nThe measurements were
performed using 8 microphones randomly placed in the room away from the source and the hard

surfaces (in the reverberant field). The sound power level is computed as

Ly () = Lyag( ) 201006(Vyeor)  2010g,(Teo( F)) 13 (5.1)

where L is the average sound pressure level measured by the microptignes the volume

spl, avg

of the reverberation chamber, ahd is the reverberatintime.
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The motoroés speed was meas uFigu@s6uThe measuredd® opt i ¢
octave band sound power spectra for the 5 candidate motors (unloaded) is presagted s

ard Figure5.8 at 3000 and 4000 RPM, respectively. It is clear form these figures, that the DB59

and QBL5704 motors are the better options since they are significantly quieter than the other 3
motors. However, the size of the DB59taras significantly smaller than the QBL5704 motor as

shown inFigure5.5. A more compact motor is desirable as it will be less intrusive to the flow
measurements. Therefore, due to the compactness, power, design speed, ékhdeseDB59

motor has been selected to drive the fans. The motor spectrum for the DB59 motor at different
speeds is presentedkigure5.9. As illustrated here the overall sound power level for the DB59

motor at full speed (4B RPM) is 54.4 dBA.

o

Techometer
~ BLDC
3 Motor

Figure 5.6: Test set up in the Reverberation Chamber consisting of the BLDC motor, tachometer to measure the
motor speed, and microphones to measure the sound power level.
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Figure 5.7: Sound power level spectrum in B/8ctave bands for the candidate motors at 3000 RPM.
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Figure 5.8: Sound power level spaam in 1/3% octave bands for the candidate motors at 4000 RPM.
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Figure 5.9: Sound power level spectrum in B/8ctave bands for the selected motor (DB59) at different speeds.

88



5.1.3Instrumentation and Data Processing

5.1.3.1 Noise Measurements
The main noise instrumentation was a 2.8 m diametdidiararc array shown ikigure5.10. The

far field arc is composed of 19 microphones evenly distributed along its circumference, i.e. from

0 to 18 degrees. The center of the arc array has been placed at the center of the fan. The

mi crophones used in this array are Panasonic
mi crophones have a flat frequency ddspdnse& fdrB
Re 1V/Pa at 1 kHz. The microphones were calibrated using a Bruel & Klaer calibrator.

It is important to remark that the pictureRigure5.10 shows the chamber door closed. However,

the door was left completely opé@or all experiments. The reason is that the fan rig was set in the
chamber such that the flow pointed towards the door. This configuration was selected for the
purpose of minimizing the generation of turbulence in the chamber that when ingested by the fan

results in a noise source.

i Chamber

Far field

arc array

&— G e ==
Figure 5.10: Experimental setip inside the anechoic chamber at Virginia Tech for noise measurements using a
2.8m diameter far field arc array. Chamber door was alwpgs for the noise tests.
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The data from the microphones was collected for 20 seconds at a sampling frequency of 51200
Hz. All microphones where calibrated using a Briel & Klaer calibrator type 4231 (94 dB at 1000
Hz) prior to each test. The sound presslevel spectrum for the calibrated microphone signals
was computed using Welchd6s method with zero o

sound pressure level in dB is then computed as

L,,(f)=20|oglo§7apm;( f) g[dB] (5:2)
(; ref -

where the reference pressuee,() is 20Q10° [Pa] .
The sound power spectrum is then computed as

N No P2 (f
W(heah(f)s =|a—f”‘j§ s 3

|th

where N, is the total number of microphonek(f)is the|™ acoustic intensity , an& is the

surface area through which the intensity) (propagates.

Figure5.11 shows the top view of the arc array positioned parallel to the floor at the height of the
center of the fan. The ridge surface ared& ,, corresponding to microphonember 13, shown
in Figure5.11is computed as
§=20R, 2 54
With

z=R, (cogq, Dq,/ 3 -cof g +1y,/ }) (9

The sound power level spectrum is then computed as

Lw( f) =10 log, L) (56

|

(; ref
wherew.

ref

is the reference power af **[wattg] .

It should e noted here that microphones 1 and 2 in the arc array are located in the wake of the fan

as shown inFigure 5.10. Consequently, the measurements from these microphones are

90



contaminated by flow hydrodynamic pressure. Thus, irctimeputation of the sound power level

it is assumed that the fan radiates equally in the upstream and downstream directions.
Consequently, the measurements made in microphones 18 and 19 directly opposite to 1 and 2 are
used to compute the sound intensitytigse microphones.

< Optical Sensor
Spherical

Surface "
x -

/

/ @ Flow Direction

@ Microphones

Microphone
I <+—arc array
\ <> FAN\ R
\ L2
\
A
913 2
N\
N
Surface AreaY ™
\
19
Figure512Top view of spherical surface through which that

-|| corresponding to the surface through which the interlsityecorded by microphone 13 propagates.

5.1.3.2 Flow measurements
The flow test apparatus consists of a Haydon LRS linear actuator, a Dwyer Series 160 Stainless

Steel Pitotstatic tubeand a Setra Systems 264 differential pressure transducer as shaguré
5.12. The Pitotstatic tube has a calibration factor of 1, i.e. no calibration needidan accuracy

of +/- 2% (Dwyer, 2016) The linear actuator allowed positioning of the Rgtatic tube with an
accuracy of +/0.0001 in. The Pitestatic tube is mounted on the linear actuator which it is used
to traverse the Pitedtatic tube across the duchdflow velocity profile measurements allowed to

estimate the duct walL thickness and to compute the volumetric flow rate.
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Pitot-static tube
*—-——w |

Pressure
transducer | €

— =
Figure 5.12 Experimental setip of the test rig for traverse flow me@sments using a pitot static tube mounted on
a linear actuator. The fan speed is measured using an optical sensor.

The axial flow velocity from the fan is measured using the sitatic tube shown iRigure5.12.

The pitot stati tube measures the static pressurk) (and the total pressurd’) as shown in

Figure5.13. The pitotstatic tube is connected to the differential pressure transducer that uses

Bermul | i 6s | aw to measPyjase the dynamic pressure
- 5.7
R/_Rotal_F; ()

The voltage output\(,, ) of the pressure transducer is thelated to the dynamic pressure using

a best fit line of the calibration data provided by the manufacturer. The calibration data is shown
in Figure5.14 where the best fit line is

P, =Vyon ©.0535 [In WC] (5.8)
Using Bernoulliodos | aw, the axial flow velocit
_ [2224884% em 59
’ rair 85
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where 1 inch water colume equal to 248.84 Pa. The air density is computed as

P gi:r% (5.10)
room RCS -I;

whereP; is the barometric pressure in Pascd]ss the pom temperature in Kelvin anl.is the

specific air gas constant equal to 287J0&g*K). The barometric pressure due to the 2,077 feet
elevation in Blacksburg is 93,947 Pascals. The temperafuend humidity are measured using

a thermometer.

Axial velocity
—>

Pressure transducer
Pitot-static probe/v

P=P -P + va,out

\Y total s —

-9

Figure 5.13: Pitotstatic tube schematic for measuring the axial flow velocity using pressure transducer to generate

an output voltage\, proportional to the flow velocity.
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Figure 5.14: Pressure transducer calibration data showing the relationship between the measured voltage and the

dynamic pressure.
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It is important to note that ¢hPitotstatic tube has its limitations and errors. The most critical error
for this instrument is the flow angle error (e.g. yaw and pitch angle of the flow). If the flow stream
is not parallel to the probe head, errors occur in both total and statleg®abhese errors cannot

be corrected without taking independent reading with another type of probe (e.g. 3 directional
probe).Figure 5.15 shows the errors in total and static pressure, velocity, and weightaflow
various yaw and pitch angle¥y(indicates velocity calculated from total and static pressure,
indicates weight flow rate, ang, indicates weight flow rate from total and static pressure). The
errors in total and static pressure tend to compenseleotiaer, so that the probe yields velocity

and weight flow reading accurate up to 2% and
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Figure 5.15: Pitot probe errors in total and static pressure at various yaw and pitely(&dpigpt Static Tube:

Properties and Characteristics," 2015)

5.1.3.3 Fan speed measurements
The angular velocity of the fan was recorded using the optical sensor shéwguiie5.16. The

optical sensor used for this measurement is modelR@% by Monarch Instrument. The optical
sensor, mounted as shownHRigure5.12, emits a light beam to the rotating retedlective tape

on the fan hub. The tachometer udesdptical sensor pulse signal to display the rotational speed
in RPM as shown ifrigure5.16. The tachometer used is an AB Series (Model: ACTLB-1-0-
1-310000001) manufactured by Monarch Instruments.
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(a) (b)

Figure 5.16: (a) Optical sensor for measuring the fan speed(bpthchometer used to display the fan speed.

5.1.3.4 Fan torque and power measurements
The current in the motor is used to determine motor torque and mechamieal pbe current

supplied to the DB59 motor was measuusthg the i30s current clamp showrFigure5.17. The

i30s current clamp uses hall effect technology to accurately measure currents with a resolution of
1 mA. The measuremenare conducted by clamping the i30s current clangoind the motor

drive power cable as shownkigure5.17. Using the output sensitivity (100mV/A) of the current

probe, the measured voltage is used to compute the motor dlifrept in Amps. The motor

torque constantk; ) is then used to compute the motor torque as

Q = imotorkT (511)
where k. =0.044[nm/A for the DB59 motor. The motor mechanical powé}, () is then

computed as

P =QV (5.12

mech —

The fan mechanical power is a metric of inteigigen that it is used to compare to predictions
from XROTOR. To this end, the fan mechanical power is computed as the difference between the

mechanical power for the famotor (P, ) and the motor onlyR, ) configurations.

ech fan motol ech motot

Figure 5.17: Current measurements of motor power cable using an i30s current sensor. Measurements are made by
clamping the sensor around the cable.
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5.2 Aerodynamic Results and Validation
This section presents experimental results of the fan mechanical power and axial flow velocity

profiles to validate the aerodynamic tools used in the design process. The validation of the
aerodynamic tools is conducted for the CVS, CVT2, and CVT3 fans inradigo with the C1

Bellmouth inlet.

5.2.1Fan Power Results
The measured mechanical power is compared to predictions for the CVS, CVT2, and CVT3 fans

in Figure5.18(a),(b), and (c), respectivellyigure5.18(a) shows very good agreement between the
measured and predicted mechanical power for the CVS fan. A small deviation from the trend is
observed between 35@M00 RPM. The increase in fan power in this range is likely due to a
structural resonance of the teigt observed at ~3600 RPMigure5.18(b) shows that the CVT2

fan consumes slightly less power than predicteidure 5.18(c) shows excellent agreement

between the predictions and the experimental resultSV¥a 3 fan.
In general, the measured power is within ~3% of the predicted values for all fans at all speeds

which is excellent. To check repeatability, the power measurements were repeated for all fans and

most speeds and also showrigure5.18 demonstrating excellent repeatability.
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Figure 5.18 Measured mechanical power as a function of fan speed f@ax/s, (b) CVT2, (c) CVT3 fans
compared to predictions from XROTOR.
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5.2.2Axial Flow Velocity Results
The measured and predicted axial velocity profile for the CVS, CVT2, and CVT3 fans is presented

in Figure5.19, Figure5.20, ard Figure5.21, respectively. In addition, the estimatd thickness

(using DFDC) along the duct is also plotted. The BL thickness is shown as a dashed blue line over
a cross section drawing of the féigure 5.19 shows very good agreement of the flow profile for

the CVS fan at 4000 and 3000 RPM. AdditionaHigure5.19 shows that there is good agreement

between the measur&d profile and the 17 power law empiricaBL profile, i.e. Equatiorg4.13).
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Figure 5.19: Measurements of the CVS fan axial velocity profil¢eggt4000 RPM, andb) 3000 RPM compared to
predictions from DFDC.

The axial velocity profile for the CVT2 fan is compared to predictions at design (3500 RPM) and
off-design (2000 RPM) speeds kigure5.20(a), and (b), respectively. Here it can be observed

that the measurements agree reasonabllywith predictions up to ~75% of the blade span. The
deviation between measurements and predictions can be potentially attributed to the increased gap
size resulting from chipping of the trailing edge of the main element, i.e. the gap was not gccuratel

fabricated.
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Figure 5.20: Measurements of the CVT2 fan axial velocity profiléat3500 RPM, andb) 2000 RPM compared
to predictions from DFDC.

Figure5.21 compares velocity profiles for the CVT3 fan at design (3500RPM) andesifjn

speeds (3000RPM and 2000RPM). As illustrated here, the measurements agree very well with the
predictions. The more favorable agreement relative to the C\AlI2 &dtributed to the better finish

of the blades, i.e. the gap size was more accurately fabricated due to less damage at the trailing
edge of the main element. The excellent agreement here indicates that the predictions of the multi

element polars usinglSES/MSIS is very accurate.
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Figure 5.21: Measurements of the CVT3 fan axial velocity profildgt3500 RPM,(b) 3000 RPM, andc) 2000
RPM compared to predions from DFDC.

In all cases, the predicted BL is thinner than the measured. The measured BLs are also fairly thick
taking as much as 20% of the blade span. Obviously, this is because the constrain imposed in the
fan design of implementing a compact intieict. As it will be shown later, the dominant noise
source is the turbulence in the BL interacting with the blades (BLTRIN). The strength of this noise

source is directly related to the thickness of the BL. Thus, additional experiments were performed
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