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Abstract 

The noise emission of low speed turbomachinery, including axial flow fans, has been the topic of 

recent research for multiple reasons. First, these machines often operate in the close vicinity of 

humans, making noise reduction desirable from the point of view of human comfort. Further, the 

emitted noise may be a symptom of losses related to aerodynamic phenomena. It is expected that 

by redesigning turbomachinery in order to achieve lower noise emission, the efficiency of these 

machines will increase besides the reduction in noise levels. Aside from the well-established use 

of low-speed fans in ventilating systems, a new, emerging field, where low Reynolds number 

turbomachinery appears, is the utilization of drones. 

The aerodynamic and aeroacoustic behavior of fan blades has to be thoroughly examined, in 

order to be able to formulate design guidelines, which result in the noise reduction of fans. The 

aerodynamic behavior at low Reynolds numbers differs significantly from that of higher Reynolds 

numbers: the lift and drag coefficients of the blades become Reynolds number dependent. As the 

phenomena under investigation are of great complexity, a simplified model of fan operation was 

taken into consideration. Single blade sections are examined, instead of full fans. The literature of 

such simplification in fan design is well established.  

Within this dissertation, wind tunnel measurements regarding the lift and drag force acting on 

various blade sections are presented. The investigations were performed at low Reynolds numbers, 

and include a wide range of angle of attack. Based on the measurement results, empirical formulae 

are presented for the determination of lift and drag coefficients of cambered plates. The effect of 

bluntness of the leading and trailing edges is quantified. An empirical formula is presented for the 

estimation of the frequency of profile vortex shedding, which is one of the main noise sources of 

low speed axial fans. The formula presumes the knowledge of geometrical parameters of the blade, 

the operating conditions, and the drag coefficient. 

Measurements, involving the phased array microphone technique were conducted in order to 

determine the location and intensity of the noise related to the profiles. The phased array 

microphone technique offers the possibility to localize the noise sources using the signals of 

multiple microphones. The novelty of the measurement setup is that the microphone array is placed 

perpendicularly to the span of the blade sections, offering the possibility to determine the location 

of the noise source in the direction normal to the surface of the blade, and in the chordwise 

direction. One of the walls of the wind tunnel was replaced with Kevlar fabric, so that acoustic 

measurements could be made in a setup similar to that of the force measurements. 

Dipole beamforming was applied to the microphone signals. A novel technique has been 

developed for the processing of phased array microphone signals as the traditional measurement 

technique has multiple drawbacks. Fake noise sources may appear in the noise source maps, being 

physically irrelevant to blade self-noise. Such fake sources may originate dominantly from the 

following circumstances. a) Measurement error related directly to the microphones. b) Background 

perturbations, potentially remaining even after background noise subtraction. c) Beamforming 

anomalies, e.g. side lobes. d) Limited spatial resolution of the phased array microphone technique, 

falsifying the determination of the spatial extension of the profile noise sources. The developed 
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technique uses background subtraction, appropriate boundary conditioning and the Laplacian 

equation-based filtering technique, to extract useful data from the measurements, originally 

contaminated by perturbations. 

The present work adds practice-oriented findings to the literature of the aerodynamics and 

aeroacoustics of low Reynolds number blade sections. The results are presented in a way, which 

is easily transferrable to engineering applications. The empirical model, established herein, for the 

lift and drag coefficient estimation, can directly be used in the design process of low-speed axial 

fans, along with the quantified effect of edge blunting. The approximation of vortex shedding 

frequencies can be utilized during the design and diagnostics of axial fans, which involve noise 

and vibration issues. 
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1 Introduction and objectives 

Fans are extensively used in various fields, ranging from high pressure turbofans in the aircraft 

industry, to ventilating or cooling fans, creating lower pressure rise. The family of low pressure 

fans represents a wide variety of rotor diameters, rotational speeds and blade geometries. Another 

categorization of fans is based on the direction of the in- and outflowing air. Three types are 

distinguished: axial, radial and mixed flow fans. The focus of the present dissertation will be on 

axial flow fans. 

Besides the instantly perceptible annoyance caused by high noise load, long-term noise 

pollution is disadvantageous to the health of humans. Small scale fans often operate in the vicinity 

of people, and as such, their noise reduction is of significant importance. In case of fans, 

aerodynamic noise may be caused by vortex shedding from the blades. One kind of vortex 

shedding is the so-called profile vortex shedding, which will be discussed in detail later on. Until 

now, the characteristic frequency at which this type of vortex shedding may occur could not be 

predicted by a straightforward model. The author wishes to offer a method, with which the 

frequency of the vortex shedding can be estimated already in the design process of fans. 

Larger fans, above 125 W driving motor power, have to meet certain efficiency requirements 

in the European Union. In order to achieve better efficiency, more complex blade geometries are 

applied, which increases manufacturing costs. A widely used technique is the rounding of blade 

edges, however the effect of this rounding has not been studied in detail. If the exact aerodynamic 

effect of rounding is known already in the design process, then the necessity of the application of 

rounding can be judged. Thus the efficiency requirements may be met with a simpler geometry, 

saving manufacturing costs. In the dissertation an empirical model is established to judge the 

aerodynamic performance of cambered blades with rounded and blunt edges at moderate Reynolds 

numbers. 

The above models, and guidelines are supplemented with microphone array measurements, 

which offer a means to localize and quantify the acoustic properties of the blade sections. 

In what follows a brief introduction will be given on the most important aerodynamic and 

aeroacoustic concepts, which will be utilized throughout the dissertation. 

1.1 The aerodynamics of low-Reynolds-number axial fan blade sections 

Axial flow fans characterized by blade sections of chord Reynolds numbers of Re  105 are termed 

herein as low-Reynolds-number fans. The chord Reynolds number in this dissertation is defined 

based on the chord length c of the investigated profile, and the free-stream velocity U0: 

𝑅𝑒 =
𝑈0𝑐

𝜈
 (1. 1) 

ν is the kinematic viscosity of air. Such fans are of relatively small size and/or rotor speed, e.g. 

cooling fans for computers [1] and for electric motors [2], or refrigerator fans [3]. In addition, 

Re105 may occur also for larger-size ventilating fans, if their speed is controllable. Such fans 

usually operate at Re > 105 at their nominal speed, but a frequency converter enables speed 

reduction even down to 20 % of the nominal value, provoking an operation of Re  105. Low 
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Reynolds number applications also appear at newly emerging fields, for instance in the aerospace 

industry, e.g. the design of a small Mars helicopter [4], and drones [5]. 

The blade sections investigated in the dissertation are termed as profiles. Simple, traditional 

blade section geometry is characteristic for a great variety of axial fans, enabling relatively easy 

and low-cost manufacturing. Blades manufactured from e.g. sheet metal are characterized by 

cambered plate sections. Traditional airfoil profiles of relatively simple geometry – e.g. the 

RAF6-E profile, with a plain pressure surface [6] – are also popular in low-speed fan applications. 

It is important to note that for moderate Reynolds numbers, a cambered plate blade section may 

exhibit a more favorable aerodynamic behavior – higher possible lift coefficient (CL), higher lift-

to-drag ratio (CL / CD) – than a profiled airfoil blade section. Examples are given for Reynolds 

numbers below  7·104 in [7], on the basis of [8]. Findings on increased drag for profiled airfoils 

below a certain limiting Reynolds number are also reported in [9]. Figure 1.1 compares several 

types of airfoil sections with respect to maximum obtainable CL and CL / CD, as well as minimum 

achievable CD. The comparison includes profiled airfoils e.g. Liebeck sections, Göttingen 652, and 

it also illustrates the general operational region of profiled airfoils (termed as smooth and rough 

airfoils). Smooth and rough refers to the surface roughness of the airfoils. Figure 1.1 also indicates 

the aerodynamic properties of some insects, belonging to the very low Reynolds number range. 

With lowering the Reynolds number, a drastic decrease in the lift, and an increase in the drag 

coefficients can be observed for smooth airfoils, which is less pronounced for the represented flat 

plate. The behavior of cambered plates is similar to flat plates, as presented in [7, 8]. A 

comprehensive explanation for the above phenomena is given herein on the basis of the 

experimental data and discussion by [5] as well as by [10]. At low Reynolds numbers, laminar 

separation occurs near the leading edge (LE) on the suction side of the blade section. Thinning the 

profile, i.e. sharpening the LE (profiled airfoil  cambered plate), tends to act as introducing a 

turbulator at the front part of the section, promoting the laminar-to-turbulent transition in the 

separated shear layer. By such means, the reattachment of the boundary layer tends to be hastened. 

The thinner the profile, the earlier the boundary layer reattachment, i.e. the less extended the 

laminar separation bubble. The consequences of reattaching the boundary layer and moderating 

the extension of the separation bubble are as follows: improved suction effect, i.e. increased CL, 

and narrowing the wake, i.e. decreased CD. These trends are suggested by [10], reducing the profile 

thickness from 0.25 chord (c) to 0.18 c (NACA 0025  NACA 0018 airfoil). These favorable 

trends can be extrapolated for a cambered plate of thickness of some percent chord only. The 

aforementioned favorable trends make the application of cambered plate blade sections especially 

relevant for certain low-speed fans, such as in [11]. Cambered plates are also considered as wing 

profiles for micro-air vehicles (e.g. [5] and [12]). 

The increase of drag with decreasing Reynolds number can also be observed in the case of 

cambered plates, however it is less significant compared to profiled airfoils. According to the 

studies in [6] and [13], the lift coefficient increases with the increase of Reynolds number, while 

on the contrary, the drag coefficient decreases. These variations with the Reynolds number can be 

explained by the thickening of the boundary layer on both sides of the profile with decreasing 

Reynolds numbers. The thickened boundary layer produces higher drag, and also decreases the 

effective camber, which results in lower lift. At sufficiently large Reynolds number, the change of 

the lift and drag coefficients is negligible, and thus, they can be considered Reynolds number 
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independent. In [13] it was found that for a cambered plate, a plateau appears in the drag coefficient 

at Re ≈ 20 000 - 40 000. Such plateau was not found for the lift coefficient. As an approximate 

trend being simultaneously valid for both CL and CD, linear variation is considered with Re – i.e. 

increase in CL and decrease in CD – as Re increases above 40 000. 

 

Figure 1.1 Empirical survey of low-speed single element airfoil data [9] 
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The Reynolds numbers below which Reynolds number dependence becomes significant are 

termed herein limiting Reynolds numbers. The Reynolds number in the AMCA 211-13 standard 

[14] is calculated based on the rotor diameter, dr and the circumferential velocity, ut:  

𝑅𝑒𝐴𝑀𝐶𝐴,𝑙𝑖𝑚𝑖𝑡 =
𝑑𝑟𝑢𝑡

𝜈
 (1. 2) 

The limiting Reynolds number according to [14] is ReAMCA,limit = 0.8∙106 for propeller fans. A 

chord based limiting Reynolds number can also be defined, in order to be in accordance with the 

definition used throughout this dissertation: 

𝑅𝑒𝑐,𝑙𝑖𝑚𝑖𝑡 =
𝑐𝑈0

𝜈
(1. 3) 

In accordance with the findings in [5] the chord based Re limit is set to Rec,limit = 105 herein. The 

ratio of the two limiting Reynolds numbers can be calculated: 

𝑅𝑒𝐴𝑀𝐶𝐴,𝑙𝑖𝑚𝑖𝑡

𝑅𝑒𝑐,𝑙𝑖𝑚𝑖𝑡
=

8 ∙ 105

1 ∙ 105
= 8 (1. 4) 

𝑅𝑒𝐴𝑀𝐶𝐴,𝑙𝑖𝑚𝑖𝑡

𝑅𝑒𝑐,𝑙𝑖𝑚𝑖𝑡
=

𝑑𝑟

𝑐

𝑢𝑡

𝑈0

(1. 5) 

The calculation of limiting Reynolds numbers ReAMCA,limit and Rec,limit are self-consistent 

provided that their ratio in Equation (1.4) is characteristic for the ratio in Equation (1.5), obtained 

as the ratio of Equations (1.2) and (1.3) 

𝑑𝑟

𝑐

𝑢𝑡

𝑈0
≈ 8 (1. 6) 

The relation above is valid for axial flow propeller fans, characterized by a blading of relatively 

low solidity, i.e. low blade-chord-to-blade-spacing ratio, and of relatively high aspect ratio S/c, 

where S is the span and c is the chord of the blade. 

In preliminary aerodynamic design of axial fan blades, the radial flow velocity through the 

elemental blade cascades is neglected, and therefore, cylindrical stream tubes are assumed through 

the blading. The elemental blade cascades enclosed in these stream tubes can be developed into 

two-dimensional (2D) cascade planes [7, 15]. The geometrical as well as aerodynamic two-

dimensionality of the blade sections in the elemental cascade corresponds to rectilinear blades of 

infinite aspect ratio: AR  . On the basis of [6, 7, 16], isolated airfoil data can approximately be 

applied in design of blade cascades if the solidity is below 0.7. Therefore, the results presented 

herein are relevant for such low-solidity axial fan rotor cascades. Similarly, the findings can be 

incorporated into the design of cambered-plate guide vane blades, and other air technical 

applications [17]. 

The cambered plate blading of industrial fans is often manufactured by means of rolled sheet 

metal segments, produced using methods such as laser cutting, without any additional treatment 

(rounding or tapering) of leading edge (LE) and trailing edge (TE) geometry. The LE and TE of 

such blades are therefore blunt [17]. In addition to simplifying the required manufacturing 

technology, the literature suggests that the bluntness or sharpness of LE and TE even offers a 
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potential for improving the aerodynamic performance at moderate Re. This trend is supported by 

the following references [5, 18, 19, 20, 21]. In [18], both blunt LE and TE are found to improve 

the aerodynamic performance below Re = 104. However, [5] concludes that the TE geometry has 

a minor effect on the lift and drag characteristics of thin models (less than 6% thick) at low Re. In 

[5], the Pfenninger airfoil, having thinner and sharper LE than the Eppler 61 airfoil in [19], was 

found to provide a higher lift-to-drag ratio (LDR) below Re = 9104. In [20, 21], a significant 

increase in lift was found in the case of a reversed NACA profile (facing the sharp TE with the 

inflow) at Re  2.1104. In the aforementioned cases [5, 18, 20, 21], it is presumed that the edge-

like, high-curvature segments of the blunt LE contour line act as turbulators [5]. Such turbulators 

promote the eddy-induced energy transfer into the boundary layer. Therefore, they can beneficially 

influence: a) the laminar separation bubble(s) occurring in the vicinity of the LE, and b) the 

laminar-to-turbulent transition, at low Re. The above literature overview suggests that leaving the 

edges of a plate blade blunt does not necessarily cause a deterioration in the aerodynamic 

properties. However, the quantification of bluntness effects requires systematic studies, being a 

subject of the present dissertation. 

The number of research papers reporting measurements on cambered plate blade sections with 

circular arc camber line at low Reynolds numbers (Re < 105) is very low [5, 13]. Measurement 

results are preferable compared to numerical simulations, as the fidelity of simulations for the 

prediction of lift and drag coefficients, at such low Reynolds numbers, is often low. Investigations 

on cambered plates are of practical relevance, as they are used as the blading of axial fans and 

guide vanes. Leaving the edges of such blades blunt offers cost effective manufacturing, and as 

such is favorable if it does not deteriorate the performance drastically. Based on the above, the 

following objectives are outlined, in order to supplement the open literature with measurement 

based results: 

a) Establishment of empirical formulae for the estimation of the lift and drag coefficients of 

cambered plates 

In the dissertation, lift and drag coefficient data on cambered plates with various relative 

camber, h/c are presented, based on results from the literature, and own measurements. The aim 

of the own experiments is to reproduce the measurement layouts realized in [5], as they serve as 

one of the main references for the work presented herein. Fitting to the experiments in [5], 

measurements around the threshold value of Re = 105 are presented herein (between Re = 0.2∙105 

and 1.4∙105). In accordance with [5], the aerodynamic efficiency is defined in terms of LDR. The 

angle of attack at which the highest LDR is reached is of great importance from a design point of 

view. Based on the considerations in [6, 7], the maximum LDR represents the optimal operation 

of the elemental blade section, in terms of moderation of blade friction loss relative to the 

isentropic total pressure rise. The comparative investigation extends to the range of 0° ≤  ≤ 10°, 

incorporating the maximum LDR. The angle is changed in 2° steps. The upper limit is in 

accordance with the region of maximum obtainable lift. The largest investigated relative camber 

was selected to be 8%, approximating a maximum in LDR, in accordance with [6]. Empirical 

formulae are established herein to determine the lift and drag coefficients for a given relative 

camber, angle of attack and Reynolds number. The investigated Reynolds number range is between 

20 000 and 300 000. To the author’s best knowledge, no empirical model has been established in 
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the literature until now, for lift and drag coefficients at such Reynolds number range and blade 

geometries. The author wishes to add to the open literature by providing empirical formulae, which 

are easily applicable in basic fan design [6, 7] for the determination of lift and drag coefficients. 

b) Investigation of the effect of the edge geometry and Reynolds number 

The dissertation presents detailed comparative data on aerodynamic lift and drag of basic model 

representations of blade sections, obtained from the model established in a), and own 

measurements. The objective is to examine the aerodynamic effect of edge bluntness on the lift 

and drag coefficients of cambered plates. An angle of attack range 0° ≤  ≤ 10° is chosen. Two 

types of edge geometry are investigated: blunt and rounded. The geometries will be presented in 

detail later on. The results are applicable in fan design as the effect of bluntness on the performance 

of blades is quantified.  

1.2 The aeroacoustics of low Reynolds number axial fan blade sections 

Regulation 327/2011/EU [22] formulates energy efficiency requirements regarding fans in the EU, 

driven by motors with an electric input power between 125W and 500kW. The regulation only 

deals with energy efficiency, however noise emission is also linked to aerodynamic losses. This is 

confirmed by the empirical relations for the noise emission of fans in [23], including the 

Regenscheit formula [7], which contains the fan efficiency as a parameter. As already mentioned, 

low-Reynolds-number fans are widely used in human environment [1, 2, 3]. In order to moderate 

the environmental impact of emitted fan noise on humans, and to ensure a proper aerodynamic 

operation as well, a concerted aeroacoustic and aerodynamic investigation and improvement of 

low-speed axial fans is a timely issue in the turbomachinery community. 

Axial fans are often required to provide a prescribed flow rate and/or total pressure rise even at 

moderate diameter and/or rotor speed. These requirements are in accordance with the constraints 

of limited available space and/or speed – the latter being constrained e.g. by a directly-driving 

electric motor – in industrial applications. The blade sections of high-specific-performance fans 

are often of high aerodynamic load – i.e. high lift coefficient –, high camber, and are often exposed 

to high  angles of attack. This corresponds to pronounced streamwise adverse pressure gradient 

on the blade suction side downstream of the suction peak. Such adverse effect is amplified due to 

the fact that the fan frequently operates in a throttled state relative to the design point, i.e. the flow 

incidence to the blade sections is increased. The resultant thickening, or even separation of the 

suction side boundary layer tends to increase the turbulent-boundary-layer-trailing edge noise and 

the separation-stall noise [7, 24]. The aeroacoustic investigation of highly loaded / high incidence 

blade sections is therefore a topic of great practical importance, with special regard to discovering 

the correlation between the streamwise evolution of the boundary layer thickness and the spatial 

distribution of the noise sources associated with the thickened / separated boundary layer. In [25, 

26, 27], a correlation has been found between the loss generated in the suction side boundary layer 

– represented by the momentum thickness – and the radiated broadband noise. This implies that 

by the detailed investigation of the boundary layer, additional knowledge can be gained regarding 

the noise formation mechanisms, contributing to the continuation of the research documented in 

[25, 26, 27]. Beyond the practical relevance as outlined above, the investigation of blade boundary 

layers exposed to pronounced adverse streamwise gradients, potentially leading to boundary layer 
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separation, pose a challenge from basic research point view, in terms of both experimentation, 

Computational Fluid Dynamics (CFD) and Computational Aeroacoustics (CAA) simulation. 

The competitively high CL and CL / CD values make the cambered plate blades especially 

beneficial in low-Reynolds-number, high-specific performance fans, if a reasonably good 

efficiency and/or moderate noise is a demand (e.g. [11]). The moderate CD is associated with 

moderate aerodynamic loss. The fan noise strongly correlates with the global loss of the fan, as 

suggested in the Regenscheit method ( [7]and [23]), and as confirmed by [28]. The reduction of 

noise emitted by the axial fan is of great importance, especially in the view that the fans under 

discussion often operate in the vicinity of humans, such as computer processor cooling fans, 

cooling fans for electric motors in household devices, or refrigerator fans. 

The above overview emphasizes the importance of experimentally studying both the 

aerodynamic and aeroacoustic behavior of cambered plate blade sections, thus contributing to the 

background of designing low-Reynolds number and/or high-specific performance fans. Such 

studies may also be adapted to the noise control of wings for micro-air vehicles (silent flight).  

1.2.1 Vortex shedding noise 

The noise generated by vortex shedding from blades of ventilating fans has been in the focus of 

recent research [29, 30, 31]. [29] states that noise generated by vortex shedding is the primary 

source of noise for small fans. Trailing edge bluntness vortex shedding (TEVS) is occurring past 

the blunt trailing edge of the blade, acting as the aft portion of a bluff body, while profile vortex 

shedding (PVS) is the periodic shedding of coherent vortices over the lifting surface of the blade. 

PVS is related to Tolmien-Schlichting instability waves originating in the laminar boundary layer 

upstream of the trailing edge [32]. According to [P1], the fluctuation of aerodynamic blade forces 

due to PVS are in the order of magnitude (o.m.) of ± 10 percent of the temporal mean lift and drag 

coefficient values. This draws the attention to the fact that PVS may be of significance not only 

from noise generation, but also from mechanical vibration point of view. The above implies that 

research on vortex shedding of ventilating fan blades is of engineering importance. In what 

follows, the Reynolds number is defined based on the chord length of the profiles, as was already 

expressed by Equation (1.1). 

One prominent airfoil self-noise source is the PVS noise, which has already been studied and 

modelled extensively by other authors in independent research programs. This noise class is 

referred to in [24] as laminar-boundary-layer-vortex-shedding noise. The reason for the latter 

terminology is that, according to [24], a precondition for the occurrence of such noise is the 

existence of laminar boundary layer over most of at least one side of an airfoil. However, as 

reported in [33], vortices may shed from the profile even if the initially laminar boundary layer, 

being separated in the vicinity of the LE, exhibits laminar-to-turbulent transition and reattachment 

far upstream of mid-chord position. Therefore, the generalized term of PVS noise is used herein, 

instead of using the term in [24]. PVS noise originates from coherent vortex shedding over the 

profile surface. Vortex shedding and its characteristic quantities are presented in Figure 1.2. The 

boundary layer thickness is where the mean velocity reaches 99% of the potential flow stream 

velocity [34]. δ denotes the total boundary layer thickness, which is the sum of the thickness of the 

pressure side, δP, and suction side, δS, boundary layers. According to the literature [29, 30, 35, 36], 

the b transversal distance between the vortex rows, can be expressed as follows: 
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𝑏 = 𝐾𝛿 + 𝑑𝑇𝐸 (1. 7) 

where δ is the total boundary layer thickness, dTE is the trailing edge thickness, and K is a scaling 

factor. K establishes the connection between the boundary layer thickness and the transversal 

distance between the vortex rows (labelled as b in Figure 1.2) as described later in detail. 

Independent references [35, 36, 37] report that the value of K is 0.6, 0.6 and 0.5, respectively. The 

reference [37] has also been cited in more recent works of [29] and [30]. It is desirable to assess 

the validity of these data for profiles and angles of attack being characteristic of low-speed fan 

applications. 

 

Figure 1.2 Sketch of vortex shedding from a profile with indication of characteristic quantities 

Processing the data of [33] and [38], it appears that the value of K is influenced by α and the 

maximum relative blade thickness, t/c, of the profile. K is essential to determine the vortex 

shedding frequency, since it provides a scaling factor of the frequency on the basis of Strouhal 

number characteristics, as detailed in what follows. 

It is to be emphasized that the applicability of Equation (1.7) in realistic fan cases is doubtful, 

since the δ total boundary layer thickness is uncertain to determine due to the complexity of rotor 

flow. Instead of δ, introducing an integral-based parameter, such as the wake momentum thickness 

is therefore desirable. 

The objective of the dissertation is to reformulate Equation (1.7) by establishing a direct 

connection between the θ momentum thickness and the b distance between vortex rows. The 

dependence on t/c and α will also be taken into consideration. The investigation includes the 

summary of theoretical and semi-empirical models, and processing of measurement data on 

various profiles at moderate Reynolds numbers, in the o.m. of 104-106. The processed data mostly 

include measurements conducted on individual airfoils. Literature data are collected and presented 

in a systematic manner for a wide range of profile geometries and operating conditions. The 

literature cases incorporate symmetrical [24, 33, 35, 38, 39, 40] and non-symmetrical [41] NACA 

profiles. The model is supplemented by measurements carried out at the Department of Fluid 

Mechanics [32]. A polynomial correlation is proposed between θ and b, enabling a straightforward 

implementation in engineering applications. In the future, the results can be utilized for the vortex 

shedding prediction of blade profiles used in the design of low-speed axial fans. 
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1.2.2 Spatially resolved acoustic measurements 

In basic aerodynamic modelling of fan operation, the 2D airfoil / cascade approach is widely 

accepted [7]. In addition, also the basic modelling of the aeroacoustic behavior frequently relies 

on a 2D basis even in recent research projects. For example, in reference [42], the 2D blade 

elements are modelled acoustically as flat plates. Even recent experiments [43] aim at investigating 

the detailed aerodynamic features of the flat plate, however, without delivering spatially resolved 

measurement data on the acoustic behavior. As suggested by [44], detailed acoustic measurement 

data obtained for basic 2D, rectilinear models of blade sections can be adapted to rotating blades, 

by means of a spanwise segment splitting. Detailed acoustics measurements on a rectilinear airfoil, 

using multiple microphones, are reported by [45]. 

The above suggest the need for noise source localization for 2D basic models of blade sections, 

thus extending the benchmark database available in the literature for acoustic modelling of low-

speed axial fans. Beamforming, relying on the phased array microphone (PAM) technique, is a 

recently emerging methodology for obtaining spatially simultaneously resolved acoustic data on 

models of blade or wing sections. In beamforming, the locus of the sound sources is estimated 

from the phase difference between the microphone signals of the PAM. The result of beamforming 

is displayed in source maps, which contain the strength levels of the sources. Further details on the 

beamforming technique are available in [46] and [47]. 

The usage of PAM along with the beamforming technique is increasing in the field of noise 

source localization. Its advantage compared to measurements with individual microphones is that 

it offers a convenient way to spatially discretize the sound field. Acoustic measurements on 

cambered plates are rarely published, and are focused on externally blown flaps (e.g. [48]). To the 

author’s best knowledge, the literature lacks in reporting any PAM-based acoustic measurements 

on rectilinear cambered plates with circular arc camber line, serving as models of axial fan blade 

sections. This is in accordance with the following fact. The recently emerging – and nowadays still 

relatively costly – PAM technique, as such, finds a number of wing- and turbomachinery-related 

applications in aerospace engineering (e.g. [49], and high-Reynolds number applications referred 

to in the next paragraph). It is still, however, rare nowadays in low-speed fan-related applications 

(e.g. [27, 50, 51, 52, 53, 54]). 

References [55, 56, 57, 58, 59] report on studies related to increased Reynolds numbers, i.e. 

being characteristic for the aeronautic industry, and related to moderate angles of attack. In [55, 

56, 57, 58, 59] the PAM measurement planes were aligned either with the suction surface or with 

the pressure surface of the airfoils or fan blades. This configuration however does not provide 

acoustic information in correlation with the boundary layer as it evolves in chordwise and chord-

normal direction, characterized e.g. by the boundary layer thickness. 

In the beamforming measurement technique, the evaluation of the measurement data is of great 

significance. Several deconvolution methods exist and the diagonal treatment of the cross spectral 

matrix can also be chosen. The diagonal removal was commonly used in recent studies [55, 56, 

58], however reference [60] challenges this practice by presenting its drawbacks. 

The result of the beamforming technique, the so called beamforming map is often highly 

contaminated with extraneous perturbations. These fake noise may be caused by several reasons: 
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measurement errors, beamforming anomalies, reflections in the measurement domain etc. The 

magnitude of these disturbances can take such magnitudes that the value of the signal-to-

disturbance ratio, i.e. the ratio of the useful and fake noise data, is near 1. The above makes 

techniques for recovering meaningful data from the perturbation desirable. 

There are several visual image processing techniques to deal with the reflections and 

diffractions of light for instance in water [61, 62, 63, 64, 65]. An example of the capabilities of 

these techniques are shown in Figure 1.3. The author wishes to take advantage of the relationships 

in the behavior of light and sound, and use a method with relationship to an image processing 

technique, i.e. the Laplacian filtering, to obtain meaningful data from highly contaminated 

measurements. With the aforementioned method the objective of the author is to localize and 

quantify the dominant peak of the noise source. 

In the view of the aforementioned lack in the literature, the objectives of the dissertation, and 

the related potential for novelty content, are summarized in paragraphs a) to d) as follows, with 

respect to the applied beamforming and signal processing technique. 

a) Blade models and Reynolds numbers 

Establishing a PAM-based dataset on representative, comparative basic models of low-speed 

axial fan blade sections. The measurements offer a potential for adaption to low-Reynolds-number 

fans, as the author carried out combined aerodynamic-aeroacoustic measurements for various Re 

values. The extremities of Re of detailed data presented in [5] were taken as references. The mean 

value of these Re extremities equals the threshold of Re = 105, defined previously in Chapter 1.1, 

in Equation (1.3). On this basis, the Re values of Re = 0.6105, 1.0105, and 1.4105 were set in the 

measurements. By such means, the experiments add to the literature presenting spatially resolved 

noise data on models of blade or wing sections [55, 56, 57, 58, 59]. In these references, however, 

the focus is on high-Re applications, occasionally exceeding Re = 106. 

Average, recorded image 

 

Image after processing 

 

Figure 1.3 Illustrative example for the capability of image processing methods: processing an 

underwater image distorted by water waves [65]. On the left the original, time averaged image, 

on the right the processed one. 
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b) Novel evaluation methodology 

Establishing a primary evaluation methodology for the dataset. A new method is proposed 

involving background subtraction [44, 66], appropriate boundary conditioning and the iterative, 

cyclic Laplacian equation-based filtering technique. The PAM measurements are supplemented 

with hot-wire measurements, to detect the presence and the frequency of vortex shedding [32]. 

Illustrative case studies are presented, for demonstrating the phases, capabilities and limitations of 

the reported experimental and evaluation method. On this basis, demands and guidelines for further 

improvement on the experimental campaign are outlined. The case study presents the acoustic 

features of low-speed axial fan blade sections, in comparison with other basic models established 

in the literature. 

c) Streamwise localization of noise sources 

Beamforming, relying on the PAM measurement technique, is applied for acquiring spatially 

resolved broadband-noise data on rectilinear models of blade or wing sections [55, 56, 57, 58, 59]. 

In these references, the sought sources are mostly declared a priori to locate at approximately 

known positions, i.e. in the vicinity of the LE or of the TE. 

By means of beamforming, the author also intends to detect noise source peaks known to be in 

the vicinity of the TE. In addition, source peaks of still unknown streamwise location are under 

discovery in the dissertation. The determination of streamwise location of noise source peaks is of 

practical importance in fan noise control. Considering a free-inlet axial fan rotor, the upstream-

radiated noise is influenced by the blade cascade configuration. If the rotor blades are overlapping, 

i.e. the TE of each blade is hidden by the adjacent blade from upstream view, the upstream-radiated 

noise originating from sources in the vicinity of the TEs may be partially masked by the blading 

itself. Such blade overlapping may be useless from noise reduction point of view if a noise peak 

locates farther upstream of the TE. The dissertation focuses on the discovery of noise peaks at 

frequencies for which the vortex shedding phenomenon was detected [32]. As described in [24], 

PVS is coupled to acoustically excited aerodynamic feedback loops, taken between the TE and an 

upstream “source” point. It is not yet excluded that the noise due to the shed vortices exhibits a 

peak downstream of the TE. Based on the above, it is anticipated that the possible location of the 

PVS noise peak extends in streamwise direction from the midchord region to the near-TE wake. 

The literature provides information on the PAM study of vortex shedding noise related to 

airfoils [53] as well as to flat plates and bluff bodies [67]. These references, however, present 

measurements at higher Reynolds numbers (1.6105 - 106).  

d) Potential for transversal localization of noise sources 

The flat plate and airfoil models in references [53, 55, 56, 57, 58, 59] are mostly viewed by the 

PAM equipment from the direction being approximately perpendicular to the lifting surface, 

causing a limitation of noise source resolution in the transversal – i.e. normal-to-inflow – direction. 

The wind tunnel-PAM setup reported herein makes possible the acoustic investigation over the 

plane being normal to the spanwise direction of the blade models. In addition to the streamwise 

localization of noise sources, such a setup gives a potential also for exploring the correlation 

between the transversal location of the noise peak and transversal development of locally 

thickened, separated, or reattached blade boundary layer. 
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Three rectilinear basic blade section models are subjected to the PAM measurements, the flat 

plate, the RAF6-E airfoil and the circular arc cambered plate. These three profiles were chosen for 

the following reasons. The flat plate is often taken as a reference case in computational and 

experimental aeroacoustics campaigns (e.g. [42, 44]). RAF6-E is a representative profile of classic 

fan design, due to its easy-to-manufacture geometry (plain pressure surface). The aerodynamic and 

aeroacoustic features of a RAF6-E airfoil have been investigated e.g. by [68]. As cambered plate, 

a plate of circular-arc camber line of 8 % relative curvature h/c was chosen, being comparative 

with the RAF6-E profile in terms of both CL and CD over the range of present investigation. To 

the author’s best knowledge, none of these geometries have been examined with the PAM 

technique; although aerodynamic and individual microphone measurement data are accessible for 

them, e.g. [69]. 
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2 Aerodynamic studies 

2.1 Experimental setup 

The experiments were conducted in the wind tunnel, shown in Figure 2.1, located in the 

Department of Fluid Mechanics (DFM), Faculty of Mechanical Engineering, Budapest University 

of Technology and Economics. The detailed characteristics of the wind tunnel are published in 

[P2] and [70]. In accordance with the methodology in [5], the freestream turbulence intensity, i.e. 

the turbulence intensity upstream of the measurement section, has been monitored and is reported 

herein. At 4.5 chord upstream of the profile LE, the turbulence intensity has been measured to be 

0.8%, by means of a hot-wire probe. As stated in [5], turbulence intensity up to about 1% has a 

negligible influence on the lift and drag characteristics of thin models at low Re. The test section 

of the wind tunnel is bounded by sidewalls. The walls are perpendicular to the span of the profiles. 

The width of the test section, being equal to the span S, is 150mm. The size of the inlet is 

150x1000mm. One of the side walls can be opened in order to change the profiles in the test 

section. The other, fixed wall, contains the force measurement system of the wind tunnel, with a 

built-in protractor. The profiles are equipped with a handle, by which they are mounted, and the 

force acting on them is measured. The wind tunnel serves for both aerodynamic and acoustic 

studies on the profiles under present investigation. 

 

Figure 2.1 [70] Measurement setup. 1. Motor 2. Frequency converter 3. Radial fan 4. Inlet bell 

mouth 5. Guide vanes 6. Flexible connector 7. Split diffuser 8. Honeycomb 9. Turbulence reduction 

screens 10. Transition element 11. Closed test section 

The dynamic pressure (pdyn) was measured using a factory calibrated KIMO Pitot-static tube, 

with a calibration coefficient of 1.0015 and a pressure transducer of type Setra 239, calibrated to 

a certified Betz micromanometer. The lift and drag forces FL and FD were measured with three 

load cells (type: Emalog CZL-608), two in the vertical and one in the horizontal directions. The 

cells were calibrated using weights before the measurements. The signals from the cells were 

amplified with an Emalog FD-3 load cell amplifier. The pressure and force data were collected 

using the Pressure & Force measurement software (developed in-house), through an NI BNC-2110 

shielded connector block and an NI PCI-6036E data acquisition card. The chord, c, and span, S, 

have been measured using a vernier caliper. A cylinder served for determining the inflow direction 

into the test section. The cylinder was mounted in the test section, and the horizontal and vertical 

forces acting on it were measured for various flow speeds. The angle between the horizontal 

direction and the inflow direction could be determined considering that the flow around the 
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cylinder does not produce any lift force. The angle of attack, α, has been defined as the angle 

between the aforementioned inflow direction and the chord line of the profiles. α was aligned 

manually, with the use of the built-in protractor. The calculation of the reference area, A, and the 

lift, CL, and drag, CD, coefficients are shown in Equations (2.1) and (2.2). 

𝐴 = 𝑐 ∙ 𝑠 (2. 1) 

𝐶𝐿,𝐷 =
𝐹𝐿,𝐷

𝑝𝑑𝑦𝑛 ∙ 𝐴
(2. 2) 

The following main uncertainty sources were identified and quantified: uncertainty in the 

alignment of α, force measurement, pressure measurement, and measurement of the geometric 

dimensions of the profiles. 

The maximum uncertainties of the experiment-based quantities were calculated at a 95% 

confidence level. The absolute uncertainties 𝓤CL and 𝓤CD were estimated from the measured 

values in accordance with the method in [71], using the approximate variance formula [72]. The 

uncertainty of experimentally determined quantities are presented in Table 2.1.  

Table 2.1 Estimation of average uncertainties over the full range of investigation 

Absolute uncertainty Unit Magnitude 

𝓤F N ±6∙10-3 

𝓤pdyn Pa ±1∙100 

𝓤c m ±5∙10-4 

𝓤S m ±5∙10-4 

𝓤α deg ±5∙10-1 

𝓤CL - ±3∙10-2 

𝓤CD - ±2∙10-2 

 

  



15 

 

2.2 Investigated profiles of the case study 

The following basic profiles were selected for investigation: a flat plate, two cambered plates with 

4% and 8% relative camber h/c, with a circular arc camber line, and a RAF6-E airfoil. The cross-

sections of the profiles are shown in Figure 2.2. Two types of LE and TE geometries were under 

investigation for the flat and cambered plates: blunt, and rounded. The rounded edges are indicated 

in Figure 2.2 with r, the radius r is equal to the half width of the plates, i.e. 1.5mm. The most 

important geometrical parameters of a profile are represented on a cambered plate in Figure 2.3. 

The details of the geometrical data are summarized in Table 2.2. The experiments have been 

designed incorporating profiles of AR, S/c = 1.50, where S is the span and c is the chord of the 

blades, in order to realize the configuration corresponding to [5], serving as a basic reference for 

the aerodynamic studies presented herein. 

 

Figure 2.2 Cross-sections of the profiles. From top to bottom: flat, cambered h/c=4% and 8%, 

RAF6-E. The plate blades are presented with blunt and rounded edges as well. r indicates the 

rounding 

 

Figure 2.3 Cambered plate. c: chord, h: maximum height of the camber line, t: maximum blade 

thickness 

Table 2.2 Geometrical data of the own profiles  

Profile c [mm] S [mm] t [mm] h [mm] 

Flat 100 150 3 0 

Cambered 4% 100 150 3 4 

Cambered 8% 100 150 3 8 

Airfoil 100 150 10 5 



16 

 

In order to simplify the description of the measurement cases, the following code system is 

established. The code A stands for the RAF6-E Airfoil. The cambered plates are denoted by C. For 

the 0% (flat plate), 4% and 8% camber, the following codes are used respectively: C0, C4 and C8. 

A code for the chord based Re is also applied to distinguish between the measurement cases. The 

codes will denote the respective measurement cases in the text, and in the figures as well. 

Measurements carried out at Re = x times 103 are indicated with “Rex”. For instance the 

measurement case C4_Re140 stands for a cambered plate which has 4% camber, and was 

measured at Re = 140∙103. 

The RAF6-E [6] was chosen as a profiled airfoil, considered as a representative example in low-

speed axial fan design. Its popularity is due to its plain pressure surface, which allows easy 

manufacturing. Sheet metal plates, of 4% and 8% relative curvature h/c, with a circular-arc camber 

line, were chosen as cambered profiles. According to [6] at Re = 300 000, for the 8% cambered 

profile the maximum CL is  1.6, while for the RAF6-E profile the maximum CL is approximately 

1.4. The maximum achievable lift coefficient using the 8% cambered profile exceeds that of the 

RAF6-E. Therefore, the lift of the 8% cambered profile is competitive with that of the RAF6-E in 

the design of axial fans of increased specific performance, while it offers simplification in 

manufacturing. Additional measurements were carried out at the Department of Fluid Mechanics, 

which proved that at sufficiently low Reynolds number the cambered plate performs 

aerodynamically better than the profiled RAF6-E airfoil in both terms of lift and drag coefficients. 

In Figure 2.4 the lift and drag coefficients are compared for C8_Re60 camber and A_Re60. The 

lift coefficient is higher for C8_Re60 than for A_Re60 at all investigated angles of attack, while 

the drag coefficient is lower for C8_Re60 in the whole presented range. The flat profile was also 

investigated in addition to the aforementioned profiles, as it serves as an aerodynamic and 

aeroacoustic reference case, e.g. [5, 6] and [44]. The 4% cambered plate serves as an additional 

case study to enable better parametrization of the empirical models established herein. 

 

Figure 2.4 Comparison of the lift and drag coefficients of the cambered plate with 8% relative 

camber and the RAF6-E airfoil at Re = 60 000 

As suggested in [5], the gaps between the two endwalls of the wind tunnel and the model are to 

be less than 0.005∙S, in order to avoid any significant impact on the measurement results. This 

requirement is fulfilled in the present measurements, with 0.5mm ( 0.003∙S) gaps being realized. 
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For a systematic and comprehensive evaluation of the results, the ranges of incidence angle are 

uniformly categorized on the basis of the LDR and CL values, shown in Appendix A. The ranges 

are labelled for each presented data curve as follows: 

0°    5°: this range is labelled as the low-load range. The upper limit of this range,  = 5°, 

is an overall, approximate representation of the state of maximum LDR for each case discussed 

herein. Therefore, if high total efficiency is an aim of the fan design, then the blade sections should 

be designed to operate near the upper limit of the low-load range, corresponding to maximum 

LDR.  

5° <   10°: this range is labelled as the high-load range. The upper limit,  = 10°, is an overall 

representation for maximum CL for each case discussed herein. Therefore, if high specific 

performance is an aim of the fan blade section design, by utilizing the maximum available lift, the 

blade sections are to be designed to operate near the upper limit of the high-load range. 

10° <   20°: this range is labelled as the overload range. This range forms a transition from 

partly stalled state toward deep stall. Such operational range is undesirable and occurs at highly 

throttled fan states. 

According to their design relevance, the discussion focusses on the low-load and high-load 

ranges. Own measurement data are presented and briefly commented on, for the overload range in 

[P2]. 
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2.3 Determination of the lift and drag coefficients of cambered plates 

2.3.1 Investigated cases  

This section focuses on cambered plates, with different relative cambers h/c. The LE and TE of 

the plates are rounded. Four relative cambers are investigated, 0% - i.e. flat plate -, 4%, 6%, and 

8%. The literature lacks a comprehensive study on the lift and drag coefficients of cambered plates 

with circular arc camber line at a wide range of Reynolds numbers. Measurements have been 

carried out supplemented with data from various authors to examine the effect of Reynolds 

number, camber, and the angle of attack on the lift and drag coefficients. The investigated cases 

are summarized in Table 2.3. 

Table 2.3 Geometry and Reynolds number of the investigated cases 

Reference h/c t/c AR Re/105 

[6] 0% 0.02 6.0 3.0 

Own 0% 0.03 1.5 0.2-1.4 

[6] 4% 0.02 6.0 3.0 

Own 4% 0.03 1.5 0.2-1.4 

[13] 6% 0.03 6.0 0.2-1.7 

[6] 6% 0.02 6.0 3.0 

[6] 8% 0.02 6.0 3.0 

Own 8% 0.03 1.5 0.2-1.4 

 

In [6] measurements were reported on plates with different relative cambers at Re = 300 000 

and 600 000. Results for higher Re values are widely available in the literature, thus only the data 

related to Re = 300 000 are taken into account in the investigations presented herein. The 

measurement results are presented in [6] in a form eliminating the influence of the test rig and 

tunnel constraint, corrected to infinite span, i.e. for 2D flow, based on the correction method 

presented in [73]. This makes these results suitable to be used as baseline data points. Data 

corrected to infinite span are utilized in preliminary design of fans, since the flow developing 

through the elemental blade cascades is assumed to be 2D [6, 7]. 

In [13] measurements were made on various profiles at a wide range of Reynolds numbers 

(Re=20 000-168 000), which included a cambered plate, see Table 2.3. Compared to the previously 

discussed measurements in [6], the camber geometry used in [13] differs from a circular arc shape. 

The maximum camber is reached at 40% chord, and its relative camber is 6%. 

As supplement to the aforementioned literature data, measurements have been carried out in a 

wind tunnel at the Department of Fluid Mechanics. The measurement setup and the investigated 

geometries have already been described in previous chapters. The nominal relative cambers were 

0%, 4% and 8%. The manufactured actual geometries have been measured as being slightly 

different from the nominal values, due to manufacturing tolerances. The model parameters have 
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been fitted to the actual values, however for clarity the cases are referred to with their nominal 

values herein. 

The plate blades presented in [6] have a maximum relative blade thickness, t/c, of 0.02. The 

maximum relative blade thickness for the plates in the own measurements is 0.03. Based on [74], 

1% change in t/c causes a change in the lift curve slope in the o.m. of 10-3, which is one o.m. 

smaller than the estimated absolute error, 𝓤CL . However, no data is available on the effect of 

thickness on the drag coefficient, thus the effect of thickness should be kept in mind during the 

determination of the model uncertainty. 

As discussed in [5], the interaction between the boundary layer growing on the endwalls and 

the flow around the profile tends to reduce the lift and increase the drag, especially at moderate 

Reynolds numbers. Such effect is termed herein as the endwall effect. In [5] it was also found that 

endwall effect may be notable for cambered plates at low Re values. The measurements in [6] have 

originally been corrected for three dimensional effects, while the results in [13] have been 

corrected in-house (see the Acknowledgement) according to the principles established in [75]. 

Nevertheless, the endwall effect has been left uncorrected for the own measurements. The reason 

is the absence of a generally proven correction technique for measurements in which the wind 

tunnel sidewalls form endwalls with the tested model with practically zero gap. During the 

processing of the measurement results, the data points affected by endwall effect had been filtered 

out. The method for the filtering will be discussed in what follows. 

2.3.2 Determination of model parameters 

First, a linear trendline has been fitted to the measurements of [13] between Re = 60 000 and 

168 000 for both the lift and the drag coefficients, for α = 0° to 8°. The angle of attack range was 

limited by the resultant angles after the applied corrections, while the Re range was limited to the 

linear region, where supposedly no endwall effect is present. The fits are shown in Figure 2.5. For 

better visibility, offset was applied to the origins of the drag coefficients for the different angles of 

attack. Each angle is offset by 0.02 compared to the previous one, α = 0° is not offset. The shifted 

origins are indicated on the vertical axis with black crosses, each labelled with the corresponding 

angle of attack. For all cases the determination coefficient, R2, was higher than 0.96. This confirms 

that within the presented Reynolds number range, the lift and drag coefficients are a linear function 

of the Reynolds number in case of a cambered plate. Thus, also for cambered plates with other 

relative camber h/c, linear trends were searched for. According to [5] the endwall effect becomes 

more significant at lower Reynolds numbers, e.g. for the measurements at Re = 20 000. 

Measurement points which are mostly affected by the endwall effect, were filtered out by using 

the customized technique described as follows. 

Linear trendlines have been fitted to the experimental results for each case with different 

relative camber and angle of attack. The measurements of [6] are considered to be precise as they 

have been corrected to infinite span. Thus the trendlines have been fitted so that they fit to the 

measurement points of [6] at Re = 300 000, termed as datum points. The method of least squares 

has been used for the best fit. 
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Figure 2.5 Linear trendlines fitted to the lift and drag coefficients [13] on a cambered plate 

(h/c=6%). Black crosses, labelled with the angle of attack denote the offset origins 

According to [5], endwall effect was assumed to be the most pronounced for the lowest 

measured Reynolds number, i.e. Re = 20 000. Based on this the filtering method established herein 

focuses on the points at the lowest measured Reynolds numbers, which are most likely to be 

corrupted by the endwall effect. The filtering was applied to the own measurements, as they were 

not corrected to infinite span previously. It was found that the measurements at Re = 20 000 are 

subject to high levels of measurement uncertainty and possible endwall effect, thus they were 

eliminated from further investigation. To the remaining measurement points, between Re = 40 000 

and 140 000, linear trendlines were fitted to the lift and drag coefficients as a function of Re. 

Determination coefficient R2 values have been determined for each case. A criterion of R2 ≥ 0.9 

has been proven to be suitable for identification of the linear trend. During the determination of 

the criterion of R2 ≥ 0.9 the following aspects were considered: (a) the minimum obtained 

determination coefficient was R2 = 0.967 from the fits applied to the measurements of [13], shown 

in Figure 2.5, (b) an increased data scatter was allowed corresponding to the experimental 

uncertainty of the own measurements, and (c) due to the slight variance of maximum relative plate 

thickness t/c in Table 2.3. If the fit had an R2 ≥ 0.9, then the fit was considered satisfactory. If R2 

was below 0.9, then the lowest Re value was omitted from the fit and a new R2 was determined. 

This process was repeated until the R2 value was equal to or above 0.9. The results of the fitting 

are shown in Figure 2.6. Dashed lines indicate the trendlines. The measurement uncertainties are 

indicated in Figure 2.6 with error bars. 

The R2 values of all 36 fitted linear trendlines are displayed in Figure 2.7. From the histogram 

it can be concluded that most of the cases match the expected linear trend significantly better than 

the prescribed R2=0.9 threshold. 
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Figure 2.6 Lift and drag coefficients for various relative cambers and angles of attack as a 

function of Reynolds number. 
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Figure 2.7 Histogram of the R2 values of the fitted linear trendlines for all cases (the lift and 

drag coefficients, all cambers and angles of attack) 

Each trendline is characterized by the datum point and its slope. The slopes and the datum points 

have been plotted as a function of angle of attack in Figure 2.8 in order to find a relation between 

them. To each case with different relative camber a third order polynomial has been fitted. For 

each coefficient of the third order polynomial, second order polynomials have been fitted to 

determine the dependence on the relative camber as well. The coefficients of the polynomials are 

summarized in Table 2.4, Table 2.5, Table 2.6 and Table 2.7, which contain the coefficients 𝓐, 𝓑, 

𝓒 and 𝓓 of Equation (2.3), (2.4), (2.5) and (2.6), respectively. The datum point and the slope 

can be determined using the coefficients of the fitted curves, the angle of attack, and the relative 

camber the following way: 
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where CL300, 𝓢L, CD300 and 𝓢D stand for the lift coefficient datum point, slope and the drag 

coefficient datum point, slope respectively, h/c is in percent and α is in degrees. From the datum 

points and the slopes, the lift and drag coefficients for a given Re can be expressed as follows: 

𝐶𝐿 = 𝐶𝐿300 − 𝓢𝐿(3.00 ∙ 105 − 𝑅𝑒) (2. 7) 

𝐶𝐷 = 𝐶𝐷300 − 𝓢𝐷(3.00 ∙ 105 − 𝑅𝑒) (2. 8) 

 

Figure 2.8 Lift and drag coefficient datum points CL300, CD300 and slopes SL, SD for various 

relative cambers as a function of angle of attack. The fitted third order polynomials are indicated 

with the solid line 
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Table 2.4 Empirical coefficients for the datum point of the lift coefficient 

  i 

 𝓐 0 1 2 3 

j 

0 -8.20∙10-3 3.85∙10-2 2.25∙10-2 -1.87∙10-3 

1 1.04∙10-1 2.76∙10-2 -7.99∙10-3 5.57∙10-4 

2 -4.25∙10-4 -2.66∙10-3 6.22∙10-4 -4.06∙10-5 

 

Table 2.5 Empirical coefficients for the slope of the lift coefficient 

  i 

 𝓑 0 1 2 3 

j 

0 5.78∙10-7 -5.82∙10-7 1.59∙10-7 -1.08∙10-8 

1 -2.07∙10-7 2.79∙10-7 -5.74∙10-8 3.50∙10-9 

2 4.44∙10-8 -2.93∙10-8 5.08∙10-9 -2.84∙10-10 

 

Table 2.6 Empirical coefficients for the datum point of the drag coefficient 

  i 

 𝓒 0 1 2 3 

j 

0 1.34∙10-2 -1.98∙10-3 1.84∙10-3 -1.10∙10-5 

1 3.50∙10-3 -2.49∙10-4 -7.35∙10-4 4.53∙10-5 

2 -2.27∙10-4 -1.49∙10-5 7.61∙10-5 -5.44∙10-6 

 

Table 2.7 Empirical coefficients for the slope of the drag coefficient 

  i 

 𝓓 0 1 2 3 

j 

0 3.29∙10-8 -6.38∙10-8 5.76∙10-9 4.54∙10-12 

1 -1.37∙10-8 2.61∙10-8 -4.90∙10-9 9.73∙10-11 

2 -7.39∙10-10 -2.65∙10-9 5.30∙10-10 -1.30∙10-11 
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2.3.3 Uncertainty analysis 

The measured and modelled lift and drag coefficient values are shown in Appendix B for each 

investigated Reynolds number value. The signed relative discrepancy has been obtained for each 

data point in the figures of Appendix B, as the difference between the empirically estimated value 

and the measurement-based value, normalized by the measurement-based value. Statistical 

samples were generated from the signed relative discrepancy data for CL and CD, involving data 

representing the cases of circular arc camber line, with relative camber changing in uniform steps, 

i.e. h/c=0%, 4% and 8%. The following Reynolds number and angle of attack range was taken into 

consideration: Re = 40 000 - 300 000 and α =0°-10°, excluding the α =0° case for the flat plate, as 

such case of theoretically zero lift cannot be interpreted in terms of relative error. The uncorrected 

standard deviation [76] of such samples is considered as a single-value metric, quantifying the 

error of the empirical model presented herein. The uncorrected standard deviations of the 

aforementioned samples have been calculated to be 3% for CL and 8% for CD. These uncorrected 

standard deviations include the effect of the measurement uncertainty and the approximation due 

to polynomial fitting. 
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2.3.4 New scientific results 

The literature lacks detailed aerodynamic data at Reynolds number values below 3.0∙105 for 

cambered plates with circular arc camber line, which could be utilized in the design process of 

low speed axial fan bladings, and guide vanes. The aerodynamic effects of Reynolds number, angle 

of attack, and relative camber have been examined, in terms of lift and drag coefficients of isolated 

plate blade models. The studies involved wind tunnel measurements and processing of literature 

data. As representative cases, plates of circular-arc camber line of 0% (flat plate), 4%, 6%, and 

8% were considered. The latter enables a nearly maximum lift-to-drag ratio among the cambered 

plates, thus offering input for blade design for high efficiency. The chord-based Reynolds numbers 

within 0.4∙105-3∙105 were in the focus. The investigated range is below the Reynolds number of 

3.0∙105, for and above which aerodynamic data are available in the literature [6]. The angle of 

attack has been studied in the range of 0°-10°. This range includes states corresponding to 

reasonably high lift-to-drag ratio, including the angle of maximum lift-to-drag ratio for all 

investigated cambers. Therefore, the measurements offer data for blade design for high efficiency 

as well as high specific performance at moderate Reynolds numbers. 

1. Thesis statement 

Isolated plate blades of circular arc camber line are considered, in a two-dimensional 

approximation. For the geometrical and operational data specified in Table T 1.1, the lift and drag 

coefficient values can be calculated with empirical formulae as a function of angle of attack, 

relative camber, and Reynolds number in the following way. 

𝐶𝐿 = 𝐶𝐿300 − 𝓢𝐿(3.00 ∙ 105 − 𝑅𝑒) (𝑇1. 1) 

𝐶𝐷 = 𝐶𝐷300 − 𝓢𝐷(3.00 ∙ 105 − 𝑅𝑒) (𝑇1. 2) 

CL300, CD300, 𝓢L and 𝓢D can be estimated with the following equations: 

𝐶𝐿300 =  ∑ ∑ 𝓐𝑖𝑗 (
ℎ

𝑐
)

𝑗

𝛼𝑖

2

𝑗=0

3

𝑖=0

(𝑇1. 3) 

𝓢𝐿 =  ∑ ∑ 𝓑𝑖𝑗 (
ℎ

𝑐
)

𝑗

𝛼𝑖

2

𝑗=0

3

𝑖=0

(𝑇1. 4) 

𝐶𝐷300 =  ∑ ∑ 𝓒𝑖𝑗 (
ℎ

𝑐
)

𝑗

𝛼𝑖

2

𝑗=0

3

𝑖=0

(𝑇1. 5) 

𝓢𝐷 =  ∑ ∑ 𝓓𝑖𝑗 (
ℎ

𝑐
)

𝑗

𝛼𝑖

2

𝑗=0

3

𝑖=0

(𝑇1. 6) 

h/c is in percent and α is in degrees. The values of the empirical coefficients are summarized in 

Table T 1.2, Table T 1.3, Table T 1.4 and Table T 1.5. The overall precision of the model, described 

with the uncorrected standard deviation is ±3% for CL and ±8% for CD. The symbols are explained 

in Table T 1.6. 
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Table T 1.1 Geometrical and operational data 

h/c 0% - 8% 

t/c 2% - 3% 

Re 0.4∙105 - 3.0∙105 

α 0° - 10° 

Leading and trailing edge layout Rounded 

 

Table T 1.2 Empirical coefficients for the datum point of the lift coefficient 

  i 

 𝓐 0 1 2 3 

j 

0 -8.20∙10-3 3.85∙10-2 2.25∙10-2 -1.87∙10-3 

1 1.04∙10-1 2.76∙10-2 -7.99∙10-3 5.57∙10-4 

2 -4.25∙10-4 -2.66∙10-3 6.22∙10-4 -4.06∙10-5 

 

Table T 1.3 Empirical coefficients for the slope of the lift coefficient 

  i 

 𝓑 0 1 2 3 

j 

0 5.78∙10-7 -5.82∙10-7 1.59∙10-7 -1.08∙10-8 

1 -2.07∙10-7 2.79∙10-7 -5.74∙10-8 3.50∙10-9 

2 4.44∙10-8 -2.93∙10-8 5.08∙10-9 -2.84∙10-10 

 

Table T 1.4 Empirical coefficients for the datum point of the drag coefficient 

  i 

 𝓒 0 1 2 3 

j 

0 1.34∙10-2 -1.98∙10-3 1.84∙10-3 -1.10∙10-5 

1 3.50∙10-3 -2.49∙10-4 -7.35∙10-4 4.53∙10-5 

2 -2.27∙10-4 -1.49∙10-5 7.61∙10-5 -5.44∙10-6 
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Table T 1.5 Empirical coefficients for the slope of the drag coefficient 

  i 

 𝓓 0 1 2 3 

j 

0 3.29∙10-8 -6.38∙10-8 5.76∙10-9 4.54∙10-12 

1 -1.37∙10-8 2.61∙10-8 -4.90∙10-9 9.73∙10-11 

2 -7.39∙10-10 -2.65∙10-9 5.30∙10-10 -1.30∙10-11 

 

Table T 1.6 List of symbols 

𝓐, 𝓑, 𝓒, 𝓓 empirical coefficients [-] 

c chord [m] 

CD drag coefficient [-] 

CL lift coefficient [-] 

CD300 drag coefficient datum point [-] 

CL300 lift coefficient datum point [-] 

h maximum height of the camber line [m] 

i,j indices 

𝓢D drag coefficient slope [-] 

𝓢L lift coefficient slope [-] 

Re chord based Reynolds number [-] 

t maximum blade thickness [m] 

α angle of attack [°] 

 

Related publications: [P2][P3][P4][P5] 

[P2] E. Balla and J. Vad, "Lift and drag force measurements on basic models of low-speed axial 

fan blade sections," Proceedings of the Institution of Mechanical Engineers, Part A: 

Journal of Power and Energy, vol. 233, no. 2, pp. 165-175, 2019. 

[P3] E. Balla and J. Vad, "An empirical model to determine lift and drag coefficients of 

cambered plates at moderate Reynolds numbers," Proceedings of the Institution of 

Mechanical Engineers, Part A: Journal of Power and Energy, Online first, 2020. 

[P4] B. Nagy and E. Balla, “Szárnymetszetek körüli áramlás szimulációja alacsony Reynolds-

számokon,” in Proceedings of Spring Wind 2017 International Multidisciplinary 

Conference, Miskolc, Hungary, pp. 90-101, 31 March-02 April 2017 
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[P5] E. Balla, “Numerical simulations on basic models of low-speed axial fan blade sections,” 

in Proceedings of the 6th International Scientific Conference on Advances in Mechanical 

Engineering (ISCAME 2018) : Book of extended abstracts, Debrecen, Hungary, pp. 9-10, 

11-12 October 2018 
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2.4 Investigations regarding the effect of edge bluntness 

The impact of LE and TE geometry on the performance of profiles is of importance, as from a 

manufacturing point of view, keeping the LE and TE blunt may improve the cost-effectiveness in 

manufacturing. According to [5] and [17], the TE geometry has negligible effect on the lift and 

drag coefficients of profiles. Additionally, if the LE is left blunt, practically the TE will also be 

left blunt. In [17] it was found that blunting the LE of cambered plates increases the size of the 

separation bubble at the LE on the suction side. The extension of the separation bubble moderates 

the lifting capability of the profile, and increases the drag which results in higher flow loss. 

Measurements have been carried out on cambered plates with blunt LEs and TEs at the 

Department of Fluid Mechanics. The same Reynolds number and angle of attack range was set as 

for the cambered plates with rounded edges, already discussed in the previous chapters. The effect 

of LE and TE bluntness was investigated by comparing the lift and drag coefficients estimated 

with the model established in the previous chapter, and the measurements on the cambered plates 

with blunt edges. The following quantities are defined: 

∆𝐶𝐿 = 𝐶𝐿,𝑚𝑒𝑎𝑠.𝑏 − 𝐶𝐿,𝑚𝑜𝑑𝑒𝑙,𝑟 (2. 9) 

∆𝐶𝐷 = 𝐶𝐷,𝑚𝑒𝑎𝑠,𝑏 − 𝐶𝐷,𝑚𝑜𝑑𝑒𝑙,𝑟 (2. 10) 

where CL,meas,b and CD,meas,b are the measured lift and drag coefficients for the cases with blunt 

edges, CL,model,r and CD,model,r are the modelled lift and drag coefficients for the cases with rounded 

edges, discussed in Chapter 2.3. ΔCL and ΔCD were calculated for all 108 measurement cases 

between Re = 40 000-140 000 and α = 0°-10°. The cumulative distribution functions were created 

from the above statistical data based on [76], and are shown in Figure 2.9 and Figure 2.10. From 

the figures it can be concluded that the data series nearly follow a Gaussian normal distribution 

[76]. The expected value and the uncorrected standard deviation have been calculated and are 

indicated with the solid black line and the grey region, respectively. The sum of the uncertainties 

due to the modelling error and the uncertainty of the measurements on the cases with blunt edges 

are indicated in the figures with error bars. The expected values, the uncorrected standard 

deviations, and the uncertainties are summarized in Table 2.8. It can be seen from the figures that 

blunting the edges of the blades resulted in an averaged increase for both the CL and the CD. The 

averaged increase in CL may be dedicated to the apparent benefit of the turbulator effect caused 

by LE bluntness, as described in Chapter 1.1. In order to quantify the adverse effect of edge 

bluntness on CL and CD, using single-value metrics in a conservative manner, the following 

procedure was carried out. The decrease in CL due to edge bluntness was calculated as the expected 

value of ΔCL minus the uncorrected standard deviation of ΔCL. The increase in CD due to edge 

bluntness was calculated as the expected value of ΔCD plus the uncorrected standard deviation of 

ΔCD. The resultant decrease in CL is 0.023, and the resultant increase in CD is 0.022. 
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Figure 2.9 Cumulative distribution function of ΔCL. The solid line indicates the expected value of 

the data, the grey zone indicates the range of the uncorrected standard deviation 

 

Figure 2.10 Cumulative distribution function of ΔCD. The solid line indicates the expected value 

of the data, the grey zone indicates the range of the uncorrected standard deviation 

Table 2.8 The expected values, the uncorrected standard deviations, and the overall uncertainties 

of ΔCL and ΔCD 

 Expected value 
Uncorrected standard 

deviation 
Overall uncertainty 

ΔCL 0.018 0.041 ±0.018 

ΔCD 0.013 0.009 ±0.007 
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2.4.1 New scientific results 

For simplification in manufacturing of plate blades of axial fans, the blade leading and trailing 

edges are occasionally left blunt. For blade design considerations, the aerodynamic effects of 

leading and trailing edge bluntness have been examined, in terms of lift and drag coefficients of 

isolated plate blade models. The studies involved wind tunnel measurements and processing of 

literature data. As representative cases, plates of circular-arc camber line of 0% (flat plate), 4%, 

and 8% were considered. The chord-based Reynolds numbers within 4.0∙104-1.4∙105 were in the 

focus. The angle of attack has been studied in the range of 0°-10°. The expected change in the lift 

and drag coefficients due to leaving the edges blunt, as well as the uncorrected standard deviation 

of the change has been determined. ΔCL and ΔCD are defined as the difference between the lift/drag 

coefficient of the rounded case and the lift/drag coefficient of the blunt case. The adverse effect of 

edge bluntness on CL and CD was quantified, using single-value metrics in a conservative manner, 

in the following way. The decrease in CL due to edge bluntness is the expected value of ΔCL minus 

the uncorrected standard deviation of ΔCL. The increase in CD due to edge bluntness is the 

expected value of ΔCD plus the uncorrected standard deviation of ΔCD. 

2. Thesis statement 

Isolated plate blades of circular arc camber line are considered. For the geometrical and operational 

data specified in Table T 2.1, leaving the blade leading and trailing edge blunt causes the following 

departure in the aerodynamic properties, in comparison to reference cases incorporating rounded 

edge layout: 

 CL: decrease by 0.023 

 CD: increase by 0.022 

The symbols are explained in Table T 2.2. 

Table T 2.1 Geometrical and operational data 

h/c 0%-8% 

t/c 2% - 3% 

Re 4.0∙104-1.4∙105 

α 0°-10° 
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Table T 2.2 List of symbols 

c chord [m] 

CD drag coefficient [-] 

CL lift coefficient [-] 

h maximum height of the camber line [m] 

Re chord based Reynolds number [-] 

t maximum blade thickness [m] 

α angle of attack [°] 

ΔCD drag coefficient difference between the case with rounded and blunt leading edge [-] 

ΔCL lift coefficient difference between the case with rounded and blunt leading edge [-] 

 

Related publication: [P2][P3][P4][P5] 

[P2] E. Balla and J. Vad, "Lift and drag force measurements on basic models of low-speed axial 

fan blade sections," Proceedings of the Institution of Mechanical Engineers, Part A: 

Journal of Power and Energy, vol. 233, no. 2, pp. 165-175, 2019. 

[P3] E. Balla and J. Vad, "An empirical model to determine lift and drag coefficients of 

cambered plates at moderate Reynolds numbers," Proceedings of the Institution of 

Mechanical Engineers, Part A: Journal of Power and Energy, Online first, 2020. 

[P4] B. Nagy and E. Balla, “Szárnymetszetek körüli áramlás szimulációja alacsony Reynolds-

számokon,” in Proceedings of Spring Wind 2017 International Multidisciplinary 

Conference, Miskolc, Hungary, pp. 90-101, 31 March-02 April 2017 

[P5] E. Balla, “Numerical simulations on basic models of low-speed axial fan blade sections,” 

in Proceedings of the 6th International Scientific Conference on Advances in Mechanical 

Engineering (ISCAME 2018) : Book of extended abstracts, Debrecen, Hungary, pp. 9-10, 

11-12 October 2018 
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3 Vortex shedding noise 

The present chapter discusses a novel method established by the author for the estimation of the 

frequency of profile vortex shedding noise. This type of vortex shedding is one of the primary 

noise sources of low-speed axial fans, and due to the fluctuating lift caused by vortex shedding, 

vibration issues may also occur in its relationship. The aim is to offer a method which is valid for 

the Reynolds numbers, and blade geometries characteristic of low-speed axial fans. 

3.1 Theoretical background 

The vortex shedding frequency f can be expressed as follows [29, 30, 36]: 

𝑓 =
𝑈0 − 𝑉𝑖

𝑎
 (3. 1) 

where U0 is the free-stream velocity, Vi is the advance velocity of the vortex street, and a is the 

distance between the vortices within a vortex row, as indicated in Figure 3.1. Vi is due to the 

induced velocity of each vortex in the street, its direction is opposite to U0. This f frequency is 

valid also in the case of finite AR, as the vortex shedding frequency is independent from the AR, 

and approximates the frequency valid for a 2D case [77]. This supports the importance of 2D, i.e. 

infinite AR, aerodynamic and aeroacoustic considerations. 

 

Figure 3.1 Sketch of profile vortex shedding from a profile with indication of characteristic 

quantities 

Vi can be expressed as [29, 30, 36]: 

𝑉𝑖 =
𝛾

2𝑎
tanh (𝜋𝑠) (3. 2) 

where γ is the strength of a vortex, and s is the vortex spacing ratio, which is defined as 

𝑠 =
𝑏

𝑎
(3. 3) 

where b is the transversal distance between vortex rows. 
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γ can be approximated as follows, by assuming that the vortices of the wake contain all the 

vorticity from the boundary layer, and that the drag due to the wake vortex street is equal to the 

total change in momentum over the blade due to viscous forces [29, 30]. 

𝛾 = 𝑈0𝑎
𝜋𝑠 −  √(𝜋𝑠)2  −  2𝜋

𝜃
𝑎  {2𝜋𝑠 tanh(𝜋𝑠)  −  1}

2𝜋𝑠 tanh(𝜋𝑠)  −  1
(3. 4)

 

where θ is the wake momentum thickness. θ/a can be written as 

𝜃

𝑎
=

𝜃/𝑐

𝑎/𝑐
(3. 5) 

where c is the chord length. Using Equation (3.3), a/c can be expressed as  

𝑎

𝑐
=

𝑏/𝑐

𝑠
(3. 6) 

b is expressed in [29, 30, 35, 36] the following way 

𝑏 = 𝐾𝛿 + 𝑑𝑇𝐸 (3. 7) 

where K is a factor for frequency scaling, δ is the total boundary layer thickness, and dTE is the 

trailing edge thickness.  

It is aimed herein to overcome the calculation details of Equations (3.1) to (3.6) suggested by 

the literature, and to establish a straightforward but reliable semi-empirical model. The above 

calculation contains uncertain characteristics such as the value of s, which has been determined to 

be 0.281 in the literature, based on the von Karman stability criterion, assuming isolated, equal, 

point-vortices existing in a non-viscous fluid. Neither is the literature consistent regarding the value 

of K. Two values were found in the literature: 0.6 in [29, 30, 35], and 0.5 in [36]. All of the 

aforementioned papers presented results on NACA0012 airfoils. According to [35], K is an 

empirical parameter, and its value was selected based on measurement results. However, in real-

life applications, the measurement of δ is uncertain due to the complexity of rotor flow. Thus, the 

aim of the dissertation is to define a K* parameter, which enables the estimation of the vortex 

shedding frequency using an integral-based quantity instead of δ.  

This is achieved by reformulating Equation (3.7) as follows: 

𝑏 = 𝐾∗𝜃 (3. 8) 

where K* is the momentum thickness based frequency scaling factor. 

According to [30] and [36] the drag force acting on unit span is 

𝐷 = 𝜌𝑈0
2𝜃 (3. 9) 

where ρ is the density of the fluid. Equation (3.9) can be deduced from the streamwise component 

of the momentum equation. The drag coefficient can be formed by nondimensionalizing Equation 

(3.9) 
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𝐶𝐷 =
𝐷

𝜌
𝑈0

2

2 𝑐

=
2𝜃

𝑐
(3. 10)

 

From Equation (3.10), θ/c can be expressed 

𝜃

𝑐
=

𝐶𝐷

2
(3. 11) 

This means that by knowing the drag coefficient of any profile, the momentum thickness per 

chord can be calculated. Through the drag coefficient, the model is capable of taking various 

profile geometries into account. Ideally CD is available from measurements, however in absence 

of such results, reliable CFD simulations [78] can also be utilized as data source for the drag 

coefficient. 

From Equations (3.1)-(3.11), f can be calculated, if it is assumed that CD, c, α, s, and K* are 

known. The value of K* is still considered to be unknown, thus an additional equation is needed 

to determine it. The notion of the universal Strouhal number, St* was first introduced in [38] and 

was defined based on b as 

𝑆𝑡∗ =
𝑓𝑏

𝑈0

(3. 12) 

If measurement data are available on b for a particular case study, St* can be calculated using 

Equation (3.12). In absence of b data, a universal value of Strouhal number of St* = 0.16 is taken 

herein as an approximation according to [33], which presents refined data compared to [38]. The 

data processing, being presented later, confirms that the St* ≈ 0.16 approximation is consistent 

with the entire processed dataset. 

One of the main characteristics of vortex shedding noise is its frequency. Thus, in the majority 

of acoustic studies, f is measured. According to [33], St* is considered as a universal constant. 

Based on this, from f, U0, and St* the value of b can be determined, and consequently from 

Equation (3.8), K* can be determined for each particular case study. 

Figure 3.2 presents the process of PVS frequency estimation, indicating the independent input 

parameters with bold letters. According to the literature and the author’s own findings, the vortex 

shedding frequency appears to depend on the geometry of the airfoil (chord length c and the blade 

thickness t), the angle of attack α, the drag coefficient CD, the Reynolds number Re, the free-stream 

velocity U0, the universal Strouhal number St* and the momentum thickness based frequency 

scaling factor K*. Thus the frequency can be expressed as function of the following variables: 

𝑓 = ℱ(𝑐, 𝑡, 𝛼, 𝐶𝐷 , 𝑅𝑒, 𝑈0, 𝑆𝑡∗, 𝐾∗) (3. 13) 

The determination of K* along with the details of the new model will be discussed later on. 
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Figure 3.2 Flowchart presenting the process of PVS frequency estimation. The independent input 

parameters are in bold 

3.2 Supplementary study 

The PVS studies reported in the literature are related predominantly to symmetrical blade profiles. 

Hot-wire measurements were performed [32], in order to determine the frequency of PVS for non-

symmetric profiles as well. A flat plate, a circular-arc cambered plate with 8% camber and blunt 

edges, and the RAF6-E profile (see Figure 2.2) were under investigation. The hot-wire and the 

previously discussed aerodynamic studies were carried out in the same wind tunnel. The TEVS 

was also searched for, as it was utilized to judge the localization capabilities of the PAM technique, 

which will be discussed later on. The wind velocities and angles of attack were selected in 

accordance with the aerodynamic measurements, to allow further comparison between the acoustic 

and aerodynamic performance of the profiles in the future. During the evaluation of the hot-wire 

measurements the data had to meet certain requirements in order to be classified as TEVS or PVS 

[32]. As already discussed in the Introduction in Chapter 1.2.1 TEVS is occurring past the blunt 

trailing edge of the blade, acting as the aft portion of a bluff body, while PVS is the periodic 

shedding of coherent vortices over the lifting surface of the blade. PVS is related to Tolmien-

Schlichting instability waves originating in the laminar boundary layer upstream of the trailing 

edge [32]. Table 3.1 and Table 3.2 summarize the cases, where TEVS and PVS noise were found. 

f is the frequency of the emitted noise, Δf is the frequency full width at half maximum, 

corresponding to the half amplitude of the root-mean-square spectrum of the velocity fluctuations. 

The tables also include the Strouhal numbers based on the trailing edge thickness, and on the 

transversal distance between vortex rows. 
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Table 3.1 Cases with TEVS according to the hot-wire measurements, reproduced from [32] 

Profile Re [-] α [°] fTEVS [Hz] Δf [Hz] StTE [-] 

Flat plate 

60 000 

0 660 20 0.18 

2 670 20 0.19 

4 650 20 0.18 

6 620 40 0.17 

100 000 

0 1220 30 0.20 

2 1240 20 0.21 

4 1180 30 0.20 

6 1220 40 0.20 

140 000 

0 1715 40 0.20 

2 1705 30 0.20 

4 1715 40 0.20 

RAF6-E 60 000 0 1200 50 0.20 

 

Table 3.2 Cases with PVS noise according to the hot-wire measurements, reproduced from [32] 

Profile Re [-] α [°] fPVS [Hz] Δf [Hz] St* [-] 

Cambered 

plate 

60 000 
2 310 20 0.18 

4 290 20 0.18 

100 000 2 470 70 0.17 

RAF6-E 

60 000 

0 390 10 0.17 

2 330 20 0.15 

4 190 200 0.10 

100 000 
0 750 60 0.18 

2 770 40 0.18 

 

The frequency of PVS was measured. Furthermore, according to Figure 3.2, for the 

determination of K*, the drag coefficients are also necessary. To the author’s best knowledge, no 

measurement data, corrected for 3D effects, is available at such low Reynolds numbers for the 

RAF6-E airfoil. Neither does a model exist for the calculation of CD in case of the RAF6-E airfoil. 

However, the drag coefficient can be calculated from θ according to Equations (3.10) and (3.11). 

During the hot-wire measurements, the velocity distribution in the wake of the profiles was 

monitored [79]. The velocity at the wake boundaries was taken as the arithmetic mean value of the 

velocities measured at the outermost positions of the hot wire wake traverse, for all cases with the 
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same velocity and same profile geometry. The wake velocity profile was normalized by the 

aforementioned mean value. The wake momentum thickness θ was computed using this 

normalized wake velocity profile with numerical integration, by means of the trapezoidal rule 

built-in function of the MATLAB R2019b software [80] [81]. From θ, CD was determined for the 

RAF6-E airfoil, with Equations (3.10) and (3.11), and is presented in Figure 3.3. The obtained 

measurement-based CD value of the RAF6-E airfoil could only be compared qualitatively with 

literature data [6]. This comparison is also shown in Figure 3.3, the data points at Re = 300 000 

were taken from the literature. The value of CD is increasing with the decrease of Re, as expected. 

 

Figure 3.3 Measurement-based drag coefficients for the RAF6-E airfoil 

In order to confirm the validity of the calculation method of CD, the values for the cambered 

plate were calculated in the same manner, and compared to the modelled CD, obtained using Thesis 

statement 1 and Thesis statement 2. The results are shown in Table 3.3. The measurement error 

for the hot-wire measurement based results was estimated to be ±5%. The modelled value was 

determined by calculating CD for a case with rounded LE and TE, with the empirical model 

established in Thesis statement 1, and then adding the effect of bluntness determined in Thesis 

statement 2. The model uncertainty is ±8%. The CD data show a fair agreement, with consideration 

of the uncertainty ranges. Based on the above the author considers the precision of the hot wire-

based CD calculation method satisfactory. 

Table 3.3 Measurement- and model-based CD values for the cambered plate with 8% relative 

camber for different Reynolds numbers 

 Re = 60 000 Re = 100 000 

α = 2° α = 4° α = 2° 

CD, measurement-based 0.084±0.004 0.085±0.004 0.088±0.004 

CD, model-based 0.084±0.007 0.095±0.008 0.077±0.006 

 

With the additional calculations above, the measurements reported in [32] could be treated 

together with literature data. For further calculations the measurement-based CD is used for the 

RAF6-E airfoil, and the model-based (see Thesis statement 1 and 2) CD is used for the cambered 

plate.  
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3.3 Determination of model parameters 

A wide range of airfoil geometries and flow conditions has been included in the investigation. 

Their parameters are summarized in Table 3.4. On the right of the table, separated with a doubled 

line, are those parameters, which were determined by the author. 

In Table 3.4, the first and the last columns indicate the serial number of the case under 

discussion. Cases will be referred to using these numbers from now on. In the ”Profile” column 

the types of the profiles are specified. In the next column the references are listed from which the 

data were obtained. The column labelled as ”Nr. of data” indicates the number of case studies 

incorporated in the given reference, and processed by the author for obtaining K*calc. In the next 

columns, the geometric parameters of the profiles: the chord length c, the trailing edge thickness 

dTE, and the maximum relative blade thickness t/c, are summarized. The definition of t and c is 

shown in Figure 3.4. The flow conditions are presented in the forthcoming columns: the angle of 

attack based on zero lift αL, and the minimum (Remin) and the maximum (Remax) of the investigated 

Reynolds number range corresponding to each case. αL is the angle between a theoretical free 

stream direction, at which the profile produces zero lift, and the actual flow direction U0, a similar 

angle of attack definition was used also by [41]. At αL = 0° the profiles produce zero lift. On the 

other hand, α is the geometrical angle, measured between the chord c and the free-stream velocity 

U0. For symmetrical profiles αL=α. Based on the literature αL = 0 corresponds approximately to 

α=-8°, -5°and -4° for the NACA4509 [41], the RAF6-E and the cambered plate with h/c=8% [6], 

respectively. Figure 3.4 indicates αL = 0° and α = 0° for the cambered plate under investigation. In 

the column titled “St*” the values for the universal Strouhal number, defined in Equation (3.12) 

are listed. Case-specific St* values were possible to be calculated only for the measurements of 

[33] and [38], and for the [32] measurements, for which b data were directly obtained from the 

flow measurement results. For the other investigated cases its value was set to 0.16, based on [33]. 

The data in the St* column indicate that the data vary about the mean value of St* = 0.16, within 

a relatively narrow range, thus demonstrating the reasonability of using St* = 0.16 as a universal 

value [33]. Among the parameters, which were determined by the author, there is the K*calc factor, 

which was calculated from the literature data and the measurement data of [32]. The uncertainty 

of K*calc, which is denoted by εcalc, was estimated by the author based on the setups and 

measurement conditions described in the literature. For each paper, the parameters f, b, and U0 

were gathered along with their uncertainty, if it was available. If the uncertainty of a parameter 

was not stated in the paper, its value was estimated. Uncertainty analysis was also applied for the 

measurements in [32]. An uncertainty propagation calculation was carried out to determine εcalc 

for each case. As f and b both depend on the frequency measurement uncertainty, they are not 

independent variables and thus as a pessimistic approach the overall uncertainty was calculated by 

summing the relative uncertainties of f, b, and U0. K*modelled  was determined with the new 

parametrization of K*, discussed later on. εmodelled is the relative discrepancy of K*modelled compared 

to K*calc. 
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Table 3.4 Investigated geometries and calculated parameters 
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Figure 3.4 Cambered plate with relative camber h/c 8%. Indicating the maximum blade 

thickness t, and the chord length c. Representing the angle of attack α and the zero lift based 

angle of attack αL with three examples 

For most cases, data for more than one Reynolds number were available. Instead of listing all 

investigated values, the Reynolds number range is specified in Table 3.4. The investigated 

Reynolds number range depends on the geometry, as the profile geometry affects the value of the 

limiting Reynolds number (Relimit), above which the flow reattaches to the suction surface, and 

PVS can occur for an unstalled blade condition. Relimit values are shown as a function of t/c for 

various angles of attack in Figure 3.5. From the figure it can be seen that Relimit tends to increase 

with increasing t/c and α. With the increase of t/c and α, the suction side boundary layer thickens, 

and consequently, higher Reynolds number is needed for energizing the separated boundary layer 

in order to promote reattachment [33]. In Figure 3.5, literature cases #1, 2, 3, 4, and 6, out of Table 

3.4, are presented, as these cases included investigations on a wide Reynolds number range, 

extending also to lower values, enabling the determination of Relimit. The measurements of [32] are 

also presented in the figure. Below Relimit PVS does not occur, and thus makes the investigation at 

these low Reynolds numbers unnecessary. Additionally, the potential occurrence of PVS is not 

excluded herein if Re > 0.5∙105. The measurements in [32] are in accordance with the above 

findings, as the Re values at which PVS was found are above the Relimit values suggested in Figure 

3.5. The exact Relimit cannot be determined from the measurements in [32], as no measurements 

were carried out below Re = 60 000. 

 

Figure 3.5 The limiting Reynolds number as a function of maximum relative blade thickness for 

various angles of attack 
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In order to determine K*calc, f as input data was required, which was available from the 

literature. A Reynolds number independent value of K*calc was determined for each case in Table 

3.4, as in the investigated range the effect of Reynolds number variance was negligible. 

The measurement points are plotted in Figure 3.6 in the function of αL. K*calc tends to decrease 

as α increases, for symmetrical profiles. For airfoils of different t/c the fitted curves have the same 

shape and there is only a constant shift, as a result of change in maximum relative blade thickness. 

From the K*calc values a general model for K* is established in the following. A second order 

polynomial was fitted to the data corresponding to each t/c. For all symmetrical profiles, for which 

most data points were available, the best fit could be achieved when the coefficient of the second 

order term was approximately -0.023. The dependence on t/c can be taken into account with the 

shift of K*(αL = 0). The relation between K*(αL = 0) and t/c was assumed to be linear. Thus, the 

value of K* can be calculated with the use of the following expression 

𝐾∗ = 1.9 + 0.19
𝑡

𝑐
− 0.023𝛼𝐿

2 (3. 14) 

where t/c is in percent. At αL=0° and t/c=0 the fitted curve does not intersect the origin, it is shifted 

by a value of 1.9 in the positive direction. This suggests that even the boundary layers developing 

over the two surfaces of an infinitely thin flat plate at zero incidence, and interacting past the 

trailing edge, may exhibit a vortex street. This finding is confirmed by the works of [82] and [83]. 

 

Figure 3.6 The value of K*calc as a function of angle of attack for different maximum relative 

blade thicknesses. Solid lines indicate the modelled curve for each maximum relative blade 

thickness, and the markers indicate the measurement points 
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The curves, calculated with Equation (3.14), along with the measurement points are presented 

in Figure 3.6. The size of the error bars correspond to the highest uncertainties reported in Table 

3.4 for each t/c. Although many measurement points do not fit the model curves within the 

estimated measurement uncertainty, the overall performance of the model is still better compared 

to the model already existing in the literature, as it will be discussed in the next chapter. 

3.4 Uncertainty analysis 

In order to estimate the overall uncertainty of the empirical model formulated in Equation (3.14), 

the value of K* for each case was determined with Equation (3.14) (K*modelled) and compared to 

the values calculated from measurement data (K*calc). The values of K* along with the relative 

discrepancy, εmodelled are shown in Table 3.4. A statistical sample was generated from εmodelled. The 

uncorrected standard deviation of such a sample is considered as a single-value metric, quantifying 

the error of the semi-empirical model presented herein. The uncorrected standard deviation of the 

aforementioned sample has been calculated to be σεmodelled=±27%. A comparison of measured and 

modelled K* is presented in Figure 3.7. The thick black line represents perfect match between the 

measurements and the model. The region between the gray lines indicates the model uncertainty 

σεmodelled. It can be concluded, that taking into consideration the model uncertainty, the model 

estimates almost all points within their measurement uncertainty. 

 

Figure 3.7 Comparison of the measured and modelled K*. The thick black line represents perfect 

match between the measurements and the model. The region between the gray lines indicates the 

model uncertainty σεmodelled.. 

In order to be able to compare the new model to the already existing one in the literature, 

characterized by Equation (3.7), equivalent K*lit. were calculated based on K=0.5-0.6. Combining 

Equations (3.7) and (3.8) yields: 

𝐾𝑙𝑖𝑡.
∗ =

𝐾𝛿 + 𝑑𝑇𝐸

𝜃
(3. 15) 

Calculations were made with K set to 0.5 [36] and 0.6 [29, 30, 35]. δ was unknown for most 

cases and to the author’s best knowledge, no generalized relationship exists in the literature for δ. 

In absence of generalized empirical modelling of δ, the author refers to the empirical model 
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established by Brooks, Pope and Marcolini (BPM) [24], in which uniquely detailed data are 

provided for estimating θ, δ and their ratio δ/θ on the basis of measurements on NACA0012 

airfoils. Even though it was originally developed for the symmetrical NACA0012 profile, the BPM 

model has already been applied successfully to the noise prediction of non-symmetric profiles [41, 

53]. According to the BPM model θ and δ can be calculated as 

𝜃 = 𝜃𝑆 + 𝜃𝑃 (3. 16) 

𝛿 = 𝛿𝑆 + 𝛿𝑃 (3. 17) 

where the subscripts S and P denote values corresponding to the suction and pressure side, 

respectively. The δ/θ ratio can be calculated using the empirical formulae of the BPM model. Only 

the Reynolds number and the angle of attack are the necessary input parameters for calculating 

δ/θ. K*lit. can now be calculated with Equation (3.15) using the ratio δ/θ and θ from Equation 

(3.11). K*lit. is presented in Table 3.5 for both K=0.5 and K=0.6 in the same column, separated 

by a comma. For comparison K*modelled, calculated with the new model developed by the author is 

also presented in Table 3.5 εlit. is the relative discrepancy of K*lit. compared to K*calc, presented in 

Table 3.3. 

Table 3.5 Comparison of the discrepancies of the new model and the one already existing in the 

literature. The K*lit and εlit columns contain the values corresponding to the K=0.5 and the K=0.6 

value, separated by a comma. 

 

εlit.

-32, -19%

-30, -17%

-21, -6%

10, 32%

60, 93%

-6, 12%

9, 30%

17, 39%

26, 50%

1, 20%

-29, -15%

-10, 7%

26, 49%

37, 63%

81, 117%

6, 24%

8, 28%

6, 24%

71, 98%

35, 55%

K*lit.

4.8, 5.7

4.0, 4.7

3.5, 4.2

3.5, 4.1

3.5, 4.2

4.8, 5.7

4.4, 5.3

4.3, 5.0

4.0, 4.8

4.1, 4.9

4.7, 5.6

4.2, 5.0

3.8, 4.5

3.5, 4.2

5.3, 6.4

2.0, 2.4

1.8, 2.2

1.9, 2.3

2.3, 2.6

1.6, 1.8

εmodelled

-7%

5%

-2%

-3%

36%

-18%

-2%

6%

13%

-7%

-38%

-19%

13%

-27%

-28%

68%

59%

6%

15%

-27%

K*modelled

6.6

6.0

4.3

3.0

3.0

4.1

4.0

3.8

3.6

3.8

4.1

3.8

3.4

1.9

2.1

3.2

2.7

1.9

1.5

0.8

#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20
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The same comparison as the one presented in Figure 3.7, was made for K*lit. and K*meas. for 

K=0.5 and K=0.6 and is shown in Figure 3.8. The gray lines indicate the same model uncertainty 

as in Figure 3.7. σεlit. was calculated in the same manner as σεmodelled and was found to be 31% and 

37% for K=0.5 and K=0.6, respectively. Thus, the newly developed model established herein 

outperforms the previous model, based on Equation (3.7) in the literature. Besides, it offers a more 

straight forward, and reliable estimation, by using only geometrical parameters and the mostly 

accessible CD. 

For the estimation of the PVS frequency, f, both St* and K* are necessary, and their 

uncertainties are independent from each other. The average value and the uncorrected standard 

deviation was calculated for St*. St*  =0.16 and σSt*=12%. This confirms the universality of the 

St* Strouhal number [38], even with the extension to blade profiles used in low-speed axial fan 

design [32]. From the above, the overall uncertainty for the estimation of f, was calculated to be 

σf=30%. In engineering practice this level of uncertainty still offers the possibility to identify the 

third-octave band corresponding to the vortex shedding noise. In order to decrease the harmful 

impact of noise on humans, caused by PVS, the vortex shedding frequency should be moved away 

from the third-octave bands characterized by the highest A-weights [27, 84]. 

 

Figure 3.8 Comparison of the measured and modelled K*, using the literature model. The thick 

black line represents perfect match between the measurements and the model. The region between 

the gray lines indicates the model uncertainty σεmodelled. Left side K=0.5, right side K=0.6. 
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3.5 New scientific results 

Prediction of profile vortex shedding frequency in blade design is of practical importance, since 

profile vortex shedding represents a risk from a blade vibration, as well as from noise emission 

point of view. For the judgement of these unfavorable effects, the third-octave frequency band 

affected by profile vortex shedding is to be determined. The studies involved hot-wire 

measurements and processing of literature data. Profiles of 2%-25% maximum thickness-to-chord 

ratio, and with and without camber were considered. The chord-based Reynolds numbers within 

0.5∙105-15∙105 were in the focus, including the range of low-speed axial fans. The angle of attack 

has been studied in the range of 0°-10°. The model utilizes the universal Strouhal number, defined 

in [38], its value being St* = 0.16 for the investigated cases. Compared to the recommendations 

available in the literature, the proposed model takes into account the different geometries and 

operating conditions by introducing the maximum relative blade thickness and angle of attack 

dependency. Additionally, instead of the boundary layer thickness, which is uncertain to determine 

due to the complexity of fan rotors, the model uses an integral-based parameter, the wake 

momentum thickness. The value of the wake momentum thickness is obtainable from the drag if 

direct measurement are unavailable. With the above supplementation, the model offers an 

estimation of profile vortex shedding frequency, for a wide variety of profile geometries and angles 

of attack. 

3. Thesis statement 

Isolated blades are considered. For the geometrical and operational data specified in  Table T 3.1, 

the base frequency at which profile vortex shedding may occur, can be estimated as 

𝑓 =
𝑏

𝑈0 𝑆𝑡∗
(𝑇3. 1) 

The value of the universal Strouhal number is St*=0.16. 

b can be calculated as 

𝑏 = 𝐾∗𝜃 (𝑇3. 2) 

K* can be determined with the following empirical equation: 

𝐾∗ = 1.9 + 0.19
𝑡

𝑐
− 0.023𝛼𝐿

2 (𝑇3. 3) 

where αL is the angle of attack in degrees, αL = 0° corresponds to the angle of zero lift, shown in 

Figure T 3.1. 

θ is to be determined from the drag coefficient, CD in the following way 

𝜃 = 𝑐
𝐶𝐷

2
(𝑇3. 4) 

The schematic of the whole model is shown in Figure T 3.2. The overall precision of the model, 

described with the uncorrected standard deviation is ±27% for K* and ±30% for f. The symbols are 

explained in Table T 3.2. 
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Table T 3.1 Geometrical and operational data 

t/c 2%-25% 

Re 0.5∙105-15∙105 

αL 0°-10° 

 

Figure T 3.1 Sketch of  a profile with indication of characteristic quantities 

 

Figure T 3.2 Flowchart presenting the process of profile vortex shedding frequency estimation. 

The independent input parameters are in bold 
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Table T 3.2 List of symbols 

b transversal distance between vortex rows [m] 

c chord [m] 

CD drag coefficient [-] 

f frequency of vortex shedding [Hz] 

K* momentum thickness based frequency scaling factor [-] 

St* universal Strouhal number[-] 

t maximum relative blade thickness [m] 

U0 free-stream velocity [m/s] 

αL zero lift based angle of attack [°] 

θ wake momentum thickness [m] 

 

Related publications: [P1][P6] 

[P1] E. Balla and J. Vad, "A semi-empirical modell for predicting the frequency of profile 

vortex shedding relevant to low-speed axial fan blade sections," in The 13th European 

Conference on Turbomachinery Fluid Dynamics and Thermodynamics, Lausanne, 

Switzerland, Paper ID: 311, 12p., 8-12 April 2019.  

[P6] E. Balla, “Lapátmetszetek körüli áramlás által keltett zaj szimulációs vizsgálata,” in 

Proceedings of Spring Wind 2018 International Multidisciplinary Conference, Győr, 

Hungary, pp. 30-38, 04-06 May 2018 
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4 Aeroacoustic measurements 

In the forthcoming sections the vortex shedding phenomena, discussed in Chapter 3 from an 

aerodynamic point of view will be investigated from an aeroacoustic point of view as well. The 

investigations are necessary as the chordwise location of the origin of profile vortex shedding is 

still unknown in the literature. The aim of the author is to propose a measurement and processing 

method, which is capable of identifying profile noise, in a wind tunnel lacking special aeroacoustic 

treatment. 

4.1 Experimental setup 

The twofold experimental demands of aerodynamic force measurements and noise localization 

measurements on the same 2D [5] profile test cases were fulfilled by means of a single wind tunnel 

facility, already presented in Chapter 2.1. The wind tunnel was originally designed for 

aerodynamics experiments. Except for the Kevlar wall installation outlined below, the wind tunnel 

is in absence of any special treatment for acoustic studies. The axonometric view of the 

experimental setup, along with locations of the microphones on the PAM, is presented in Figure 

4.1. The velocity in the tunnel was measured using a calibrated Pitot-static probe. The non-

uniformity of the velocity at the inlet is below 3 %, in accordance with the recommendation in 

[44], that the inlet velocity profile should be as flat as possible for broadband noise investigations. 

For the experimental study of vortex shedding noise, “clean inflow” is necessary [44], which is 

achieved in the presented setup, as the turbulence intensity of the inflow is 0.8 %. 

 

Figure 4.1 Sketch of the experimental setup (not to scale). Left: PAM plate, with location of the 

microphones. Right: axonometric view 
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For the acoustic measurements, the profiles were placed to the middle of the test section, to the 

same position as in the aerodynamic studies presented in Chapter 2.1. For the acoustic 

measurements, one of the solid walls of the wind tunnel was replaced with a Kevlar wall, in a tip 

gap-free manner, in order to guarantee acoustic transparency. According to preliminary studies 

[P7] in the investigated frequency range, the attenuation of the Kevlar wall is below 1 dB. The 

measurements were carried out on the profiles already presented in Chapter 3.2. 

The beamforming technique, coupled with a spatial filtering technique described later, was 

applied for gathering information on noise localized to the profiles, even at occurrence of 

extraneous noise of relatively high level in the wind tunnel measurement section. An OptiNav Inc. 

Array24 general purpose PAM was used for the acoustic measurements. The PAM consists of 24 

omnidirectional microphones, arranged along a logarithmic spiral, see Figure 4.1. The aperture 

diameter of the PAM is 0.95 m. The distance between the surface of the PAM and the midspan of 

each profile was set to 0.40 m. 

4.2 Acoustic data acquisition and processing 

For the PAM studies, the sound recording interval was 30s at a sampling frequency of 44.1kHz. 

For the evaluation of the measurements, the imageJ image-processing program with Beamform 

Interactive plug-in of OptiNav, and Matlab R2019b were used. The diagonal of the cross spectral 

matrix was left untreated, in order to avoid any potential loss of information, in accordance with 

[60]. Based on [24], it has been considered that the noise generated by a profile in a 2D approach 

is related to fluctuating forces being parallel with the [x;z] plane. Consequently, the dominance of 

the dipole character of the noise sources was presumed. According to [85, 86], the use of 

conventional, monopole beamforming may lead to significant errors in case of dipole sources. 

Investigations regarding the effect of dipole directivity for the own, departmental microphone 

array has already been presented in [87]. The above necessitated the application of dipole 

beamforming [86] for the present studies. In the applied time domain dipole beamforming method, 

the axis of the presumed dipole sources was set normal to the profile chord line. 

PAM sensitivity studies, incorporating various spanwise positions, revealed that the [x;z] plane 

at midspan fairly represents the aeroacoustic sources of the profiles in a 2D aerodynamic 

approximation established in [5]. Therefore, the PAM survey presented herein is related to the 

midspan plane. This is in accordance with the findings of [77], that at a given inflow velocity, the 

AR has practically negligible influence on the vortex shedding frequency over a wide range of AR. 

The initial pool of PAM case studies incorporated cases for which vortex shedding phenomena 

– either TEVS or PVS – has been detected in [32]. The cases were already summarized in Table 

3.1 and Table 3.2 These cases are described by means of the following characteristics: profile 

geometry, Reynolds number, angle of attack, frequency bin covering the width of the vortex 

shedding peak in the spectrum, single and double frequency of the vortex shedding, in accordance 

with frequency duality described in [32], being also detectable in [24, 35, 38, 40]. Frequency 

duality means that the root mean square of the velocity fluctuation spectra of the hot-wire 

measurements also showed peaks, with lower intensity compared to the single frequency, at double 

frequencies of the identified vortex shedding frequencies. In order to process the PAM measurements 

at both single and double frequencies related to frequency duality, frequency bins centered on the 

base frequencies of vortex shedding reported in [32], as well as centered on the duplicated value 
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of the base frequencies, were processed. At double frequencies the intensity level is lower, 

however the resolution of the PAM measurements becomes better, as it is inversely proportional 

to the frequency, analogously to the resolution in optics [88, 89]. Thus, investigations at double 

frequencies offer a potential for noise source identifying and localization as well. The size of the 

investigated frequency ranges were chosen to be 2∙Δf, also reported in Table 3.1 and Table 3.2, in 

order to take the surroundings of the peak appropriately into account. Out of the initial pool 

mentioned at the beginning of this paragraph, selections were made for data processing in a 

physically relevant manner, as described in the following steps. 

4.2.1 Background subtraction and criteria for the presence of profile related noise 

As already discussed previously, the wind tunnel comprising the aerodynamic as well as PAM 

studies is originally unsuited to acoustic investigations (no special preparation). Therefore, it is 

laden with background noise of significant magnitudes as well as of random spatial variation over 

a relatively wide range of spatial frequency, e.g. due to apparent reverberation effects. In addition, 

the PAM technique in itself exhibits effects appearing as perturbations: amplitude uncertainty, and 

fake sources due to sidelobes. PAM measurement records were taken both at presence and in 

absence of the profiles, resulting in beamform distributions of SSW(x,z) and SSBG(x,z) for the 

“profile present” and “profile absent” – i.e. “background” – configuration, respectively; for each 

profile, Re, and . In [90], the beamformer output SS(x,z) is interpreted as squared sound pressure 

at a reference distance from the respective source. On this basis, SS(x,z) is analogous with the 

sound intensity dedicated to noise sources, i.e. any noise source present in the measurement 

domain. As a first step in clean-up of the signal representing the noise generated by the profile 

only SSPF(x,z) – termed profile noise –, the source strength distribution SSBG(x,z) has arithmetically 

been subtracted from the SSW(x,z) distribution as follows 

𝑆𝑆𝑈(𝑥, 𝑧) = 𝑆𝑆𝑊(𝑥, 𝑧) − 𝑆𝑆𝐵𝐺(𝑥, 𝑧) (4. 1) 

where the subscript U denotes a raw, unfiltered signal processing status. The methodology 

presented in Equation (4.1) is in accordance with [91]. The principle of background subtraction 

has also been recommended in [44, 66]. 

It is to be emphasized that, due to the pronounced effects of background perturbations, the 

SSU(x,z) distributions exhibit amplitudes being orders of magnitudes lower than SSBG(x,z). Taking 

peak values of SSU(x,z) and SSBG(x,z), their ratio has been found within the percent to ten percent 

o.m. This fact underlines that special efforts are to be taken to obtain the useful information – i.e. 

the signal characterizing the profile noise – out of the highly contaminated environment of the 

signal, even after the background subtraction represented in Equation (4.1). In what follows, steps 

for enrichment of useful information in SSU(x,z) are outlined. In optical sensing and optical image 

processing techniques, a frequent assignment is to obtain useful information from detections of 

poor signal quality [61, 62, 63, 64, 65]. Therefore, techniques being routine in optical sensing and 

optical image processing, but being new in beamforming signal processing have been adopted 

herein, as outlined below. 

For further processing, the measurement domain has been confined spatially to various regions 

of interest (ROI) of rectangular shape. The investigated ROIs are shown in Figure 4.2. 

Perpendicularly to the chordline, the ROI extends by identical amounts over the suction and 



53 

 

pressure surfaces. The labels in the figure – fractions of chord – indicate the half of the size of the 

ROI perpendicular to the chordline, and its extension downstream of the TE of the profile. The 

size upstream of the LE is identical for all ROIs, 0.4c. The ROI indicated with a solid line was 

chosen for further processing, denoted by ROIF from now on, as a ROI being representative in the 

peak detection technique described later. SSU(x,z) has been averaged over the ROIs presented in 

Figure 4.2. By such means, ROI area-averaged intensity values, denoted as SS U were obtained. 

Taking such area-average of SSU(x,z), and multiplying it by the ROI area AROI, is analogous with 

the sound power P radiated over the spatial segment, framed by the ROI under actual 

consideration. 

𝑃 = 𝑆𝑆̅̅ ̅ 𝑈 ∙ 𝐴𝑅𝑂𝐼 (4. 2) 

 

Figure 4.2 The investigated various ROIs, with indication of their characteristic size. The ROI, 

represented with the solid line is the ROI used for the final processing, denoted as ROIF 

It has certainly been an expectation that SS U for ROIs in the close neighborhood of the profile 

is to be positive for a physically relevant case study, i.e. the profile must generate detectable sound 

power over the background noise. This was the first qualitative criterion for making selections out 

of the initial pool of PAM case studies for further processing. The cases exhibiting negative SS U 

were considered as of profile noise being too weak – i.e. being insufficient to dominate over the 

uncertainty of the PAM detection technique –, and were therefore excluded from further 

processing. 

The SSBG(x,z) distribution is associated with the background noise. The SSPF(x,z) distribution is 

associated with the sought profile noise superimposed on the background noise. Therefore, it is 

considered that SSU(x,z), defined by Equation (4.1), is associated with a realistic but a priori 

unknown SSPF(x,z) pattern of profile noise within the ROI under discussion. 
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The aim of the signal processing method is to approximately reconstruct the SSPF(x,z) pattern 

from the initial SSU(x,z) pattern within the ROI. Since both SSU(x,z) and SSPF(x,z) are related to the 

noise of the same profile, they are presumed herein to represent the same sound power P; certainly 

with consideration of the amplitude uncertainty of the data processing technique, being reported 

later. Such conservation of sound power – within the limits of amplitude uncertainty – is a link to 

the physical relevance of the processing method. 

The PAM technique is expected to localize the profile noise. This means that increased noise is 

detected in the vicinity of the profile, as far as the SSU(x,z) distribution contains useful information 

on the location of profile noise sources, despite the perturbations included. Therefore, SS U is to 

increase as the ROI is shrunk on the vicinity of the profile, and therefore, the SS U (AROI) trend is 

to increase as AROI decreases, in the AROI range neighboring ROIF. This was the second qualitative 

criterion for making further selections on the PAM case studies to be processed further on. The 

expected SS U trend is presented in Figure 4.3. 

 

Figure 4.3 The expected trends of SS U (AROI) and P(AROI) according to the second and third 

criterion. O denotes the origin 

By focusing the ROI onto the vicinity of the profile, zones being farther away from the target – 

and thus, being less correlated with the profile noise but laden with apparent aberrations –  have 

become excluded. By means of such focusing, the signal being processed is therefore enrichened 

in useful information. As such, zooming the ROI on the profile resembles the process known in 

optical sensing as applying stops in the optical system for improving the quality of the image [92]. 

In optics, applying stops leads to a limitation of optical power reaching the sensor. Being in 

analogy with this, zooming the ROI on the profile causes a decrease in P. In turn, increasing AROI 

is expected to increase P(AROI). The detected profile noise is expected to have more pronounced 

signatures in the vicinity of the profile, and is expected to have less effect farther away from the 

profile, provided that the SSU(x,z) distribution contains useful information on the location of profile 

noise sources, despite the perturbations included. Therefore, a degressive increase is expected in 

P(AROI), in the AROI range neighboring ROIF. This was the third qualitative criterion for making 

further selections on the PAM case studies to be processed. The second and third criteria are 

presented qualitatively in Figure 4.3, O denotes the origin. One representative measurement case, 

meeting the criteria is shown in Figure 4.4 as an illustrative example. The above three criteria were 
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met by 16 PAM measurement cases, which are summarized in Table 4.1. In the table it is indicated 

– by means of the subscripts in the frequency – if the investigation frequency refers to a case of 

TEVS or PVS. The difference between the two types of vortex shedding and their classification 

had already been discussed in Chapter 3.2. 

  

Figure 4.4 Trends of SS U (AROI/AROI,F) and P(AROI/AROI,F) for the RAF6-E airfoil at  

Re = 100 000, α = 0°, f = 1500 Hz 

Table 4.1 PAM case studies meeting the criteria for the presence of profile related noise [32] 

Profile Re [-] α [°] fPAM [Hz] Δf [Hz] 

Flat plate 

100 000 

0 fTEVS=1220 30 

4 2∙fTEVS=2360 60 

6 fTEVS=1220 40 

140 000 

0 
fTEVS=1715 40 

2∙fTEVS=3430 80 

2 
fTEVS=1705 30 

2∙fTEVS=3410 60 

4 
fTEVS=1715 40 

2∙fTEVS=3430 80 

Cambered 

plate 
60 000 

2 
fPVS=310 20 

2∙fPVS=620 40 

4 fPVS=290 20 

RAF6-E 

60 000 4 2∙fPVS=380 400 

100 000 
0 

fPVS=750 60 

2∙fPVS=1500 120 

2 2∙fPVS=1540 80 
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4.2.2 Boundary conditioning and calculation of an equivalent point spread function 

From this point onwards, the aim of the processing and evaluation method is to determine the 

location and the strength of a single point-like source, being dominant in the profile noise. If all 

the perturbing effects were idealistically excluded from the beamformer output, and this single 

source were only present, it would be represented in the beamform image as a point spread function 

(PSF). In analogy with optics [92], the PSF represents the following behavior of the detection 

system. Although a single point source is sought, the physical beamform system spreads (“blur” 

[93]) its beamform image to some extent. Therefore, the PSF represents the limited spatial transfer 

capability of the PAM measurement and beamforming technique on an idealistic point source. The 

PSF is interpreted herein as follows. a) The peak of the PSF coincides with the location of the 

sought point source. b) Spreading the beamform image of the true point source within the PSF is 

considered as result of virtual distribution (spreading) of the single point source into a multitude 

of elemental point sources of various intensities. The aforementioned view is in accordance with 

the Huygens-Fresnel principle, well-known in optics [92], and also adapted to acoustics [94]. 

According to the principle, the points on a primary wavefront originated from the sought point 

source can be thought of as elemental point sources of secondary wavelets, and the combination 

of these secondary wavelets results in the image of the sought point source, i.e. the PSF. The 

PSFn(x,z) distribution is also a source strength-like quantity [Pa2], such as the SSU(x,z) distribution. 

The normalized PSF distribution, i.e. the PSF with peak amplitude of unity, PSFn(x,z), being 

dependent on the frequency bin, has been generated for each PAM case study. The generation of 

the PSFn(x,z) distributions was carried out via simulated test cases imposing an idealistic point 

source to the x = 0, z = 0 position, utilizing the Matlab R2019b software. During the simulation 

the location of the microphones used in the measurements, and the distance between the 

microphones and the measurement plane had to be taken into account. The distribution of the 

normalized PSF in the x-wise direction at f = 750 Hz is shown in Figure 4.5, as an example, in 

which the point source is located at x = 0, z = 0. The results in one spatial coordinate can be 

considered representative of other directions, since the PSF(x,z) pattern has been practically found 

to be rotationally symmetrical. 

 

Figure 4.5 Distribution of the normalized PSF in one direction at f = 750 Hz 
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From this point onwards, the ROI serving as basis for filtration described later, ROIF, is under 

consideration, presented already in Figure 4.2 with a solid line. Within ROIF, the SSU(x,z) 

distribution can be subdivided into two components. 

a) Useful component, containing spatial and amplitude information on the sought dominant point 

source, being retrieved by means of an appropriate processing technique. The useful component is 

modulated between the maximum and minimum values of SSU(x,z) over ROIF: 

𝑆𝑆𝑈,𝑚𝑎𝑥 ≥ 𝑆𝑆𝑈(𝑥, 𝑧) > 𝑆𝑆𝑈,𝑚𝑖𝑛 (4. 3) 

b) „Pedestal component”, being constant over ROIF, and therefore contains no useful information 

on the sought dominant point source. It is represented by the minimum value of SSU(x,z) over 

ROIF: 

𝑆𝑆𝑈,𝑚𝑖𝑛 = 𝑐𝑜𝑛𝑠𝑡. (4. 4) 

The components are presented in Figure 4.6, in one spatial direction for simplicity. The useful 

component is superimposed on the pedestal component. The pedestal component is considered to 

be a part of the profile noise that represents diffuse noise uniformly distributed over ROIF, being 

independent from the sought dominant point source. It may be caused by e.g. the presence of 

further sources, or non-point-like sources (surface source etc.). 

 

Figure 4.6 Representation of the useful and pedestal components of an SSU distribution in one 

spatial direction  

Based on the above subdivision, the perceived quantity on ROIF is the PPF profile sound power. 

PPF can be written as the surface integral of the source strength on ROIF. 

𝑃𝑃𝐹 = ∫ 𝑆𝑆𝑈(𝑥, 𝑧)𝑑𝐴 =

𝐴𝑅𝑂𝐼,𝐹

∫ [𝑆𝑆𝑈 − 𝑆𝑆𝑈,𝑚𝑖𝑛](𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

+ 𝑆𝑆𝑈,𝑚𝑖𝑛 ∙ 𝐴𝑅𝑂𝐼,𝐹 (4. 5) 

The sought dominant, ideal point source is characterized by the normalized PSFn(x,z) distribution 

at the corresponding frequency, multiplied with a yet unknown CPSF amplitude. 

𝑃𝑆𝐹(𝑥𝑃𝐹, 𝑧𝑃𝐹) = 𝐶𝑃𝑆𝐹 ∙ 𝑃𝑆𝐹𝑛(𝑥𝑃𝐹 , 𝑧𝑃𝐹) (4. 6) 
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where xPF and zFP denote the spatial coordinates of the a priori unknown dominant noise source 

related to the profile. Due to the nature of the PSF (Figure 4.5), the location of the sought point 

source and the peak of the PSF coincide. Similarly to Equation (4.5) the sound power of the PSF 

can also be determined on ROIF. Using Equation (4.6) the sound power can be written as 

𝑃𝑃𝑆𝐹 = ∫ 𝑃𝑆𝐹(𝑥𝑃𝐹 , 𝑧𝑃𝐹)𝑑𝐴 =

𝐴𝑅𝑂𝐼,𝐹

𝐶𝑃𝑆𝐹 ∙ ∫ 𝑃𝑆𝐹𝑛(𝑥𝑃𝐹 , 𝑧𝑃𝐹)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

(4. 7) 

The surface integral on the right side of the equation can be calculated, knowing the PSFn(xPF, zPF) 

distribution, which is identical to PSFn(x, z) with consideration of a shift of the peak position. 

The source detection is based on the assumption that the sound power-analogous quantity being 

present within ROIF, and represented by the useful component (above the pedestal) within the 

SSU(x,z) distribution, is generated by the sought single point source. According to this assumption, 

from Equations (4.5) and (4.7) follows 

∫ [𝑆𝑆𝑈 − 𝑆𝑆𝑈,𝑚𝑖𝑛](𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

= 𝐶𝑃𝑆𝐹 ∙ ∫ 𝑃𝑆𝐹𝑛(𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

(4. 8) 

The surface integral on both sides of the equation can be calculated for each case from the 

measurement-based SSU(x,z) distributions, and the calculated PSFn(xPF, zPF) distribution for the 

corresponding frequency. Therefore, the amplitude CPSF of the sought dominant point source can 

be determined, within the uncertainty limits of the data processing and evaluation technique, being 

reported later. The remaining assignment is to approximate the location of the source. 

A processing technique is to be developed that – in a reasonable approximation – guarantees 

the constancy of the quantity in Equation (4.5), being in analogy with the conservation of energy. 

In this view, it is considered that, due to the apparent perturbations, the idealistic PSF (xP, zP) 

pattern superimposed on SSU,min is redistributed over the ROIF to form SSU(x,z), whereas the sound 

power in Equation (4.5) is conserved within the uncertainty limits of the data processing and 

evaluation technique. 

The aim of the ongoing data processing technique is to retrieve the sought dominant point 

source from the SSU(x,z) distribution. For this purpose, the data processing method aims at 

approximating a maximum correlation between 

• the initial SSU(x,z) distribution, laden with perturbations, and 

• a distribution of SSU,min + CPSF ∙ PSFn(xPF, zPF) incorporating the PSF of the sought dominant 

point source of a priori unknown peak location. 

Approximating a maximum correlation between SSU(x,z) and SSU,min + CPSF ∙ PSFn(xPF,zPF) 

means that the peak of the sought latter distribution tends to be a) closer to the peak location in 

SSU(x,z), and b) farther away from the minima of SSU(x,z), by means of an appropriate weighting 

procedure. The maximum correlation is approximated by means of a customized filtering 

technique coupled with a boundary conditioning technique. 
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The boundary conditioning technique is applied to the rectangular boundary of ROIF. The 

constant value to be prescribed on the boundary of ROIF is the averaged value of the SSU(x,z) 

distribution inside ROIF. 

𝑆𝑆𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦: = 𝑆𝑆̅̅ ̅ 𝑈 =
𝑃𝑃

𝐴𝑅𝑂𝐼,𝐹
=  

∫ 𝑆𝑆𝑈(𝑥, 𝑧)𝑑𝐴
𝐴𝑅𝑂𝐼,𝐹

𝐴𝑅𝑂𝐼,𝐹

(4. 9) 

The above boundary condition guarantees that the value of SSk(x,z) will increase at certain 

locations, while decrease at others, however, the value of its surface integral over the ROI tends to 

remain constant. The subscript k denotes the number of filtering cycles. As it can be shown, such 

prescription of the boundary condition for the filtering technique described further on, tends to 

guarantee the constancy of PPF in Equation (4.5). If filtering were done for an infinite number of 

cycles, then the filtered SSk (x,z) distribution would be constant SS U over the whole ROI surface, 

which corresponds to the initial PPF value exactly. 

The spatial frequency 𝓕 is introduced herein as a measure of how often a cosinusoidal 

component within the SSU (x,z) pattern repeats itself per unit of distance. Imitating the sought PSF 

pattern as a single period of a cosinusoidal signal [95] in the vicinity of the cosine peak, the 

cosinusoidal cycle is represented by a single maximum and two related minima, as shown in Figure 

4.7. 

 

Figure 4.7 The cosinusoidal approximation of the intensity 

The x-wise and z-wise extension of ROIF is 1.8c and 0.8c, respectively. Their mean value is 

1.3c. Taking this value as a basis, and intending to estimate the size of ROIF using a single metric, 

it is stated that the geometrical extension of ROIF is in the o.m. of the chord c. Such geometrical 

extension is in accordance with the aim that a single dominant point source, assigned to the profile 

of chord c, is sought within ROIF. Over both the x = const. and z = const. sections fitting to the 

peak, the SSU,min + CPSF · PSFn (xPF,zPF) pattern related to this source features a single maximum 

– at the peak position –, and two local minima toward the ROI boundaries, as presented in Figure 

4.8. These considerations imply that the dominant spatial frequency [92, 96] of the intensity pattern 

of the sought single source is in the o.m. of 1/c. As suggested also by Figure 4.8, the peak of the 

SSU,min + CPSF · PSFn (xPF,zPF) distribution can be located anywhere in the vicinity of the profile – 
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i.e. away from the middle point of the ROI –, its location is at the sought peak, which is a priori 

unknown. 

 

Figure 4.8 Sketch of the sought single point source distribution as a function of one spatial 

coordinate, within the ROI 

The perturbations, being random both in amplitude and position, and superimposed on the 

SSU,min + CPSF · PSFn (xPF,zPF) pattern, result in SSU(x,z). In analogy with the technique applied in 

digital image processing [93], the spatial distribution of SSU(x,z) can be expanded into Fourier 

series, and therefore can be considered as a result of sum of periodic components of various 

amplitudes, phases and spatial frequencies. In the view of signal processing in the spatial frequency 

domain, such perturbations cause a modification in the spectrum of spatial frequency dominated 

by the o.m. of 1/c. The perturbations may reduce the spatial frequency of the signal, with respect 

to the o.m. of 1/c. This occurs, for example, if besides the present single maximum, only a single 

minimum appears, instead of two minima. The perturbations may also increase the spatial 

frequency of the signal, with respect to the o.m. of 1/c. This occurs, for example, if amplitude 

oscillations are present in the signal along the x-wise or z-wise section, under consideration. 

Therefore, SSU(x,z) is laden with perturbations of orders of magnitude of 𝓕 < 1/c as well as 𝓕 > 

1/c. The increase and decrease of spatial frequencies are presented by measurement cases in Figure 

4.9, as illustrative examples. On the left side, represented by a RAF6-E measurement case, both 

high and low frequency perturbation appear, high-frequency oscillations of low-amplitude 

perturbations are superimposed on the dominantly low-frequency distribution. On the right side, 

represented by a flat plate measurement case, only high-frequency perturbations appear, 

manifesting in 3 local minima and maxima. 

The maximum correlation between SSU(x,z) and SSU,min + CPSF ∙ PSFn(xPF,zPF) is to be achieved 

by means of filtering out the aforementioned perturbations of orders of magnitude of 𝓕 < 1/c as 

well as 𝓕 > 1/c. Therefore, in terms of signal processing in the spatial frequency domain, a 

bandpass-filtering technique, passing the spatial frequency band in the o.m. of 1/c only, is to be 

applied [93] [P8]. 
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Figure 4.9 SSU distributions as a function of normalized spatial coordinate. Left side: RAF6-E 

airfoil at Re = 100 000, α = 0°, f = 1500 Hz. Right side: flat plate at Re = 140 000, α = 0°, f = 

3430 Hz. 

4.2.3 The Laplacian equation-based filtering 

In what follows, the aspects for designing the filtering technique are described, in Sections A) 

to C). 

A) Considerations on the basis of vector calculus 

As stated earlier, the sought point source is considered as a source virtually distributed (spread) 

by the beamform system into a multitude of elemental point sources of various intensities, and the 

PSF is viewed as the beamform image of this multitude. Figure 4.10 shows a sketch of an elemental 

point source out of this multitude, located at (x;z) in the 2D view applied herein. Considering a 

circle of arbitrary radius r and having the individual elemental point source in its center, the mean 

value of SS (x,z) over the circumference of the circle represents a spatially averaged mean noise 

intensity associated with the source at r. Since the sound power emitted by the source is constant, 

SS increases moving toward the source. The intensity gradient vector G is introduced as follows: 

𝐺 = −grad𝑆𝑆 (4. 10) 

 

Figure 4.10 Sketch for a point source located at (x;z) 
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As the figure illustrates, G diverts from the point source: 

div𝐺(𝑥, 𝑧) ≠ 0   if source is present (4. 11) 

Therefore, the G(x,z) vector field is characterized by nonzero divergence where the elemental 

point source is located, but is divergence-free anywhere else: 

div𝐺(𝑥, 𝑧) = 0   if no source is present (4. 12) 

Substituting Equation (4.10) into Equation (4.12) yields the following Laplace equation over 

the [x;z] plane: 

𝜕2𝑆𝑆

𝜕𝑥2
+

𝜕2𝑆𝑆

𝜕𝑧2
= 0 (4. 13) 

The above considerations are valid to each elemental point source within the multitude 

contributing to the PSF of the sought single point source. The elemental point sources are infinitely 

small by definition. On this basis, the probability of locating these elemental point sources exactly 

at the grid points of the ROI computational grid is considered herein as tending to zero. This means 

that the elemental point sources are expected to locate in between the grid points of the ROI 

computational grid. This feature is termed herein as “sub-grid location” of the elemental point 

sources. Therefore, the discretized form of the Laplace equation of Equation (4.13) is to be applied 

to the grid points, thus imposing the divergence-free (no-source) G condition to the grid. Therefore, 

the digital implementation of the Laplacian equation in the filtering technique represents a lifelike 

approximation of the intensity pattern generated over the grid by the multitude of the elemental 

point sources of sub-grid location contributing to the PSF, as the aforementioned means of vector 

calculus demonstrate. 

The implementation of discretization of the Laplace equation is as follows. The SSk value at any 

grid point at (xi;zi) is replaced by the mean value of the SSk-1 data related to the four grid points 

neighboring the point in x-wise and z-wise direction, i.e. 

𝑆𝑆𝑘(𝑥𝑖, 𝑧𝑖) ≔
1

4
{𝑆𝑆𝑘−1(𝑥𝑖 + Δ𝑑, 𝑧𝑖) + 𝑆𝑆𝑘−1(𝑥𝑖 − Δ𝑑, 𝑧𝑖) + 𝑆𝑆𝑘−1(𝑥𝑖, 𝑧𝑖 + Δ𝑑) +

+𝑆𝑆𝑘−1(𝑥𝑖, 𝑧𝑖 − Δ𝑑)} (4. 14)
 

where Δd is the spacing of the ROI computational grid of the spatially confined region. For the 

case studies presented later on Δd = 0.5 mm. The filtering presented in Equation (4.14) will be 

referred to as Laplacian equation-based filtering (LEBF), from now on. 

B) Considerations on the basis of filtering demands in the spatial frequency domain 

The Laplacian derivative operator is known as a filtering technique in digital image processing 

[93]. Taking the filter mask used in the digital Laplacian in [93] as a basis (Figure 4.11a), but 

omitting the subtraction of four times the value in the central cell, and dividing the mask values 

by 4, the resultant filter mask represents the digital implementation of the Laplacian equation 

(Figure 4.11b). The filtering masks for the Laplacian filtering and the LEBF are shown in Figure 

4.11 
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a) 

 

b) 

 

Figure 4.11 a) Laplacian filtering mask [93] and b) LEBF mask 

As outlined before, the filtering technique is to perform a bandpass-filtering feature, i.e. 

removing perturbations in the spatial frequency domains being higher as well as lower than the 

o.m. of 1/c. As far as removal of high-frequency perturbations are concerned, the following 

considerations are followed. As demonstrated in [93], smoothing spatial filters, called sometimes 

as averaging filters, are considered as means for low-pass filtering. As such, smoothing filters 

remove perturbations in the range of higher spatial frequencies. Considering the averaging 

procedure in the digital implementation of the Laplacian equation, defined in Equation (4.14), and 

shown in Figure 4.11 the LEBF is viewed as a smoothing filter. 

Besides the aforementioned removal of the high-frequency perturbations, the low-frequency 

perturbations are removed as follows. By means of the constant boundary condition, defined in 

Equation (4.9), it is declared that no separate, profile-related, point-like noise sources are 

distinguished at the boundary, i.e. 𝓕 = 0 along the rectangular boundary line, setting the lower 

limit of the filtering demand. Based on Equation (4.14) the boundary condition will have its effect 

on the neighboring points in every cycle, which will gradually reach inner points as well. Thus, 

the Laplace equation allows for a continuous transition from the boundary condition of 𝓕 = 0 

toward higher spatial frequencies. 

The above description highlights that the LEBF method introduced in Point A), coupled with 

the boundary conditioning technique, performs as a suitable bandpass filter. 

C) Considerations on the basis of the shape of the PSF pattern of the dominant source to be 

approximated 

In what follows, it is shown that the LEBF technique suits to the shape of the PSF pattern of 

the sought source. 

Such as the Laplacian filtering operator in [93], the implementation of the Laplacian equation 

in the filtering technique represents an isotropic result for rotations in increments of 90°. Such 

isotropic behavior is in accordance with the approximate rotational symmetry of the PSF pattern 

of the sought dominant point source (see the comment before Figure 4.5). 

In addition to this rotational symmetry, the LEBF technique performs well also from the 

viewpoint of quantitative approximation of the PSF(x,z) distribution in the vicinity of the peak. At 

the maximum of the SS(x,z) distribution, the first derivatives of SS(x,z) with respect to both the x 

and z coordinate are zero. Furthermore, as can be shown on the basis of Equation (4.13), the 

second derivatives are also zero at the peak. The SS(x,z) distribution is approximated herein by an 

expansion into Taylor series at the peak position. Due to the zero values of the first and second 

derivatives, the first and second order polynomial terms are zero within the Taylor expansion. 

Therefore, the simplest analytical approximation of the near-peak SS(x,z) distribution according to 

the LEBF technique is obtained by adding a purely third order polynomial term to the peak value. 
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As the examples in Figure 4.12 present, this is a fair approximation for the PSF in the vicinity of 

the peak. In the figure, only half of the PSF is presented in accordance with the symmetry, in 

comparison with the polynomial approximation, over a spatial coordinate of half-chord.  

 

Figure 4.12 PSFn as a function of x/c normalized spatial coordinate at different frequencies. 

Black, solid lines indicate the approximate third order polynomials. 

4.2.4 Summary of the filtering technique 

The Laplace equation (4.13) together with the boundary condition in Equation (4.9) represents a 

spatial bandpass-filtering technique. The aforementioned elements of vector calculus, i.e. vector 

fields with point sources, divergence-free fields, and Laplace equation, are used in classic fluid 

mechanics, e.g. potential flow theory [97]. Laplacian filtering is a well-known technique in digital 

image processing [93]. It is generally applied in processing spatial patterns related to engineering 

problems, e.g. [98]. To the author’s best knowledge, this dissertation is the first one proposing the 

application of LEBF (taking the Laplacian filtering as introductory concept), coupled with 

appropriate boundary conditioning, as spatial bandpass-filtering of turbomachinery-related 

acoustic beamforming maps, for enhanced detection of the dominant point source. With the 

aforementioned method, the primary objective of the author is to localize the peak of the noise 

sources and their intensity. Up-to-date filtering and pattern recognition techniques [99, 100] serve 

as potential means for further improvement of the data processing method presented herein. 

The Laplacian equation-based filtering technique was applied multiple times in order to achieve 

the adequate amount of filtering. Attention had to be paid to determine the number of filtering 

iteration in a way that fully utilizes the perturbation-eliminating capabilities of the filtering 

technique, while minimizing the loss of information. The filtering was stopped when the maximum 

of the SSk(x,z) distribution decreased from the SSU,max value to the SSlimit, which was defined as 

follows 
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𝑆𝑆𝑙𝑖𝑚𝑖𝑡 = 𝑆𝑆𝑈,𝑚𝑖𝑛 + 𝐶𝑃𝑆𝐹 (4. 15) 

When SSk,max = SSlimit, then the PSF(xPF,zPF) is exactly superimposed on the pedestal component, 

SSU,min, while the value of the sound power within ROIF tends to be kept constant. 

According to Equation (4.8) the sound power has only been redistributed by the filtering, while 

its overall value in the domain tended to remain unchanged. In accordance with the approximate 

nature of the processing technique, a maximum discrepancy of 3 dB in the value of CPSF was 

allowed, in order to initiate the filtering process. The 3 dB value was determined based on the 

following considerations. Systematic case studies were carried out for checking the sensitivity of 

the amplitude of the identified peak of profile noise on the magnitude of P, calculated over the 

ROIF with use of SSU(x,z) on the basis of Equation (4.5). It has been found that, in certain 

pessimistic cases, the determined peak amplitude was practically insensitive to an artificial change 

in P within the order of magnitude of 3 dB. On this basis, the uncertainty of the amplitude of the 

identified peak has conservatively been estimated to ±3 dB for the entire set of case studies. 

As summary of the above considerations, the designed LEBF technique, coupled with the 

boundary conditioning method applied to the circumference of ROIF, is well-suited to the 

localization of the single dominant point source of profile noise, from the following perspectives: 

 Consideration of the sub-grid location of the multitude of elemental point sources virtually 

representing the PSF of the sought single point source over the computational grid, via the 

incorporation of the discretized Laplace equation. 

 Realization of a bandpass-filtering feature for removing perturbations out of the spatial 

frequency of o.m. of 1/c being characteristic for the sought single point source. 

 Realistic approximation of the PSF pattern representing the point-source, in terms of rotational 

symmetry as well as intensity drop in the vicinity of the peak. 

 Conservative feature (within uncertainty limits), in terms of sound power analogous quantity. 

4.3 Identification of the dominant noise source 

Beamforming maps were created, with the application of the LEBF technique, described in the 

previous Chapter, for the cases presented in Table 4.1. The intensity and the position of the peaks 

were gathered. Based on the investigations in [32], and on the detected location of the peaks, three 

types of noise were distinguished: leading edge noise (LEN), trailing edge vortex shedding (TEVS) 

and profile vortex shedding (PVS). The position of the peaks, with their values are shown in Figure 

4.13, Figure 4.14 and Figure 4.15 for the LEN, TEVS and PVS, respectively. 

An explanation to the appearance of LEN is, that at the investigated frequencies, multiple types 

of noise were present, and LEN proved to be the dominant type of noise source, although it is not 

the main topic of this dissertation. The interaction between turbulence and the solid surface of 

airfoils generates pressure fluctuations, the noise caused by these fluctuations, and radiated in the 

far field is referred to as LEN [91]. The literature suggests that the significance of LEN tends to 

increase with the inlet turbulence intensity [53, 101, 102, 103], and the turbulence intensity is to 

be in the percent o.m. to give potential for remarkable LEN [53, 103]. In the measurements 

presented herein, the inlet turbulence intensity of 0.8 % tends to fulfil this condition. According to 

[104] LEN is also of dipole nature. As a result, LEN appears to dominate within the frequency 
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bins of present survey, considering that LEN is of broadband nature over bands being significantly 

broader than vortex shedding noise. 

Comparable measurement pairs were created from the results, and are numbered in the left 

column. An illustrative example, representing the capabilities of the proposed method, including 

the spatial confinement to the ROI, the background subtraction, the boundary conditioning and the 

LEBF is presented in Figure 4.16. The black cross indicates the position of the peak value on the 

given source map. 

# Datum PAM case Compared PAM case 

1 Flat plate, Re= 100 000, α=0°, fPAM=f 

 

Flat plate, Re= 100 000, α=6°, fPAM =f 

 

2 Flat plate, Re= 140 000, α=0°, fPAM =f 

 

Flat plate, Re= 100 000, α=0°, fPAM =f 

 

3 Flat plate, Re= 140 000, α=2°, fPAM =f 

 

Flat plate, Re= 140 000, α=2°, fPAM =2∙f 

 

4 RAF6-E, Re= 100 000, α=0°, fPAM =f 

 

RAF6-E, Re= 100 000, α=0°, fPAM =2∙f 

 

Figure 4.13 Detected peaks of the leading edge noise (continued) 
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5 RAF6-E, Re= 100 000, α=0°, fPAM =2∙f 

 

RAF6-E, Re= 100 000, α=2°, fPAM =2∙f 

 

6 Flat plate, Re= 140 000, α=0°, fPAM =f 

 

Flat plate, Re= 140 000, α=2°, fPAM =f 

 

7 Flat plate, Re= 140 000, α=0°, fPAM =f 

 

Flat plate, Re= 140 000, α=4°, fPAM =f 

 

Figure 4.13 Detected peaks of the leading edge noise (concluded) 

8 Flat plate, Re= 140 000, α=0°, fPAM =2∙f 

 

Flat plate, Re= 140 000, α=4°, fPAM =2∙f 

 

9 Flat plate, Re= 140 000, α=4°, fPAM =2∙f 

 

Flat plate, Re= 100 000, α=4°, fPAM =2∙f 

 

Figure 4.14 Detected peaks of the trailing edge vortex shedding noise 
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# Datum PAM case Compared PAM case 

10 Cambered, Re= 60 000, α=2°, fPAM =f 

 

Cambered, Re= 60 000, α=4°, fPAM =f 

 

Figure 4.15 Detected peaks of the profile vortex shedding noise 

According to the literature LEN, TEVS and PVS obey the following trends. The noise intensity 

increases with the wind speed [24, 91], proportionally with U0
5 in case of LEN and TEVS, and 

with U0
5.5 in the case of PVS. Regarding the effect of the angle of attack, no exact trend can be 

determined for LEN according to [91], however it is stated that the effect is less than ±5dB in the 

α=0°-10° region. The intensity decreases with the angle of attack [24, 44] for TEVS and PVS. The 

frequency increase causes a decrease in the intensity for all three types of noise [24, 35, 38, 40, 

91]. By the evaluation of the comparable cases, presented in Figure 4.13, Figure 4.14 and Figure 

4.15, and quantified in Table 4.2, it can be concluded that all of the comparative cases meet the 

trends established in the literature, taking the amplitude uncertainty of ±3dB into account. 

In order to judge the localization capabilities of the PAM technique, calculations were 

performed including the LEN and TEVS of known position. The departure from the LE/TE 

position was calculated for each case, and the mean value of these departures were determined. As 

the localization capability of the PAM is frequency dependent, the departures were normalized 

with the diameter of the PSF at the corresponding frequency, at a -3dB drop with respect to the 

peak value. The above diameter is denoted by d-3dB. The uncorrected standard deviation of the 

sample, including the normalized departures, was determined to be σd,-3dB = 15%. σd,-3dB represents 

the overall localization uncertainty of the method. This means that even at such low frequencies 

the method is capable to localize the LEN and TEVS with relatively high fidelity, despite the 

apparent strong perturbations. 

For the localization of the PVS noise detected for the cambered plate, the noise peak was found 

to be shifted to the region upstream of the TE, as shown in Figure 4.15. This is in accordance with 

the fact that the vortices of PVS may be initiated far upstream of the TE, as already described in 

Chapter 1.2.1. 

A further development of the data acquisition and processing technique may result in a 

moderation of the localization uncertainty. By such means, the technique may be used for a more 

precise localization of the dominant source in the streamwise direction, conf. Point c) of 

Subchapter 1.2.2. Furthermore, it may be suited to the localization of the noise peak in relationship 

with transversal development of locally thickened, separated, or reattached blade boundary layer, 

as aimed in Point d) of the aforementioned subchapter.   
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 4.16 Stages of processing for the flat plate at Re= 140 000, α=0°, fPAM =2∙f: a) raw image, 

b) background subtraction, c) spatial confinement to the ROI d) final result after LEBF. The black 

cross indicates the position of the peak value on the given source map. 
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Table 4.2 Validation of the PAM-based experimental evaluation technique, on the basis of quantitative and qualitative data 

a) Item 

number 

b) 

Pheno-

menon 

c) Datum PAM 

case 

d) PAM 

datum 

quantity 

e) Refe-

rence 

f) Trend in 

reference 

g) Compared 

PAM case 

h) Comparison 

of quantities: f 

→g based on f) 

i) Comparison of 

quantities: f →g 

PAM 

1 LEN Flat, 

Re = 100 000, 

α = 0°, fPAM =1∙f 

63 dB [91] max.± 5dB Flat, 

Re = 100 000, 

α = 6°, fPAM =1∙f 

max.± 5dB ΔSSsub = +5dB 

2 LEN RAF6-E, 

Re = 100 000, 

α = 0°, fPAM =2∙f 

68 dB [91] max.±  5dB RAF6-E, 

Re = 100 000, 

α = 2°, fPAM =2∙f 

max.±  5dB ΔSSsub = -3dB 

3 LEN Flat, 

Re = 140 000, 

α = 0°, fPAM =1∙f 

73 dB [91] max.±  5dB Flat, 

Re = 140 000, 

α = 2°, fPAM =1∙f 

max.±  5dB ΔSSsub = 3dB 

4 LEN Flat, 

Re = 140 000, 

α = 0°, fPAM =1∙f 

73 dB [91] max.±  5dB Flat, 

Re = 140 000, 

α = 4°, fPAM =1∙f 

max.±  5dB ΔSSsub = 1dB 

5 LEN Flat, 

Re = 140 000, 

α = 0°, fPAM =1∙f 

73 dB [91] SPL ~ U0
5 Flat, 

Re = 100 000, 

α = 0°, fPAM =1∙f 

ΔSPL = -7dB ΔSSsub = -10dB 

6 LEN Flat, 

Re = 140 000, 

α = 2°, fPAM =1∙f 

76 dB [91] SPL 

decreases 

with f 

Flat, 

Re = 140 000, 

α = 2°, fPAM =2∙f 

decrease ΔSSsub = -3dB 

7 LEN RAF6-E, 

Re = 100 000, 

α = 0°, fPAM =1∙f 

79 dB [91] SPL 

decreases 

with f 

RAF6-E, 

Re = 100 000, 

α = 0°, fPAM =2∙f 

decrease ΔSSsub = -11dB 

8 TEVS Flat, 

Re = 140 000, 

α = 0°, fPAM =2∙f 

72 dB [44] SPL 

decreases 

with α 

Flat, 

Re = 140 000, 

α = 4°, fPAM =2∙f 

decrease ΔSSsub = 0dB 



71 

 

9 TEVS Flat, 

Re = 140 000, 

α = 4°, fPAM =2∙f 

72 dB [24] SPL ~ U0
5.5 Flat, 

Re = 100 000, 

α = 4°, fPAM =2∙f 

ΔSPL = -8dB ΔSSsub = -8dB 

10 PVS Cambered, 

Re = 60 000, 

α = 2°, fPAM =f 

70 dB [44] SPL 

decreases 

with α 

Cambered, 

Re = 60 000, 

α = 4°, fPAM =f 

decrease ΔSSsub = -1dB 
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4.4 New scientific results 

The identification of the dominant source of profile noise was the aim of the investigations. The 

localization is necessary in the chordwise direction, and in the direction normal to the blade 

surface. The studies involved phased array microphone measurements on models of axial fan blade 

sections, from an observation plane perpendicular to the span of the profiles. The measurements 

were carried out in a wind tunnel originally designed for aerodynamic measurements. The 

measurement data is processed with a novel Laplacian equation-based filtering technique, in order 

to obtain relevant results from the measurements highly contaminated with perturbations. The 

three investigated profile geometries included a flat plate, a cambered plate and a RAF6-E profile. 

The flat plate serves as a reference case, while the cambered plate and the RAF6-E are 

representative examples of blade geometries used in low-speed axial fan or guide vane design. 

The chord-based Reynolds numbers within 0.6∙105-1.4∙105 were in the focus, representing the 

operating range of low-speed axial fans. The angle of attack has been studied in the range of 0°-

6°. The proposed processing method offers the possibility to localize the dominant sources of 

profile noise, from measurements made in a wind tunnel lacking special aeroacoustic treatment. 

4. Thesis statement 

The dominant noise peak related to the noise of an isolated rectilinear airfoil can be localized in 

the chordwise direction, and in the direction normal to the chord and span, with a Phased Array 

Microphone (PAM), in a wind tunnel, using the following method. The symbols are explained in 

Table T 4.1. 

 The airfoil is placed in a wind tunnel, which is closed at the two tips of the airfoil. One 

wall is made of Kevlar fabric. 

 Planar PAM is applied. The plane of the PAM is placed perpendicular to the span of 

the airfoil. 

 PAM measurement pairs are created, containing a measurement at presence, and a 

measurement in absence of the airfoil. To achieve this, sound is recorded at the desired 

airfoil configurations, and also at an empty, running wind tunnel at the desired flow 

speeds. 

 Beamforming is applied to the recorded microphone signals. 

 Background subtraction is applied the following way: 

𝑆𝑆𝑈(𝑥, 𝑧) = 𝑆𝑆𝑊(𝑥, 𝑧) − 𝑆𝑆𝐵𝐺(𝑥, 𝑧) (𝑇4. 1) 

 A confinement of rectangular Region of Interest (ROI) surrounding the airfoil, resulting 

in ROIF, is used to enrich the useful information in the signal. The confinement of ROI 

is to meet the following requirements: 

1.  SS U is to be positive 

2. SS U is to increase as AROI decreases in the AROI range neighboring ROIF 

3. P is to degressively increase as AROI increases in the AROI range neighboring ROIF 
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where 

𝑆𝑆̅̅ ̅ 𝑈 =  
∫ 𝑆𝑆𝑈(𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

𝐴𝑅𝑂𝐼,𝐹

(𝑇4. 2) 

𝑃 = 𝑆𝑆̅̅ ̅ 𝑈 ∙ 𝐴𝑅𝑂𝐼 (𝑇4. 3) 

 Constant value is to be prescribed on the boundary of the investigated domain 

according to the following equation: 

𝑆𝑆𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦: =  
∫ 𝑆𝑆𝑈(𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

𝐴𝑅𝑂𝐼,𝐹

(𝑇4. 4) 

 A target intensity amplitude value is to be determined in the following way: 

𝐶𝑃𝑆𝐹 =
∫ [𝑆𝑆𝑈 − 𝑆𝑆𝑈,𝑚𝑖𝑛](𝑥, 𝑧)𝑑𝐴

𝐴𝑅𝑂𝐼,𝐹

∫ 𝑃𝑆𝐹𝑛(𝑥, 𝑧)𝑑𝐴
𝐴𝑅𝑂𝐼,𝐹

 (𝑇4. 5) 

 Laplacian equation-based filtering is to be performed on the ROIF grid in a discretized 

way, evolving from the rectangular ROI boundary toward the chordline of the airfoil: 

𝑆𝑆𝑘(𝑥𝑖, 𝑧𝑖) ≔
1

4
{𝑆𝑆𝑘−1(𝑥𝑖 + Δ𝑑, 𝑧𝑖) + 𝑆𝑆𝑘−1(𝑥𝑖 − Δ𝑑, 𝑧𝑖) + 𝑆𝑆𝑘−1(𝑥𝑖, 𝑧𝑖 + Δ𝑑) +

+𝑆𝑆𝑘−1(𝑥𝑖, 𝑧𝑖 − Δ𝑑)} (𝑇4. 6)
 

The Laplacian equation-based filtering should be carried out multiple times, until the 

intensity level of the peak becomes equal to CPSF + SSU,min. 

The output of the above method is the location and the CPSF + SSU,min amplitude of a single 

dominant point source.  
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Table T 4.1 List of symbols 

AROI,F area of the spatially confined region [m2] 

CPSF target intensity amplitude [Pa2] 

Δd spacing of the computational grid of the spatially confined region [m] 

P SS integrated on a surface, analogous quantity with sound power 

PSFn normalized point spread function at the investigated frequency [-] 

ROIF rectangular spatial confinement, region of interest 

SSboundary source strength on the boundary of the spatially confined region [Pa2] 

SSBG source strength normalized by a reference value, when the wind tunnel 

was empty [Pa2] 

SSk Laplace equation-based filtered source strength, for k cycles[Pa2] 

SSU unfiltered source intensity after background subtraction [Pa2] 

SS U area-averaged source intensity related to the profile [Pa2] 

SSu,min minimum of the SSU [Pa2] 

SSW source strength normalized by a reference value, for the measurements 

when an airfoil was present in the wind tunnel [Pa2] 

x spatial coordinate in the streamwise direction [m] 

z spatial coordinate in the transversal direction [m] 

 

Related publications:  [P7][P8][P9][P10] 

[P7] E. Balla and J. Vad, "Establishment of a beamforming dataset on basic models of low-

speed axial fan blade sections," Periodica Polytechnica, Mechanical Engineering, vol. 61, 

no. 2, pp. 122-129, 2017. 

[P8] E. Balla and J. Vad, "Combined aerodynamic and phased array microphone studies on 

basic models of low-speed axial fan blade sections," in ASME Turbo Expo 2018: 

Turbomachinery Technical Conference and Exposition, Oslo, Norway, Paper ID: GT2018-

75778, p. 11, 11-15 June 2018. 

[P9] E. Balla and J. Vad, "Beamforming studies on basic models of low-speed axial fan blade 

sections," in Proceedings 12th European Conference on Turbomachinery Fluid Dynamics 

and Thermodynamics (ETC’12), Stockholm, Sweden, Paper ID: ETC2017-119, p. 13, 3-7 

April 2017. 

[P10] E. Balla and J. Vad, “A Laplacian filtering-based technique to localize vortex shedding 

noise in a strongly contaminated environment”, 8th Berlin Beamforming Conference, 

Berlin, Germany, Paper ID: BeBeC-2020-D12, p. 19, 2-3 March 2020. 
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5 Summary and outlook 

Cambered plates with circular-arc camber line are used in low-speed axial fan rotor and guide vane 

design. The literature lacks investigations regarding the effect of edge bluntness (the term edge 

incorporating both leading and trailing edges), and the Reynolds number on the performance of 

such cambered plates. Knowing the effect of edge bluntness can make the manufacturing of blades 

more cost efficient, as the treatment of the edges can be omitted, if it is not necessary from an 

aerodynamic point of view. Besides aerodynamic requirements, low-speed axial fans also have to 

meet prescribed sound emission standards. One of the prominent aeroacoustic noise sources of 

low-speed axial fans is the vortex shedding noise. Vortex shedding noise may also cause vibration 

issues, and thus it has to be taken into account in the design and diagnosis of fans. The above 

necessitates the expansion of the available knowledge regarding vortex shedding. 

In the dissertation aerodynamic, and aeroacoustic measurements were presented on basic 

models of low-speed axial fan blades. Based on own and literature results the effect of edge 

bluntness on the lift and drag coefficients of cambered plates was quantified. An empirical model 

for the determination of the lift and drag coefficient of cambered plates was also established. 

A semi-empirical model was established for the prediction of profile vortex shedding for 

various blade geometries. With the model the third octave band, where profile vortex shedding 

may occur can be determined, and vortex shedding at the bands with the highest A-weight may be 

avoided. For the estimation of the frequency, only geometrical and operational data, and the drag 

coefficient is required. Compared to previous methods in the literature, the model takes into 

account the effect of maximum relative blade thickness and the angle of attack, and is applicable 

for both symmetric and non-symmetric profiles. 

Phased array microphone measurements were carried out to acquire the position and intensity 

of the noise source peak related to the profiles. A novel processing method was proposed, based 

on the Laplacian equation-based filtering technique. The method offers the possibility to obtain 

meaningful aeroacoustic results from measurement data obtained from a wind tunnel originally 

designed for aerodynamic measurements. 

In the future the investigations on isolated blade models can be extended to cascades and even 

to rotating fans, to examine the applicability of the findings to rotors. Taking into account the effect 

of camber, and the asymmetry of the camber line for the profile vortex shedding frequency 

estimation model, also offers a possibility for improvement. The precision of the PAM 

measurements at lower Reynolds numbers, i.e. lower frequencies could be improved with the use 

of a larger array, consisting of more microphones. 

In the low-speed axial fan design the findings of the dissertation can be utilized in a practical 

manner. The lift and drag coefficients of blade sections can be estimated from the empirical model, 

with the given uncertainties. The knowledge of lift and drag coefficients helps to identify the most 

suitable blade geometry for the fan. If the edges of the blade are to be kept blunt, the bluntness 

effect can also be taken into account in a quantified form. Additionally, an estimation can be made 

for the frequencies where vortex shedding may appear, already in the design phase. 



76 

 

The author’s publications related to the thesis 

 

[P1]* E. Balla and J. Vad, "A semi-empirical modell for predicting the frequency of profile 

vortex shedding relevant to low-speed axial fan blade sections," in The 13th European 

Conference on Turbomachinery Fluid Dynamics and Thermodynamics, Lausanne, 

Switzerland, Paper ID: 311, 12p., 8-12 April 2019. 

[P2] E. Balla and J. Vad, "Lift and drag force measurements on basic models of low-speed axial 

fan blade sections," Proceedings of the Institution of Mechanical Engineers, Part A: 

Journal of Power and Energy, vol. 233, no. 2, pp. 165-175, 2019. 

[P3] E. Balla and J. Vad, "An empirical model to determine lift and drag coefficients of 

cambered plates at moderate Reynolds numbers," Proceedings of the Institution of 

Mechanical Engineers, Part A: Journal of Power and Energy, Online first, 2020. 

[P4] B. Nagy and E. Balla, “Szárnymetszetek körüli áramlás szimulációja alacsony Reynolds-

számokon,” in Proceedings of Spring Wind 2017 International Multidisciplinary 

Conference, Miskolc, Hungary, pp. 90-101, 31 March-02 April 2017 

[P5] E. Balla, “Numerical simulations on basic models of low-speed axial fan blade sections,” 

in Proceedings of the 6th International Scientific Conference on Advances in Mechanical 

Engineering (ISCAME 2018) : Book of extended abstracts, Debrecen, Hungary, pp. 9-10, 

11-12 October 2018 

[P6] E. Balla, “Lapátmetszetek körüli áramlás által keltett zaj szimulációs vizsgálata,” in 

Proceedings of Spring Wind 2018 International Multidisciplinary Conference, Győr, 

Hungary, pp. 30-38, 04-06 May 2018 

[P7] E. Balla and J. Vad, "Establishment of a beamforming dataset on basic models of low-

speed axial fan blade sections," Periodica Polytechnica, Mechanical Engineering, vol. 61, 

no. 2, pp. 122-129, 2017. 

[P8]* E. Balla and J. Vad, "Combined aerodynamic and phased array microphone studies on 

basic models of low-speed axial fan blade sections," in ASME Turbo Expo 2018: 

Turbomachinery Technical Conference and Exposition, Oslo, Norway, Paper ID: GT2018-

75778, p. 11, 11-15 June 2018. 

[P9]* E. Balla and J. Vad, "Beamforming studies on basic models of low-speed axial fan blade 

sections," in Proceedings 12th European Conference on Turbomachinery Fluid Dynamics 

and Thermodynamics (ETC’12), Stockholm, Sweden, Paper ID: ETC2017-119, p. 13, 3-7 

April 2017. 

[P10] E. Balla and J. Vad, “A Laplacian filtering-based technique to localize vortex shedding 
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A. Lift to drag ratios and lift coefficients 

This appendix is in reference to Section  2.2 on page 17, where angle of attack ranges are defined 

based on the characteristic lift-to-drag ratios, and lift and drag coefficients. The figures below show 

the lift-to-drag ratios normalized with their maxima, and lift and drag ratios for cambered plates 

and the RAF6-E airfoil, based on own measurements. The leading and trailing edges of the plate 

blades are blunt. 

 

Figure A.1 Normalized lift to drag ratios based on own measurements on flat and cambered 

plates, and the RAF6-E airfoil at Re= 60 000, 100 000 and 140 000 
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Figure A.2 Lift coefficients based on own measurements on flat and cambered plates, and the 

RAF6-E airfoil at Re= 60 000, 100 000 and 140 000 
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Figure A. 3 Drag coefficients based on own measurements on flat and cambered plates, and the 

RAF6-E airfoil at Re= 60 000, 100 000 and 140 000 
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B. Uncertainty of the empirical model for the determination of the lift and 

drag coefficients of cambered plate blades 

This appendix is in reference to Section 2.3.3 on page 25, about the uncertainty analysis of the 

empirical model for the determination of the lift and drag coefficients of cambered plate blades. 

The measured and modelled lift and drag coefficient values are shown in the figures below. Solid 

lines indicate the values corresponding to perfect match between the model and the measurement, 

i.e. when the measured and modelled lift and drag coefficients would have the same values. The 

error bars indicate the measurement errors. If the error bars are not visible, the size of the marker 

symbols correspond to the error. 

 

Figure B. 1 Comparison of measured and modelled lift and drag coefficients at Re=40 000 

 

Figure B. 2 Comparison of measured and modelled lift and drag coefficients at Re=60 000 



90 

 

 

Figure B. 3 Comparison of measured and modelled lift and drag coefficients at Re=80 000 

 

Figure B. 4 Comparison of measured and modelled lift and drag coefficients at Re=100 000 

 

Figure B. 5 Comparison of measured and modelled lift and drag coefficients at Re=120 000 
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Figure B. 6 Comparison of measured and modelled lift and drag coefficients at Re=140 000 

 

Figure B. 7 Comparison of measured and modelled lift and drag coefficients at Re=300 000 


