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NOMENCLATURE: α, angle of attack; αgeo, geometric angle

drag coefficient; Cl, lift coefficient; F n, normal force on a bla

Strouhal number; t, airfoil thickness; U∞, free‐stream veloci
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Abstract

Spectral analysis was performed on the time series data computed from pressure

measurements on the New MEXICO (Model Rotor Experiments under Controlled

Conditions) rotor in standstill conditions. As a priori, 3D airfoil polars were recreated

from standstill measurements and compared against 2D airfoil polars and flat plate

theory results to verify the measurements. The spectral analysis revealed the pres-

ence of dominant shedding frequencies for certain ranges of the geometric angle of

attack. Two dominant shedding modes were identified: One was associated with bluff

body vortex shedding, and the other was associated with low Strouhal number shed-

ding. No dominant shedding frequencies were observed for angles of attack beyond

50°. The research improves on our current understanding of the unsteady nature of

the stall regime, along with providing insight into the existence of vortex‐induced

vibrations on a wind turbine in standstill conditions.
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1 | INTRODUCTION

In modern times, sustainable energy resources like wind power might be the answer to global warming and air pollution. However, they need to

contend against conventional fossil fuel–based energy systems on an economical front. Therefore, the levelized cost of wind energy needs to con-

tinue to decrease, and the social acceptance towards wind energy needs to increase. Realizing this goal solicits a trend in developing larger wind

turbines. Development of larger wind turbines requires improved aeroelastic tools that can accurately predict the complex aerodynamics, elastic

deformations, and inertial dynamics, which is representative for these behemoth structures. Wind turbines frequently operate at off‐design con-

ditions during their life cycle and undergo dynamic loads characterized by unsteady aerodynamics. Predicting these unsteady aerodynamic loads

has been very difficult because of the nonlinear nature of unsteady aerodynamics. Especially when operating near the stall region and in deep stall,

these turbines are prone to increased loads because of the dynamic nature of stall.

Generally, above the cut‐off wind speed, a wind turbinewill initiate a shut down phase. During this phase, the rotor blades are pitched into thewind and

parked; hence, thewind turbine is in standstill mode. In standstill, a wind turbinemight not have yaw control. Therefore, a change inwind direction can result

in extremely large angle of attack (AoA), blade loads, and possibly stall‐ or vortex‐induced vibrations. Stall‐induced vibrations occur at large AoA beyond

static stall, where the lift curve slope is negative. Typically, this results in negative aerodynamic damping for the edgewise mode of vibration.1 On the
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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of attack; αgeo, yaw angle for a wind turbine rotor; θ, pitch angle for a wind turbine rotor; Ω, rotor rotational speed; c, chord length; Cd,

de section; F t, tangential force on a blade section; f , frequency; Lchar, characteristic length; p, gauge pressure from pressure ports; St,

ty; V, in‐plane local inflow velocity for a blade section.
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2 KHAN ET AL.
contrary, vortex‐induced vibrations are expected to happen close to 90° AoA because of the shedding of von Karman vortex street. When this periodic

shedding of vorticesmatches the natural frequency of the blade, a lock‐in phenomenon2 can result, whereby the blade structural motion controls the vortex

shedding frequencywithin a certain threshold of inflow conditions. Vortex‐induced vibration is still a topic under debate as it has not beenwell‐documented

onwind turbines, although researchers have found possible evidence of its occurrence through numerical simulations. Zou et al3 performed numerical sim-

ulations on a 2D elastically mounted airfoil section using a vortex type model. Their vortex model was based on the “double wake” concept to accurately

model the physics of separated flow. They observed large vortex‐induced vibrations when the first edgewise natural frequency coincides with the vortex

shedding frequency. Skrzypiǹski et al4 performed 2D and 3D computational fluid dynamics (CFD) computations on a DU96‐W‐180 airfoil at 90° AoA to

analyze vortex‐induced vibrations. They used non‐moving, prescribed motion, and elastically mounted airfoil section for computations. Negative aerody-

namic damping close to stationery vortex shedding frequencies was found along with high probability of lock‐in phenomenon for airfoils. However, both

these studies neglected the 3D geometry of a modernwind turbine blade and employed simplification to the structural model as well. More recently, Heinz

et al2 conducted an in‐depth analysis on the existence of vortex‐induced vibrations formodernwind turbines. TheDTU10MWreferencewind turbinewas

used to performhigh fidelity aeroelastic simulations in the deep stall regimeusingHAWC2CFD.5HAWC2CFD is an aeroelastic coupling betweenmultibody

structural solver of HAWC26 with the CFD solver EllipSys3D.7,8 Computations were performed using detached eddy simulation. Using realistic inflow con-

ditions, they were able to identify severe edgewise blade vibrations due to vortex shedding phenomenon. Therefore, the importance of vortex‐induced

vibrations cannot be neglected for large wind turbines of the future. Currently, there have not been many efforts in developing an engineering model that

tries tomodel unsteady loads originating from vortex shedding phenomenon. Previously, Snel9 had hypothesized existence of self‐excited dynamic stall due

to vortex shedding and had tried to include it in his dynamic stall model. Another effort was made by Bertagnolio et al,10,11 where they used a stochastic

model to represent vortex shedding and airfoil wake turbulence. The model uses experimental or CFD measurements as input data. However, the model

was not able to accurately predict vortex shedding frequencies.

The purpose of the current research was to investigate vortex shedding of self‐excited nature using measurements, because it is important to

gather experimental evidence to support the ongoing research on vortex‐induced vibrations in standstill conditions. Therefore, in order to shed

light on the aerodynamics of a blade in standstill conditions, the new model rotor experiments under controlled conditions (New MEXICO) mea-

surements are a valuable resource. The New MEXICO measurements in standstill were performed for axially aligned flow with and without zigzag

tape on the outboard part of the blade (
r

R
> 0:7). The NewMEXICO experimental data is particularly attractive for understanding critical flow mech-

anisms or validating engineering models because it offers a controlled environment with the least possible turbulence levels between 0.2% to

0.4%.12 Although the New MEXICO measurements have been the subject of extensive research in the past, particularly through IEA Wind Task

29: Mexnext,13-15 there is still a lack of research on the frequency domain analysis of these measurements. Such an analysis might be able to

answer some of the questions regarding the existence of vortex‐induced vibrations in a real‐world scenario. This is where the current research

tries to fill the gap by providing a comprehensive spectral analysis of the New MEXICO standstill measurements.
2 | METHODOLOGY

For the purpose of this research, New MEXICO pressure sensor data was used. The data was recorded in units of pascals and was calibrated for

sensor drift by Parra.16 A preliminary evaluation of data quality was undertaken to access whether there are any large non‐physical kinks in blade

section pressure profiles. A detailed analysis of the pressure profiles for different test cases can be found in the master thesis report of Khan.17

Standstill pressure distribution for very large AoA had shown some kinks in pressure distribution. On the contrary, at somewhat lower AoA, but

still in the deep stall regime, the measurement quality was reasonable. Hence, it can be said that the quality of standstill measurements deterio-

rates at large AoA. Therefore, a further analysis of the standstill measurements was performed, whereby 3D airfoil polars were extracted and com-

pared with 2D airfoil polars in Section 3.1.1 to evaluate the relevance of these measurements. A brief description of extracting 3D airfoil polars

from standstill measurements is presented in Section 3.1. Moreover, lift to drag ratio computed from 3D polars was also validated with results
TABLE 1 A summary of all the standstill data points in the New MEXICO measurement campaign

Case Type Data Point U∞, m/s β, degree θ, degree Ω, rpm

Axial flowa 372‐394 ∼30 0 −2.3‐90 0

397‐401

Yawed flowa 405‐425 ∼30 −90, −60, −45, −30, −15 90 0

+15, +30

Axial flowb 905‐925 ∼30 0 60‐90 0

Abbreviation: MEXICO, model rotor experiments under controlled conditions.
aWith zigzag tape on outboard part of the blade (

r

R
> 0:7).

bWithout zigzag tape on outboard part of the blade (
r

R
> 0:7).
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from flat plate theory in Section 3.1.2. This procedure helped in establishing confidence in the New MEXICO standstill measurements. Previously,

in comparison, the old MEXICO standstill measurements had bad data quality, rendering it unusable for a frequency domain analysis.

Once having established confidence in New MEXICO standstill measurements, the research focused on computing normal and tangential forces

frompressure sensor data using the trapezoidal rule of integration, as described in Section 2.1.2, thus giving a time series of normal and tangential forces

for every standstill data point presented inTable 1. Each New MEXICO data point corresponds to a test run at one particular set of conditions where

data was collected for a duration of 5 seconds. The time signals were de‐trended before performing fast Fourier transform to remove the power of DC

frequency and focus the analysis on unsteady fluctuations. Subsequently, in Section 3.2, dominant flow frequencies (frequencieswith the highest power

spectral density) were extracted from each data point at a particular spanwise section and stored against corresponding geometric AoA of that spanwise

section. After filtering erroneous frequencies, Strouhal numbers were computed in Section 3.2.2 and plotted against the geometric AoA.

2.1 | Wind tunnel experiments

The original MEXICO experiments were conducted in December 2006 at the large‐scale low‐speed facility of German‐DutchWind Tunnel (DNW).

Overall, the experiments were a success, but there were some questions that were left unanswered. Therefore, a proposal for a second MEXICO

experiment was forwarded. The New MEXICO experiment was performed in 2014.18 The New MEXICO experiments used the same three‐bladed

rotor with a 4.5‐m diameter wind tunnel model as with the original MEXICO experiments.19 The MEXICO rotor is rigid, and it is instrumented with

pressure sensors at various locations along the span. In addition, a six‐component balance is mounted at the base of the turbine to acquire total

forces and moments. The blade cross‐section is composed of a “DU 91‐W2‐250” airfoil near the root, a “RISØ‐A1‐21” airfoil at the mid span, and

a “NACA 64(3)‐418” near the tip. In the original MEXICO experiments, a zigzag tape was added at 5% chord both on the suction and pressure side

to promote turbulent transition of boundary layer and avoid laminar separation. However, a concern was raised that the zigzag tape might be

de‐cambering the blade sections by thickening the boundary layer (because of its own thickness),18 in addition to transitioning to turbulent flow.

Therefore, in the NewMEXICO experiments, the zigzag tape was removed from the outboard part (
r
R
> 0:7) of the blades for comparison. For further

information regarding the New MEXICO model, the report by Boorsma and Schepers18 can be consulted.

2.1.1 | Instrumentation and data storage

The New MEXICO blades were instrumented with 148 Kulite pressure sensors, which measure the absolute pressure. The sensors were distrib-

uted at 25%, 35%, 60%, 82%, and 92% span (spanwise location is defined from the rotor center normalized by the rotor radius, ie,
r
R
) across the

three different blades as shown in Table 2. A large number of different measurement were collected at various experimental conditions. For fur-

ther information regarding the New MEXICO experimental setup and test matrix, the reader is advised to read Boorsma and Schepers.12

The pressure data was sampled at a frequency of 5.514 kHz, which gives approximately 27600 sample points for a 5‐second measurement run.

Spurious sensor data were removed during data reduction, a summary of which is given by Parra.16 The data was also corrected for sensor drift by

taking zero measurements prior to and after a set of runs with a particular measurement configuration. The corrected pressure is also the differ-

ential (or gauge) pressure. For further information regarding data reduction and calibration, the reader is referred to Parra,16 as calibrated data was

used for the purpose of the current research work.

2.1.2 | Computing normal and tangential forces

The forces acting on a blade section can be computed through integrating the pressure distributions along the chord using trapezoidal rule of integration.

The pressure taps along the blade surface are numbered in a clockwise sense (to preserve consistencywithNewMEXICOdata), as illustrated in Figure 1.

Here, the red point at the trailing edge denotes a fictitious pressure tap created at the trailing edge of the blade to prevent discontinuity in the integra-

tion process. The value of differential pressure for this fictitious pressure tap is calculated to be the average of the second and Nth pressure tap.

Fn ¼ ∑
N

i¼1

1
2
pi þ piþ1ð Þ xi − xiþ1ð Þ; (1)
TABLE 2 Location of pressure sensors on the three blades and the relative azimuthal definition for the three blades

Blade No. Pressure Sensor Location Relative Azimuth, Degreesa Airfoil Section

1 25% and 35% span 0 DU91‐W2‐250

2 60% span −120 RISØ A2‐21

3 82% and 92% span 120 NACA‐64418

aThe zero rotor azimuth is defined as the position when blade 1 is at 12 o'clock position.



FIGURE 2 Normal force and tangential
force variation with time for the 82%
spanwise section. A low‐pass infinite impulse
response (IIR) filter (denoted LP filter) is
applied to remove high‐frequency fluctuations
from the signals. Test condition details: new
model rotor experiments under controlled
conditions (New MEXICO) data point 407; β =
−90°; U∞=30 m/s; θ= 90.0°; Ω=0.0 rpm
[Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 1 The new model rotor
experiments under controlled conditions (New
MEXICO) blade NACA 64‐418 airfoil section
with pressure taps highlighted as green points.
The red point at the trailing edge is a fictitious
pressure tap [Colour figure can be viewed at
wileyonlinelibrary.com]
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Ft ¼ ∑
N

i¼1

1
2
pi þ piþ1ð Þ yi − yiþ1ð Þ: (2)

In the above equation, values of variables for (N+1)th subscript are taken to be equal to the fictitious pressure tap with subscript 1. F n and F t

represent normal and tangential force, respectively, while p denotes pressure. An example of computed normal and tangential force time signal for

one particular data point is presented in Figure 2.
3 | RESULTS AND DISCUSSION
3.1 | 3D airfoil polars

In this section, the standstill measurements in the New MEXICO database are used to recreate the steady 3D airfoil polars. The purpose of doing

this exercise is to compare the results with 2D airfoils polars and the trends observed in the literature to verify the measurements. A summary of

all the standstill data points used for this recreation are outlined in Table 1. Each data point would correspond to one point on the Cl versus α and

Cd versus α curve for a particular spanwise section. The AoA corresponding to each Cl and Cd value is computed through geometric considerations

as presented in Figure 3. It is to be noted that assuming a pure geometric AoA is an approximation, and in reality, induction effects due to down‐

wash are expected to result in a slightly lower effective AoA. However, the scale of these inductions effects is assumed to be small. Standstill cases

with yaw where the blade section is either at 8 o' clock or 4 o' clock position have been excluded in this extraction process because of strong

spanwise flow components in those blade positions. However, standstill cases with yaw where the blade is at the 12 o' clock position are included

while recreating 3D airfoil polars.

The standstill cases in axial flow and yawed flow with zigzag tape on outboard part of blade (
r
R
> 0:7) covered a wider range of AoA in com-

parison with axial flow without zigzag tape; therefore, it is presented in Figure 4. In this figure, there is an increase in unsteadiness after stall indi-

cated by the increasing standard deviation in the lift force coefficient. Furthermore, an increase in the standard deviation of the drag coefficient

with a subsequent decrease in the standard deviation of lift coefficient is observed in the deep stall regime beyond, approximately, 50° AoA. This

is expected as the airflow nearly becomes perpendicular to the airfoil and lift coefficient approaches almost zero. A similar sort of trend in standard

deviation is also observed for deep stall with negative AoA. However, in this case, the location of stall is not clearly indicated because of the lack of

sufficient data points.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 3 Schematic showing the
calculation of geometric angle of attack (AoA)
for standstill cases with yaw. Note: the
geometric AoA is only calculated for 12 o'
clock blade position [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 4 Airfoil polars reconstructed from
the new model rotor experiments under
controlled conditions (New MEXICO)
standstill measurements in axial and yawed
conditions with zigzag tape installed on
outboard blade sections (

r
R
> 70%). The angle

of attack (AoA) on the x‐axis is the geometric
AoA and the tunnel velocity in all these test
runs was approximately 30 m/s. Note: the
shaded regions denote the standard deviation
of the measurements [Colour figure can be
viewed at wileyonlinelibrary.com]
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3.1.1 | Comparison with 2D airfoil polars

The agreement of the 3D airfoil polars with the 2D airfoil polars, available from wind tunnel experiments,12,20,21 is reasonably good within

attached flow regime and up until stall. However, in the deep stall regime, there is a large difference between the airfoil polars. This is expected

as a 2D section has more base drag in comparison with a 3D section. It is to be noted that the 2D airfoil polars in deep stall regime, for all three

airfoil sections, are taken from deep stall measurements on DU96‐W‐180 airfoil conducted by TU Delft.22 This was done because of non‐

availability of wind tunnel data for those airfoils at very large AoA. It is to be mentioned that a major difference between the 2D and 3D airfoil

polars is that the latter do not have viscous effects because New MEXICO did not have provision for a wake rake to measure viscous drag effects.

Therefore, the viscous drag representation from 3D polars is expected to be inaccurate below stall. Lindenburg23 assumed the influence of

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 5 Comparison between blade
section airfoil polars extracted from standstill
measurements (shown as red or blue points)
with the respective 2D airfoil polars (green
curve) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Comparison between blade
section airfoil polars extracted from standstill
measurements (shown as blue points) with the
respective 2D airfoil polars (green curve)
[Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Comparison between blade

section airfoil polars extracted from standstill
measurements (shown as red or blue points)
with the respective 2D airfoil polars (green
curve). Note: (R) denotes outboard roughness
installed or outboard roughness effects are
included [Colour figure can be viewed at
wileyonlinelibrary.com]
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Reynolds number in the deep stall regime to be minimal for wind turbine applications. This assumption is somewhat true as, typically, high Reyn-

olds number delays separation by transitioning the boundary layer to turbulent or by energizing the boundary layer. However, for complete sep-

aration in deep stall regime, this might not be the case. The Reynolds number for the DU 91‐W2‐250 airfoil section in Figure 5 is almost similar

between the 2D and 3D airfoil polars. In the case of RISØ A2‐21 section, the 2D airfoil polar is for a very high Reynolds number compared with

the 3D polar, which could be the reason for the higher Clmax observed for 2D airfoil polar in Figure 6. Furthermore, it should be noted that the 2D

airfoil data shown here for RISØ A2‐21 is actually for RISØ A1‐21, as indicated by Boorsma and Schepers.12 Finally, for the NACA 64418 section,

the Reynolds numbers between 2D and 3D airfoil polars are comparable. However, it is to be noted that this blade section, containing NACA air-

foil sections, would only experience these low Reynolds numbers in standstill conditions. In normal operations, this section would experience

Reynolds numbers close to 0.7 million.

Observing Figure 5, it can be seen that the lift coefficient for the section closer to the root is lower than the lift coefficient for 35% section and

2D airfoil polar. This is due to induction effects from the root of a finite aspect ratio MEXICO blade. A similar behavior was reported by Timmer24

for the NREL UAE phase VI measurements in NASA Ames wind tunnel. There, he also observed that these end effects due to induction were more

visible for sections closer to the root. On the other hand, in Figure 7, despite the fact that the lift coefficient curves of the NACA airfoil closer to

the tip have the lowest lift gradient in attached flow, unlike the DU‐airfoil, they have a higher lift and drag coefficient in deep stall regime com-

pared with the section at 82%.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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3.1.2 | Comparison with flat plate theory in deep stall

In the deep stall regime, flow over the upper airfoil surface is completely separated. In such a situation, the influence of upper surface thickness on

pressure distribution is negligible, for airfoils with moderate lower surface thickness, as was pointed out by Timmer24 and Lindenburg.25 On this

basis, it can be assumed that the lift to drag ratio in the deep stall regime would closely resemble that of a flat plate as the upper surface pressure

distribution is independent of upper surface thickness. The lift and drag coefficient can be computed from the following equation on the basis of

ideal flat plate theory, taken from Timmer24:

Cl ¼ 2sinαcosα; (3)

Cd ¼ 2sin2α: (4)

Using the above equations, lift to drag ratio for an ideal flat plate was computed and plotted against the lift to drag ratio obtained from 3D and

2D airfoil polars in Figure 8A. In this figure, it is seen that all curves coalesce to follow the trend predicted by flat plate theory above 30° AoA,

characterizing deep stall regime. However, below this AoA, lift to drag ratio differ depending upon the airfoil section and the spanwise location.

It is to be mentioned here that 2D airfoil polars in the deep stall regime are taken from the DU‐96‐W180 profile.22 Data at moderate AoA is
FIGURE 8 Lift to drag ratio versus angle of
attack (AoA) for the new model rotor
experiments under controlled conditions (New
MEXICO) blade sections. A, A comparison of
lift to drag ratio of 3D polars from five
different sections of New MEXICO blade with
the ideal flat plate theory and 2D airfoil polars.
B, A close‐up of Figure 8A in the deep stall
regime [Colour figure can be viewed at
wileyonlinelibrary.com]

(A)

(B)

http://wileyonlinelibrary.com
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obtained from experimental measurements on the respective airfoils, and in Figure 8A, the 2D polars are shown up till these AoA (excluding DU‐

96‐W180 data in deep stall). For the 2D polars, the deep stall regime starts above 30° for the RISØ airfoil section, while for the DU airfoil section,

it starts above 25°. Because of the lack of data for the NACA airfoil in deep stall, it is hard to pinpoint at which AoA the deep stall regime would

start; however, on the basis of visual inspection, it seems to be lower than 25°. For the 3D polars, the 25% and 35% DU profile sections and the

60% RISØ profile section have a higher relative thickness than the NACA profile at the 82% and the 92% sections. It appears that the 3D polars for

the DU and the RISØ profile sections (ie, 25%, 35%, and 60% sections) seem to enter deep stall regime at a relatively higher angle of attack than

the NACA profile sections (ie, 82% and 92% section). This behavior could be because relatively thinner airfoils show a tendency of leading edge

separation with large separation over the complete upper surface, often referred to as “thin airfoil stall,”26 similar to a flat plate where onset of

leading edge separation causes an abrupt stall. Because of this tendency, relatively thin airfoils seem to enter deep stall at lower AoA. However,

Timmer and Van Rooij20 have argued that it is not the airfoil thickness but the leading edge thickness that is more important to the deep stall

angle. A peculiar behavior of the RISØ profile section is that despite having a lower maximum relative thickness of 21% compared with the DU

profile section's 25% maximum relative thickness, it seems to enter deep stall (or, in other words, onset of leading edge separation) at a relatively

higher AoA for both 2D and 3D airfoil polars. Compared with the DU profile, the RISØ profile has a large camber because of a comparatively lower

lower surface thickness. To sum up, Figure 8A further confirms an already know fact, presented by Timmer,24 that the lift to drag ratio for a finite

or infinite (2D) blade section is identical to that of a flat plate, thus strengthening the credibility of New MEXICO measurements in standstill

conditions.

3.2 | Frequency domain analysis

In this section, a frequency domain analysis of the New MEXICO measurements in standstill conditions is presented. The main purpose of under-

taking this campaign was to unmask vortex shedding of self‐excited nature. Before performing the frequency domain analysis, time series data

were inspected. In this case, times series of normal and tangential force is obtained from integrating differential pressures from pressure ports,

discussed in Section 2.1.2. A time series of such a data for a particular spanwise location and test condition is presented in Figure 2. Here, the

time series has also been filtered, using a low pass infinite impulse response (IIR) filter with a passband frequency of 40 Hz, to visualize any cyclic

behavior in the signal. The time signal shows repetition of peaks in time, but it is hard to imply anything about the periodicity of signal or its fre-

quency content. Therefore, a Fourier analysis is justified.

3.2.1 | Signal processing

In the New MEXICO test runs, pressure data was acquired for approximately 5 seconds at a frequency of 5514 Hz, giving a total of 27 610 sample

points for each run. This gives a frequency resolution of
5514
27610

≈ 0:2 Hz in the frequency domain. Before performing spectral analysis, some pre-

processing of the signal was carried out. The normal and tangential force signals were subtracted from their mean values (here, assuming station-

ary time series or assuming that the mean does not change in time as test conditions don't change) to remove power of DC frequency. Otherwise,

the spectrum would give huge peaks at zero frequency as it contains most of the signal energy. Additionally, signals were divided by their standard

deviation to standardize the spectrum output and facilitate comparison between normal and tangential force spectrum on the same plot, as they

are of different orders of magnitude. The standardization process in mathematical notation is expressed as

ZðtÞ ¼ XðtÞ−�X
σX

; (5)

where X(t) is the time series signal, �X is the mean, and σX is the standard deviation of that signal. Z(t) is the standardized signal. After standardi-

zation, Welch's method was used in MATLAB to estimate the power spectral density of signals. Shaping of the signal, through the use of

windowing functions, was also performed to mitigate noise in the spectrum by averaging segments (windows) of the time series and also reducing

spectral leakage in the process. It is to be noted that a smaller window size results in more averaging of segments. A comparison of its effects is

presented in Figure 9 for a “hanning” window function with 50% overlap. A window size of 4000 implies that the signal has been divided into

approximately six segments containing 4000 samples each. In Figure 9A, windowing has reduced noise in the spectrum but at the cost of increas-

ing frequency bin resolution to approximately 1.38 Hz. Moreover, the windowing function does not uncover or unmask dominant frequency

peaks, which are not visible from a spectrum with a window size equal to total number of signal samples (27610), as shown in Figure 9B, which

has a better frequency resolution of 0.2 Hz. Hence, the latter windowing function setting was chosen for subsequent analysis.

In order to identify erroneous frequency components, spectra of test runs with zero tunnel speed before and after axial and yawed flow stand-

still runs were analyzed. Certain peaks in power spectral density (PSD) were observed at frequencies to which no definite cause could be associ-

ated, as highlighted by the red circles in Figure 10B, corresponding to 0.1997 and 12.78 Hz. Figure 10A shows that there is some noise in all

pressure sensor signals at zero tunnel speed. The erroneous frequencies are either due to malfunctioning pressure sensors or some external



FIGURE 9 Power spectral density (PSD) plot
showing the frequency (f) content of normal
force and tangential force time signal for two
different window sizes. The spectra is show
for 82% spanwise section with the following
test conditions: Data point 407 ; β=−90° ;
U∞=30m/s ; θ=90.0°; Ω=0.0 rpm [Colour
figure can be viewed at wileyonlinelibrary.
com]

(A)

(B)

KHAN ET AL. 9
disturbance source. It is highly likely that these frequencies are from malfunctioning pressure sensors. Most of these erroneous frequencies are

also observed for cases with tunnel speed of 30 m/s, suggesting that the spectral power of these frequencies is increased with tunnel speed to

make them standout among other flow‐related frequency content, which could only be possible if they are from malfunctioning pressure sensors.

This is because if they were from an external disturbance source, then their power content would have been relatively lower than other flow

mechanisms at higher tunnel speeds. A summary of all observed erroneous frequencies in test runs at zero tunnel speed is presented in Table 3.

3.2.2 | Strouhal number

The process of dominant frequency extraction was automated in MATLAB environment to evaluate the frequency content across all the varied

standstill test conditions. A scatter plot of dominant frequencies extracted from all standstill runs and spanwise sections is presented in Figure

11, where they are plotted against the corresponding geometric AoA. The figure contains dominant frequencies from both normal and tangential

force time signals in one plot. Most of the frequencies observed below the 15‐Hz level (shown by dashed black line in Figure 11) will be discarded

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


(A)

(B)

FIGURE 10 Pressure port signals and power
spectral density (PSD) of normal and
tangential force signal for test case at zero
tunnel speed. The results are shown for 35%
spanwise section with the following test
conditions: Data point 371 ; β=0° ; U∞=0 m/s;
θ=0°; Ω=0.0 rpm [Colour figure can be viewed
at wileyonlinelibrary.com]

TABLE 3 A compilation of erroneous frequencies observed in standstill runs at zero tunnel speed (U∞=0 m/s)

Case Type Data Point β, degree θ, degree Erroneous Frequencies, Hz

Axial flowa 371 0 0 0.1997, 0.3994, 12.58, 12.78

396 0 25 0.1997, 0.7988, 3.195, 11.58

402 0 −2.3 0.1997, 0.9986, 12.78

Yawed flowa 404 −90 90 0.1997

426 0 90 0.1997, 0.3994

aWith outboard roughness installed on New MEXICO rotor.

10 KHAN ET AL.
while computing the Strouhal number because of two main reasons: Firstly, the frequencies below this level correspond to erroneous frequencies

listed in Table 3, and secondly, these frequencies would result in very low Strouhal numbers that cannot be associated with any flow mechanism.

Therefore, with an aim of avoiding ambiguity, frequencies below 15‐Hz level have been filtered out while computing the Strouhal number. The

http://wileyonlinelibrary.com


FIGURE 11 Scatter plot showing dominant
frequencies observed in all standstill cases
versus the corresponding geometric angle of
attack (AoA) (αgeo) at a particular test
condition and spanwise location. The cross
markers (x) denote presence of spanwise flow
from tip to root, hollow circle markers (o)
denotes presence of spanwise flow from root
to tip, and filled circle markers (•) represent no
spanwise flow. The dashed black line denotes
the 15‐Hz frequency level [Colour figure can
be viewed at wileyonlinelibrary.com]
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Strouhal number is computed according to the following formula:

St ¼ fLchar
V

; (6)

where, Lchar is the characteristic length based on the projected chord length or airfoil section thickness t perpendicular to the incoming flow and is

equal to

Lchar ¼ max
csinα;

t:

�
(7)

V is the local inflow velocity in the plane of a blade section, and f is the principle shedding frequency. A scatter plot of Strouhal frequencies

observed in standstill conditions is presented in Figure 12. Firstly, only the solid circle markers are discussed. This figure shows two distinct clus-

ters of data points—one in the positive AoA range from approximately 16° to 42° and another cluster from −9° to −32°. A denser clustering of data

points highlighted by the solid black curve lies in the Strouhal number range of 0.12 to 0.20, which is typical for bluff body vortex shedding in deep

stall as was mentioned by Schreck.27 These Strouhal numbers occur between 20° and 50° in deep stall regime for the New MEXICO blade. It can

be seen, depending on the blade section, that the Strouhal number remains almost constant for a small range of AoA within this region, especially

prominent for the 35% blade section. In the literature, there have been numerous experimental and computational studies to determine bluff body

vortex shedding Strouhal number. Yang et al28 mentioned experiments conducted by Fage and Johansen29 on inclined flat plates where they
FIGURE 12 Scatter plot showing Strouhal
numbers observed in all standstill cases versus
the corresponding geometric angle of attack
(AoA) (αgeo) at a particular test condition and
spanwise location. The cross markers (x)
denote presence of spanwise flow from tip to
root, hollow circle markers (o) denotes
presence of spanwise flow from root to tip,
and filled circle markers (•) represent no
spanwise flow [Colour figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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TABLE 4 A summary of Strouhal frequencies observed for near‐stall flow oscillations
on airfoils in the literature

Source Strouhal number [‐]

Zamman et al36,38 ∼0.02

Mabey37 0.076

Bragg et al34 0.017‐0.032

Yon and Katz35 0.04‐0.06

Schreck27 0.01‐0.08

Present study 0.04‐0.10

12 KHAN ET AL.
found an approximately constant Strouhal number of 0.148 for 30° to 90° AoA (Reynolds number in this study is not explicitly mentioned, but

according to a rough estimation, it is about 0.17 million). Yang et al28 themselves did a DNS simulation, but it was for a very low Re, and AoA

is up till 30°. Another important aspect of the effect of the shape of a bluff body on the Strouhal number was highlighted by Radi et al.30 Although

their study was also at very low Reynolds number, they did show that the Strouhal number changed from 0.2 to 0.155 for a perfect circular cross‐

section to a flat plate cross‐section, respectively, signifying the effect of cross‐sectional shape on Strouhal number. Analysis of wind tunnel tests

on wind turbine airfoil section (S809 airfoil) at high AoA by Swalwell31 revealed Strouhal numbers from 0.15 to 0.18. Pellegrino and Meskell32

conducted a computational study on the same airfoil section at very high AoA, revealing Strouhal numbers from 0.11 to 0.15, close to that of a

flat plate. Lastly, Boorsma33 performed a wind tunnel investigation on the DU91‐W2‐250 profile at large AoA, the same as the inboard airfoil sec-

tion of the MEXICO blade, and found Strouhal numbers from 0.16 to 0.17.

Another important aspect in Figure 12 is highlighted by the dashed black curve. Here, the points represent a post‐stall periodic flow regime.

This “low‐frequency” (low Strouhal number) oscillatory flow regime near stall has been observed in the past by Schreck,27 Bragg et al,34 Yon and

Katz,35 Zaman et al,36 and Mabey.37 Zaman et al38 first documented this low‐frequency flow oscillation with a Strouhal number of 0.02

(Re=4×104 – 1.4×105) on a LRN (1)‐1007 airfoil. They later conducted experimental and computational studies36 to further investigate the phe-

nomena. There, they traced the origin of these low‐frequency oscillations near the leading edge of the airfoil upper surface to “periodic switching

between stalled and unstalled states.” Bragg et al34 conducted further experiments on LRN(1)‐1007 airfoil at various Reynolds numbers and AoA.

They found, in general, that the Strouhal number in the low‐frequency regime increases with AoA and Reynolds number. Through laser sheet and

surface oil flow visualization, they were able to relate the cause of these oscillations to a leading edge separation bubble. They concluded that

formation and bursting of the leading edge separation bubble is what causes the low‐frequency oscillations. A summary of the Strouhal numbers

associated with the low frequency oscillations near stall observed in various studies is presented inTable 4. For the New MEXICO blade, the low‐

frequency region lies between approximately 15° and 22° AoA, which is in fact close to the near‐ or post‐stall region of the airfoil sections. The

Strouhal numbers within this region range from 0.05 to 0.09.

In Figure 12, hollow circle markers represent spanwise flow from root to tip, while cross markers represent spanwise flow from tip to root at a

blade section. These markers are more dispersed over the domain of interest. It is hard to associate any peculiar trend to these marker points. A

3D CFD simulation is needed to accurately predict and verify the behavior at these marker points.

Generally, for the New MEXICO blade, periodic bluff body vortex shedding is seen for a small AoA range in the deep stall regime. It is nearly

non‐existent for AoA beyond 50°. This behavior could be due to the finite aspect ratio effects. Lindenburg25 hypothesized that an infinitely long

rectangular flat plate is more probable to have structured vortex shedding than a finite aspect ratio flat plate. His hypothesis was based on exper-

iments conducted on airfoils with and without end plates.39,40 Therefore, a finite aspect ratio blade (the New MEXICO blade has an aspect ratio of

14) will have partially structured vortex shedding due to early break‐up of shed vortices caused by suction of air into the vortex core. Lindenburg25

also associated the absence of periodic vortex shedding in a finite aspect ratio blade to the lower drag coefficient at AoA close to 90°. In case of

New MEXICO blade, this effect is clearly visible from 3D airfoil polars in Figures 5 to 7.
4 | CONCLUSIONS

A frequency domain analysis was performed on the New MEXICO standstill measurements. As a priori, 3D airfoil polars were recreated from

standstill measurements and compared against 2D airfoil polars. Furthermore, lift to drag ratio variation with AoA, obtained from 3D airfoil polars,

was compared with flat plate theory results to verify the measurements. Spectral analysis was performed on time series data computed from pres-

sure measurements on the New MEXICO rotor in standstill conditions. Dominant shedding frequencies were revealed for certain ranges of geo-

metric AoA. Two dominant shedding modes were identified, namely, a bluff body vortex shedding mode and a low Strouhal number shedding

mode. The following main conclusions were drawn from the current research.

A reasonable agreement was found between the 2D and 3D airfoil polars in the attached flow regime up to stall. An exception to this rule was the

RISØ airfoil at 60% spanwise section, which showed different stall behavior than its 2D airfoil polar. However, in deep stall, the 3D airfoil polars
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showed lower lift and drag coefficients than the 2D airfoil polars. The lift to drag ratio versus AoA trend obtained from 3D airfoil polars matches well

with the trend predicted by 2D flat plate theory in the deep stall regime. This is because in deep stall, the flow is completely separated over the upper

surface, and the effect of upper surface thickness can be neglected. The relatively thin NACA airfoil profile enters deep stall earlier than the DU and

the RISØ airfoil profile because of higher tendency towards leading edge separation because of its relatively lower thickness.

Structured bluff body vortex shedding was observed in a limited range of AoA from 20° to 50° in the deep stall regime on the New MEXICO

blade. The 35% section on the New MEXICO blade showed bluff body vortex shedding for a wider range of AoA than the 25% section, possibly

because of tip losses near the root section. The bluff body vortex shedding Strouhal numbers were seen to lie between 0.13 and 0.2. Low Strouhal

number shedding behavior was observed in the post stall regime, and the Strouhal number was seen to increase with increasing AoA. The absence

of structured vortex shedding at very large AoA was attributed to finite aspect ratio of the MEXICO blade, which destabilizes the vortex core caus-

ing early break‐up of shed vortices.

This research is another step forward to comprehend the complex flow physics of the deep stall regime. However, further research is needed

to completely understand the complex underlying flow physics in the stall regime.
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