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Velocity measurements on a retreating blade in dynamic stall
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Abstract The velocity field over a moderately low aspect ratio retreating rotor blade is investigated us-

ing particle image velocimetry (PIV) as the 2-bladed teetering rotor with cyclic pitch operates in a low

speed wind tunnel. The phase-averaged velocity field shows that the stall vortex circulation is compara-

ble to the section dynamic lift, confirming it as a dynamic stall vortex (DSV). Strong tip vortex effects

suppress stall at outboard locations. The DSV on the rotating blade after liftoff, is elongated and remains

in close proximity to the blade surface in contrast to classical two-dimensional DSV on non-rotating

blades. The phase-averaged DSV is roughly 40% weaker and spatially diffused than those observed in

individual instantaneous velocity fields. Span-wise variations of the vortex are also discussed. Cycle-

to-cycle variations of the instantaneous velocity fields suggest a radial flow induced stabilization in the

strength, but not in the spatial location of the DSV.
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Nomenclature

Γ Circulation, m2/s

Γ1 Scalar function

µ Advance ratio

ν Kinematic viscosity of air, m2/s

Ω Angular velocity of rotor, rad/s

ω Vorticity, 1/s

ψ Rotor azimuth angle, deg

b Blade span, m
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c Blade chord, m

CL Coefficient of lift

k Reduced frequency

R Radius of the rotor disc, m

r Radial location, m

Re Reynolds number based on chord length

U∞ Freestream velocity, m/s

Ue Effective freestream velocity, m/s

UT Tip speed of the rotating blade, m/s

1 Introduction

Dynamic stall (DS) occurs on lifting surfaces as angle of attack rises rapidly beyond the static stall

angle McCroskey et al (1976); Carr et al (1977). Dynamic stall is accompanied by large excursions in

lift and pitching moment, caused by the formation and convection of the dynamic stall vortex (DSV).

Although DS has been studied extensively, predicting the phase of a DS event and flow’s subsequent reat-

tachment on a rotating blade remains elusive. Most experimental investigations of dynamic stall have

been limited to two-dimensional flows over oscillating airfoils in wind and water tunnels McCroskey

et al (1976); Carr et al (1977); McCroskey et al (1981); Carr (1988) and on oscillating finite wings Mc-

Croskey et al (1982); Lorber (1992); Carta (1985). Computational fluid dynamics (CFD) investigations

have progressed from inviscid formulations to full Navier-Stokes simulations Koga and Eaton (1989);

Spentzos et al (2005); Larsen et al (2007). However, the occurrence of dynamic stall is influenced by

three-dimensional effects such as viscous interactions associated with rotational augmentation, as well

as inviscid ones like finite wing and local yaw effects. Reactive centrifugal effects are expected to drive

a strong radial flow and the coupled effects of the centrifugal and Coriolis forces in the rotating environ-

ment add more complexity to the flow characteristics.

Flow field details of dynamic stall on rotating blades have been investigated experimentally in the

past by Fujisawa and Shibuya (2001); Ferreira et al (2009). These experiments were conducted on rotat-

ing blades set up to operate as vertical axis wind turbines, in which case the effects of reactive centrifugal

forces are fundamentally different from that on rotating helicopter rotor blades. Recently, rotating heli-

copter rotor blades have been used to experimentally study flow field details of dynamic stall DiOttavio

et al (2008); Mulleners et al (2012); Raghav and Komerath (2013a), followed closely by numerical inves-

tigations on rotating configurations Raghav et al (2010); Gross et al (2010). DiOttavio et al. and Raghav

both studied the characteristics of the radial flow on a dynamically stalled rotor blade. Mulleners et al.
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conducted experiments on a model scale fully equipped helicopter model. They observed only small

cycle-to-cycle variations of the DSV, and hypothesized that the radial forcing due to rotation effects was

stabilizing the DSV. In addition, Mulleners’s results corroborated the analysis by Raghav and Komerath

(2013a) which established that the radial flow on a rotating blade under dynamic stall conditions at-

tenuated upon moving outboard. The physical mechanism for this phenomenon was ascertained to be

an apparent shear layer instability of the radial flow. Recent work also done by Raghav and Komerath

(2013b) demonstrated that the instability is a fundamental behavior of the radial flow over a rotating

surface with a superimposed uniform stream.

However, the effect of radial flow on the dynamic stall event and the DSV itself still remains unex-

plored. In addition, the cycle-to-cycle variations of the DS event on a rotating blade are important for

predicting the lift overshoot and the associated pitching moment. The present investigation is an exten-

sion of DiOttavio et al (2008); Raghav and Komerath (2013a), where the physics of the radial flow over a

stalled retreating blade was investigated in addition to the general chordwise flow characteristics. In this

work experiments are conducted on the retreating part (ψ = 270◦) of the rotating blade in forward flight

in a low speed wind tunnel using two-dimensional PIV. It is recognized that the flow field at ψ = 270◦

is one time instant of the life cycle of the DS event. However, the choice of ψ = 270◦ decouples the

effect of yaw induced span-wise flow from the centrifugally induced span-wise (radial) flow. Hence this

enables a systematic study of the effect of “pure” radial flow due to reactive centrifugal forces.

The main objective here is to identify and characterize the large-scale coherent vortical structure on

the rotating blade in dynamic stall conditions. Vortex detection techniques are employed to ascertain the

existence of a coherent vortical structure on the upper surface of the blade. Circulation computations

over the flow field are used to classify the vortical structure as the DSV. The observed characteristics

of the DSV and it’s span-wise variation are discussed in addition to cycle-to-cycle variations of the DS

event.

2 Experimental methods

2.1 Experimental setup and flow conditions

The experiments were conducted in the high advance ratio facility (see Fig. 1(a)) fabricated in the test

section of the John Harper 2.13m×2.74m low speed wind tunnel at the Georgia Institute of Technology.

The motor was positioned below the rotor with manually adjustable cyclic and collective pitch. In order

to simplify the operations a teetering rotor hub design was preferred (please refer to Johnson (2012)

for detailed descriptions of a teetering rotor hub). A rectangular, non-tapered blade with zero twist was

used in the investigation, further details of the rotor specifications are provided in Table 1. In addition, a
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photo-micro sensor was installed on the rotor shaft to enable phase locked data measurement. The closed

circuit wind tunnel was powered by a three-phase 600 hp induction motor controlled by a water cooled

eddy current clutch. The freestream longitudinal turbulence intensity at the entrance of the test section

of the wind tunnel is 0.3 %, measured at a freestream velocity of 33.53 m/s. The turbulence intensity

reported here was computed from velocity fluctuation measurement conditioned with a 3 Hz high pass

filter and 2.5 kHz low pass filter.

Description Value

Rotor blade airfoil section NACA0013
Blade span 0.622 m
Blade chord 0.178 m
Blade aspect ratio 3.49
Disc radius 0.889 m
Solidity 0.0895
Height 1.575 m
Precone 1.6◦

Maximum collective 10◦

Maximum cyclic 6.5◦

Maximum TPP tilt 16◦

Motor power 3.73 kW

Table 1 High advance ratio facility rotor specifications

Given the objectives and motivation of capturing and studying the stall vortex on the retreating rotor

blade, a rotor rotation rate of 200 RPM (Ω = 20.94 rad/s, UT = 18.62 m/s) and a free stream velocity

of U∞ = 6.1 m/s were chosen. The operating advance ratio was µ = U∞

ΩR = 0.33, which is sufficient

to induce dynamic stall as demonstrated by DiOttavio et al (2008) using flow visualization. By trial

and error DiOttavio determined the collective and cyclic pitch needed to induce dynamic stall on the

retreating blade at ψ = 270◦ (see Fig. 1(b) for definition of ψ). A collective pitch of 10◦ and a cyclic

of −5◦ were used to create a 15◦ pitch on the retreating blade at ψ = 270◦. However, due to flapping

of the blade, the effective angle of attack observed on the retreating blade at ψ = 270◦ was 16.8◦. The

chordwise velocity measurements were made at eleven locations in the range 0.514≤ r/R≤ 0.971 with

spatial resolution increasing towards the tip, as shown in Fig. 1(c). Each measurement radial location is

listed in Table 2 with its associated reduced frequency (k = Ωc
2Ue

) and Reynolds number based on chord

length (Re = Uec
ν

), where Ue|ψ=270◦ =UT
r
R −U∞.

2.2 PIV instrumentation

PIV was used to measure the velocity fields over the retreating rotor blade at ψ = 270◦. The illumination

was provided by a double-cavity Nd:YAG laser with a pulse energy of 200 mJ. The resulting beam
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(a) View of the experimental setup from downstream of the wind tunnel test section

(b) Top view of the rotor setup illustrating the azimuthal angles (c) PIV interrogation windows over the radius of the blade

Fig. 1 High advance ratio facility - configured for chordwise flow experiments

diameter was about 2 mm with a pulse width of 5ns. A laser arm (a covered beam path) was used to

deliver the laser beam to the measurement plane. Sheet optics were used at the end of the laser arm to

generate a light sheet of 2 mm thickness. The flow was continuously seeded with approximately 10µm

droplets generated by a Laskin-nozzle type indigenous aerosol generator.
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r/R Ue (m/s) k Re

0.514 3.48 0.54 39,455
0.571 4.54 0.41 51,533
0.686 6.67 0.28 75,689
0.743 7.73 0.24 87,767
0.800 8.80 0.21 99,845
0.829 9.33 0.20 105,884
0.857 9.86 0.19 111,923
0.886 10.39 0.18 117,962
0.914 10.92 0.17 124,001
0.943 11.46 0.16 130,040
0.971 11.99 0.16 136,079

Table 2 Radial locations where PIV measurements were made at ψ = 270◦

McAlister et al (1982) showed that fifty cycles yielded converged statistics in the case of force mea-

surements during dynamic stall. Here, a series of 100 image pairs were acquired at each measurement

plane using PRO-X 2M camera which has a 1600×1200 pixel resolution and a pixel size of 7.4×7.4µm2.

The particle size in the camera image ranged from 1.47 pixels to 2.52 pixels. The focal length of the lens

system was 50 mm and the aperture on the camera was set at f/4. In order to improve the signal to noise

ratio of the PIV data, the blade was coated with Rhodamine paint and a bandpass filter (532nm ±10nm)

was used on the camera to minimize laser reflections from the upper surface of the blade. In addition,

the unavoidable laser reflections were masked during the velocity vector computations.

DaVis 7.2 software provided by LaVision was used to process the PIV data, the velocities were

calculated from the spatial cross-correlation of the images. An interrogation window overlap of 50%

and a second interrogation pass with a reduced window size was used to increase the signal-to-noise

ratio of the correlation peak. The first pass utilized an interrogation window of 64×64 pixels while

32×32 pixel window was used on the second pass. This yielded a velocity vector resolution of 1.8mm–

2.1 mm∼ 0.01c–0.012c. Post-processing of the vector images consisted of an applied vector range and a

median filter. As erroneous vectors appeared at the edges of the camera viewing window, these processes

greatly reduced this noise.

2.3 Accuracy estimates

The uncertainty in flow conditions resulted in a Reynolds number uncertainty of± 468. The uncertainty

in collective pitch and cyclic pitch angle settings, which were measured using a digital protractor, is

±0.05◦. The error in measurement of the angle of the tip path plane arises mainly due to the pixel size

in image processing, and the uncertainty is 0.035◦. The uncertainty in phase locking also estimated by

image processing was ±0.05◦.
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The uncertainty in velocity measurements is computed using methods described in Raffel et al (1998,

2004). Bias error was determined by plotting the probability density histograms of the instantaneous ve-

locity data. With a resolution of 0.005 m/s the histograms did not reveal any peak-locking or any other

experimental artifact. The lag error was estimated by considering the relaxation time of the seed parti-

cles (10µm) to changes in velocity. The characteristic time was defined as the time available for seed

particle to respond to rapid changes in the flow, which was determined from the vorticity contours. A

comparison showed that the characteristic time was 5–10 times greater than the relaxation time, indicat-

ing that the particle lag error was insignificant. Random error was computed by using Eq. 1, where σe

is the random error, dp is the particle image diameter and cc is an empirical constant that usually lies

between 0.05 and 0.10.

σe = cc×dp (1)

Thus for this experiment the random error ranged from 0.074 pixels in the best case (0.05×1.47 pixels)

to 0.252 in the worst case (0.10×2.52 pixels).

The total measurement error, εm, was quantified with Eq. 2 from Raffel et al (2004), where Wp is

the maximum out-of plane component of flow velocity, Up is the maximum in plane component of flow

velocity, Zs is the light sheet thickness, M is the magnification, and σi is the random measurement error

in the image plane.

εm ≤
Wp

Up
× 3

ZsM
×σi (2)

Wp was measured in the radial plane and was found to be 3.5 m/s, Up was measured to be 10.2 m/s, Zs

was maintained around 2 mm, M of the camera was 1
16 . σi amounted to 7.4×10−6×σe ranging between

5.5×10−7 and 1.9×10−6.

Using these relations the total measurement error εm was estimated between 0.45% and 1.56%. This

amounted to an absolute error of 0.046 m/s and 0.160 m/s based on Up. Uncertainties in the velocity

measurements are summarized in Table 3.

Type Error

Random Error 0.074–0.252 pixels
Bias Error 0.005 m/s
Lag Error Insignificant
Total Measurement Error 0.45%–1.56%

Table 3 Summary of uncertainty estimates
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3 Results and discussions

3.1 Phase-averaged analysis

The following analysis of the flow is performed assuming the existence of a dominant phase locked

average flow field. In all of the PIV vector fields presented in this work, the axes of the camera images

are fixed in the wind tunnel coordinate system and have not been corrected for the pitch angle of the

blade. However, the origin (0,0) is the location of the leading edge in all of the vector fields. All of the

dimensions are normalized by chord length, where x/c = 0 is the leading edge and x/c = -1 is the trailing

edge of the blade. As mentioned earlier the experiments were performed only at ψ = 270◦ because this

azimuthal angle enables the decoupling of the effect of yaw induced span-wise flow from the centrifugal

forces induced span-wise (radial) flow. Hence, a systematic study on the effect of “pure” radial flow (due

to centrifugal forces) on the DS event can be conducted. Again, the main aim of these experiments was

to capture the dynamic stall vortex, study it’s variation across the span and it’s cycle-to-cycle variations

at ψ = 270◦.

3.1.1 Identification of the vortex

The phase-averaged velocity field shows evidence of a large coherent vortical structure only at inboard

locations 0.514 ≤ r/R ≤ 0.743 at ψ = 270◦. In order to observe the vortical structure the free stream

velocity (U∞ = 6.1 m/s) had to be subtracted from the phase-averaged velocity field. This can be ob-

served very clearly from the velocity field measured at ψ = 270◦ and r/R = 0.514 and 0.743 depicted

in Fig. 2. On moving outboard (r/R > 0.8) the phase-averaged velocity field showed no indication of

a vortical structure due to the strong tip vortex effect. Figure 2c illustrates the velocity field at r/R =

0.971 where the effect of the tip vortex on the flow field can be clearly observed with all the velocity

vectors predominantly having a downward flow component. In addition, the vorticity in the background

is non-existent indicating a predominantly attached flow.

In order to effectively characterize the vortical structure a vortex detection technique via metrics

such as Γ1 (also called Normalized Angular Momentum (NAM)) proposed by Graftieaux et al (2001)

was used. Γ1 is defined as:

Γ1(P) =
1
N ∑

S

(PM∧UM) · z
‖PM‖ · ‖UM‖

(3)

where N is the number of points in the two-dimensional neighborhood of S of any given point P in the

measurement plane. M lies in S and z is the unit vector normal to the measurement plane. The parameter

N plays the role of a spatial filter, but affects the location of maximum Γ1 weakly.
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Fig. 2 Velocity field overlaid on iso-vorticity contours at three different radial locations: a) r/R = 0.514, b) r/R = 0.743, and c) r/R = 0.971

Gradient based vortex detection techniques (see Cucitore et al (1999) for a comprehensive review)

are typically susceptible to experimental noise. However, the scalar function Γ1 (unlike Q, λ2, ω , etc.)

does not require the evaluation of gradients and is hence less susceptible to experimental noise. The non-

dimensional scalar function (|Γ1| ≤ 1) is capable of characterizing the location of the center of large-scale

vortical structures by considering only the topology of the velocity field. It is specifically designed to

identify a large scale vortex superposed on a small-scale turbulent velocity field. Although this definition
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of Γ1 is not Galilean invariant, it provides a simple and robust way to identify the locations of centers of

vortical structures.

A value of N = 2 yielded appropriate results with sufficient detail to discern the vortex. The vortex can

be clearly observed in the normalized angular momentum of the phase-averaged velocity fields shown in

Fig. 3. On moving outboard the location of the center of the vortex is moving towards the trailing edge,

confirming the observations from the velocity fields. At slightly further outboard locations (not shown

here) there is no evidence of the vortical structure. This indicates a strong dependence of the DS event

on the azimuth angle of the blade. At far outboard locations (close to the tip of the blade) the significant

effect of the tip vortex (see Fig. 2) greatly modifies the chordwise flow, suppressing the vortical structure.

3.1.2 Classification of the vortex as the DSV

The coherent vortical structure identified in the flow field could simply be a regular stall vortex occurring

on the retreating blade. Hence, in order to classify the vortical structure as the DSV, circulation of the

structure (ΓV ) on the upper surface of the blade was computed. If it is the DSV, it should contain a

circulation that is of the order of the circulation equivalent of the lift overshoot (dynamic lift) measured

on unsteady airfoils/wings. Figure 4 illustrates dynamic lift component during DS which is primarily

due to the circulation of the vortex on the upper surface of the blade. It follows that the sum of the

expected bound circulation on the blade section (Γa) and circulation of the vortex (ΓV ) is proportional

to the total lift on that blade section. And hence the ratio of ΓV to the total circulation around the blade

section will indicate the extent of the dynamic nature of the DS event.

The bound circulation expected under non dynamic stall conditions on the blade section (Γa) was

computed using the maximum steady state CL of the blade using the following expression:

Γa =
1
2

cU∞CL (4)

where, c is the chord length, U∞ the freestream velocity and the maximum CL was determined to be

0.9 by measuring the lift curve of the blade in steady state at Re = 1.7× 105 (please refer to Raghav

et al (2014) for details of the lift curve measurement). The authors recognize the fact that the Reynolds

number of the steady state CL measurement used for computation of the bound circulation does not

match with the Reynolds number range of the rotating blade in these experiments. However, the main

goal here is to estimate the expected lift overshoot to demonstrate the occurrence of dynamic stall. For

these purposes, a maximum steady state CL at a similar low Reynolds number regime is sufficient.

The circulation around a velocity field is defined as the amount of vorticity flux in it. The circulation

around the vortical structure was computed by evaluating Stokes theorem numerically:
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Fig. 3 NAM field at three radial locations a) r/R = 0.514, b) r/R = 0.686, and c) r/R = 0.743

ΓV =
∫∫

S
ω ·dS = ∑

S
ω dxdy (5)

where ω is vorticity and S is a closed surface chosen such that it surrounded the vortical structure

observed from the NAM plots.

The circulation around the vortex increased on moving outboard, which can be explained by the

fact that the effective velocity increases on moving outboard on the rotating blade. Table 4 summarizes

the computed values of Γa and ΓV at several radial locations. The percentage of lift contribution arising
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Fig. 4 Illustration of static and dynamic components of lift on a unsteady airfoil/wing

from the vortex was determined to be between 57.5% and 48.3%. Given the high reduced frequency

conditions (see Table 2) and a finite low aspect ratio blade, this level of overshoot is expected as observed

by McCroskey et al (1976); Carta (1985). The overshoot decreases upon moving outboard indicating a

decrease in dynamic lift, which indicates the weakening of the DS event.

r/R Γa (m2/s) ΓV (m2/s) ΓV
Γa+ΓV

0.514 0.28 0.38 57.5%
0.571 0.36 0.43 54.4%
0.686 0.53 0.51 49.0%
0.743 0.62 0.58 48.3%
0.800 0.70 0.36 33.9%

Table 4 Circulation comparison at various radial location

3.1.3 Characteristics of the DSV

In two-dimensional studies, the DSV has been observed to form and uniformly arch away from the airfoil

surface (see McCroskey et al (1976); Carr et al (1977); Mulleners and Raffel (2012)). However, due to

the effect of rotation in this investigation the DSV was observed to be “pinned” to the surface at all radial

locations. In addition, the DSV observed on the rotating blade was noticeably stretched along the chord.

These observations are in slight contrast to Mulleners et al (2012) who found that the DSV was flatter

only at outboard location (r/R = 0.6) than at midspan. However, their measurements also suggest that

the DSV is in close proximity to the blade in contrast to two-dimensional DSV. The core of the vortex
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was observed to have a strong radial flow component as per observations in prior phase-averaged radial

flow analysis by Raghav and Komerath (2013a). The strong radial flow that exists on the surface of the

blade is expected to sweep the DSV outward and restrain the DSV close to the blade surface.

The location of the DSV was determined by computing the coordinates of the maximum NAM at

radial locations 0.514 ≤ r/R ≤ 0.8. Figure 5 illustrates the variation of the non-dimensional chordwise

location of the DSV varying with radial location. The chordwise location x/c = 0 corresponds to leading

edge and x/c = -1 corresponds to trailing edge. There was a global shift of the location of the DSV

towards the trailing edge on moving outboard which mimics the trend of the separation line observed

by Raghav and Komerath (2013a) . Between r/R = 0.5 and 0.6 the location of the DSV did not change

significantly, which agrees with the limited observations by Mulleners et al (2012) at r/R = 0.5 and

0.6. They attributed the span-wise invariance to stabilization due to radial forcing. However, the results

in our investigation indicate that the chordwise location of the DSV displays a random behavior for

r/R ≥ 0.686, albeit a global shift towards the trailing edge. In other words there is an instance of the

location of the DSV at r/R = 0.743 which does not fit the trend of the monotonous shift of the DSV

towards the trailing edge. On moving further outboard (r/R > 0.8) there is no evidence of the vortical

structure.

Fig. 5 Span-wise variation of chordwise location

This span-wise variation of the vortical structure can be justified with the following reasons: a) Dy-

namic stall on a rotating blade is a three-dimensional event - and the exact timing of the DSV will vary as

a function of both radial location and azimuth, b) The dynamic stall event also depends on the Reynolds
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number and reduced frequency of the blade section. While the Reynolds number increases, the reduced

frequency of the blade section decreases on moving outboard on the blade, this span-wise variation will

also affect the DS event, and c) At most outboard locations the effect of the tip vortex is significant and

it interacts with the flow over the upper surface of the blade suppressing the vortex.

3.2 Instantaneous velocity field analysis

The analysis of instantaneous velocity fields will provide further insight into the DS event. Due to the

rotating environment, the phase of the DS event varies simultaneously with azimuthal angle and radial

location. Hence observations at a particular azimuth and radial location is localized to that section and

cannot be extrapolated. However, observations at various radial locations at one azimuthal angle could

be used to derive conclusions on the span-wise variation at other azimuthal angles.

In order to quantify the cycle-to-cycle (CTC) variations of the DSV, the variations induced on the

flow field due to other artifacts in the experiment had to be quantified. The phase locking error was

quantified and as mentioned earlier the error in position of the blade is approximately ±0.05◦. Next, the

CTC variations in the far field were investigated by computing the standard deviation of the velocity

measured at ψ = 270◦ when the blade was located at ψ = 240◦. The standard deviation was of the order

of 0.2–0.32 m/s (3.2%–5.2% based on U∞) which indicated an insignificant amount of CTC variation

in the flow field conditions. Next the variation of the tip vortex effect from one cycle to another was

quantified, again by computing the standard deviation of the tip vortex induced velocities at r/R = 0.971.

The fluctuations were determined be of the order of 0.27–0.62 m/s (4.4%–10.2% based on U∞), again

this indicates a low level of tip vortex induced CTC variation. This analysis suggests the far field has

very low cycle-to-cycle variations. The above analysis was performed to isolate the CTC variations

observed over the surface of the blade from other artifacts of the experiment. Having isolated the other

CTC variations, the measured variations should be only due to the dynamic nature of the DS event rather

than due to external factors.

Earlier it was discussed that the analysis of the phase-averaged velocity fields indicated a coherent

DSV. However, the instantaneous velocity fields paint a different picture. The investigation of the instan-

taneous flow fields at ψ = 270◦ and r/R = 0.514 and 0.686 indicate that the measured/observed coherent

structure is a spatially diffused version of an instantaneous rolled up shear layer. At r/R = 0.514 the

shear layer roll up breaks up into secondary vortices due to an instability. Following the nature of the

instability, the secondary vortices were observed to be completely random in spatial location. A typical

instantaneous shear layer roll up with a shear layer instability causing the secondary vortices over the

rotating blade in dynamic stall conditions is shown in Fig. 6a. However, on moving outboard to r/R =
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0.686 the instantaneous velocity fields showed evidence of a single prominent vortical structure as seen

in Fig. 6b. As stated earlier, this variation implies that the timing of the DS event varies across the span

of the blade. Similar behavior of the shear layer during two-dimensional DS event has been observed

at Re = 920,000 at different time instants of the airfoil upstroke (see Fig. 7 adopted from Mulleners

and Raffel (2012)). Mulleners’s observation clearly indicates that the measurements in our experiments

cannot be an artifact of the lower Reynolds number regime.

Fig. 6 Zoomed in view of the instantaneous velocity field at a) r/R = 0.514 showing a shear layer with secondary vortices, and b) r/R = 0.686
showing a prominent vortex being shed

To quantify the CTC variations of the strength of the vortex, circulation around a fixed contour was

computed for each instantaneous velocity field at r/R = 0.514 and 0.686. The contour was chosen such

that it covered the rolled-up shear layer near the leading edge in every instantaneous velocity field.

The average of the circulation computed around the vortex on 100 instantaneous velocity fields was

determined to be 0.513 m2/s with a standard deviation of 0.078 m2/s at r/R = 0.514 and 0.739 m2/s with

a standard deviation of 0.126 m2/s at r/R = 0.686. The low value of standard deviation (15%-17% of the

mean) suggests that the strength of the vortex is stable from cycle-to-cycle to a certain degree. However,

the average circulation obtained from instantaenous velocity fields was substantially higher (34.2%-

44.9%) than the circulation of the vortex obtained from the phase-averaged velocity plots. The first

implication is that the lift overshoot during the instantaneous DS event is higher than the overshoot

obtained from the phase-averaged data. The second implication is that the location of the vortex is not
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Fig. 7 Shear layer instability of the DSV on a 2D oscillating airfoil at Re = 920,000 from Mulleners and Raffel (2012)

stabilized and hence the vortex appears spatially diffused in the phase-averaged analysis. The fact that

the spatial location of the vortex is erratic was also confirmed by computing the standard deviation from

the phase-averaged data which was at around 32% of the mean value for r/R = 0.514. In summary,

although the radial flow is stabilizing the strength of the vortex to a certain degree, the spatial location of

the vortex from cycle-to-cycle is not stabilized. Hence, the consequences are twofold: a) If the strength

of the vortex is relatively stable, the lift overshoot from cycle-to-cycle should also be stable and hence

easier to predict. b) However, the erratic spatial location of the vortex implies that the associated pitching

moment excursion is not stable and presumably harder to predict.

4 Conclusions

The characteristics of the unsteady flow field over a retreating rotor blade of low aspect ratio in dynamic

stall conditions was investigated using PIV in a low speed wind tunnel. The findings of this investigation

are summarized as follows:

1. A large-scale coherent vortical structure was detected in the phase averaged velocity field on the

retreating rotor blade at ψ = 270◦ using normalized angular momentum computations of the flow

field.

2. The coherent vortex was classified as the DSV by virtue of the circulation of the vortex which is

proportional to the lift overshoot during the DS event. The lift overshoot decreased upon moving

outboard, indicating the weakening of the dynamic nature of the DS event.
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3. The phase-averaged DS event was determined to have a strong dependence on radial location with

the DSV being observed only at inboard locations r/R≤ 0.8.

4. The phase-averaged analysis of the DSV on the rotating blade indicated that it was pinned to the

surface of the blade and elongated along the chord of the blade at all locations where the vortex was

observed. This result is in contrast to two-dimensional observations, where the DSV arches away

from the surface of the blade.

5. The instantaneous velocity fields painted a different picture from the phase-averaged velocity fields.

The coherent DSV observed in phase-averaged velocity plots were found to be a weaker and spatially

diffused version of the instantaneous shear layer roll up.

6. A clear dependence of the DS event on the radial location was observed in several instantaneous

velocity fields. At r/R = 0.514 the rolled up shear layer broke up into secondary vortices while at r/R

= 0.686 the instantaneous shear layer rolled up into a prominent vortical structure.

7. The radial flow appears to relatively stabilize the strength of the vortex from cycle-to-cycle but the

vortex location is not stabilized causing the vortex to be spatially diffused and weaker in the phase-

averaged analysis.

8. The main consequences of the above conclusion are that the relative stability in the strength of the

vortex makes it easy to predict the cycle-to-cycle variations in the lift overshoot. However, the erratic

spatial location of the vortex implies that the associated pitching moment will not be stable from

cycle-to-cycle and would be harder to predict.
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