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Report Title
RADIAL FLOW EFFECTS ON A RETREATING ROTOR BLADE

ABSTRACT

This work studies the effects of radial flow on the aerodynamic phenomena occurring on a retreating blade with a
focus on dynamic stall and reverse flow as applied to a helicopter rotor in forward flight and a wind turbine operating
at a yaw angle. While great progress has been made in understanding the phenomenon of two-dimensional dynamic
stall, the effect of rotation on the dynamic stall event is not well understood. Experiments were conducted on a rigid
two bladed teetering rotor at high advance ratios in a low speed wind tunnel. Particle image velocimetry (PIV)
measurements were used to quantify the flow field at several azimuthal angles on the rotating blade during the
dynamic stall event. The effect of predominant centrifugal forces induced radial velocity on the dynamic stall event
was studied in detail. Further investigation of the radial flow field suggested that the mean radial velocity attenuated
on moving outboard due to an apparent shear layer instability and it was demonstrated to be of first order importance
in the flow field. These radial flow results prompted an exploration of the flow over a rotating disk to establish
similarities of the radial flow over rotating blade in separated flow to that over a rotating disk in separated flow.
While a greater part of this work focused on aspects of dynamic stall on the retreating blade, the final parts focus on
the exotic flow regime of reverse flow (characterized by flow from the trailing edge to the leading edge of the blade).
Aerodynamic loads measurement and surface flow visualization via tufts are used to first quantify the behavior of a
static yawed blade in reverse flow. PIV measurements are then used on a static yawed blade and a rotating blade in
reverse flow conditions to ascertain the effects of rotation on reverse flow.
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SUMMARY

Dynamic stall and reverse flow occurring on the retreating rotor blades of a helicopter
rotor or a horizontal axis wind turbine operating at a yaw angle is a primary limitation on the
performance of the associated vehicle or structure. Hitherto most of the studies have been
conducted on two-dimensional airfoils and three-dimensional wings, which do not represent
the reality of rotating blades which are subject to the coupled effects of reactive centrifugal
and Coriolis forces unique to the rotating environment. These forces are expected to drive
a strong radial flow, which in turn is expected to affect the aerodynamic phenomena on the
retreating blade. However, the effect of centrifugal force induced span-wise flow (radial flow)
on the aerodynamic phenomena on a retreating blade is not well understood and remains
elusive.

The focus of this thesis is to investigate the effects of radial flow on a retreating rotor
blade at different operating conditions. Dynamic stall and reverse flow are two separate
aerodynamic phenomenon investigated in this work. Experiments are conducted on a rigid
teetering two bladed rotor at high advance ratio in a low speed wind tunnel. Particle Image
Velocimetry (PIV) measurements are used to quantify the flow field on the rotating blade.
The velocity fields of the dynamic stall event from initiation of separation (¢ = 220°) to
reattachment (i) = 320°) is investigated. In particular the flow field at the yaw angle of
1 = 270° is investigated in detail to understand the effect of “pure” radial flow induced only
due to centrifugal forces. The results indicate that the radial flow causes the phase-averaged
dynamic stall vortex to be pinned to the surface. In addition, cycle-to-cycle variations in
the dynamic stall event over the rotating blade cause the phase-averaged vortex to appear
spatially diffused.

The above results prompted the investigation of the radial velocity field during the
dynamic stall event. Again, the 1) = 270° was chosen, because this position allows for the

decoupling of the radial flow due to yaw and radial flow due to centrifugal forces. Contrary
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to the expected increase in mean radial velocity on moving outboard on the rotating blade,
the measurements suggested that the mean radial velocity attenuated on moving outboard.
Further investigations elucidated that an apparent shear layer instability was the physical
mechanism of the attenuation of the mean radial velocity on moving outboard. In addition,
quantitative comparisons indicated that the instability and associated co-rotating vortical
structures were of first order importance in the radial velocity field. Hence these features
must have a significant effect on the evolution of lift and pitching moment during dynamic
stall.

Since the radial flow was shown to be of first order importance on a rotating blade
undergoing dynamic stall. A quasi-analytical way to predict these co-rotating structures
would be useful in understanding the role of these structures in a separated flow field. I
hypothesized that if structures similar to those observed on the rotor could be found over a
fundamental flow field such as over a rotating disk, that would open the way to link the rotor
blade phenomena to quasi-analytical solutions and hence derive fundamental relationships.
PIV measurements over a rotating disk in separated uniform stream showed the existence
of co-rotating vortical structures. The co-rotating vortical structures were shown to occur
at the upper edge of the radial velocity profile emanating from the inflection point of the
profile. This suggests that this shear layer instability of the radial flow is a fundamental
behavior of the flow generated due to centrifugal forces and should apply to radial flow on
rotating blades. This investigation concludes the first part of the thesis which was focused
studying the effect of radial flow on dynamic stall over a retreating blade.

The second part of the thesis focuses on the reverse flow on a retreating rotor blade.
Aerodynamic load measurements, surface flow visualization via tufts and PIV is used to
understand the effect of radial flow on reverse flow over a retreating rotor blade. The
main hypothesis being tested here is the existence of vortex-induced lift on a yawed blade
in reverse flow. Initially, experiments were conducted on a static blade to decouple the
effects of rotation induced phenomena from yaw induced phenomena. Aerodynamic load
measurements over a yawed static blade indicated that the lift-curve slope in reverse flow

was significant. Surface flow visualization via tufts indicated the existence of a vortex
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over the yawed static blade. Next, PIV measurements were gathered over the rotating
blade to check for the existence of the vortex on the rotating blade between 240° < ¢ <
270°. The measurements clearly indicated the effect of radial flow which was to delay

separation (formation of the vortex) to a higher angle of attack.
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Nomenclature

Variables

a  Angle of attack of static yawed blade deg
o, Angle of attack of rotor setup deg
a  Angle of attack of wind turbine deg
0B, Blade pitch of rotor setup deg
8w Blade pitch of wind turbine deg

n  Non dimensional height above the surface

' Circulation m?/s
v Wind turbine yaw angle deg
I'y Normalized angular momentum

e Advance ratio of rotor

g Advance ratio of disk

w  Vorticity 1/s
¢, Induced angle of attack on rotor setup deg
¢w Induced angle of attack on wind turbine deg
¥ Azimuthal angle deg
1 Azimuthal location deg

o Random error

0; Random measurement error in the image plane
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Ts  Relaxation time for seed particles

Cp Coefficient of drag

Cr, Coefficient of lift

Cs Coefficient of moment

d, Particle image diameter

k  Reduced frequency

r  Radial location

Re Reynolds number

u,v,w Velocity component in x, y, z directions respectively
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W, Maximum out-of-plane component of the flow velocity

x  Chordwise location

y  Spanwise location



z

Zs

Axial location

Light sheet thickness

Cr, Lift curve slope

M  Magnification of the images in PIV
Constants

i Absolute viscosity of air

v Kinematic viscosity of air
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CHAPTER I
INTRODUCTION

The main rotor of a conventional helicopter is the primary source of propulsion, lift and
control of the helicopter. The aerodynamics of the main rotor of a conventional helicopter
in forward flight is intricate and it is well described by Figure 1 adopted from Bowles [9]

and modifications adapted from Conlisk [24].
Tip vortex
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Interactions

Hub wake

Figure 1: Various aerodynamic phenomena on a helicopter rotor in forward flight adopted
from Bowles [9]

The focus of this thesis is on the retreating part of the rotating blades in forward

flight. The retreating rotor blades experience two distinct aerodynamic regimes based on



the (advance ratio (1) where advance ratio is defined as the ratio of forward flight speed
to the rotation tip speed of the rotor). a) For 0.25 < u, < 0.5 the retreating rotor blade
experiences dynamic stall, which is well known to be a primary limitation of the performance
and handling qualities of a helicopter. b) For u, > 0.5 the retreating rotor blade experiences
significant reverse flow, where the effective freestream is directed from the trailing edge to
the leading edge of the blade. Both these phenomena have been reported to occur on rotor
blades of HAWT in yaw as well. This work investigates the radial flow effects on rotating
blades with an emphasis on rotorcraft operations, which include: a) Helicopters at high
forward flight velocity (high advance ratio). b) Helicopters under rapid maneuvering flight
or in high-altitude flight. ¢) HAWT operating in yaw. Due to the spectrum of relevance
fulfilling the objectives of this thesis would be a significant contribution to the rotorcraft
community. The following sections briefly introduce each flow regime and its significance

in limiting the operating conditions of rotorcraft.
1.1 Dynamic Stall

Dynamic stall manifests itself on wings experiencing high rates of unsteady pitching or
plunging motion, causing angle of attack to reach significantly beyond the static stall angle.
This results in the dynamic delay of stall, followed by a large drop in lift and excursions in
pitching moment. When angle of attack drops down again, flow reattachment is delayed in a
hysteresis loop. This phenomenon is predominantly seen on helicopter rotor blades, rapidly
maneuvering fixed-wing aircraft, wind turbines blades, compressors, as well as birds, marine
life and even insect wings. In some cases such as helicopters, wind turbines and compres-
sors, dynamic stall becomes the primary limiting factor in the performance of the associated
vehicle or structure. On the other hand, birds and insects use this phenomenon to extract
higher lift and hence it is of great interest in biomimetic propulsion. Extensive experimen-
tal, computation and analytical work has focused over five decades on understanding and
predicting dynamic stall.

The three main characteristics of dynamic stall include: a) A delay in stall with angle

of attack exceeding the static stall limit. This is followed by shedding of a strong vortical



structure - the dynamic stall vortex (DSV) from the leading edge also referred to as the
leading edge vortex (LEV) in the biomimetic propulsion literature. b) Convection of the
DSV aft over the chord causing a non-linear pressure field, accompanied by large excursions
in air loads. c¢) Delay of flow reattachment, resulting in substantial hysteresis. To better
understand the complete process of dynamic stall Figure 2 adopted from Carr [13] is repro-
duced here. It depicts the development of the coefficients of normal force, pitching moment
and the corresponding flow behavior for varying angles of attack. The study was conducted
on a NACA 0012 airfoil oscillating in pitch, but the stall development is typical of virtually
all airfoils experiencing fully developed dynamic stall.

As described in Carr [13] a chronology of dynamic-stall events starts at:

1. Point (a) in 2, where the pitching airfoil exceeds the static stall angle, with no apparent

changes in the flow around the airfoil

2. The first indication of a “disturbance” in the flow appears at point (b), when the flow

reversal is evident and the reversal progresses up to the leading edge.

3. The flow is no longer attached, and a very strong vortex begins near the leading

edge (LEV) as shown by point (e)

4. The vortex then enlarges resulting in an overshoot of lift. The vortex then convects
downstream towards the trailing edge causing variations in pitching moment. This

vortex-shedding process is the most apparent characteristic of dynamic stall.

5. Further, as the blade begins the down stroke motion with a reduction of angle of
attack, the vortex convects into the wake, and a fully separated flow develops on the
airfoil. This is the stage of full separation - the lift stall accompanied by the pitching

moment stall occurs. Thus producing the phenomenon known as dynamic stall.

6. As the angle attack reduces the flow reattaches from the leading edge to the trailing
edge. The reattachment occurs with a hysteresis depending on the oscillation rate of

the airfoil. Eventually, the aerodynamic loads return to the original values.
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Figure 2: Events of dynamic stall on a NACA 0012 airfoil adopted from Carr [13].



Although dynamic stall is known to occur over various quadrants of the rotor blade
based on advance ratio, maneuver type and blade loading [7], it predominantly occurs on
the retreating blade of a helicopter in forward flight as shown in the Figure 3. Dynamic
stall on the retreating blade imposes a limit on the flight envelope of the helicopter. The

limitation primarily arises due to the following reasons:

1. Large excursions in pitching moments leading to abrupt growth in blade torsion.

2. Excessive load transmission to pitch-links, manifesting themselves in the pilot’s stick,

affecting handling qualities of the vehicle.

3. Increased airframe and cabin vibration.

Free Stream

Reverse Flow Compressible Flow

Dynamic Stall

N

Figure 3: Azimuthal extent of dynamic stall at high forward flight velocities.

As mentioned earlier, dynamic stall also occurs on HAWT in yaw. One of the primary



limitations of the operating lifetime of wind turbines is the dynamic loading on the blades
and generators, sometimes far in excess of their design loads [101, 100]. The unsteady loads
produced during dynamic stall can be large enough to cause structural damage. It has been
demonstrated by Veers [107] that a 30% error in prediction of the air loads leads to a 70%
decrease in life expectancy of a HAWT.

Hitherto, the problem of dynamic stall was tackled by aerodynamicists by means of
two-dimensional airfoil experimentation, which has been the key approach to understand-
ing the phenomenon. McCroskey et al. [75] demonstrated that rotating blades of a helicopter
could be simulated as oscillating airfoils/wings in a wind tunnel to conduct dynamic stall
experiments. Although the two-dimensional nature of dynamic stall has been studied exten-
sively (reviewed in Section 2.1), the three-dimensional behavior of the dynamic stall is not
throughly comprehended. Centrifugal effects on the boundary layer are expected to drive a
strong radial flow, but experiments have not provided evidence of the expected magnitude
of these effects. The three dimensional nature of the dynamic stall and the intricacies that
the strong radial acceleration a spinning rotor blade adds to the flow is a current research
issue. The question “what is the role of radial flow on the dynamic stall process and post

dynamic stall lift and pitching moment evolution?” remains unanswered.
1.2 Reverse flow

Reverse flow is characterized by the freestream moving from the trailing edge to the leading
edge of the blade. This exotic aerodynamic regime manifests itself on the retreating part of
rotating blades operating at significantly high advance ratios (ug > 0.5). The behavior of
the retreating blade at such high advance ratios is not clearly understood and is a primary
limitation on the performance of the helicopter [85]. Although today most military and
civil helicopters operate at low flight speeds (0.1 < M < 0.2), recent developments [108]
in high-speed rotorcraft design quite easily exceed advance ratios of 0.5. Concepts such
as slowed rotors for high-speed rotorcraft (for example see [20]) include the possibility of
flying as fast as today’s business jets (equivalent to p, ~ 1) and yet benefiting from vertical

take-off and landing (VTOL) capability. However, as mentioned earlier under high advance



ratio conditions, a significant portion of the rotor experiences flow from the trailing edge to
the leading edge of the rotor blade (referred to as reverse flow as illustrated in Figure 4).
This phenomenon of reverse flow has also been observed to occur on horizontal-axis wind

turbine blades in yaw.

Retreating Side Advancing Side

Figure 4: Extent of reverse-flow region at various advance ratios (fi,)

Although research on reverse flow has been done in the past on airfoils at varying
Reynolds number (see section 57 for a review), this particular significant relevance to high
speed rotorcraft is a relatively nascent research area. Only recently experiments have been
conducted on a slowed rotor, which suggest spikes in pitch link loads in the reverse flow
regime. Again, the effect of radial flow unique to the rotating environment is crucial to

understand this exotic flow regime.



1.3 Motivation and objectives

Both dynamic stall and reverse flow occurring on retreating rotor blades or on HAWT
blades in yaw act as limiters of the performance of the associated vehicle/structure. As
mentioned earlier dynamic stall over a rotor blade affects the performance in regards to
power requirements, vibrations, handling qualities and structural fatigue. Flow field level
insights of this phenomenon will help in improving predictions of loads associated with the
event to improve helicopter speed and high-altitude performance, as well as the life and
performance of large wind turbines. Similarly, the understanding of the flow field level
details of the reverse flow aerodynamics of a rotating blade will help in designing efficient
rotors for specific high advance ratio flight regimes and prediction of structural loads on
yawed HAWT configurations.

These issues can be addressed with the knowledge of events behind the separation line
on a rotor blade in dynamic stall. Here the radial acceleration and velocity field pose
large unknowns in predicting rotor blade aerodynamics. Understanding the complete flow
field would help in alleviating or at the least controlling the adverse effects of dynamic stall.
Active flow control concepts could be used to achieve success with controlling dynamic stall,
contributing to development of the field of high speed rotorcraft. Similarly, the knowledge
of the effect of radial flow on reverse flow on rotating blades would help in ascertaining the
expected aerodynamic loads in this exotic flow regime.

The motivation behind this work can be broadly categorized as scientific and engineering
motivation. The scientific motivations are intended to answer fundamental questions in fluid
mechanics, while the engineering motivations are to understand the implications of the fluid

mechanics in the engineering community. The following is a description of each:

1. Scientific motivation Studying the velocity field over a retreating blade leads itself
to several fundamental fluid mechanics questions. This work is intended to provide

answers to the following:

(a) Effect of rotating on the process of flow separation. Although the general ef-

fects of rotation on the initiation of separation are well understood, the effect of



rotation on post separated flow dynamics is not.

(b) The radial velocity and acceleration fields on a retreating blade undergoing stall

is a major unknown.

(¢) The characteristics of the above mentioned radial velocity field are also not well
understood. The radial velocity profile could be susceptible to shear layer insta-

bilities arising due to adverse pressure gradients in the flow field.

2. Engineering motivation The implications of the fluid mechanics in the engineering
community is of primary importance in the this work, especially as applied to the
rotorcraft community. Understanding the effects of radial flow on a retreating blade

helps the rotorcraft community as discussed below

(a) A better understanding of effect of rotation on dynamic stall will help improve
flight speed envelope and maneuverability of helicopters, while at the same time

helping to reduce vibrations and improving handling qualities of the vehicle.

(b) Since dynamic stall also adversely affects HAWT in yaw, a better understanding
of effect of rotating on dynamic stall helps improve the life span of a HAWT and

at the same time help improve performance.

The principal objective of the work is to study the physics of the effects of radial flow on
a retreating rotor blade as applied to the rotorcraft community. Two specific flows related
to the flow over a retreating blade are investigated in this study: A) Dynamic stall and B)

Reverse flow. The detailed set of objectives are provided below.

A Dynamic stall on the retreating blade

(a) Dynamic stall process

i. Characterize the process of separation and reattachment.
ii. Study the strength of the dynamic stall vortex via circulation estimates

iii. Investigate the effect of rotation on the dynamic stall event.

(b) Flow characteristics



i. Determine the separation line on the blade during dynamic stall.

ii. Characterize the radial flow on the rotating blade during dynamic stall
(¢) Rotating disk analogy for radial flow

i. Explore the flow features on a rotating disk in a superimposed separated uni-
form stream.
ii. Study similarities of flow for the two cases of rotating disk and rotating blade

in separated flow.
B Reverse flow on the retreating blade

(a) Static experiments

i. Investigate aerodynamic load characteristics of a static yawed blade in reverse
flow.
ii. Augment prior load measurements with surface flow visualization to uncover

blade surface flow features.
(b) Rotating experiments

i. Investigate the velocity fields on the lower surface of the rotating blade in

reverse flow.

In summary, fulfilling these objectives makes a significant contribution towards the
current understanding of dynamic stall on helicopter and HAWT rotor blades. The flow
field level details of the aerodynamic phenomena on the retreating blade will allow for a
better interpretation of the effects of radial flow on the retreating rotor blade. The size,
strength, and position of the vortex determined from the velocity fields can be used to
deduce the evolution of aerodynamic loads on the retreating blade. The planned three
component (u,v,w) velocity measurements will provide further insights into the behavior of
radial flow on the retreating blade. The radial flow measurements can be used to support
the hypothesis for the significance of radial flow during dynamic stall. The fundamental
investigation of the radial flow over a rotating disk in a superimposed separated uniform

stream will help develop quasi-analytical method to predict flow features on a rotating blade
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in separated flow. Eventually, these results could pave way for flow control techniques to
minimize the effects dynamic stall on the performance of a helicopter as well as a HAWT.
Furthermore, a knowledge of the reverse flow over a retreating rotor blade will help predict
aerodynamic loads to the accuracy needed for design of very high advance ratio helicopter

rotor as well as HAWT in yaw.
1.4 Planned approach

The figure on the next page illustrates a flowchart of the detailed research plan. This
illustration should serve as a road map for this thesis, summarizing the main focal points
in this work with the path taken to reach the conclusions. The blue blocks indicate the
experiments/investigations conducted and the green ovals indicate the questions that are

answered in order to fulfill the objectives of this work.
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1.5 Experimental Facilities

This section describes in detail the experimental facilities used in this investigation, which

includes the low speed wind tunnel and the diagnostic equipment.
1.5.1 Low speed wind tunnel

The experiments were conducted in the John Harper 2.13mx2.74m low speed wind tunnel
at the Georgia Institute of Technology, illustrated in Figure 5. It is a closed circuit tunnel
built in the 1920’s located in the basement of the Guggenheim building. The contraction
ratio between the cross sectional area of the settling chamber to the cross sectional area
of the test section is approximately 4:1. The closed circuit tunnel is powered by a three-
phase 600hp induction motor. The motor is coupled to a fixed pitch single stage fan via a
gearing mechanism with a 8:3 gear ratio. The wind tunnel speed is controlled by a variable
frequency drive which is a closed loop controller with 0.1 % error in RPM setting. The
wind tunnel dynamic pressure (q) was measured using a 10 Torr Baratron, a differential
pressure transducer connected to a pitot-static tube located near the ceiling of the middle

of the test section. Knowing the ambient pressure and temperature, the tunnel speed and

Reynolds number were calculated using the expressions in Table 1.

Figure 5: Drawing of the John Harper wind tunnel at Georgia Institute of Technology
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Table 1: Sample calculation of flow conditions

Property Estimate Value Units
p BT 1.184 kg/m?
1 QI 191x107°  Pa-s
Vo & 15.41 m/s
R. Llosc 1.7 x 10°

C; =1.458 x 1076 and S = 110.4 K are Sutherland’s constants.

The turbulence intensity of the wind tunnel is 0.05% measured at a freestream veloc-
ity of 102.67 ft/s (31.29 m/s). The turbulence intensity reported here is computed using
data gathered after applying a 1 Hz high pass filter and a 2,500 Hz low pass filter to the
velocity fluctuations measured using Constant Temperature Anemometry (CTA). Refer to
section 1.5.5 for details on CTA and Appendix B for details on the turbulence intensity

measurement and computation.
1.5.2 High advance ratio facility

The high advance ratio facility with manually adjustable cyclic and collective pitch was
fabricated to study the flow characteristics of a rotating blade at high advance ratios. It
was installed in the test section of the John Harper low speed wind tunnel described in
the previous section with the motor positioned below the rotor. In order to simplify the
operations a teetering rotor hub design was preferred. A photo-micro sensor (provided by
Omron Electrnics - EE-SX1070) was installed on the shaft of the rotor to enable phase-
locked data measurement. Further detailed specifications of the rotor used in this work
are provided in Table 2. The blade used in the experimental investigations in this work
was a rectangular, non-tapered blade with zero twist. The blade was comprehensively
characterized by measuring the chord length, maximum thickness, location of the maximum
thickness and the surface roughness at several span-wise locations. The length dimensions
were measured using a 2 feet shop vernier caliper with a resolution of 0.01 in. The surface

roughness measurements were gathered using a stylus based device, called the profilometer.
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The measurements were made along the chord and the roughness along the span was not
quantified due to dimensional constraints imposed by the profilometer. Table 3 summarizes
the measurements made along with the average and standard deviation of the measurements.
Although the standard deviation of the chord length, maximum thickness and location of
maximum thickness are minimal, the standard deviation of the surface roughness is around

17.82% which is significantly high.

Table 2: High advance ratio facility rotor specifications

Description Value  Units
Blade mass total 1.747 kg

Blade span 0.622  meter
Blade chord 0.178  meter
Blade aspect ratio 3.49

Disc radius 0.889  meter
Solidity 0.0895
Precone 1.6 Deg
Maximum collective 10 Deg
Maximum cyclic 6.5 Deg
Maximum TPP tilt 16 Deg
Motor 3.73 kW
Height 1.575  meter
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Table 3: Detailed analysis of the blade geometry and surface roughness of the upper surface of the blade

Section  Distance from tip of the Chord length, ¢ (in)  Max thickness (% ¢) Location of max thick- Surface roughness (u in)

Number  blade (in) ness from LE (% c)

1 0.70 6.95 12.81% 24.75% 25.00
2 1.94 6.99 12.88% 25.16% 28.75
3 2.96 7.02 12.75% 25.41% 42.50
4 3.95 7.00 12.79% 25.20% 36.25
5 4.86 7.03 12.79% 25.56% 35.00
6 5.96 7.03 12.79% 25.42% 27.50
7 6.96 7.02 12.82% 25.46% 26.25
8 7.97 7.00 12.86% 25.40% 33.75
9 8.96 7.00 12.79% 25.11% 28.75
10 9.95 6.94 12.90% 24.51% 30.00
11 10.94 6.95 12.89% 24.58% 30.00
12 11.98 6.93 12.91% 24.37% 31.25
13 12.94 6.95 12.88% 24.60% 30.00
14 13.94 6.95 12.88% 24.56% 26.50
15 14.92 7.05 12.77% 25.62% 23.00
16 15.95 6.94 12.97% 24.42% 21.25
17 16.94 7.05 12.77% 25.63% -

18 17.97 7.05 12.77% 25.60% -
AVERAGE 6.99 12.83% 25.08% 29.73

STD DEV (% off AVG) 0.61% 0.5% 1.86% 17.82%




1.5.3 Particle image velocimetry (PIV)

The flow diagnostics were performed on the rotor using PIV. Unless mentioned otherwise,
in most of the experiments a LaVision PIV system was used for the diagnostics. The
equipment used with the LaVision setup included a Litron Nano Nd:YAG PIV laser, an
ImagerIntense CCD camera, and the DaVis imaging software. The laser was double pulsed
and frequency doubled to produce 532nm visible light. The resulting beam diameter was
about 3.5mm with a pulse width of 5ns. The ImagerIntense camera had a 1600(h) x 1200(v)
pixel viewing area. The scan rate of the CCD sensor was 16MHz. The cameras and the
laser unit were synchronized using a programmable timing unit (PTU).

The Figures 1.5.3 and 1.5.3 show the wiring scheme and typical timing used in the
experiments. The data processing was done using the software provided by LaVision, the
DaVis 7.2. Certain data acquisition parameters and processing techniques vary for each

experiment depending on the measurements needed and the flow conditions. Hence the

specifics are detailed in the respective chapters.
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Figure 7: Timing diagram for a PIV experiment.

1.5.4 Aerodynamic loads measurement

Aerodynamic loads on the blade were measured using a 6-DOF ATI Delta load-cell trans-

ducer, capable of measuring three forces I, F},, I, and 3 moments M,, M,, and M. The

load cell is interfaced to the computer via LABVIEW through an ATI signal conditioner as

illustrated in Figure 8. The specifications of the ATI Delta load cell are provided in Table 4.

Table 4: Specifications of the ATI-Delta load cell

Measurement Range Sensitivity
Fy, F, 165N £ N

F, 495N &N
T,.T, 15 Nm &5 Nm
T. 15 Nm &b Nm

In order to keep track of the forces and moments in every coordinate and convert them

back into wind tunnel coordinates a rotation matrix R as shown below was used:
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Figure 8: Force transducer wiring diagram for force and moment measurements taken from
ATT force transducer manual

—cosfcosy) —cospsind —siny
R = stnf —cosf 0 (1)
—coslsiny —sinfsiny  cosy
where 6 is the pitch angle (angle of attack) of the blade and ) is the yaw angle of the blade

as defined in Chapter 6.
1.5.5 Constant temperature anemometry (CTA)

The velocity data required to compute turbulence intensity were gathered using CTA tech-
nique. The IFA-300 system provided by TSI was used to acquire data using a hot-film
sensor (model 1201 from TSI made using a platinum film). The specifications are listed in
Table 5 and the specific probe used is shown in Figure 9.

The wiring scheme used for a typical hotfilm probe for measurements is shown in Fig-
ure 10. Due to certain hardware limitations some modifications were made to the wiring
diagram. For details please refer to the internal hotwire/hotfilm documentation manual

available at the John Harper Wind Tunnel.
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Table 5: Hot film probe specifications

Type Specification

Probe Name TSI Model No. 1201
Sensor Type Single, Platinum Film
Sensor Size 3.2 mm

Maximum Exposure Temperature 60°C
Typical Probe Resistance 5.58(2

Typical Operating Resistance 8.88(2

Model 1201 Disposable Probe

— <— 9.5-10.2 mm (.375-.400) Hot Film

<« 38 mm (1.50) —»‘

3.9 mm (155) Dia. | 4.6 mm (18) Dia.

Figure 9: TSI hotfilm probe used for turbulence measurements (adopted from TSI website)
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CHAPTER II

DYNAMIC STALL - SEPARATION AND REATTACHMENT

2.1 Introduction and prior work

As discussed earlier, dynamic stall (DS) occurs on lifting surfaces experiencing unsteady
motion typically beyond the static stall angle [75, 17]. Dynamic stall is a subset of unsteady
aerodynamics which is of great interest in engineering and has been studied for close to
a century now. The earliest known work in unsteady aerodynamics dates back to 1922
when Katzmayr [57] experimentally demonstrated the effect of periodic changes of angle of
attack on the behavior of airfoils. This was followed by separate theoretical investigations
by Wagner, Theodorsen, Kiissner, von Kérmén, Sears, and Loewy. Leishman [67] reviews

further investigations in unsteady aerodynamics.
2.1.1 Early history of dynamic stall (Prior to 1970)

Kramer [64] in 1932 was the first to demonstrate the enhanced lift associated with highly
unsteady airfoils/wings. Bailey [4] in 1939 captured the first recorded evidence of stall being
observed on the retreating part of the rotor blade. He captured photographs of the stalled
flow over the rotating blades of an autogiro rotor during flight tests. In 1951 Halfman [45]
extended Katzmayr’s idea to represent a helicopter rotor blade as an oscillating airfoil in
both pitch and/or plunge. Halfman was successful in measuring the loads on an oscillating
airfoil confirming Kramer’s observation of enhanced lift. However, it should be noted that
these cited investigations were primarily focused on the aeroelastic problem of rotor stall
flutter.

Following these pioneering studies, Ham [49] demonstrated the vortical nature of the
stalled flow field on a retreating rotor blade using pressure measurements on the airfoil sur-
face. These experiments demonstrated the existence of a strong vortical disturbance on the
upper surface of a rotor blade in forward flight. Further investigations of the phenomenon

allowed Ham to link the occurrence of stall flutter to the phenomenon of dynamic stall [47].
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Following which Ham and Garelick [48] made a strong case for dynamic stall considerations

in helicopter rotor performance and design.
2.1.2 Recent developments (Since 1970) and dynamic stall mechanisms

The early investigations on stall flutter and the eventual realization of dynamic stall phe-
nomenon on helicopter rotors in forward flight was followed by investigations shifting gears
to focus on the fundamental understanding of dynamic stall. McCroskey [75] and Carr [17]
followed in the footsteps of Halfman to conduct experiments on oscillating airfoils to gain
further understanding of the phenomenon of dynamic stall. These investigations primarily
focused on defining a parameter space for dynamic stall attributes on an oscillating air-
foil. McCroskey and Carr evaluated parameters such as amplitude of oscillation, reduced
frequency, Mach number and Reynolds number. While other investigations evaluated the
effect of airfoil geometry [78, 77], effect of pitch axis location [55] and varying forcing con-
ditions [19]. For a thorough review on dynamic stall please refer to Carr [13].

Although dynamic stall has been studied extensively, predicting the precise timing,
extent and hence the phase of a dynamic stall event and reattachment on a rotating blade
remains elusive. Predicting the delayed onset of flow separation and reattachment resulting
from unsteady aerodynamics remains a tough challenge. This is especially true when the
Reynolds number of the blade boundary layer is high enough so that the boundary layer
upstream of separation is turbulent. In this case, studies show that stall initiation is a
localized three dimensional phenomenon, even if the blade itself has zero sweep and taper,
and is not rotating. Hence, researchers were then interested in identifying the physics of
separation delay and onset of dynamic stall. The onset is attributed to several and often
conflicting schools of thought including: a) classic trailing edge separation, b) shock induced
separation, and ¢) bursting of a separation bubble. From the experimental observations
McCroskey proposed one of the schools of thought on the mechanism for dynamic stall onset
called trailing edge separation. Essentially he hypothesized that the separation begins at
the trailing edge and gradually moves towards the leading edge and then transitions into

full stall.
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The investigations cited earlier were primarily performed below Mach numbers of M <
0.3. However, McCroskey’s work [78, 77] clearly demonstrated that compressible Mach
numbers (M > 0.3) were achieved on rapidly pitching airfoils. This was mainly due to
acceleration of the fluid around the leading edge of the airfoil reaching high Mach num-
bers although the onset Mach number was as small as 0.18. This established a strong
need to investigate dynamic stall under compressible flow conditions. Chandrashekara and
Carr [14, 21, 16, 15] made the most significant contributions to the current understanding
of compressible dynamic stall. They proposed a second school of thought on dynamic stall
onset that the timing of the dynamic stall event depends on shock-vortex interaction phe-
nomena in the accelerated flow over the leading edge. However, it should be noted that
although compressible flow modifies the timing of the dynamic stall event, the flow field
downstream of the separation is clearly incompressible. This fact comes into picture during
the design of the experimental setup in this work, where compressibility of the fluid is not
considered in the experiments conducted.

Early theories on the third school of thought on dynamic stall onset mechanism were
proposed by Sears [99] followed by Van Dommelen et al. [105]. The theories predicted
the development of a singularity at the onset of separation, followed by focused, sudden
eruptions of boundary layer fluid into the outer stream, propagating the stall event. Recent
advancements proposed by Haller [46, 104] also suggest that the separation location is
variable in the case of unsteady flow separation. The implication of these theories for
dynamic stall is that the precise timing of such events varies from cycle-to-cycle and in
the spanwise location along the blade in the case of a helicopter in forward flight, even if
the flight condition is nominally steady. In the case of wind turbines, it has been observed
that the dynamic stall vortex initiation strongly depends upon local inflow angle [97]. This
essentially makes the timing of the dynamic stall difficult to predict and control.

The recovery (reattachment) from the process of dynamic stall is delayed in a hysteresis
loop. Just like the onset of separation, reattachment has been shown to be a non repeatable
process with significant differences from cycle-to-cycle. The process of reattachment after

the dynamic stall event has been investigated by Ahmed [3] and Green [41]. Both the studies
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noted that the dynamic reattachment is a continuous process, unlike reattachment during
a steady separated flow. Flow field level details using PIV measurements by Wernert [110]
helped conclude that the extent of non-reproducibility was contingent on the size of the

separated wake and the reduced frequency of the oscillation.
2.1.3 Rotating blade dynamic stall

Hitherto, most of these experimental investigations of dynamic stall have been limited to
two-dimensional flows over oscillating airfoils in wind and water tunnels [75, 17, 78, 13| and
on oscillating finite wings [77, 70, 18]. Computational fluid dynamics (CFD) investigations
have proceeded from inviscid formulations to full Navier-Stokes simulations [60, 103, 65,
80] (see [31] for a thorough review). However, in reality the occurrence of dynamic stall is
influenced by three-dimensional effects that are unique to the rotating environment [95, 79].
Such effects included viscous interactions associated with rotational augmentation, as well
as inviscid ones such as finite wing and local yaw effects. Centrifugal effects are expected
to drive a strong radial flow and the coupled effects of centrifugal and Coriolis forces in the
rotating environment add more complexity to the flow characteristics [96]. McCroskey’s [74]
experimental evidence confirms that the fluid in the stalled region does move outward due
to the centrifugal forces. According to Corten [25] the dynamic stall region of wind turbine
blades also exhibits substantial radial pressure gradients. Radial acceleration appears to
have a strong influence on post-stall lift and pitching moment evolution. Deviations from
two-dimensional behavior of the dynamic stall vortex initiation kinematics on a wind turbine
have been demonstrated by Schreck [97]. These three-dimensional influences include viscous
interactions associated with rotational augmentation, as well as inviscid ones like local sweep
effects. Hence, understanding the nature of the near-surface flow under the influence of these
coupled forces is crucial to predicting dynamic stall, to the accuracy needed for high advance
ratio rotor design as well as wind turbine design.

Investigations of dynamic stall on rotating blades have been sparse mainly due to the

cumbersome nature of performing experiments or numerical simulations. The earliest work
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was to study the effects of rotation on laminar separation over rotating blades. Himmel-
skamp [51] performed experiments showing that rotation postponed stalling to a higher
lift coefficient than that would be expected from two-dimensional case. Later, Banks [5]
developed an analytical model ascertaining the delaying effect of rotation on laminar sep-
aration. However, these pioneering investigations did not include unsteady motion of the
lifting surface and hence this needed further investigation. Ham [49] was one of the first to
measure pressure data over a rotating blade undergoing unsteady motion in retreating blade
stall conditions. McCroskey and Fisher [76] made similar measurements on a rotor blade in
retreating blade stall and concluded that the forces and moments are not predictable after
the blade completely stalls. Soon after this dynamic stall on wind turbines also became a
significant research area, and until recently most rotating blade dynamic stall studies were
conducted on wind turbines. Fraunie [34] was the first one to accomplish velocity measure-
ments to study the characteristics of dynamic stall on a VAWT. Butterfield [11] measured
the performance of a HAWT and compared them to predictions using two-dimensional
blade element theory (note that this was simple two-dimensional airfoil data and not airfoil
data under dynamic stall conditions). He concluded that the delayed stall during rotation
resulted in a significant increase in peak power levels over the predicted levels.

In the late 1990’s and early 2000’s Shreck and Robinson [98, 97| gathered extensive
pressure measurement in field experiments to demonstrate the effect of dynamic stall on the
performance of a HAWT. He observed that the DSV on a HAW'T was highly reminiscent of
those observed on three-dimensional wings (the omega-shaped DSV). He postulated that the
DSV at the midspan location would rise above the surface and convect with the freestream.
However, at inboard and outboard of the midspan, the vortex would remain close to the
surface and shielded from freestream, impeding vortex convection. These disparities he
claimed, “would engender rapid three-dimensional deformation of the DSV”. At around the
same time frame Bousman [7, 8] performed flight tests to gather pressure measurements
on rotating blades of a helicopter during dynamic stall conditions (primarily maneuvers).
The most striking observation in the flight tests was the occurrence of three dynamic stall

events over the whole rotor azimuth, two on the retreating side and one in the advancing
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side. The data suggested that only the initial dynamic stall cycle was first observed inboard
and it then moves out to the tip of the blade and for subsequent stall cycles, the formation

of the DSV occurred simultaneously all over the blade.
2.1.4 Instantaneous velocity fields during dynamic stall

Most of the experimental investigations cited hitherto have primarily involved gathering
pressure distribution data over the surface of the airfoil/wing. In a few investigations
velocity measurements were gathered using constant temperature anemometry and laser
Doppler velocimetry. However, to study the mechanisms involved in such an unsteady flow,
it would be advantageous to gather instantaneous velocity field data. Flow field velocity
data will allow a better interpretations of the kinematics and dynamics of the DSV. This
is where PIV would play a significant role since it is a “global” velocity measurement
technique. Flow field velocity details of dynamic stall on oscillating airfoils/wings has
been accomplished using PIV [90, 38, 83, 82]. However, there are very few experimental
investigations of the flow field veloicty details of dynamic stall on rotating blades.

Flow field details of dynamic stall on rotating blades has been investigated experimen-
tally in the past using PIV by Fujisawa [35, 36] and Ferreira [33, 32]. However, in these
experiments the rotating blades were set up to operate as a VAWT, in which case the effect
of centrifugal forces is unlike that on rotating helicopter rotor blades. In the case of rotat-
ing VAWT blades the centrifugal forces act perpendicular to the blade planform, while in
the case of rotating helicopter and HAWT blades the centrifugal forces act along the span
of the blade. Recently, rotating helicopter rotor blades have been used to experimentally
study flow field details of dynamic stall [30, 81, 94], followed closely by numerical investi-
gations on rotating configurations [93, 44, 37]. DiOttavio et al. and Raghav both studied
the characteristics of the radial flow on a dynamically stalled rotor blade. Mulleners et al.
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.
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2.2 Qutlook and objectives

As discussed in the previous section there are only a few investigations where instantaneous
velocity fields over a rotating blade in dynamic stall have been captured. At Georgia Insti-
tute of Technology, this work started off as an investigation to measure radial velocity over
a rotating blade in dynamic stall and has been continued to study the three-dimensional dy-
namic stall vortex. Hence, the primary objective in this chapter to measure and characterize

the dynamic stall event on a rotating blade. The specific objectives are:

1. Identify the azimuthal angles for dynamic separation and reattachment.
2. Study the development of dynamic stall from the point of separation to reattachment.

3. Characterize the cycle-to-cycle variations in the dynamic stall event.

2.3 FExperimental methods

2.3.1 Experimental setup and flow conditions

The experiments were conducted in the high advance ratio facility (see Figure 11 also refer
to Section 1.5.2 for a detailed description of the facility) constructed in the test section
of the John Harper 2.13mx2.74m low speed wind tunnel (please refer to section 1.5.1 for
details) at the Georgia Institute of Technology.

Given the objectives and motivation of capturing the dynamic separation and reattach-
ment of the flow under dynamic stall conditions, a rotor rotation rate of 200RPM (2 =
20.94 rad/s, Ur = 18.62 m/s) was chosen. To study the effects of advance ratio on the
dynamic separation and reattachment, experiments were conducted at three free stream
velocities of Uy, = 4.65, 6.7, and 7.44 m/s which yielded advance ratios of u = 0.25, 0.35,
and 0.4. which is sufficient to induce dynamic stall as demonstrated by [30] using flow
visualization. A collective pitch of 10° and a cyclic of —5° were used to create a 15° pitch
on the retreating blade at ¥ = 270°. However, due to flapping of the blade, the effective
angle of attack observed on the retreating blade at ¢ = 270° was 16.8° for an advance ratio

of 0.35. The chordwise velocity measurements were made at three locations in the range
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Figure 11: Setup of the retreating blade dynamic stall experiment with Stereo-PIV mea-
surements

Figure 12: Setup of the retreating blade dynamic stall experiment with Stereo-PIV mea-
surements
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0.5 <r/R < 0.7 with spatial resolution of r/R = 0.1 as shown in Figure 13. Each measure-

ment azimuthal and radial location is listed in Table 6 and each measurement point has

a reduced frequency (k) and Reynolds number (Re) associated with it which is computed

using the following expressions:

Re

B Qc
- 2U,
_ Uec

v

U, = Up— + Uy sing

R

(2a)
(2b)

(2¢)

where () is the rotational rate, ¢ is the chord length, v is the kinematic viscosity of air,

r/R is the non dimensional radial location, v is the azimuthal angle, and U, is the effective

velocity at a particular r/R and .

Table 6: Experimental test points for Q = 20.94 rad/s : A is p = 0.35, B is u = 0.40, C is

u=0.25
(0 r/R=05 r/R=06 r/R=0.7
220° ABC ABC -
230° ABC ABC AB
235°  — ABC ABC
240°  — ABC -
255° ABC ABC AB
265° ABC ABC ABC
270° ABC ABC ABC
280° ABC ABC ABC
290° ABC ABC
300° ABC ABC ABC
310° ABC ABC ABC
315° ABC ABC ABC
320° ABC ABC -
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P =270 - = 90°

P =0°

Figure 13: Figure illustrating the radial locations and azimuthal range for the experiments
conducted - the inner most dotted circle is r/R = 0.5 and outermost is r/R = 0.7

2.3.2 PIV instrumentation

Due to the three-dimensional nature of the velocity field three component velocity mea-
surements would give a better insight into the flow field dynamics. Hence, stereo-PIV was
used to measure the velocity fields over the retreating rotor blade. The illumination was
provided by a double-cavity Nd:YAG laser with a pulse energy of 200 mJ. The resulting
beam diameter was about 3 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 was used
at the end of the laser arm to generate a light sheet of 3 mm thickness. The flow was
continuously seeded with approximately 10um droplets generated by a Laskin-nozzle type
indigenous aerosol generator.

McAlister [73] showed that fifty pitch cycles yielded converged statistics in the case of
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force measurements during dynamic stall. Hence, drawing a similar parallel on the safer
side a series of 100 image pairs were acquired at each measurement point using two PRO-
X 2M camera which has a 1600x1200 pixel resolution and a pixel size of 7.4x7.4um?.
Due to limited optical access, the angle of the two cameras for the stereo-PIV setup was
limited to between 15°-20° (the errors introduced due to this are computed in the accuracy
estimates section). The particle size in the camera image ranged from 1.76 pixels to 2.81
pixels. The focal length of the lens system was 50 mm and the aperture on the camera was
set at f/8. In order to improve the signal to noise ratio of the PIV data, the blade was
coated with Rhodamine paint and a bandpass filter 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 ve-
locities 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 64x64 pixels while 32x32 pixel window was used on the second
pass. This yielded a velocity vector resolution of 1.8mm-2.1lmm ~ 0.01¢-0.012c. Post-
processing of the vector images consisted of an applied median filter and light smoothing
for better visualization (3x3). As erroneous vectors appeared at the edges of the camera

viewing window, these processes greatly reduced this noise.
2.3.3 Accuracy estimates

The uncertainty in flow conditions resulted in a Reynolds number uncertainty of + 984.
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°.

The uncertainty in velocity measurements is computed using methods described in Ap-

pendix A.3. However, for stereo-PIV technique the errors introduced due to the angle of the
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two cameras have to be accounted. Lawson [66] discusses the error introduced in the out-
of-plane component of velocity (spanwise/radial velocity (w)) due to angle of the cameras.
Although he suggests an angle between 20°-30° to minimize error, the error due to angle
between 15°-20° can be computed from the results presented by Lawson. For the angles
used in these experiments the RMS error for the out-of-plane component of displacement is

between 2.8%-6%. Given that the light sheet thickness was maintained between 3-4mm and

1

the magnification of the camera was 5.

Based on W), measured in the radial plane (found to
vary between 3.8-7.1 m/s) and U, measured to be around 10.2 m/s the error in out-of-plane
velocity component was computed using Equation 14. The error in out-of-plane component
of velocity varies between 0.74% in the best case to 3.95% in the worst case. This amounts
to an absolute error of 0.028 m/s-0.281 m/s based on W),. It should be noted that this is
only the error in the out-of-plane velocity component, the total error in measurements is to
be derived from additional analysis of in-plane velocity component.

The in-plane velocity measurement errors are computed using methods described in Ap-
pendix A.3. Bias error was determined by plotting the probability density histograms of the
instantaneous velocity data. With a resolution of 0.01 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 particles (10um) 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 510 times greater than the relaxation time, indicating that the
particle lag error was insignificant. Random error (o) was computed by using Equation 13.
For this experiment the random error ranged from 0.088 pixels in the best case (0.05x1.76
pixels) to 0.281 in the worst case (0.10x2.81 pixels).

Total measurement error for in-plane velocity measurements is quantified with Equa-
tion 14 from [91]. W, was measured in the radial plane and was found to vary between
3.8-7.1 m/s, U, was measured to be around 10.2 m/s, Z, was maintained between 3-4 mm,
M of the camera was 1—16. o; amounted to 7.4 x 1075 x ¢, ranging between 6.5 x 10~7 and

2.1 x 1079, Using these relations the total measurement error €, was estimated between
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0.06% and 0.2%. This amounted to an absolute error of 0.006 m/s and 0.02 m/s based on
Up.

The total velocity measurement error is computed as a percentage by computing the
magnitude of all the % measurement errors and it amounts to 0.75% in the best case and
3.96% in the worst case. It is no surprise that the total error is dominated by the out-of-
plane measurement error which is much greater than in the in-plane velocity measurement
error. Uncertainties in the velocity measurements are summarized in Table 7. The reader
should note that the total measurement error reported here as a % is based on different base
values (for example U, for in-plane velocity error and W), for out-of-plane velocity error).

Hence the reader should excerise caution while interpreting these total measurement errors.

Table 7: Summary of uncertainty estimates for stereoscopic-PIV measurements

Type Error

In-plane random error 0.088-0.281 pixels
Bias Error 0.01 m/s

Bias Error (%U,) 0.098%

Lag Error Insignificant
In-plane velocity error 0.006 m/s-0.02 m/s
In-plane velocity error (%U,) 0.06%-0.2%

Out-of plane velocity error 0.028 m/s-0.281 m/s
Out-of plane velocity error (%W,) 0.74%-3.95%

Total measurement error (%) 0.75%-3.96%

2.4 Results and discussion

In all the PIV vector fields presented in this work, the axis of the camera images is fixed
in the wind tunnel coordinate system and has not been corrected for the pitch angle of
the blade. However, the origin (0,0) is the location of the leading edge in all the vector
fields. The x axis is positive to the right, the z axis is positive downwards and the y axis
positive out-of-plane of the paper completing the right handed coordinate system. All the

dimensions are normalized by chord length, where x/c = 0 is the leading edge and x/c = -1
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is the trailing edge of the blade. With the y axis as defined, out-of-plane velocity is positive
and it indicates the radially outwards flow towards the tip of the blade. Negative out-of-
plane velocity indicates a radially inward flow towards the root of the blade. In addition, for
better visualization and analysis the corresponding freestream velocity component (velocity

in the x direction) has been subtracted from the velocity vector fields.
2.4.1 Phase-averaged velocity fields

In this section, the analysis is performed assuming the existence of a dominant phase-
locked average flow field. In this section the phase-averaged characteristics of process of
dynamic stall is discussed. At 1) = 180° the blade begins the up stroke part of the oscillatory
motion (with datum as the collective angle), it reaches its maximum pitch angle at ¢ = 270°
and there onwards undergoes the down stroke motion. Beginning with dynamic separation
which occurs for yaw angles 225° < ¢ < 230°, moving on to the dynamic stall event itself
for yaw angles 235° < ¢ < 315° and finally the dynamic reattachment for yaw angles
315° < 1 < 320°. In addition, using this velocity field data, pressure distribution data is

obtained by solving for various levels of the Navier-Stokes equations.
2.4.1.1 Dynamic separation

Earlier, the mechanisms of dynamic stall onset and dynamic separation were discussed as the
following: a) classic trailing edge separation, b) shock induced separation, and ¢) bursting
of a separation bubble. It would be critical to first assess the expected mechanisms in play
on the rotating blade in the experiments in this work. The experiments are conducted at
very low Mach numbers and hence we can safely assume that the shock-induced separation
mechanism would not be in play. However, the other two mechanisms a) and c) could be
manifesting themselves in these experiments. Due to the nature of these two mechanisms,
the classical trailing edge separation mechanism would be easier to identify, since it is a
progressive mechanism and has a slow onset time. Since the bursting of the separation
bubble is a random event and has a significant cycle-to-cycle variation, the role of this

mechanism in the dynamic separation event would be harder to ascertain.
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The first indication of the dynamic separation was observed at ¢ = 220°. Figures 14—
15 illustrate the phase-averaged velocity field overlaid on the contours of two dimensional
velocity magnitude for the retreating blade at ¢» = 220°, r/R = 0.5 at two advance ratios.
Very clearly the flow close the trailing edge has separated, evident by the unattached flow
close the surface of the wing for /¢ < —0.3 in Figure 14 and for z/c < —0.11 in Figure 15.
A primary difference that can be observed is that with the increase in advance ratio the
onset of trailing edge separation is quicker. In other words at higher advance ratio (u=0.4)
the trailing edge separation onset is at a earlier azimuthal angle when compared to the

lower advance ratio (©=0.35).

-0.22

OMEE—

z/c

Attached flow

Blade surface and laser shadow

Ll

0 . 1 1 Separated flow

-0.56 -0.34 -0.11 0 0.11
x/c

Figure 14: Velocity field at ¢ = 220°, r/R = 0.5, u = 0.35 showing separation at trailing
edge

On moving outboard to r/R = 0.6 at the same flow conditions the trailing edge separation
is less apparent. Figures 1617 illustrate the phase-averaged velocity field overlaid on the
contours of two dimensional velocity magnitude for the retreating blade at ¢ = 220° and
r/R = 0.6. The effect of moving outboard can be clearly observed by comparing Figure 16
with Figure 14. At r/R = 0.5 the separated flow has progressed further towards the leading
edge than at r/R = 0.6, which indicates that the separation first begins at inboard locations

and then progresses to outboard locations.
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Figure 15: Velocity field at ¢ = 220°, r/R = 0.5, p = 0.4 showing the progression of
separation at trailing edge at higher advance ratio

-0.22€

S
A

s ///////// i Le
A A A AL
i
o
//////////////////////I/ %

577777777 42744 24 AP
AR 7

""" —~
N
[ ~~
-0.11¢ §,
: N
o : —
N 2 N
0% 2
+
AN
—~
-
N

0.11 Blade surface and laser shadow 12
—0
-0.56 -0.34 -0.11 0
x/c

Figure 16: Velocity field at ¢ = 220°, r/R = 0.6, u = 0.35 indicating the delayed onset of
trailing edge separation

In summary, the analysis of the phase-averaged data clearly indicates that the separation
begins at the trailing edge and slowly progresses upstream towards the leading edge. The
trailing edge separation onset was clearly initiated well before ¥ = 220°, but it should be

noted that this angle is not classified as the onset of dynamic stall. In addition, the data
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