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In forward flight, high advance ratio rotors encounter a large region of reverse flow
on their retreating side. The reverse flow region is dominated by the reverse flow
dynamic stall vortex (RFDSV), which incurs large unsteady torsional loads that are
not well-predicted by modern comprehensive rotorcraft codes. To gain a physical
understanding of the impact of yaw on the RFDSV, a sub-scale, NACA0012 model
rotor blade has been experimentally tested at two reverse flow yaw angles, Λrev = 0◦

and Λrev = 30◦, over a range of reduced frequencies, 0.160< k <0.450. Pressure
time histories were obtained from surface-mounted unsteady pressure transducers,
and three-component velocity fields were obtained using time-resolved stereoscopic
particle image velocimetry at the midspan. The present work focuses on the impact
of yaw on general flow morphology, dynamic stall vortex behavior, and spanwise
flow. The presence of yaw was found to lessen the magnitude of the pressure wave
induced by the RFDSV and hinder the development of secondary flow structures.
The presence of yaw did not lead to a noticeable difference in the convection speed
of the RFDSV in the direction of the freestream, but did lead to a substantially higher
magnitude of spanwise flow. Ultimately, this experimental study lays the groundwork
for understanding three-dimensional effects on the formation and convection of the
reverse flow dynamic stall vortex.

Nomenclature

Λ Forward flow yaw angle, deg
α Forward flow angle of attack, deg
cg Geometric chord, in
ce Effective chord, in
R Rotor radius, in
r Spanwise radial location, in
ψ Azimuthal position, deg
k Reduced frequency
s Reduced time
T Period of pitch cycle, sec
µ Rotor advance ratio
f Blade pitching frequency, Hz
Vloc Local velocity, m/sec
Λrev Reverse flow yaw angle, deg
αrev Reverse flow angle of attack, deg
αrev Reverse flow angle of attack, deg
α0,rev Reverse flow mean pitch angle, deg
α1,rev Reverse flow pitch amplitude, deg
w Spanwise component of velocity, m/sec
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x/c Non-dimensional distance along chord
z/c Non-dimensional vertical distance
ω Vorticity, rad/s
CP Local pressure coefficient

1. INTRODUCTION

When a rotor operates at high advance ratio, a large
portion of its retreating side is immersed in reverse
flow, a complex aerodynamic environment with highly
unsteady airloads [1]. The reverse flow dynamic stall
vortex (RFDSV), a flow structure detected in both full-
scale [2] and Mach-scale [3,4] rotors, has been identi-
fied as the dominant feature of the reverse flow region
and is believed to be partly responsible for impulsive
torsional loading on retreating side of high advance
ratio rotors. The blade loads incurred by the RFDSV
are not well-predicted by modern comprehensive ro-
torcraft codes [5], and in response, experimental work
has been aimed at understanding the fundamental
physics behind the formation and convection of the
RFDSV. Prior work by the authors has characterized
the RFDSV in sinusoidal [6] and linear [7] pitching but



has been limited to 2D models of reverse flow. The
purpose of this work is to begin investigating three
dimensional effects by characterizing the impact of a
static yaw angle Λrev on an airfoil undergoing dynamic
pitching in reverse flow.

Prior research on yawed flow has focused on the
“independence principle,” the concept that forces on a
blade in yawed flow are proportional to the square of
the flow component parallel to the chord [8]. Purser
and Spearman evaluated this notion by measuring the
airloads on a variety of rigid airfoils held at static an-
gles of attack and static yaw angles in forward flow [9].
They found that the independence principle is valid
for attached flow, but observed a delay in lift stall to
greater angles of attack with increasing yaw angle. In-
spired by the validity of the independence principle in
attached flow, Harris [10] and Gormont [8] proposed
that the effect of yaw on a rotor blade section could
be modeled with static corrections to existing airfoil
tables, but these corrections do not account for dy-
namic pitching of a rotor blade in forward flight.

To evaluate the impact of yaw on the dynamic stall
regime, St Hilaire et al., as part of a comprehen-
sive study by UTRC, evaluated a dynamically pitch-
ing NACA 0012 airfoil in forward flow at Λ = 0◦ and
Λ = 30◦, varying the mean pitch angle from 0◦ to
15◦ and the pitch amplitude from 8◦ to 10◦. Analyz-
ing pressure measurements along the airfoil chord,
the authors reached two important conclusions: first,
the addition of yaw delays the onset of dynamic stall
to a later time in the pitching cycle [11], and sec-
ond, the delay in dynamic stall can be attributed to
reduced convection speed of the dynamic stall vor-
tex in yawed flow [12]. Leishman, in a semi-empirical
analysis of past experimental data sets, theorized that
yawed flow delays dynamic stall primarily by alter-
ing flow near the trailing edge separation point, and
his subsequent modeling effort produced close agree-
ment with the experimental results [13].

The present work seeks to assess whether the im-
pacts of yaw on forward flow dynamic stall hold in re-
verse flow, where the mechanism for vortex formation
is fundamentally different than forward flow [6]. The
present work considers a NACA 0012 airfoil pitching
at two static reverse flow yaw angles, Λrev = 0◦ and
Λrev = 30◦, and employs unsteady pressure transduc-
ers along the model surface and stereoscopic parti-
cle image velocimetry to capture time-resolved flow
fields. The experiments presented here focus on the
identification of dominant flow features, the behavior
of these flow features after their formation, and the
amount of spanwise flow in each configuration. This
work is aimed toward developing a basic understand-
ing of the three dimensional behavior of the RFDSV.

Fig. 1: Top-down view of rotor at µ = 1.0 with iso-
contour lines of yaw angle. The bounds of the reverse
flow region are highlighted in red. Adapted from [14].

Fig. 2: Experimental setup in the 20 x 28 in low speed
wind tunnel at the University of Maryland. The field of
view (FOV) is shown at the midspan of the tunnel.

2. METHODOLOGY

The yaw angle of a blade element is defined as the
angle between the local velocity vector and the chord
line, and is dependent upon radial position, azimuthal
position, and advance ratio [15]. Figure 1 shows the-
oretical iso-contours of yaw angle on a rotor oper-
ating at µ = 1.0, illustrating the wide range of yaw
angles encountered by a blade element in forward
flight. The reverse flow region is outlined in red and
involves a rapid sweep of yaw angle over the region
90◦ < Λ < 180◦. For convenience, this work de-



Fig. 3: Defintion of the streamwise and chordwise di-
rections. Streamwise sensors are used in the yawed
configuration, and chordwise sensors are used in the
unyawed configuration.

fines the reverse flow yaw angle, Λrev, according to
Equation 1, making Λrev relative to airfoil’s geometric
trailing edge.

(1) Λrev = 180◦ − Λ

With the wide range of yaw angles in mind, the
present work models a rotor blade element in reverse
flow as a dynamically pitching infinite blade held at
two static yaw angles in reverse flow, Λrev = 0◦

and Λrev = 30◦. Experiments were performed
in a 20 x 28 in low speed, open loop wind tunnel
at the University of Maryland on an aspect ratio 4
NACA0012 airfoil model. Figure 2 shows the exper-
imental setup. A rigid model rotor blade was con-
structed from acrylic plastic with a geometric chord
of 5 in, and outfitted with a primary 0.375 in stainless
steel spar at the geometric quarter chord and a sec-
ondary 0.25 in stainless steel spar at the geometric
60% chord. A programmable servo motor, coupled
with a four-bar linkage system, allowed for the dy-
namic pitching of the model blade about its geometric
quarter chord. Static yaw angles were achieved by
attaching a housing structure to the primary spar and
fixing the housing structure atop and below the wind
tunnel. A rotary encoder mounted to the primary spar
recorded time-resolved angle of attack data.

2.1 Data Acquisition

The experimental setup involved the collection of
two types of data: time-resolved velocity fields from
stereoscopic particle image velocimetry (PIV) and
pressure time histories from surface-mounted un-
steady pressure transducers. When performing
stereoscopic PIV, a high-speed laser, operating at
frequencies ranging from 200-500 Hz, illuminated a
plane at the midspan of the wind tunnel in both the

Chordwise x/c Streamwise x/c

Sensor 1 0.2121 0.2215

Sensor 2 0.2798 0.5049

Sensor 3 0.4495 0.5661

Sensor 4 0.5354 0.6273

Sensor 5 0.6061 0.8644

Sensor 6 0.6768 —

Sensor 7 1.000 —

Fig. 4: Non-dimensional sensor locations in each di-
rection. Note that x/c = 0 corresponds to the sharp
leading edge and x/c = 1.0 corresponds to the blunt
trailing edge.

yawed and unyawed configuration. Two high-speed
4 Mpx cameras were placed beneath the wind tun-
nel test section and faced toward the suction surface
of the pitching airfoil. The cameras were tilted rela-
tive to the vertical and positioned such that both cam-
eras achieved approximately the same field of view,
allowing the out-of-plane velocity component to be re-
solved in overlapping regions. A PivLight40 Series
Aerosol Generator produced 1 µm tracer particles at
a rate of 5.0 x 108 particles/sec. Due to difficulties in
achieving uniform seeding at high Reynolds numbers,
the stereo PIV experiments were performed at a test
Reynolds number of Re = 2.5 x 104.

It is important to note that in both the yawed and
unyawed configurations, the laser plane was aligned
with the freestream direction, parallel to the tunnel
ceiling and floor. In the unyawed configuration, the
laser sheet illuminates a section parallel to the air-
foil’s chordwise direction. In the yawed configuration,
the laser sheet illuminates a section tilted from the air-
foil’s chordwise direction. Figure 3 illustrates the laser
plane direction when the blade is yawed. In all future
sections, the term “chordwise” refers to the orienta-
tion of the laser plane in the unyawed configuration,
and the term “streamwise” refers to the orientation of
the laser plane in the yawed configuration. The effec-
tive chord in the streamwise direction is larger than
the effective chord in the chordwise direction.

Figure 3 also illustrates the placement of chord-
wise and streamwise unsteady pressure transducers
along the airfoil suction surface. Endevco pressure
transducer chips were mounted to custom-designed
circuit boards [3], calibrated in a controlled vacuum
chamber, and installed within a 3D printed section
at the midspan of the model rotor blade. Figure 4
gives non-dimensional locations of the pressure sen-
sors relative to the sharp aerodynamic leading edge
of the airfoil. Note that chordwise and streamwise



Fig. 5: Pitching kinematics for the k = 0.217 baseline
case, phase-averaged over 120 cycles. The resulting
kinematics show little variation compared to a perfect
sinusoidal fit.

sensor locations are non-dimensionalized by differ-
ent chords, i.e. cg = 5 in. for the chordwise direction
and ce = 5.77 in. for the streamwise direction. Chord-
wise pressure readings were analyzed in the unyawed
case, and streamwise pressure readings were ana-
lyzed in the yawed case. Pressure transducer data
was collected at a Reynolds number of Re = 1.0 x
105 and phase-averaged over 120 complete pitching
cycles.

2.2 Data Processing

Stereoscopic PIV images were processed using
DaVis v8.2.3 by LaVision Inc. Velocity fields were
calculated in a multi-pass cross-correlation process,
with a minimum window size of 24 x 24 pixels and a
50% overlap between interrogation windows, result-
ing in a 189 x 110 grid of velocity vectors for each im-
age. The velocity fields fields were phase-averaged
over 10 complete pitching cycles with at least 150 im-
ages taken per cycle. For clarity, all velocity field fig-
ures show 1/6 of the total number of vectors in the x/c
and z/c directions. In each of the phase-averaged ve-
locity fields, the spatial position of a vortex core was
determined using the Γ1 vortex tracking methodol-
ogy outlined by Graftieaux [16], wherein vortex cores
are identified by peaks in local rotation. In both the
yawed and unyawed configurations, the RFDSV was
well-tracked once it had convected past the airfoil mid-
chord.

2.3 Parameter Space

To allow for comparison with forward flow dynamic
stall data, the model rotor blade was pitched sinu-
soidally in both the yawed and unyawed configura-

Fig. 6: Reduced time distribution along rotor radius
for a rotor with R = 40 in., c = 3.15 in., and Ω = 900
RPM passing through reverse flow.

Fig. 7: Effective reduced frequency distribution along
rotor radius for a rotor with R = 33.5 in., c = 3.15 in.,
and Ω = 900 RPM passing through reverse flow.

tions, with kinematics chosen carefully to match the
unsteadiness on a full-scale high advance ratio ro-
tor. The present work considers only a single mean
pitch angle, αrev,0 = 10.75◦, and a single pitch ampli-
tude, αrev,1 = 10.75◦ but several reduced frequencies.
Figure 5 plots these pitch kinematics versus non-
dimensional cycle time for a representative frequency.
A perfect sinusoidal fit is overlain as a solid black line,
with the experimental pitch kinematics showing little
variation from a perfect sinusoid.

In conventional dynamic stall experiments, a rotor
blade’s pitching kinematics are largely governed by
the reduced frequency k, a quantity described as a
measure of flow unsteadiness and defined by Equa-
tion 2.

(2) k =
πfc

Vloc

In forward flow dynamic stall experiments, reduced



frequency can be intuitively related to a full-scale rotor
blade, as the pitch frequency f is a consequence of
the 1/rev cyclic pitch control on the rotor. The reverse
flow region, however, encompasses only a portion
of a blade element’s revolution, meaning the pitching
kinematics within the reverse flow region more closely
resemble a linear ramp up than a sinusoidal pitch [7].
A more general measure of flow unsteadiness, the re-
duced time s, is often employed to characterize un-
steadiness in the reverse flow region, and is defined
in Equation 3 as the number of semi-chords traveled
during a pitch motion of arbitrary shape. Note that
Equation 3 includes velocity as a function of time, ac-
counting for the time varying free stream as a blade
element passes through the reverse flow region.

(3) s =
2

c

∫ t

0

V (t) dt

Figure 6 shows the radial distribution of reduced
time for blade elements passing through the reverse
flow region. A rotor radius of 33.5 in, a chord of 3.15
in, and an angular velocity of 900 RPM were assumed
in constructing Figure 6, consistent with the values
employed in past Mach-scale high-advance ratio ro-
tor experiments at the University of Maryland [3, 4].
For the sinusoidal pitching in the present work, the ro-
tor’s reduced time was converted to an “effective” re-
duced frequency by matching the unsteadiness pre-
dicted in Figure 6 to the “pitch up” portion of the si-
nusoidal pitching cycle. The transformation between
reduced time and effective reduced frequency is then
governed by Equation 4.

(4) k = π/s

Using the same rotor parameters, Figure 7 shows
the radial distribution of effective reduced frequency
for blade elements passing through the reverse flow
region at µ = 0.6 and µ = 1.0. The present work
considers blades pitching at four reduced frequencies
within 0.16 < k < 0.45. Each reduced frequency is
represented by a solid black dot in Figure 7. For µ =
0.6, these reduced frequencies align with inboard re-
gions of the rotor, where dynamic pressure is highest
in reverse flow [1]. For µ = 1.0, these reduced fre-
quencies represent a large sweep of radial locations
from r/R = 0.4 to r/R = 0.7.

3. RESULTS

This section explores the impact of yaw on reverse
flow dynamic stall in three separate parts. First, Sec-
tion 3.1 and Section 3.2 outline the basic flow mor-
phology of the flow over a pitching rotor blade in the
unyawed and yawed configuration, identifying dom-
inant and secondary flow structures in each case.

Second, Section 3.3 compares the convection of the
primary dynamic stall vortex in the yawed and un-
yawed configurations. Finally, Section 3.4 compares
the degree of spanwise flow in the yawed and un-
yawed cases. The outcome of the results shown here
is a physical understanding of the formation and con-
vection of the RFSDV in unyawed and yawed flow
informed by two dimensional and three dimensional
flow fields.

3.1 Unyawed Flow Morphology

As an introduction to the flow features associated with
reverse flow dynamic stall, this section outlines the
overall flow morphology for a baseline pitching case
in the unyawed configuration, Λrev = 0◦. The base-
line pitching case is defined as follows: k = 0.217,
α0,rev = 10.75◦, and α1,rev = 10.75◦. Recall that one
pitching “cycle” is defined as a complete sinusoidal
pitch up and pitch down, and the results presented
here are phase-averaged over 10 cycles (PIV) or 120
cycles (pressure). Chordwise distance in this configu-
ration is non-dimensionalized by the geometric chord,
cg = 5 in.

Figure 8a presents phase-avergaed two-
component velocity fields for the unyawed con-
figuration at k = 0.217. In this figure, non-dimensional
chordwise position is plotted on the abscissa,
non-dimensional vertical position is plotted on the
ordinate, and the velocity vectors are overlaid on
contours of non-dimensional vorticity. At t/T = 0.40,
Figure 8a shows that a region of high magnitude,
negative vorticity begins to form near the airfoil’s
sharp aerodynamic leading edge, corresponding
with the rollup of nearby velocity vectors. By t/T
= 0.5, the region of vorticity has rolled up into a
coherent reverse flow dynamic stall vortex, located at
approximately x/c = 0.7. By t/T = 0.6, the RFDSV
has convected to the airfoil’s blunt trailing edge. In
Figure 8a, yellow markers denote the vortex core as
calculated by the Γ1 function. The Γ1 marker strongly
correlates with the visual center of the circular flow
region, successfully tracking the RFDSV center in
its convection from the midchord to the blunt trailing
edge.

As the RFDSV convects along the airfoil chord
in the unyawed configuration, it leaves its signature
in the unsteady pressure transducer measurements.
For the unyawed configuration, Figure 8b shows pres-
sure time histories at k = 0.217 for the 7 sensors in-
stalled in the chordwise section of the blade. Non-
dimensional cycle time is plotted on the abscissa,
and pressure coefficient CP, adjusted here to visu-
ally space out the sensor time histories, is plotted on
the ordinate. Each pressure time history begins at a



(a) Phase-averaged PIV showing a reverse flow
dynamic stall vortex (RFDSV) in the unyawed

configuration at k = 0.217

(b) Phase-averaged pressure measurements
illustrating a low pressure impulse at k = 0.217. Yellow

markers denote vortex position from PIV.

(c) Phase-averaged pressure contour illustrating
convection of an RFDSV and a secondary vortex

(SDV) at k = 0.217.

Fig. 8: Flow morphology of the unyawed configuration (Λrev = 0◦) at k = 0.217, showing the development of a
dynamic stall vortex about the sharp leading edge. The pressure sensors also detect a strong secondary

vortex.

starting pressure coefficient near CP ≈ 0, and the ver-
tical spacing of each time history is scaled according
to x/c. The grey outline around each time history rep-
resents two standard deviations away from the solid
phase-averaged line.

In Figure 8b, consider first a single pressure trans-
ducer, say the sensor at x/c = 0.280. Here, the pres-
sure remains fairly constant for 0 < t/T < 0.3, after
which the pressure begins to rapidly decrease, reach-
ing a minimum near t/T = 0.4. This large negative
spike in pressure is visible in each successive sensor
along the chord; however, as chord location x/c in-
creases, the large negative spike occurs at later times
in the pitch cycle. The large negative spike in pres-
sure is the signature of the RFDSV as it convects
along the airfoil surface. The yellow markers in Fig-
ure 8b represent points in PIV vortex tracking at which

the vortex reaches the x/c position of each sensor.
The markers show that vortex tracking is aligned with
the large negative spike in pressure. The similarity
in vortex position with pressure spike persists even
though the PIV was collected at a significantly lower
Reynolds number than the pressure readings.

As a final way of visualizing the flow structures in
the unyawed configuration, Figure 8c presents con-
tours of pressure coefficient CP over the entire pitch
cycle at k = 0.217. Non-dimensional cycle time is
plotted on the abscissa and non-dimensional chord-
wise position is plotted on the ordinate. The dark blue
regions in Figure 8c correspond to regions of very
low pressure coefficient. Similar to the pressure time
histories, the pressure contour reveals a low pres-
sure region that appears on the chord near t/T = 0.3
before spreading along the chord over 0.3 < t/T <



(a) Phase-averaged PIV showing a reverse flow
dynamic stall vortex (RFDSV) in the yawed

configuration at k = 0.217

(b) Phase-averaged pressure measurements showing
the convection of a low pressure impulse in the

streamwise direction at k = 0.217.

(c) Phase-averaged pressure contour illustrating
convection of low pressure impulse at k = 0.217.

Fig. 9: Flow morphology of the yawed configuration (Λrev = 30◦) at k = 0.217, showing the development of a
dynamic stall vortex in the streamwise direction. Note the absence of significant secondary flow structures.

0.55. This initial low pressure wave corresponds to
the RFDSV. Figure 8c also shows a weaker low pres-
sure region near t/T = 0.7, suggesting the presence
of a secondary vortex.

In summary, time-resolved PIV showed that the un-
yawed configuration at k = 0.217 results in a dominant
RFDSV, forming near the sharp leading edge and in-
ducing a low pressure wave as it convects along the
chord. A weaker secondary vortex appears shortly
following the convection of the RFDSV. These results
are consistent with prior work on unyawed blades in
reverse flow at comparable reduced frequencies [6].

3.2 Yawed Flow Morphology

Expanding upon the discussion above, this sec-
tion provides an overview of the flow morphology

for a baseline pitching case in the yawed config-
uration, Λrev = 30◦. Again, the baseline pitching
case is defined as k = 0.217, α0,rev = 10.75◦, and
α1,rev = 10.75◦. Recall that in the yawed configura-
tion, pressure and velocity field measurements are
taken in the streamwise direction, meaning the ef-
fective chord is larger than the geometric chord (Fig-
ure 3). For Λrev = 30◦, the effective chord is equal to
ce = 5/cos(30◦) = 1.15 cg

Figure 9a presents time-resolved, phase-averaged
velocity fields for the yawed configuration at k = 0.217.
In this figure, non-dimensional streamwise position is
plotted on the abscissa, while non-dimensional ver-
tical position is plotted on the ordinate. The veloc-
ity vectors are again overlaid on a contour of non-
dimensional vorticity, with blue representing nega-
tive vorticity and red representing positive vorticity.
Figure 9a reveals that at k = 0.217 flow structures



Fig. 10: Vortex center on blade surface as calculated from local maxima in the Γ1 function. The results here
are non-dimensionalized by the geometric chord in the unyawed case (cg = 5 in) and the effective chord in the

yawed case (ce = 5.77 in)

develop very similarly in the yawed configuration to
the unyawed configuration. At t/T = 0.45, a region
of negative vorticity appears near the sharp leading
edge, and the velocity vectors begin to roll up. By
t/T = 0.55, a coherent RFDSV is located near the
three-quarter chord, and by t/T = 0.63, the RFDSV
has reached the model’s blunt trailing edge. Despite
the blade being yawed, a RFDSV still forms and con-
vects in a plane parallel to the freestream.

The PIV results show that an RFDSV forms
for both the yawed and unyawed configurations a
RFDSV. Unsteady pressure measurements suggest
two differences in flow morphology between the two
configurations. First, consider the pressure sensor
time histories plotted in Figure 9b for the yawed con-
figuration. In this figure, non-dimensional cycle time
is plotted on the abscissa, and adjusted pressure co-
efficient is plotted on the ordinate. The pressure co-
efficient time histories again show a negative spike
in pressure coefficient that is delayed to later times
in the cycle at successive sensor locations along the

chord. However, the magnitude of the negative spikes
is substantially lower compared to the pressure spike
induced in the unyawed configuration.

The lower magnitude pressure wave is reflected in
Figure 9c, which shows a pressure contour for the
yawed configuration at k = 0.217. In this plot, non-
dimensional cycle time is plotted on the abscissa,
streamwise position is plotted on the ordinate, and
dark blue regions again correspond to regions of large
negative pressure coefficient. Just as in the unyawed
case, Figure 9c reveals a low pressure wave near
t/T = 0.3 that convects from the sharp leading edge
to the blunt trailing edge. However, the magnitude
of the low pressure wave is reduced, as the low pres-
sure region is qualitatively a lighter shade of blue than
the corresponding wave in the unyawed configuration.
Perhaps more significantly, the low pressure signature
of a secondary vortex is completely absent from the
yawed configuration pressure contour in Figure 9c,
suggesting that yaw hinders the development of sec-
ondary vortex structures.



Fig. 11: Phase-averaged pressure contours illustrating the delayed onset of a low pressure impulse in the
yawed configuration when non-dimensionalized by the effective chord

In summary, the yawed configuration at k = 0.217
results in a RFDSV that convects from the sharp lead-
ing edge to the blunt trailing edge, leaving a low pres-
sure impulse as it convects. The magnitude of the
low pressure impulse is significantly less in the yawed
case than the unyawed case, and the presence of yaw
appears to hinder the development of secondary flow
structures. These latter two results are also observed
when adding yaw to a model in forward flow dynamic
stall [17].

3.3 Unyawed - Yawed Comparison: Vortex Track-
ing

The previous two sections identified an RFDSV when
the flow is both yawed and unyawed. This section
more closely compares the convection behavior of the
primary vortex in each configuration. For a sweep of
reduced frequencies, the RFDSV was tracked as it
convected from the airfoil midchord to the blunt trail-
ing edge, based on results of the Γ1 function. The
vortex core was unable to be identified earlier in the
cycle due to limitations in the Γ1 function and the field
of view of the cameras. Recall that in the results be-
low, vortex position measurements are presented in
the chordwise direction for the unyawed case but in
the streamwise direction in the yawed case. How-
ever, both the chordwise and streamwise directions
are aligned with the freestream.

Figure 10 shows the results of vortex tracking for
the unyawed and yawed configurations over a sweep
of reduced frequencies, 0.16 < k < 0.45. In these fig-
ures, a portion of the non-dimensional cycle is plotted

on the abscissa, and position along the chord is plot-
ted on the ordinate. Keep in mind that for the yawed
condition, vortex positions are normalized by the ef-
fective chord (ce = 5/cos(30◦) in.), and in the unyawed
condition, vortex positions are normalized by the geo-
metric chord (cg = 5 in.). Figure 10 reveals an impor-
tant observation: across all tested reduced frequen-
cies, the speed of the vortex convection does not ap-
pear to be affected by the addition of yaw. That is, the
“slope” of each plot in Figure 10 is very similar both
the unyawed and yawed configuration. This similarity
in convection in reverse flow is at odds with classic re-
sults from forward flow dynamic stall, where a yawed
blade is associated with reduced convection speed of
the dynamic stall vortex [12,13].

Figure 10 does, however, reveal a phase lag in
RFDSV position across 0.217 < k < 0.450. In
the k = 0.217 case, for instance, the unyawed vor-
tex reaches x/c = 0.6 at t/T = 0.45, but the yawed
vortex does not reach x/c = 0,6 until t/T = 0.5, sug-
gesting the yawed vortex lags behind the unyawed
vortex. A similar phase shift is noticed when com-
paring pressure contours for each configuration. Fig-
ure 11 gives chordwise and streamwise pressure con-
tours for the unyawed and yawed configurations, re-
spectively, showing a delay of the appearance of the
low pressure wave across two reduced frequencies.
However, keep in mind that the unyawed and yawed
results are non-dimensionalized by different chords.
That is, the position x/c = 0.5 represents a different
point in physical space in the unyawed condition com-
pared to the yawed condition.

To address the idea of differing effective chords,
Figure 12 plots the vortex tracking results normal-



Fig. 12: Vortex center on blade surface as calculated from local maxima in the Γ1 function. The results here
are non-dimensionalized by the geometric chord, 5 in for both cases. Note the similarity between the yawed

and unyawed cases.

ized by the same chord, the geometric chord. Non-
dimensional cycle time is again plotted on the abss-
cisa, and vortex position is plotted on the ordinate.
Here, a value of x/c = 0.5 represents the same point
in physical space in both the yawed and unyawed
configurations. Figure 12 reveals that when non-
dimensionalized by the same chord, the vortex posi-
tions collapse onto one another, eliminating the phase
delay seen previously. Across 0.217 < k < 0.450, the
RFDSV appears to take a very similar path in the di-
rection of the freestream despite the presence of yaw.
This idea is illustrated more clearly in Figure 13. Here,
the colored dots represent yawed and unyawed vor-
tex positions at two different times, t/T = 0.57 and
t/T = 0.82, and are overlaid on sketches of the blade
in both the yawed and unyawed positions. At the
same point in the pitch cycle, the unyawed and yawed
vortices are located at the same physical distance
from the sharp leading edge, the only difference is the
yawed configuration features a longer effective chord.

In summary, RFDSV positions have been com-

pared in the direction of the freestream for the yawed
and unyawed configuration. Contrary to classic re-
sults in forward flow, yaw appears to have little impact
on the convection speed of the RFDSV. When non-
dimensionalized by the same chord, unyawed and
yawed vortex positions prove to be very similar in
time, suggesting the vortices convect very similarly in
physical space. The only difference is that the yawed
configuration has a longer effective chord, meaning
the vortex impacts the blade for a longer period in the
yawed configuration.

3.4 Unyawed-Yawed Comparison: Spanwise Flow

As a final result, this section quantifies the amount
of spanwise flow in unyawed and yawed planar ve-
locity fields, focusing on spanwise flow near the
RFDSV. Spanwise flow measures the degree of three-
dimensionality in flow structures and is comparable to
radial flow on a spinning rotor. The overall goal of this
section is to make fundamental observations regard-



Fig. 13: Diagram of the yawed and unyawed vortex
convection in physical space. For each yaw configura-
tion, two vortex positions (t/T = 0.67 and t/T = 0.82)
are plotted along the effective chord. Note that the
convection of the vortex is very similar for both cases.
The yawed configuration simply has a longer effective
chord.

ing the spanwise flow component in the unyawed and
yawed conditions, working towards a more complete
picture of the RFDSV’s behavior in three dimensional
space.

Note that in the case of attached flow at static yaw
angles, the direction of spanwise flow can be pre-
dicted by decomposing the freestream velocity vec-
tor into a chordwise component and a spanwise com-
ponent. Figure 14 illustrates this idea, showing that
in the present work, spanwise flow is expected to
travel downward, toward the wind tunnel floor, when
the blade is yawed. In the discussion that follows,
the direction of spanwise flow will be carefully com-
pared to the expected direction of spanwise flow un-
der static conditions. Hence, this section will also
judge whether the expected directions of spanwise
flow, predicted based on static yaw angles and static
pitch angles, holds when the blade is undergoing dy-
namic pitching.

Figure 15 shows the phase-averaged development
of spanwise flow in the yawed and unyawed configu-
rations at k = 0.450. In each figure, non-dimensional
streamwise position is plotted on the abscissa, non-
dimensional vertical position is plotted on the or-
dinate, and the two-component velocity vectors (in
plane with the laser sheet) are overlaid on contours of
the third component of the velocity field (out of plane
with the laser sheet). Here, a dark red region corre-
sponds to spanwise flow toward the tunnel floor, the
expected direction of spanwise flow, and a dark blue
region corresponds to spanwise flow toward the tun-
nel ceiling, a direction opposite from the expected.
Note that at high pitch angles in the yawed condi-
tion, the upstream camera is blocked from viewing the
blade surface, preventing the third components of ve-

Fig. 14: Diagram illustrating the expected spanwise
flow direction for a yawed blade at static conditions.
Because the blade chord direction is tilted “upward” in
the yawed configuration, the freestream velocity vec-
tor can be decomposed into a chordwise component
and spanwise component directed toward the floor.

locity from being resolved in this region. The k =0.450
case was chosen because the RFDSV largely con-
vects during the “pitch down” portion of the cycle, al-
lowed for optimal optical access to the RFDSV vortex
core during its convection.

First, consider spanwise flow in the yawed con-
figuration seen in the left-hand portion of Figure 15.
At t/T = 0.60, the RFDSV has just begun rolling up
about the sharp leading edge, and the highest magni-
tude of spanwise flow, located above the vortex core,
is in the direction predicted by static assumptions
(red). Near the vortex core at x/c = 0.4, however, a
significant amount of spanwise flow is directed toward
the wind tunnel ceiling, a direction opposite of what
is predicted under static conditions. This flow struc-
ture is more developed by t/T = 0.75, where a very
high magnitude of spanwise flow is centered at the
vortex core and oriented toward the tunnel ceiling. By
t/T = 0.90, the upward-directed spanwise flow covers
the entire suction surface of the blade, corresponding
with the departure of the RFDSV from the blade sur-
face. Note that portions outside the vortex core, away
from the blade surface, appear to be predominately
convecting in the direction predicted by static condi-
tions.

Next, consider spanwise flow in the unyawed con-
figuration seen in the right-hand portion of Figure 15.
Across all times in the pitch cycle, the unyawed
configuration appears to have a substantially lower
magnitude of spanwise flow than the corresponding
yawed fields. The unyawed configuration still results
in a non-negligible amount of spanwise flow, particu-
larly near the vortex core, but the trends in spanwise
flow direction are much less predictable over time. At
t/T = 0.60 and t/T = 0.75, for instance, spanwise flow
is directed toward the tunnel ceiling near the RFDSV



core, with spanwise flow directed at the floor near the
edges of the vortex. By t/T = 0.90, however, the di-
rections have switched, and spanwise flow is directed
toward the floor at the vortex center. Keep in mind that
in the unyawed configuration under static conditions,
spanwise flow is not predicted to travel toward the tun-
nel ceiling or the floor. The presence of spanwise
flow may be a consequence of the end wall bound-
ary condition, a limitation in low speed wind tunnel
testing shown to introduce spanwise variations in dy-
namic stall vortex structure on aspect ratio 4 model
blades [18].

In summary, the yawed case at k = 0.450 produces
a significantly larger magnitude of spanwise flow than
the unyawed case at k = 0.450. Far from the vortex
core, the yawed case produces spanwise flow in the
direction predicted by static assumptions, but near the
vortex core, spanwise flow is in the opposite direction.
The unyawed case produces a non-negligible amount
of spanwise flow, but the trends in spanwise flow di-
rection are much less consistent over time than the
yawed case.

4. CONCLUSIONS

The reverse flow dynamic stall vortex is the dominant
flow feature associated with the reverse flow region of
a high-advance ratio rotor. In an effort to model the
large torsional loads incurred by the reverse flow dy-
namic stall vortex, experimental work has sought to
develop a physical understanding of the behavior of
this flow structure. The present work addresses the
influence of yaw on the formation and convection of
the reverse flow dynamic stall vortex. A subscale rigid
model rotor blade was held at two static yaw angles
in reverse flow, Λrev = 0◦ and Λrev = 30◦, and was dy-
namically pitched about its geometric quarter-chord.
Dynamic pitching was completed for a single set of
pitch kinematics over a sweep of reduced frequencies
from k = 0.160 to k = 0.450. Three-component ve-
locity fields were obtained from stereoscopic particle
image velocimetry, and surface pressure time histo-
ries were obtained using discrete unsteady pressure
transducers installed at positions along the suction
surface of the model. The resulting analyses led to
the following conclusions:

• The presence of yaw still results in a reverse
flow dynamic stall vortex in the direction of the
freestream that induces a low pressure impulse
as it convects along the effective chord of the ro-
tor blade.

• Reverse flow dynamic stall remains fairly insen-
sitive to Reynolds number, as vortex positions
taken at Re = 2.5 x 104 closely align with pres-
sure impulses at Re = 1.0 x 105.

• The presence of yaw appears to weaken the
magnitude of the RFDSV low pressure impulse
and hinder the development of secondary flow
structures.

• In the direction of the freestream, the presence of
yaw does not have a noticeable effect on the con-
vection speed or timing of the RFDSV in physical
space.

• The presence of yaw significantly increases the
magnitude of spanwise flow along the blade.
When the blade is yawed, the direction of span-
wise flow is consistent with static yaw assump-
tions away from the vortex core but is in the op-
posite direction near the vortex core.

This experimental study lays the groundwork for
a physical understanding of the complete, three-
dimensional convection behavior of the reverse flow
dynamic stall vortex. Future work will expand on
the present conclusions in three ways: evaluating the
present conclusions at a wider range of yaw angles,
investigating the impact of yaw on unsteady chord-
wise airloads in reverse flow, and exploring spanwise
variations in planar flow morphology. Coupled with
results from full-scale and Mach-scale rotor tests, this
work will contribute to the development of a predic-
tive model for the impact of the reverse flow dynamic
stall vortex on the aerodynamics of high advance ratio
rotors.
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Fig. 15: Phase-averaged vector fields showing contours of spanwise flow for the yawed (left) and unyawed
(right) conditions at k = 0.450. Red regions correspond to flow toward the tunnel floor (the expected direction),

while blue represents flow toward the tunnel ceiling. Note the significant increase in spanwise flow in the
yawed configuration, particularly near the vortex core.


