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Three-dimensional vortex structure
on a rotating wing
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The three-dimensional structure of the leading-edge vortex on a rotating wing is
addressed using a technique of particle image velocimetry. Organized patterns of
chordwise-oriented vorticity, which exist within the vortex, arise from the spanwise
flow along the surface of the wing, which can attain a velocity the same order as the
velocity of the wing at its radius of gyration. These patterns are related to the strength
(circulation) and coherence of the tip and root vortices. The associated distributions of
spanwise-oriented vorticity along the leading-edge vortex are characterized in relation
to the vorticity flux and downwash along the wing.

1. Introduction
In recent decades, substantial advances have led to insight into the flow structure

on rotating wings. Of specific interest herein are those investigations that explicitly
address spanwise flow in relation to existence of a stable leading-edge vortex (LEV).
Relevant studies include wings undergoing simultaneous rotation and pitching, and
unsteady and steady rotation in the absence of pitching. Qualitative smoke, bubble
or dye visualization has been employed by Ellington et al. (1996), van den Berg &
Ellington (1997), Willmott, Ellington & Thomas (1997), Thomas et al. (2004), Lentink
& Dickinson (2009) and DeVoria et al. (2011). Sectional imaging involving either
chordwise or spanwise planes, or a combination of them, has been used by Birch &
Dickinson (2001), Birch, Dickson & Dickinson (2004), Ansari et al. (2009), Jones,
Ford & Babinsky (2011), Ozen & Rockwell (2012) and Wojcik & Buchholz (2012).
Volume imaging with interpretation of selected sections has been employed by Liu
et al. (1998), Poelma, Dickson & Dickinson (2006), Aono, Liang & Liu (2008), Lu &
Shen (2008), Kim & Gharib (2010) and Carr et al. (2012). These investigations extend
over a wide range of Reynolds number, and reveal a number of important phenomena,
including a coherent and stable (LEV), possible occurrence of vortex breakdown, the
distribution and magnitude of spanwise velocity and the history of the lift acting on
the wing. The three-dimensional nature of the major features of the flow structure and
the relationships between them are, however, not adequately understood.

The present study employs volume representations to characterize the structure of
the LEV, with emphasis on generation of chordwise-oriented vorticity in presence
of spanwise flow. The associated states of the tip and root vortices, distributions of
spanwise vorticity within the LEV, and downwash along the wing are also determined.

† Email address for correspondence: dor0@lehigh.edu
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FIGURE 1. Schematic of a rotating wing and related parameters.

2. Experimental system and techniques
Figure 1 shows an isometric view of the wing and related parameters. The

colour yellow represents the wing, which has an aspect ratio AR = 2.05, a chord
C = 38.1 mm, a span b = 78.1 mm and a thickness t = 2.8 mm. It is made from clear
Plexiglas and the edges are squared off. The root of the wing is connected to the body
of revolution by a rod with diameter 3.2 mm and length 26 mm; the rod is located at
the mid-chord of the wing. The diameter of the body of revolution is 12.8 mm and it
is rotated in the direction shown in figure 1 at an angular velocity of Ω = 5.6 rad s−1.
The radial distance from the axis of rotation is represented by r. It has values of
ro = 32.5 mm, rg = 71.5 mm and rtip = 110.6 mm at, respectively, the root of the
wing, the radius of gyration of the wing (located 1C from the root of the wing) and
the tip of the wing. The effective angle of attack is αeff = 45◦ for all experiments. The
geometric angle of attack αgeo is not relevant, as U = 0.

Details of the experimental system are described by Ozen & Rockwell (2012). The
rotational motion of the wing starts from rest at φ = 0◦, reaches constant velocity at
φ = 27◦ and ends at φmax = 320◦. Smoothing was applied at the beginning and end of
the linear ramp-up motion in accord with the criteria of Eldredge et al. (2009). During
rotation at constant velocity, the tangential velocity at the radius of gyration and at
the tip were, respectively, Vrg = 399 mm s−1 and Vtip = 618 mm s−1. Based on these
values, the Reynolds number at the radius of gyration of the wing is Rerg = 15 150 and
at the tip it is Retip = 23 430.

The schematic on the right-hand side of figure 1 indicates the experimental
orientation of the wing, looking toward its tip in the negative radial direction. The
image orientation, also designated, is employed for all images herein.

Quantitative imaging involved an angular displacement stereo particle image
velocimetry (SPIV) technique. Details of the two camera system and arrangement
of liquid prisms, as well as associated uncertainties, are given in Ozen (2012). The
in-plane resolution was 8.5 pixels mm−1, and the field of view of the images was
4.94C × 3.7C, where C is the wing chord, yielding 5335 velocity vectors. Acquisition
of images at a desired azimuthal angle of the plate of rotation was controlled by a
computer-based system.

Extensive preliminary experiments were performed in order to determine the most
representative values of rotation angle φ; the flow structure at the midspan was
characterized for φ = 9◦–270◦. Over this entire range, a stable LEV was maintained
at the midspan location; no shedding of the vortex occurred. Values of φ = 36◦ and
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FIGURE 2. (Colour online) Three-dimensional streamline patterns for a view orthogonal to
the surface of the wing (a) at φ = 36◦ and (b) φ = 270◦.

270◦ were selected; they correspond respectively to the passage of the wing (at its tip)
through approximately 1.8C and 13.7C, where C is the wing chord. At both values of
φ, the wing rotates with constant angular velocity. Measurements and computations of
Birch et al. (2004), Luo & Sun (2006), Poelma et al. (2006) and Kim & Gharib (2010)
show that quasi-steady-state lift is attained prior to, or upon, passage of 4C to 5C of
travel at the tip. Therefore, the limiting case of φ = 270◦ corresponds to attainment
of the lift plateau, that is, nearly constant lift coefficient with rotation angle φ, and
thereby a steady-state condition.

Three-dimensional phase-averaged images were constructed from ten instantaneous
images acquired on each of 39 planes extending from (r − ro)/b = −0.097 and to
(r − ro)/b = 1.129, with a spacing of 1r/b = 0.032; b denotes the span of the
wing. Volume images were then reconstructed using an approach similar to Yilmaz &
Rockwell (2012) for the case of a wing in rectilinear motion. The spatial separation of
the velocity data on the particle image velocimetry (PIV) imaging planes is 1.89 mm
corresponding to a non-dimensional distance of 1x/b = 1y/b = 0.024. The total
number of velocity vectors in the volume corresponding to the aforementioned field of
view was 208 065. The uncertainty assessment of this technique is given by Yilmaz &
Rockwell (2012).

3. Three-dimensional streamline patterns
Figure 2 shows plan views of the streamline patterns on the rotating wing at two

values of angle of rotation, φ = 36◦ and 270◦. At φ = 36◦, a well-defined LEV along
the entire span of the leading-edge is indicated by the swirl pattern of streamlines.
In addition, swirl patterns occur along both the tip and root of the wing, indicating
tip and root vortices. At φ = 270◦, the swirl pattern of streamlines associated with
the LEV is well-defined up to a location of approximately 60 % span. A coherent
tip vortex, of the type indicated at φ = 36◦, is not evident. Rather, a relatively large
diameter region of non-swirling streamlines exists near the tip of the wing. At the
root of the wing, a well-defined swirl pattern still exists, but in the vicinity of the
trailing-edge, it takes on a complex form involving reorientation of the axis of swirl.

4. Isosurfaces of total vorticity and spanwise velocity
Figure 3(a) represents an isosurface of total vorticity ωC/Vrg at φ = 36◦. It indicates

that the LEV is distorted as the tip of the wing is approached. The tip, root and
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FIGURE 3. (a,b) Isosurface representations of total vorticity magnitude ωC/Vrg at rotation
angles of φ = 36◦ and 270◦; and (c,d) isosurfaces of spanwise velocity w/Vrg at φ =
36◦ and 270◦.

trailing vortices are connected to form a loop. Also evident are small-scale vortices
shed from the trailing-edge of the wing.

In figure 3(b), representing φ = 270◦, the LEV is well defined from the root to
approximately 60 % span, but between the midspan and tip of the wing, it is evident
that the LEV and the tip vortex have lost their identities.

Figure 3(c,d) show corresponding isosurfaces of spanwise velocity w/Vrg. Yellow
and blue surfaces correspond respectively to positive (root to tip) and negative (tip
to root) values. In figure 3(c), for φ = 36◦, positive spanwise flow from the root to
the tip (yellow colour) exists along the leading-edge; it corresponds to spanwise flow
through the LEV, evident by comparison with figure 3(a). Figure 3(d), representing
φ = 270◦, indicates that the form of the isosurface of w/Vrg has undergone a major
transformation. Positive (yellow) w/Vrg no longer occurs along the leading-edge. The
isosurface extends along the entire span of the wing; it has a concave form and occurs
predominantly in the region behind the midchord.

5. Isosurfaces of orthogonal vorticity components
Figure 4(a–c) show respectively isosurface representations of spanwise ωzC/Vrg,

chordwise ωxC/Vrg and normal ωyC/Vrg vorticity components. As indicated in the
image orientation of figure 1, the coordinate x is defined parallel to the velocity vector
Vrg of the plate at the radius of gyration; coordinates y and z are normal to it, with z
denoting the spanwise direction.

In figure 4(a), the forms of the isosurfaces of spanwise vorticity ωzC/Vrg of the
LEVs at φ = 36◦ and 270◦ have a number of features in common with the isosurfaces
of total vorticity ωC/Vrg given in figure 3.
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FIGURE 4. Isosurface representations of (a) spanwise ωzC/Vrg, (b) chordwise ωxC/Vrg and
(c) normal ωyC/Vrg vorticity components at rotation angles of φ = 36◦ and 270◦.

In figure 4(b), isosurfaces of negative (blue) and positive (yellow) ωxC/Vrg are
evident along the leading-edge. It is evident that the total vorticity isosurface at
φ = 36◦ in figure 3(a) obscures the contributions of ωxC/Vrg in the leading-edge
region. Regarding the tip and root regions of the wing, the isosurfaces of chordwise
vorticity ωxC/Vrg at φ = 36◦ indicate that the scale of the tip vortex is substantially
larger than the root vortex. At φ = 270◦, the isosurface of positive (yellow) ωxC/Vrg
no longer exists along the leading-edge; the negative (blue) ωxC/Vrg isosurface persists
over a portion of the leading-edge. Moreover, at the tip of the wing, a well-defined tip
vortex no longer occurs, relative to tip vortex at φ = 36◦. On the other hand, the scale
of the root vortex at φ = 270◦ has increased relative to that at φ = 36◦.

In figure 4(c), at φ = 36◦, the form of the isosurfaces of ωyC/Vrg in the leading-edge
region is similar to the ωxC/Vrg isosurfaces of figure 4(b). These isosurfaces are no
longer present at φ = 270◦.

6. Sectional cuts of flow structure: spanwise-oriented planes
Figure 5 provides a physical representation of the origin of the isosurfaces of

ωxC/Vrg in the leading-edge region. Images therein correspond to vertical cuts located
at x/C′ = 0.29, 0.5 and 0.71, where C′ is the projection of the chord length onto the x
axis. The images at the bottom of the layout of figure 5 illustrate the sectional cut (at
x/C′ = 0.5) in relation to the three-dimensional isosurfaces of ωxC/Vrg at φ = 36◦ and
270◦, taken from figure 4(b).

In order to provide a unified description of the chordwise evolution of the flow
patterns, they are first described at the mid-chord location x/C′ = 0.5, corresponding to
the middle set of images in figure 5.

Patterns of chordwise-oriented vorticity. In figure 5, specifically the image at φ = 36◦,
x/C′ = 0.5, the negative (blue) tip and the positive (red–yellow) root vorticity
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FIGURE 5. Color contours of vorticity ωxC/Vrg and (black) lines of ωxC/Vrg superposed on
colour contours of constant spanwise velocity w/Vrg at streamwise locations x/C′ = 0.29,
0.50 and 0.71 for azimuthal angles of rotation φ = 36◦ and 270◦. Minimum and incremental
values of black line contours are (ωxC/Vrg)min =±2.67 and 1ωxC/Vrg = 1.33.

concentrations ωxC/Vrg are designated with letters a and d. Between them, two
concentrations are evident: the positive (red–yellow) concentration b due to eruption
of the surface boundary layer; and the negative (blue) concentrations c, hypothesized
to be due to reorientation of the spanwise vorticity of the LEV, as visualized by
Ozen & Rockwell (2011) for a different mode of rotational motion of a wing;
consideration of volume images of vorticity transport terms is underway and required
for conclusive interpretation. In the image at φ = 270◦, x/C′ = 0.5, the positive
(red–yellow) concentration b is not present. The negative (blue) concentration c is
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located between the root and midspan and a less concentrated region of negative (blue)
vorticity ωxC/Vrg extends along a substantial portion of the span to the tip vortex a.

For the images at φ = 36◦, x/C′ = 0.5, the values of dimensionless circulation
based on chordwise vorticity ωxC/Vrg of the negative (blue) tip a and positive
(red–yellow) eruption b concentrations are respectively ΓxC/Vrg = −0.45 and 0.63.
The corresponding value for the negative (blue) concentrations c is −0.99 and for the
positive (red) root concentration d is 0.25. The vorticity concentrations b and c arising
from the spanwise flow therefore have values of circulation the same order as the
concentrations a and d associated with the tip and root vortices.

Patterns of spanwise velocity in relation to chordwise-oriented vorticity. The images of
w/Vrg in figure 5 at x/C′ = 0.5, for both φ = 36◦ and 270◦, show the relationship
between the patterns of spanwise velocity w/Vrg and chordwise-oriented vorticity
ωxC/Vrg. Contours of constant w/Vrg are indicated in red–yellow colour, which
represents positively oriented w/Vrg from the root to the tip of the wing; the peak
magnitude of w/Vrg = 0.8. Superposed on these w/Vrg contours are black-line contours
of constant chordwise vorticity ωxC/Vrg; they represent the vorticity levels of the
corresponding colour contours of ωxC/Vrg. The maximum values of vorticity ωxC/Vrg
corresponding to the concentration(s) c are indicated by the black-line contours located
at the outer (upper) edge of the red–yellow region of w/Vrg. This region has the form
of a wall jet, i.e. the value of w/Vrg goes to zero at its outer edge. Regarding the
vorticity concentration b at φ = 36◦, it arises from eruption of the red–yellow pattern
of w/Vrg from the surface of the wing; this eruption occurs at a location corresponding
to the red–yellow vorticity concentration b.

The basic features of the aforementioned flow patterns at the midspan x/C′ = 0.5
are generally detectable in the images corresponding to the upstream and downstream
locations x/C′ = 0.29 and 0.71 in figure 5. A general observation is that, at both
φ = 36◦ and 270◦, the locus of the maximum negative (blue) vorticity c migrates from
the root towards the tip at successively larger values of x/C′ = 0.29, 0.5 and 0.71.

7. Sectional cuts of flow structure: chordwise-oriented planes
A traditional representation of the flow structure on a rotating wing involves one or

more chordwise (x-direction)-oriented planes that show patterns of spanwise-oriented
vorticity ωzC/Vrg. These patterns are influenced by the three-dimensionality of the flow
structure described in the preceding sections.

Figure 6 compares sectional cuts at angles of rotation φ = 36◦ (a,c,e,g) and
270◦ (b,d,f,h). Seven sections along the span of the wing are indicated, including
the midspan location. They are designated with letters from A to G where A is
the plane closest to the root. Their locations in terms of radial distance r from the
centre of rotation, in relation to the root location ro and the span b of the wing are
(r − ro)/b= 0.03, 0.19, 0.34, 0.50, 0.66, 0.81 and 0.97.

Figure 6(a,b) show sectional cuts of spanwise vorticity ωzC/Vrg at φ = 36◦ and 270◦.
At φ = 36◦ in figure 6(a), the concentrations of vorticity along the leading-edge remain
compact and close to the surface of the wing. Correspondingly, in the aforementioned
figure 5, at φ = 36◦, concentrations b and c of chordwise vorticity ωxC/Vrg are located
along a major share of the span of the wing.

At φ = 270◦ in figure 6(b), for smaller values of radial distance from the root of
the wing, concentrations of ωzC/Vrg are also compact and close to the surface of the
wing, but for sufficiently large radial distances, the vorticity layer is elongated and
deflected away from the surface. Correspondingly, in figure 5, at φ = 270◦, only a
single concentration c of chordwise vorticity ωxC/Vrg is present between the root and
midspan of the wing.
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FIGURE 6. Chordwise sectional cuts of (a,b) spanwise vorticity ωzC/Vrg, (c,d) spanwise
velocity w/Vrg, (d,e) spanwise vorticity flux wωzC/(V2

rg) and (f,g) vertical (downwash)
velocity v/Vrg at angles of rotation (a,c,e,g) φ = 36◦ and (b,d,f,h) φ = 270◦.
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Figure 6(c,d) show sectional cuts of spanwise vorticity ωzC/Vrg in relation to cuts
of positive (red–yellow) and negative (blue) spanwise velocity w/Vrg. Coincidence
of sufficiently large values of ωzC/Vrg and w/Vrg yields concentrated regions of
vorticity flux wωzC/(V2

rg). Figure 6(e,f ) illustrate patterns of spanwise vorticity
flux wωzC/(V2

rg) in relation to the sectional patterns of spanwise vorticity ωzC/Vrg.
Negative (red–yellow) flux occurs at sections where the LEV is relatively concentrated
and remains close to the surface, and positive (blue) flux occurs within the LEV when
the vorticity layer is elongated and deflected away from the surface of the wing. The
sign of vorticity flux is therefore a further indicator of the form of the sectional pattern
of vorticity.

Figure 6(g,h) show sectional patterns of downwash, that is, negative (blue) v/Vrg. At
φ = 36◦, downwash with values ranging from v/Vrg = −0.3 to −1.3 extend from the
trailing portions of the leading-edge vorticity concentrations to the wake region; with
increasing radial distance along the span, the extent of the large (dark blue) magnitude
downwash becomes larger. This trend occurs in presence of increasing circulation of
the LEV with radial distance, and larger circulation of the tip vortex relative to the
root vortex, as indicated in figures 3–5. On the other hand, at φ = 270◦, the extent
of large magnitude downwash decreases severely as the tip of the wing is approached
at sections E–G, and correspondingly, the leading-edge vorticity layer is increasingly
deflected away from the surface of the wing. This trend of loss of downwash with
increasing radial distance is associated with loss of identity of the tip and LEVs at
larger radial distances.

8. Conclusions
The vortex structure on a rotating wing has been characterized using an imaging

technique that allows construction of volume representations. This approach provides
interpretation of the three-dimensional structure of the LEV in relation to the forms of
the tip and root vortices.

Existence of a coherent tip vortex is associated with identifiable concentrations of
vorticity oriented in the chordwise direction (in-line with the velocity vector of the
wing motion); they are located along the span of the wing. These concentrations occur
in the following regions: the location of eruption of spanwise flow from the surface of
the wing; and the outer edge of the spanwise flow, which has the form of a wall jet
with a maximum velocity the same order as the velocity of the wing at its radius of
gyration.

Loss of coherence and identity of the tip vortex is accompanied by loss of the
chordwise-oriented vorticity concentration due to eruption of the spanwise flow from
the wing surface, leaving a broadly distributed, lower-level region of chordwise-
oriented vorticity over most of the span of the wing, and a single vorticity
concentration between the root and midspan of the wing. The loss of the tip vortex is,
however, accompanied by enhancement of a highly coherent root vortex.

Interpretation of the LEV in terms of sectional cuts of spanwise vorticity shows
that the local scale and degree of vorticity concentration of the LEV, as well as its
proximity to the surface of the wing are related to: regions of large spanwise velocity,
concentrations of chordwise-oriented vorticity located along the span and downwash
along the wing.
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