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Near-Surface Topology and Flow Structure on a Delta Wing
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The streamlines, and the corresponding patterns of velocity and vorticity, are characterized on a plane im-
mediately adjacent to the surface of a delta wing using a laser-based technique of high-image-density particle
image velocimetry. This technique provides the sequence of instantaneous states, as well as the corresponding
time-averaged state, of the near-surface streamline topology and the associated critical points. These topological
features are interpreted in terms of patterns of averaged and unsteady velocity, and averaged vorticity, which allow
identification of regions of unsteadiness along the surface of the wing. These representations of the flow patterns
on the stationary wing are also employed for the case of the wing subjected to small-amplitude perturbations in
the pitching mode. Perturbations at or near the inherent frequency of the predominant unsteady event on the
stationary wing yield substantial changes of the surface topology and flow structure. Furthermore, response of this
topology and flow structure to transient, ramplike pitching motion is addressed to define the succession of states
during the relaxation process immediately after cessation of the wing motion.

I. Introduction

T HE focus of the present investigation is on the surface topol-
ogy of stationary and perturbed delta wings having a low sweep

angle. Previous related investigations include experimental and nu-
merical studies of the flow structure above wings of low and moder-
ate sweep angle and investigations of surface topology for not only
delta wings, but also a wide range of aerodynamic and wind engi-
neering configurations. These previous related studies are included
in the summaries that follow.

A. Flow Structure Above Delta Wings of Low and Moderate
Sweep Angle

Delta wings having low and moderate values of sweep angle,
which represent generic features of unmanned combat air vehicle
(UCAV) configurations, can give rise to distinctive types of flow
structure. This has been the subject of recent investigations. Ol and
Gharib1 employed a stereo version of particle image velocimetry to
characterize the three-dimensional structure on crossflow planes of
wings of sweep angle � = 50 and 65 deg. Gursul et al.2 used a dye
technique, along with complementary particle image velocimetry on
crossflow planes, to visualize the vortex cores on wings of various
planforms having low sweep angle. Yaniktepe and Rockwell3 em-
ployed a cinema technique of particle image velocimetry to charac-
terize the crossflow streamline topology, Reynolds stress, and spec-
tra of velocity fluctuations in relation to instantaneous patterns of
the flow structure, for a range of angles of attack of a wing having a
low sweep angle � = 38.7 deg. Gordnier and Visbal4 provided the
first numerical simulations of the instantaneous flow structure on a
wing of moderate sweep angle � = 50 deg. An in-depth assessment
of the relationship between the instantaneous and averaged structure
of leading-edge vortices is provided by Visbal and Gordnier,5 who
originate high-resolution numerical simulations and corresponding
interpretations for the case of a wing having relatively high sweep
angle � = 75 deg; the concepts of the advance, including the exis-
tence of time-averaged substructures in transitional/turbulent shear
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layers from the leading edge, are equally applicable to wings of low
to moderate sweep angle of interest herein.

B. Surface Flow Topology
Over the past few decades, a wide range of investigations, primar-

ily in the area of aerodynamics, have addressed the surface topology
on three-dimensional and planar surfaces, including the simplified
planform of a delta wing, by the use of both numerical and ex-
perimental approaches. Representative investigations are described
in the overviews of Hunt et al.,6 Moffat and Tsinober,7 Tobak and
Peake,8 Peake and Tobak,9,10 and Lazos.11 The focus of the present
study is on the surface topology of delta wings having low sweep
angle �; very few investigations have been performed. Su et al.12

deduced the time-averaged shear stress lines with an oil film tech-
nique for delta wings with � = 30 and 45 deg. Gordnier and Visbal4

numerically computed the surface streamlines on a delta wing of
� = 50 deg in relation to the flow patterns above the wing surface.

From a conceptual standpoint, topological interpretations based
on critical point theory have been used in a diverse series of inves-
tigations of flow past aerodynamic surfaces and wind engineering
configurations. A critical point is defined to occur in the flowfield at
a location where the slope of the streamline is indeterminate and the
velocity is zero; examples of critical points include foci, nodes, and
saddle points. Experimental studies have employed time-averaged
surface visualization, by the use of an oil film approach or its equiv-
alent, which allows definition of the surface shear stress lines, and
their interpretation via critical point theory, as described, for exam-
ple, by Perry and Fairly13 and Tobak and Peake.8 The relationship
of surface shear stress lines to surface streamlines was addressed
theoretically by Squire14 and Lighthill.15 Hunt et al.6 specified the
criteria for similarity of patterns of critical points of the surface shear
stress and velocity fields. On the basis of these criteria, and as sug-
gested by Lighthill,15 the shear stress lines may also be designated
as surface streamlines. The aim of the present investigation is not,
however, to establish a means for determination of the shear stress
lines via the surface streamlines. Rather, it is to provide a means
for characterizing the footprint of the unsteady and averaged flow
structure at a reference elevation immediately adjacent to the sur-
face of the wing and the manner in which this structure is altered by
the motion of the wing. Herein, all references to surface quantities,
such as surface topology, are to be interpreted as on a plane adjacent
to the surface, i.e., near-surface topology.

C. Unresolved Issues
From an experimental standpoint, the traditional method of deter-

mining the near-surface patterns of aerodynamic configurations is
oil film visualization of shear stress lines. Such visualization yields
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time-averaged patterns that have provided valuable insight and guid-
ance. Not yet addressed are the possible instantaneous patterns of
surface topology and the associated critical points that contribute
to the time-averaged representations. Furthermore, the relation of
these possible topological states to surface vorticity and velocity,
including fluctuation amplitudes of these quantities, has not been
pursued, despite the potential for new types of interpretations of
surface buffeting due to vortex breakdown, as well as the onset of
localized, three-dimensional stall.

In addition to issues associated with this class of experimental
approaches, there are a number of central, specific points related
to quantitative flow patterns on wings of small sweep angle at suf-
ficiently high angle of attack, such that vortex breakdown and lo-
calized stall occur on the wing surface. These points include the
following:

1) Dye or smoke visualization can provide valuable insight into
the development of leading-edge vortices on wings of low sweep
angle. Quantitative patterns extending over the entire surface of the
wing could, however, provide insight into regions beneath the onset
of vortex breakdown, as well as areas corresponding to the onset
of three-dimensional separation and stall that define the distinctive
features of flow past wings having low sweep. Such patterns have
not yet been pursued.

2) The quantitative patterns of the streamline topology, as well as
other features of the flow structure on the surface of the wing, may
be related to the structure of the wake of the wing. In other words,
the degree to which the topology on the surface of the wing ex-
tends into the wake region, especially for wings of low sweep angle,
has not been pursued in terms of instantaneous and time-averaged
patterns.

3) The potential for control of the surface topology and flow
structure via small-amplitude perturbations of the wing, and the
manner in which they are transformed from those of the stationary
wing described in item 1 has not yet been addressed. The issue
arises as to whether it is possible to mitigate regions of localized
separation and stall while radical alterations of the surface topology
and critical points are induced.

4) The nature of the topological states during relaxation from an
imposed ramplike pitching motion of the wing, by the use of the
quantitative approaches of item 1, has not been addressed.

The overall aim of the present investigation is to pursue the afore-
mentioned patterns on the surface of the wing, as well as the patterns
of separated flow in the vicinity of the leading and trailing edges
and the manner in which they respond to controlled motion of the
wing. In doing so, a technique of high image density particle image
velocimetry will be employed.

II. Experimental System and Techniques
Experiments were performed in a large-scale water channel,

which had a test section of 927-mm width, 610-mm depth, and
4928-mm length. The freestream turbulence intensity at the entrance
to this section was less than 0.1%. The walls of this section were op-
tically transparent. The free surface of the water was maintained at a
height of 559 mm. All experiments were performed at a freestream
velocity of U = 98.8 mm/s, and the Reynolds number based on the
chord of the delta wing was Re = 1 × 104.

The delta wing had a sweep angle of � = 38.7 deg. The chord
C was 101.6 mm, and the total span at the trailing edge was
254 mm. The thickness of the wing was 9.53 mm, and its lead-
ing edges were beveled on the windward side at an angle of
15 deg. The angle of attack of the wing was maintained at
α = 10 deg.

The delta wing was held in position by a 6-mm-diam sting that
had a length of 150 mm. It had the form of a classical sting attached
to the trailing edge of the wing, that is, it extended normal to the
surface of the trailing edge of the wing, which was aligned with
the plane of symmetry of the wing. This sting was connected to a
U-shaped support frame, then to a motor drive mechanism above the
water surface that imparted static and dynamic variations of angle
of attack, around the midchord, without interfering with the flow
along the delta wing.

A technique of high image density particle image velocimetry
was employed to generate quantitative flow patterns. The flow was
seeded with 12-µm metallic-coated hollow plastic spheres that had
a specific gravity of 1.03. The seeding density of these particles
was sufficiently large to satisfy the criterion of high image density.
Illumination was provided by a dual-pulsed 90 mJ Nd:Yag laser
system, which was located below the water channel. The time dif-
ference between pulses of the dual laser system was 10 ms. The
laser sheet of desired thickness, focal distance, and orientation was
generated by transmitting the laser beam through an optical train
involving a prism, two −15-mm cylindrical lenses, and 500-mm
spherical lens.

For acquisition of images, a digital charge-coupled device (CCD)
camera was used to record the patterns of particle images. The cam-
era had a total of 1024 × 1024 pixels, of which 1008 × 1016 were
light sensitive, and it was equipped with a lens of focal length 60 mm,
thereby providing a magnification of 1:3.62. The field of view was
252 × 260 mm. The camera was used at its maximum framing rate
of 30 frames/s, which gave 15 sets of images per second. In the im-
age layouts that follow, N is frame number. The difference N2 − N1

between two successive values of N of the image sequence at 15 Hz
corresponds to a dimensionless time (t2 − t1)U/C = 0.065, in which
U is the freestream velocity and C is the wing chord.

A frame-to-frame cross-correlation technique was employed to
determine the velocity field. The effective size of the interrogation
window was 32 × 32 pixels. To satisfy the Nyquist criterion, an
overlap of 50% was employed during the interrogation process.
This approach yielded a total of 58 × 60 (3480) velocity vectors.
The effective grid size was 4.44 mm in the plane of the laser sheet.
The smallest-scale vortical structure that can be resolved is between
one and two times the distance between grid points.

For acquiring dye images, dye was injected near the tip of the
wing apex, and the same CCD camera was used as before.

To characterize the near-surface topology of the flow, the laser
sheet was located parallel, and immediately adjacent to, the surface
of the wing, as indicated in the plan and side views of Fig. 1. For all
images shown herein, the laser sheet had a thickness of 1 mm. The
center of the sheet was located a distance of 1 mm from the surface
of the wing. This distance corresponds to a displacement z normal to
the surface of the wing of z/C = 0.01, in which C is the root chord.
At this value of dimensionless elevation z/C , the time-averaged
streamlines may be viewed as averaged representations over the
1-mm-thick layer corresponding to the laser sheet. They will be

Fig. 1 Overview of delta wing and laser sheet orientation for quanti-
tative imaging.
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referred to herein as near-surface streamlines, that is, streamlines
immediately adjacent to the surface of the wing; their interpretation
as surface shear stress lines, however, is not appropriate because the
equivalency conditions of Hunt et al.6 have not yet been assessed.
For this layer, defined by the laser sheet, and at the angle of attack
employed herein, the time-averaged patterns of velocity, stream-
line topology, and vorticity normal to the surface of the wing were
found to be relatively insensitive to small variations of z/C . In fact,
at values of z/C = 0.005, 0.015, and 0.02, these patterns showed
insignificant deviation from those at z/C = 0.01, whereas at higher
elevations, significant departures were evident.

Both instantaneous and averaged images are considered herein.
Unless otherwise indicated, an averaged image was determined from
200 images acquired at a rate of 15 Hz, the framing rate of the
camera. When small amplitude (�α = 1 deg) pitching perturba-
tions were applied according to α(t) = ᾱ + �α sin ωet , in which
ᾱ is a steady angle of attack, the averaged image was calculated
from the images at ᾱ for successive upstroke and downstroke mo-
tions of the wing. This constraint is necessary because the distance
from the surface of the wing to the laser sheet changes during the
oscillation cycle, and only at ᾱ is this distance constant along the
chord of the wing, thereby allowing a valid comparison with the pat-
terns of the stationary wing. To determine the rate of convergence
of the time-averaged patterns of velocity and streamline topology
for the perturbed wing, 6, 12, 20, and 80 images were averaged at
Te = 0.31 s. The patterns were nearly indistinguishable for averages
of 6 and 80 images, no doubt due to the tendency for the pertur-
bation to promote organized structure. Further tests for the rate of
convergence for other values of Te employed in this investigation
showed that an averaged image based on 20 instantaneous images
was also a conservative criterion; it was, therefore, employed for all
imaging.

The location of the wing boundary was determined, first, from
the raw image files of the quantitative images, which positioned
the leading edge of the wing with an uncertainty of sweep angle of
±0.5 deg. The final, precise location was then determined with the
aid of constant contours of averaged vorticity, such that extrema of
vorticity in the vicinity of the leading edge were compatible with
both the locus of the edge as well as the bifurcation lines of the
averaged streamwise velocity.

III. Surface Topology of Stationary Wing
Figure 2 shows, in the top-left-hand image, the time-averaged

surface streamlines for the present wing. For comparison, the top-
right-hand image shows time-averaged patterns of surface shear
stress lines on a delta wing of low sweep angle from Ref. 12. This
image was acquired in a wind tunnel by the use of an oil film tech-
nique, whereby time-averaged patterns were allowed to form over a
sufficiently long time interval. The present pattern shows a remark-
able similarity to the oil film pattern. Saddle points, which corre-
spond to apparent intersections of surface streamlines and surface
shear stress lines, and are designated as S, occur near the leading
edge of both wing configurations. Also, the nodal points N in the
present image, appear near the leading edge, at a location slightly
downstream of the apex, which matches with the point designated
on the oil film image. Whereas saddle points S require knowledge of
the three-dimensional flow to classify them as either separation or
attachment saddles, such a classification can be attained for nodes N
on the basis of two-dimensional patterns. The nodes N indicated in
the upper-left-hand image of Fig. 2 are nodes of separation because
the streamlines are oriented toward the node. A node of attachment
would, therefore, correspond to streamlines oriented away from the
node. This same interpretation can be applied to all nodes designated
in the topological patterns subsequently.

Nodal points on the oil film pattern, however, cannot be iden-
tified conclusively due to resolution issues. Furthermore, note that
the large-scale swirl patterns of the present image are in accord with
those of the oil film image. These swirl patterns occur inboard of
the saddle points. These features of the surface topology are funda-
mentally different than those on a wing of relatively high sweep, as
is evident in comparisons with Ref. 12.

Another feature of Fig. 2 is that the streamline pattern on the
surface of the wing is compatible with that formed in the near wake
of the wing, that is, the surface streamlines of the present config-
uration, shown in the top-left-hand image of Fig. 2, continue into
the near-wake region, then swirl back toward the leading edge. This
observation emphasizes that the overall pattern of time-averaged
streamlines is globally compatible with both the surface of the wing
and its extension into the near-wake region.

The relationship between time-averaged patterns of vorticity 〈ω〉
and streamline topology 〈�〉 is given in the bottom image of Fig. 2.
It is evident that the bifurcation line of the streamline topology
corresponds to the downstream edge of the elongated pattern of
vorticity, which is oriented parallel to the leading edge of the wing.
In fact, the lowest level of vorticity contour defined for this image
is congruent with the bifurcation line. These vorticity patterns have
high spatial gradients and contain small-scale extrema of vorticity.

A. Comparison of Patterns of Surface Topology and Flow Structure
Figure 3 compares various types of surface patterns. The pattern

of velocity vectors 〈V〉 shown in the top-left-hand image indicates
that the velocity vectors have a relatively large amplitude in the cen-
tral portion of the wing; however, farther outboard from the plane
of symmetry, and immediately downstream of the leading edge, the
magnitude of velocity becomes relatively small. The corresponding
image of time-averaged streamlines 〈�〉, shown at the top right of
Fig. 3, indicate the presence of saddle points d and nodal points b
already designated in Fig. 2. In addition, the negative bifurcation
line c of the streamline pattern, which corresponds to the conflu-
ence of streamlines from the freestream and streamlines represent-
ing the large-scale swirl pattern, are oriented toward the apex of the
wing.

Further interpretation of the time-averaged pattern of velocity is
provided by contours of constant streamwise velocity 〈u〉/U given
in the middle image of Fig. 3. An extremum of positive 〈u〉/U
occurs slightly downstream of apex of the wing. The shaded regions,
which represent regions of negative 〈u〉/U , occur in the outboard
regions. Such negative regions are associated with the large-scale
swirl patterns of streamlines 〈�〉.

A further representation of the surface pattern is provided by time-
averaged vorticity 〈ω〉, shown in the right-hand image in the middle
of Fig. 3. Contours of solid and dashed lines represent, respectively,
positive and negative 〈ω〉, in which the positive orientation corre-
sponds to the outward normal of the wing surface. As indicated
by these patterns, only the central portion of the wing, at a location
sufficiently downstream of the apex, is essentially vorticity free. The
large-scale swirl patterns of the streamlines shown in the 〈�〉 im-
age generally correspond to significant values of 〈ω〉. Local extrema
of 〈ω〉, designated as b, are located close to the shaded regions of
negative 〈u〉/U . The highest values of 〈ω〉, however, occur imme-
diately downstream of the apex of the wing and are designated as c.
These high levels of vorticity in the apex region of the wing are not
associated with a focus, that is, a region of tightly wound, spiral-like
streamlines, in the 〈�〉 image of Fig. 3.

An additional feature of the pattern of 〈ω〉 of Fig. 3 is the occur-
rence of relatively high levels at a location immediately upstream
of the leading edge of the wing. In fact, these regions of 〈ω〉 show
well-defined concentrations of like sign along the leading edge,
which indicate the existence of a corotating pattern of small-scale
vorticity concentrations. The peak vorticity level at location a is
〈ω〉C/U = 6.17, compared with the corresponding value of 9.26 at
location c.

There are two possible interpretations of the averaged patterns
of Fig. 3. The first is the occurrence of time-averaged substruc-
tures along the leading edge, first shown in the numerical simu-
lation of Visbal and Gordnier.5 In their interpretation, these sub-
structures arise from averaging the flow associated with nonlinear
transition of the shear layer separating from the leading edge. The
second interpretation is provided by Riley and Lowson,16 based
on an investigation of a highly swept delta wing. They indicate
that these structures are laminar and steady and arise from an in-
flectional instability of crossflow boundary layer on the windward
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Fig. 2 Patterns of time-averaged surface streamlines 〈〈Ψ〉〉 in comparison with surface (oil film) visualization for wings of low sweep angle; superposi-
tion of pattern of averaged surface streamlines 〈〈Ψ〉〉 and averaged vorticity 〈〈ω〉〉 oriented normal to the wing surface are also shown, and, for vorticity,
minimum and incremental values are [||〈〈ω〉〉||]min = 1 s−1 and ∆[|〈〈ω〉〉|] = 1 s−1.

side of the wing. A representative instantaneous image of vorticity
ω (not shown herein) employed to determine the averaged image
of 〈ω〉 of Fig. 3 indicates distinguishable small-scale concentra-
tions; yet the patterns of root-mean-square velocity vrms/U given
in Fig. 3, to be described, indicate that substantial fluctuations oc-
cur in this leading-edge region. The physical origin of the ordered
patterns of 〈ω〉 is, at this point, inconclusive and requires further
assessment.

Unsteadiness of the leading-edge vortices is represented by the
onset of undulations and an increase in cross-sectional area of the
patterns of dye shown in the image at the bottom left of Fig. 3.
The dye markers show the onset of pronounced, small-scale un-

dulations immediately downstream of the apex and, as the trailing
edge is approached, the cross section of the marker pattern abruptly
widens. This type of structure contrasts with the abrupt onset of bub-
ble or spiral modes of vortex breakdown on a highly swept wing.
The present patterns of dye visualization were unsteady, and the
apparent location of the abrupt widening of the marker was not
stationary; rather, it oscillated back and forth in the streamwise di-
rection. This visualization of the onset of vortex core undulations
and vortex breakdown is closely linked to the contours of constant
root-mean-square velocity vrms/U given in the image at the bottom
right of Fig. 3. Because of the unusual form of vortex breakdown
and the aforementioned time-dependent excursions of the apparent
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Fig. 3 Comparison of patterns of time-averaged velocity 〈〈V〉〉;
streamlines 〈〈Ψ〉〉; streamwise velocity component 〈〈u〉〉/U ([||〈〈u〉〉/
U||]min = 0.05, ∆[||〈〈u〉〉/U||] = 0.1); vorticity 〈〈ω〉〉([||〈〈ω〉〉||]min = 1 s−1,
∆[||〈〈ω〉〉||] = 1 s−1); root mean square of transverse velocity vrms/U
([vrms/U]min = 0.02, ∆[vrms/U] = 0.01); and dye visualization.

location of the vortex breakdown, it is difficult to relate the on-
set of breakdown to a reference location in either the contours of
constant vrms/U or the corresponding spectra Sv( f ). The largest
values of vrms/U correspond to the location beneath the unsteady,
leading-edge vortex for computation of the spectrum Sv( f ), which
is given in the inset of the image of vrms/U . This spectrum was
calculated from a cinema sequence of particle image velocimetry
(PIV) images, where the variation of the unsteady velocity fluc-
tuation v(t) was determined at the indicated location. A sharply
defined peak occurs at f = 1.6 Hz and a broader peak at its ap-
proximate first harmonic 3.2 Hz. The dimensionless values of these
frequencies are f C/U = 1.65 and 3.29, respectively. These val-
ues of f C/U are generally consistent with the range of frequen-
cies corresponding to vortex breakdown, as computed for surface
pressure fluctuations by Gordnier and Visbal,4 as well as those for
velocity fluctuations determined experimentally on the basis of cin-
ema PIV imaging, at locations away from the surface, by Yaniktepe

and Rockwell.3 Both of the aforementioned investigations involved
wings of relatively low sweep angle. Furthermore, these values
compare with dimensionless frequencies of the order of f C/U =
1–4, determined from pointwise surface pressure and velocity mea-
surements within the unsteady vortex on a highly swept wing
by Menke et al.17

B. Relation of Time-Averaged Topology to Instantaneous Topology
The patterns of the flow structure shown in Fig. 3 are all time-

averaged representations, which, of course, are due to a sequence of
instantaneous states. A comparison of the time-averaged topology
of the surface streamlines is compared with representative instanta-
neous patterns in Fig. 4. The instantaneous patterns were randomly
selected to point out features that were both symmetrical and asym-
metrical with respect to the plane of symmetry of the wing. In all
instantaneous images, the saddle point at location d is clearly iden-
tifiable, and one concludes that it is a persistent, dominant feature
of both the instantaneous and time-averaged topologies. Likewise,
the bifurcation line adjacent to the leading edge of the wing, c, is
also a very consistent feature, as is the nodal point b. An important,
distinguishing feature of the instantaneous patterns is, however, the
occurrence of well-defined foci, which represent regions of spiral
streamline patterns designated as a. In some cases, a bifurcation
line integrated with a focus (images N = 93 and 181, Fig. 4) is ap-
parent, instead of a distinctly separate bifurcation line and focus.
In image N = 93, the foci a tend to appear at the same chord-
wise location on either side of the plane of symmetry, whereas
in image N = 148, a focus a is apparent only on the starboard
side of the wing, and in image N = 181, these foci a occur rela-
tively close to the apex of the wing (Fig. 4). Because of the highly
nonstationary nature of the foci a, which involve large variations
in spatial location along the surface of the wing in successive in-
stantaneous images �, as well as intermittent lack of symmetry on
either side of the wing, the time-averaged consequence is a pattern

Fig. 4 Patterns of time-averaged 〈〈Ψ〉〉 and instantaneous Ψ stream-
line topology for various frame numbers N of cinema sequence and
angle of attack α= 10 deg.



YAVUZ, ELKHOURY, AND ROCKWELL 337

of streamline topology without clearly defined foci, as evident in
the 〈�〉 image of Fig. 4.

IV. Effect of Wing Perturbations on Flow Structure
The consequence of small amplitude sinusoidal perturbations of

angle of attack according to α(t) = ᾱ + �α sin ωet is shown in the
dye visualization of Fig. 5. The values of nominal and perturbation
angles of attack are ᾱ = 10 deg and �α = 1 deg. The period of
excitation, which is given in each of the images of Fig. 5 as Te = 0.31,
0.75, and 1 s, was selected to incorporate the range of naturally
occurring spectral peaks in the region of vortex breakdown, as shown
in the lower-right-hand image of Fig. 3. For these values of Te, the
corresponding values of perturbation frequency are fe = 3.23, 1.33,
and 1 Hz, which cover the spectral peaks at f = 1.6 and 3.2 Hz
in the spectrum of Fig. 3. The amplitude �α = 1 deg was selected
to determine whether such a small displacement amplitude could
significantly affect the flow structure. This value was the smallest
that could be reliably attained with the computer-controlled forcing
system.

Consider, first, the Te = 0.31 s image of Fig. 5. Well-defined swirl
undulations of the vortex core are induced, and they are evident, al-
beit with a small amplitude, at a location very close to the apex
of the wing. The scale of these undulations increases substantially
with chordwise distance along the leading edge of the wing. In
Te = 0.75 s image in Fig. 5 shows the pattern of dye takes when
the perturbation period is increased. Swirl-type undulations are no
longer evident in the region immediately downstream of the apex
but eventually emerge as indicated and then lose their coherence
as the trailing edge of the wing is approached. A generally simi-
lar, though less coherent, pattern of swirl-type undulation is evident
at the larger Te = 1 s image of Fig. 5. Thus, in essence, the on-
set of ordered undulations of the dye marker moves farther down-

Fig. 5 Dye visualization of leading-edge vortices on a stationary
wing at angle of attack α= 10 deg and wing perturbed according to
α(t) = ᾱ+ ∆α sin ωet, in which ωe = 2π/Te. (Te in seconds); unsteadi-
ness of leading-edge vortices has a predominant period of T0 = 0.63 s,
therefore, values of Te/T0 = 0.5, Te/T0 = 1.2, and Te/T0 = 1.6.

Fig. 6 Patterns of time-averaged component of streamwise velocity
〈〈u〉〉/U on a stationary wing and the wing perturbed according to
α(t) = ᾱ+ ∆α sin ωet, in which ωe = 2π/Te; minimum and incremen-
tal values are [||〈〈u〉〉/U||]min = 0.05 and ∆[||〈〈u〉〉/U||] = 0.1.

stream with increasing period Te; this effect appears to be a true
feature of the flow physics. On the other hand, the change in the
apparent diameter of the dye marker may well be due to the in-
fluence of the perturbation on the injection of dye from the ports;
this observation is consistent with the fact that, as the period Te

becomes large, the diameter of the marker approaches that of the
stationary wing. Examination of cinema sequences of the afore-
mentioned dye patterns show that they had a very similar form and
location of vortex breakdown over the entire oscillation cycle. In
other words, phase referencing of the images was not necessary,
apparently due to the small displacement amplitude and the
sufficiently high frequency, which preclude relaxation processes of
the flow. This situation contrasts with classical experiments involv-
ing highly swept wings, which involve large-amplitude pitching
motion, long timescales, and, thereby, substantial excursions of the
onset of vortex breakdown.

Figures 6–10 show averaged representations of the near-surface
patterns for the perturbed wing, relative to the stationary wing. As
described in detail in Sec. II, the averaged images for the perturbed
wing are based on the instantaneous images at the nominal (steady)
angle of attack ᾱ = 10 deg; the angle of attack of the corresponding
stationary wing was α = 10 deg.

Figure 6 shows the consequence of the perturbations on the con-
tours of constant streamwise velocity 〈u〉/U , relative to the case of
the stationary wing. The shaded regions represent negative values
of 〈u〉/U . At Te = 0.31 s, the regions of negative 〈u〉/U are elimi-
nated altogether, and, at larger values of Te = 0.75 and 1 s, they are
distinguishable, but substantially reduced in extent relative to the
case of the stationary wing.

In the patterns of transverse velocity 〈v〉/U , indicated in Fig. 7,
contours represented by the solid and dashed lines, respectively,
represent negative and positive 〈v〉/U , in which the positive sign
corresponds to the upward direction. The perturbation at Te = 0.31 s
results in a substantial reduction of the peak value of 〈v〉/U . In fact,
this reduction is by a factor of approximately one-half. As the value
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Fig. 7 Patterns of time-averaged component of transverse velocity 〈〈v〉〉
on a stationary wing at angle of attackα= 10 deg and the wing perturbed
according to α(t) = ᾱ+ ∆α sin ωet, in which ωe = 2π/Te; minimum and
incremental values are [||〈〈v〉〉/U||]min = 0.05 and ∆[||〈〈v〉〉/U||] = 0.05.

of Te increases to 0.75 and 1 s, the peak values of 〈v〉/U recover
toward the values for the stationary wing.

The foregoing alterations of patterns of 〈u〉/U and 〈v〉/U are,
of course, manifested in the patterns of time-averaged streamline
topology 〈�〉 shown in Fig. 8. At Te = 0.31 s, the spanwise extent
� of the inflow region of the streamline patterns is significantly re-
duced, and, furthermore, the large-scale swirl pattern, so prevalent
in the pattern of 〈�〉 on the stationary wing, is no longer evident.
Moreover, the direction of the bifurcation line b at Te = 0.31 s is ac-
tually reversed, relative to that on the stationary wing. This reversal
is actually discernible in representative instantaneous images (not
shown). At larger values of Te = 0.75 s, the same observations hold,
though the details of the streamline pattern are altered. For example,
the pattern at Te has an overall form that is closer to the swirl pattern
on the stationary wing, relative to the form on the wing perturbed at
Te = 0.31 s. For all perturbed cases, note that the saddle and nodal
points no longer exist.

Corresponding patterns of averaged vorticity 〈ω〉 are given in
Fig. 9. At Te = 0.31 s, the peak value of vorticity 〈ω〉 in the region
near the apex at location c is reduced by a factor of approximately
one-half, relative to the peak value at location c for the corresponding
stationary wing. Furthermore, in regions approaching the trailing
edge of the wing, the vorticity levels for the perturbed wing are
generally lower than for those of a stationary wing. At Te = 0.75 s,
these lower levels of peak vorticity at c are generally maintained,
though at Te = 1 s, the peak at c is slightly elevated. With regard to the
clearly identifiable concentrations of vorticity a, they are somewhat
disrupted at all values of Te, though they are generally detectable,
especially along the starboard side of the wing.

As shown in Fig. 10, the consequence of the perturbations is
generally to increase the peak levels of root-mean-square velocity
fluctuation, represented by patterns of vrms/U . The peak values of

Fig. 8 Patterns of time-averaged streamlines 〈〈Ψ〉〉 on a stationary
wing at angle of attack α= 10 deg and a wing perturbed according
to α(t) = ᾱ+ ∆α sin ωet, in which ωe = 2π/Te.

Fig. 9 Patterns of time-averaged vorticity 〈〈ω〉〉 oriented in a direc-
tion normal to the surface of the wing. Stationary wing is at an-
gle of attack α= 10 deg, and the perturbed wing is according to
α(t) = ᾱ+ ∆α sin ωet, in which ωe = 2π/Te; minimum and incremental
values are [||〈〈ω〉〉||]min = 1 s−1 and ∆[||〈〈ω〉〉||] = 1 s−1.
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Fig. 10 Patterns of root mean square of transverse velocity fluc-
tuation vrms/U on a stationary wing at angle of attack α= 10 deg
and a wing perturbed according to α(t) = ᾱ+ ∆α sin ωet, in which
ωe = 2π/Te; minimum and incremental values are [vrms/U]min = 0.02 and
∆[vrms/U] = 0.01.

vrms/U immediately above the surface of the wing can exceed those
for the stationary wing by a factor of approximately 1.7. These
relatively high levels of vrms/U are evident in the apex region and
extend toward the trailing edge.

V. Effect of Transient Motion of Wing
on Relaxation of Topology

To determine the relaxation process of the topology to abrupt
changes in angle of attack, the wing was pitched from an initial
angle αi = 3 deg to a terminal angle α f = 10 deg over a time interval
�t . Two values of �t = 1 and 10 s are considered. They correspond
to dimensionless ramp rates of α̇C/2U = 3.6 and 0.36.

For the highest pitch rate corresponding to �t = 1 s, the sequence
of topological states is as indicated in Fig. 11. Numbers designated
by N ∗ correspond to increasing values of time t after attainment
of the final angle of attack α f = 10 deg. At N ∗ = 2, the value of
dimensionless time after cessation of the motion is tU/C = 0.13.
At successive values of N ∗ = 26, 51, and 151, the corresponding
values of tU/C are 1.69, 3.31, and 9.79. At N ∗ = 2, the bifurcation
line is designated as c. No saddle and nodal points are detectable.
At N ∗ = 26, the direction of the bifurcation line c is maintained.
A saddle point sets in at location d , and a nodal point arises at
location b on the port side of the wing but is absent on the starboard
side. At N ∗ = 51, saddle points d are clearly evident on both sides
of the wing. Moreover, the direction of the bifurcation line c has
reversed relative to its orientation at N ∗ = 2 and 26. Furthermore,
the initial stage of development of a swirl-type pattern is designated
at a. At N ∗ = 151, the locations of the saddle points d are consistent
with those at N ∗ = 51, and the process of transformation of the
bifurcation line c is complete; it extends over a significant portion of
the leading-edge region of the wing. Furthermore, pronounced foci,
corresponding to tightly wound streamlines, are evident at locations
a. In addition to these features, some nodal points are evident. They
are designated as b.

Fig. 11 Patterns of instantaneous streamlines Ψ as a function of frame
number N∗ after completion of a linear-ramp pitching motion between
initial and final angles of attack αi = 3 deg and αf = 10 deg over a time
interval ∆t = 1 s corresponding to U∆t/C = 0.972, in which U is the
freestream velocity and C is the wing chord.

Fig. 12 Patterns of instantaneous streamlines Ψ as a function of frame
number N∗ after completion of a linear-ramp pitching motion between
initial and final angles of attack αi = 3 deg and αf = 10 deg over a time
interval ∆t = 10 s corresponding to U∆t/C = 9.72, in which U is the
freestream velocity and C is the wing chord.
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For the lower ramp rate, corresponding to �t = 10 s, represented
in Fig. 12, saddle points d are immediately evident on cessation of
the wing motion when it reaches its final angle of attack α = 10 deg.
(See image N ∗ = 2.) These saddle points persist for all subsequent
values of N ∗. Furthermore, the bifurcation line is oriented toward the
apex of the wing at locations c for all values of N ∗. A predominant
feature of all of the patterns is the occurrence of well-defined foci
a and nodal points b in nearly all four parts of Fig. 12.

In the foregoing, emphasis has been on identification of repre-
sentative critical points of the instantaneous streamline topology of
Fig. 12, as well as that of the preceding Figs. 4 and 11; all possible
critical points are not designated. In some cases, it is more difficult
to assess such points in instantaneous topology, relative to averaged
topology, due to the lack of smoothing that is inherent in time aver-
aging. For example, it was pointed out by a referee that an additional
saddle point may exist in Figs. 4 (N ∗ = 93), 11 (N ∗ = 151), and 12
(N ∗ = 151). It would be located on the port side of the wing, near the
bifurcation line, immediately upstream of the focus a. In addition,
a potential saddle point is located adjacent to the node b on the star-
board side of the wing in Fig. 11 (N ∗ = 151). Further assessment of
Figs. 4, 11, and 12 involving reinterrogation with a subgrid scheme,
and application of spatial filtering, would allow a clearer definition
of all additional critical points.

VI. Conclusions
A laser-based technique can effectively provide patterns of in-

stantaneous and averaged flow structure on a plane immediately
adjacent to a wing surface, as well as extensions of these patterns to
regions upstream of the leading edges and downstream of the trailing
edge of the wing. This approach can lead to representations of near-
surface streamlines, corresponding patterns of contours of constant
streamwise and transverse velocity, and vorticity normal to the sur-
face. The focus of the present investigation is on a delta wing having
low sweep angle and sufficiently high angle of attack, such that re-
gions of vortex breakdown occur above its surface. The foregoing
representations are provided for the case of the stationary wing, as
well as for the wing subjected to small-amplitude perturbations and
transient motion in the form of a linear ramp from an initial to final
angle of attack. The principal findings are described hereafter.

For the case of the stationary wing, the time-averaged patterns
of streamline topology show well-defined critical points, which are
symmetrical with respect to the plane of symmetry of the wing.
The patterns of instantaneous topology, however, can vary dramat-
ically and contain critical points not evident in the averaged topol-
ogy. Patterns of time-averaged, surface-normal vorticity effectively
complement the time-averaged streamline topology. Vorticity rep-
resentations are essential for a more complete interpretation of the
flow patterns, that is, concentrations of vorticity are not evident in
either the instantaneous or time-averaged patterns of the stream-
line topology. The unsteady aspects of the near-surface fluctuations
are evident in corresponding patterns of root-mean-square velocity
fluctuation, especially in regions beneath vortex breakdown. This
unsteadiness can be further evaluated via space–time (cinema) im-
age acquisition and processing, which leads to evaluation of spectra
of the velocity fluctuations at a large number of points over the field
of view. With this approach, it is demonstrated that the dimension-
less frequencies of vortex breakdown are consistent with the range of
frequencies of surface pressure fluctuations computed numerically
by Gordnier and Visbal4 and of velocity fluctuations determined
experimentally in a crossflow plane by Yaniktepe and Rockwell.3

Perturbations of the delta wing in the pitching mode, in the form
of a small angular (pitching) amplitude, can lead to substantial mod-
ifications of the time-averaged near-surface topology and velocity
fields, at least when the angle of attack of the perturbed wing is co-
incident with the nominal, steady angle of attack. These alterations
are demonstrated in terms of streamline topology and the corre-
sponding averaged surface velocity fields. The number of critical
points of the topology can be reduced in the presence of perturba-
tions. Furthermore, a significant reduction in the magnitude of the
surface-normal vorticity is attainable at certain locations along the
wing surface.

When the wing is subjected to transient pitching motion, the in-
stantaneous near-surface topology, observed at successive times af-
ter cessation of the wing motion, can exhibit large variations, pro-
vided that the motion varies over a relatively short timescale. Certain
critical points of the streamline topology are evident only at larger
times. On the other hand, when the timescale of the wing motion is
much larger, a number of critical points are evident immediately fol-
lowing cessation of the wing motion: saddle points, nodal points, bi-
furcation lines directed toward the apex of the wing, and distinct foci.
This topology is not, however, representative of that occurring on the
stationary wing, thereby suggesting relatively long relaxation times.

The relationship between the near-surface streamlines, character-
ized herein, and the surface shear stress lines has not been pursued.
Rather, emphasis has been on global representations of the steady
and unsteady flow structure in the near-surface region. If the intent
is to establish such a relationship, then account must be taken of
the fact that, as Reynolds number increases, surface-normal gradi-
ents will increase, thereby imposing more severe demands on the
location and thickness of the laser sheet that defines the plane of
interest.
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