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I. Introduction

D ELTAwings have evolved over the years and are primarily used
on many fighter aircraft. As these aircraft become more and

more maneuverable, delta-wing vortex dynamics and the under-
standing of the physics of time-dependent unsteady flows have
become substantially important [1]. Several variables affect the delta-
wing vortex dynamics. As indicated by Yaniktepe [2], some of these
variables are angle of attack, leading-edge geometry, wing thickness,
sweep angle, Reynolds number, and freestream conditions.
Yaniktepe and Rockwell [3] investigated aerodynamics of the delta
wing with a sweep angle of �� 38:7� for the value of Reynolds
number based on the chord length C, which was maintained at
Re� 104. They reported that the nonslender delta wings exhibited
more distinctive features than the slender delta wings, especially at a
higher angle of attack as a result of the earlier onset of vortex
breakdown, which are based on the time-averaged velocity and
vorticity distributions in the crossflow plane. Canpolat et al. [4]
observed the variation of flow structures on the delta-wing surface
with a sweep angle of�� 40� as a function of the angle of attack �
and yaw angle �, using the dye visualization technique. When the
delta wing is under the effect of a yaw angle, the symmetrical flow
structure deteriorates, and a vortex breakdown occurs earlier on the
windward side of the delta wing, as compared with the leeward side.
The main vortices in crossflow planes occur in the inner side close to
the central axis of the delta wing. Many small-sized vortices are also
evident next to themain rotating vortices. Yayla et al. [5] investigated
the flow structure close to the surface of the nonslender diamond
wing, both qualitatively and quantitatively, using the dye visu-
alization and the stereoscopic particle image velocimetry (PIV)
techniques. It was stated that, when the yaw angle is increased, the
locations of vortex breakdowns approach thewing apex, but the other
one moves toward the trailing edge. Goruney and Rockwell [6]
investigated the near-surface flow structure and topology on a delta
wing of low sweep angle having sinusoidal leading edges of varying
amplitude and wavelength. Gursul et al. [7] reviewed unsteady
aerodynamics of nonslender delta wings, covering topics of shear
layer instabilities, structure of nonslender vortices, breakdown,
maneuvering wings, and fluid/structure interactions. Yaniktepe and
Rockwell [8] characterized the instantaneous and the time-averaged
flow structure on the nonslender diamond and lambda planforms by
using the PIV technique.

Ozgoren et al. [9] investigated the structure of vortex breakdown
and the effect in the surface of the wing of the separated flow region
in the case of the high angle of attack over the slender delta wing.
They declared that the high angle of attack rather affects the onset of
vortex breakdown, spiral vortex structure, and separated flow region.
Breitsamter [10] presented selected results from extensive experi-
mental investigations on turbulent flowfields and unsteady surface
pressures caused by leading-edge vortices, in particular, for vortex
breakdown flow.

Another important parameter for the delta wing is the yaw angle.
The influence of sideslip on the flow about a sharp-edged biconvex
delta wing of a unit aspect ratio was investigated by Verhaagen and
Naarding [11] using flow visualization techniques as well as
pressure and force balance measurements. It was observed that the
yaw angle affects the structure of the leading-edge vortex, vortex
breakdown, and formation of nonsteady flow structure substantially,
which is generated after vortex breakdown. Sohn et al. [12] pre-
sented the development and interaction of vortices over a yawed
delta wing with leading-edge extension (LEX) through offsurface
flow visualization using microwater droplets and a laser beam sheet.
By sideslip, the coiling, the merging, and the diffusion of the wing
and LEX vortices increase on the windward side, whereas they are
delayed significantly on the leeward side. Also, the migration
behavior of vortices on the windward and leeward sides of the wing
change considerably.

A review of experimental data for delta wings under both steady
and unsteady conditions was presented from a vortex dynamics point
of view by Lee and Ho [13]. Conclusions were derived that vortices
on the suction surface provide an important contribution to the lift of
a delta wing, especially for the wings with large sweep-back angle.
Delery [14] stated that, in three-dimensional flows, boundary-layer
separation leads to the formation of vortices formed by the roll up of
the viscous flow sheet, previously confined in a thin layer attached to
the wall, which suddenly springs into the outer nondissipative flow.
Comprehensive reviews of experimental and numerical works on
vortex breakdown were reported by Leibovich [15,16], Escudier
[17], and Visbal [18].

Sahin et al. [19] concluded that substantial retardation, or delay, in
the onset of vortex breakdown, and thereby the development of large-
scale concentration of vorticity due to the helical mode of vortex
breakdown, are attainable when the leading edge of the delta wing is
perturbed at a natural frequency of vortex breakdown. They also
found that upstream movement of the onset of vortex breakdown is
attainable when the period of excitation frequency is sufficiently
large. Akilli et al. [20] used the technique of PIV to characterize the
alterations and structure of the leading-edge vortex formed from a

Fig. 1 Schematic of experimental arrangement showing diamondwing

and laser-sheet location.
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delta wing at a high angle of attack in the presence of a small wire
oriented orthogonally to the axis of the vortex.

In the present work, the structure of the vortical flow that is
characterized within the range of the yaw angle 0� � � � 15� for
angles of attack of �� 7 and 10� is observed on the diamond wing
with a �� 40� sweep angle using dye visualization. There is not
much work done on the structure of vortices over nonslender delta
wings with sweep angles as low as �� 40�. A review of recent
investigations indicates that nonslender wings under angles of attack
as low as a few degrees can produce strong vortical flows and the
associated unsteady flow phenomena. Yawing the delta wing against
freestream flow direction can substantially alter the formation of
leading-edge vortices and the onset of vortex breakdown and sub-
sequent unsteady wake flow phenomena. For this reason, present
experimental investigation on the unsteady flow over a wide range of

yaw angles provided crucial understanding of the variations of the
leading-edge vortex cores, their breakdown behavior, aerodynamic
hysteresis, and wing aerodynamic characteristics.

II. Experimental Arrangements and Instrumentations

Dye visualization experiments were conducted in a circulating
free-surface water channel. The internal dimensions of the water
channel test section, which is made from 15-mm-thick transparent
Plexiglas sheet, are 8000 � 1000 � 750 mm. Water flow was driven
by a 15 kW centrifugal pump with a speed control unit. Before
reaching the test section, flow passes through a two-to-one channel
contraction in order to provide a uniform freestream velocity
distribution. The depth of thewater in the test section was adjusted to
a 530 mm height for the present experiments.

Fig. 2 Formation and development of leading-edge vortex, vortex breakdown, and separated flow region as a function of angle of attack � and yaw

angle �.
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Average freestream velocity in the plan-view planes is Uav�
59:5 mm=s, which corresponds to the Reynolds number Rec �
10; 000 based on the chord of the entire diamond wing C and to the
Reynolds number Reh � 61285 based on the open-channel hydrau-
lic diameter for all experiments. The chord of the entire diamond
wing had a length of 168 mm. Meanwhile, the chord of the leading-
edge portion of the diamondwing isC0 � 101 mm. The sweep angle
of the wing was specified as �� 40�. In addition, the wing had a
thickness t of 3mm, and the side edges of thewingwere beveledwith
an angle of 45�. Dimensions of the diamond wing model and the
location of the dyevisualization plane are shown in Fig. 1. During the
dye visualization experiments, the diamond wing model was kept
stationary against the freestream flow by a specially designed
apparatus that included a servomotor.

The dye visualization technique aims to visualize flow by
spreading a certain amount of Rhodamine 6G dye that shines under
the laser light exposure in the definedflowfield. The dyevisualization
technique offers no numerical analysis or data to use, but it shows a
brief demonstration of the flow structures. The video camera (Sony
HD-SR1) was used to capture the instantaneous video images of the
vortex flow structures. Within the scope of this work in the dye
experiments, dye was injected in the near field of the delta-wing
trailing edge by thin plastic pipe. The needle at the tip of the thin
plastic pipewas inserted to a closed and narrow channel embedded in
the wing body along the central axis of the delta wing in order to
convey the dye directly to the leading edge.

III. Results and Discussion

The results of the dye visualization experiments at angles of attack
of �� 7 and 10� and yaw angles of �� 0, 4, 6, and 15� are shown in
Fig. 2. In the first column of Fig. 2, the apparent centerlines of
leading-edge vortices are clearly identified, and the vortex break-
down occurs after a certain distance from the diamond wing apex
close to the trailing edge of the delta-wing attachment for�� 7�. The
natural flow structure of the diamond wing generally contains a pair
of main coherent vortices emanating from the leading edge of the
diamond wing and the vortex breakdown, which is defined as the
decomposition of the leading-edge vortex occurs.

As seen in the first row of Fig. 2, which presents dye flow
visualizations for a zero yaw angle, the location of the vortex
breakdown comes closer to the diamondwing apexwhen the angle of
attack is increased from �� 7� to �� 10�. Moreover, there is a
symmetrical flow structure over the diamondwing in the case of zero
yaw angle.When the yaw angle gradually increases, the symmetrical
flow structure between both sides of the chord axis of the diamond
wing begins to deteriorate. The vortex breakdown location on the
leeward side of the diamond wing is delayed when compared to that
of the windward side. In other words, the vortex breakdown moves
upstream on the windward side of the diamond wing while it moves
further downstream on the leeward side. As can be seen in Fig. 2 for
angles of attack of �� 7 and 10�, of the cases of yaw angle less than
�� 4�, the flow structure on both sides of the chord axis of the
diamond wing is almost symmetric. Canpolat et al. [4] indicated that
the asymmetric flow structure starts at the yaw angle of �� 6� for the
delta wing having a sweep angle of �� 40�. The leading-edge
vortex axis on thewindward side of thewing shifts its location toward
the central chord axis, and the vortex breakdown occurs at the
location further upstream in the case of higher yaw angles �.

Asymmetrical flow characteristics start at the yaw angle of �� 4�

in the diamond wing case, when compared with the delta-wing result
reported by Canpolat et al. [4]. These changes in the flow char-
acteristics occur due to the trailing-edge configuration attached to
the delta wing. At the yaw angle �� 15�, vortex breakdown occurs
in the downstream region of the diamond wing’s trailing edge of the
leeward side but, on the windward side, the vortex breakdown takes
place close to the apex of the wing for both angles of attack �� 7
and 10�.

From time to time, a well-defined vortex in the wake flow region
downstream of the onset of vortex breakdown reverses back in the
anticlockwise direction to form a swirling type of flow that rotates

anticlockwise about its axis, which is perpendicular to the measuring
plane (paper plane) and moves in the upstream direction when the
yaw angle increases to a value of �� 15� at �� 10�. In addition, the
leading-edge vortex is arced starting from the apex and, later, this
curved leading-edge vortex is divided into two branches, as seen in
the third images of Fig. 3. Finally, this curved leading-edge vortex
turns into an elongated shape and continues to rotate around the
straight line as a core vortex; hence, onset of the vortex breakdown
moves further downstream, as seen in Fig. 3. Between the curved part
of the leading-edge vortex and thewindward side edge of thewing, a
rather weak swirling-type vortex takes place, rotating about its axis
that is perpendicular to the measuring plane. Furthermore, similar
observation on the delta wing with sweep angle of�� 40� was also
done by Canpolat et al. [4], as seen in last two images of Fig. 3. In the

Fig. 3 Formation and distortion of leading-edge vortex, vortex

breakdown, and swirling-type vortex for angle of attack, �� 10�, and

yaw angle, �� 15�.
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case of the delta wing, this swirling-type (focus) vortex is well
defined next to the curved leading-edge vortexwhen compared to the
diamond delta-wing case. In both wing cases, the domain of this
swirling-type vortex enlarges its size from time to time on a quasi-
periodic basis. When this vortex gets its largest shape, the leading-
edge vortex disintegrates in the upper stage, causing the vortex
breakdown location to occur close to the apex.

Variation in the dimensionless location of vortex breakdown,
LVB=C, against the yaw angle is presented in Fig. 4 for angles of
attack of �� 7 and 10�. Distance between the leading edge of the
wing and the vortex breakdown location is designated as LVB and
normalized by chord length as LVB=C. The vortex breakdown
location on the windward side moves toward the leading edge of the
wing, whereas the vortex breakdown location on the leeward side
moves further downstream. For example, the vortex breakdown at a
yaw angle of �� 15� occurs at a location of LVB=C� 0:05 for the
angle of attack of �� 10�. Video of dye visualization indicates that
vortex breakdown developed over the wing is obliged to move
backward and forward along the leading-edge vortex axis. These
variations are shown with a vertical solid line between two bars on
each datum. Finally, it can be concluded that a symmetrical flow
structure over the suction surface of the wing deteriorates sub-
stantially when the yaw angle is increased to a higher level.

IV. Conclusions

The present investigation focuses on a number of fundamental
phenomena, which are the formation and development of leading-
edge vortices, the vortex breakdown, and the nonsteady flow
structure over a diamond wing. These phenomena are inspected
qualitatively using the dye visualization technique. The wing has a

leading-edge sweep angle of �� 40�, and the changes in the flow
structure were obtained by varying the yaw angle of the diamond
wing within the range of 0� � � � 15�.

At zero yaw angle, two symmetrical leading-edge vortices
emanating from the wing apex are observed. The vortex breakdown
and stagnation point occur along the central axis of these vortices.
Symmetrical flow structure deteriorates substantially with the yaw
angle of the diamond wing. However, this deterioration is not clearly
observed for yaw angles less than �� 4�. When the yaw angle is
increased beyond �� 4�, the vortex breakdown occurs in the
downstream region of the diamond wing’s trailing edge of the
leeward side, but the vortex breakdown takes place further upstream
on the windward side.
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