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The near-surface flow structure and topology on a delta wing of moderate sweep angle are investigated using a

technique of high-image-density digital particle image velocimetry. The focus is on the time evolution of the surface

topology during relaxation of the flow after termination of a pitching maneuver for a wide range of pitch rates. The

near-surface patterns at the instant corresponding to termination of the maneuver are a strong function of the

magnitude of pitch rate and show substantial differences. On the other hand, irrespective of the severity of the flow

distortion at the end of the pitching maneuver, the relaxation of the flow involves the same sequence of universal

topological states. Furthermore, it is demonstrated that there exists a critical universal state that marks an abrupt

transformationbetween twodistinctly different states of thenear-surface topology.Moreover, it is demonstrated that

the changes of the topological features observed during the early stages of the relaxation process are analogous to the

alterations of the surface patterns obtained for the stationary wing at smaller angles of attack.

Nomenclature

BL� = positive bifurcation line
BL� = negative bifurcation line
C = chord of planform, mm
F = focal point
F� = focus of attachment
F� = focus of separation
N = nodal point
N� = node of attachment
N� = node of separation
S = saddle point
t = time variable
tf = actual time at the end of maneuver, s
ti = actual time at the beginning of maneuver, s
t0 = actual time variable
t� = dimensionless time variable
t� = time variable
U1 = freestream velocity, mm/s
u = streamwise velocity component
V, V = velocity vectors
v = spanwise velocity component
x = coordinate in streamwise direction
y = coordinate in spanwise direction
z = coordinate in surface normal direction
� = angle of attack, �

�i = initial angle of attack, �

�f = final angle of attack, �

_�C=U1 = dimensionless pitch rate
�� = maneuvering angle, �

�t = maneuvering time, s
@ = partial derivative
� = sweep angle, �

� = streamlines
h�i = time-averaging
— = mean value

I. Introduction

T HE aerodynamics of unmanned combat air vehicles (UCAVs)
and micro air vehicles (MAVs) have been of considerable

interest in the past decade. Delta wings undergoing steady flight or
unsteady maneuvers generate complex flow patterns, the physics of
whichmust be clearly identified in order to optimizemaneuverability
and minimize unsteady loading associated with vibration and
fatigue. These features are strongly related to the existence of
leading-edge vortices and their breakdown, as well as the three-
dimensional separation and stall along the surface of the planform.

Delta wings of low and moderate values of sweep angle, i.e.,
typically �< 65�, are associated with distinctive types of flow
patterns, which have been the subject of recent research with
numerous applications of different experimental techniques. Gursul
et al. [1,2] provided extensive reviews of the unsteady aerodynamics
of delta wings of low and moderate sweep angles.

The vortical flow over delta wings of low and moderate sweep
angles has major differences, compared with high-sweep planforms.
Ol and Gharib [3] reported that the vortices form much closer to the
surface of the wing. Therefore, vortex/boundary-layer interaction
becomes important, as shown byGursul et al. [4] and Taylor et al. [5].
Taylor et al. [5] found that Reynolds number has amajor effect on the
structure of these vortical flows, which is not observed over highly
swept wings. Separated and vortical flows are dominant even at very
low angle of attack.

In relatively low-Reynolds-number experiments of Ol and Gharib
[3] and Miau et al. [6], well-defined vortices are visible, where
Reynolds number varied from 1000 to 30,000. The flow over wings
of low and moderate sweep angles differs substantially from those
documented over highly swept planforms at high angles of attack and
Reynolds number. Recent computational (Gordnier and Visbal [7])
and experimental (Taylor et al. [5] and Yaniktepe and Rockwell [8])
studies have demonstrated that a dual-primary-vortex structure exists
over delta wings of low and moderate sweep angles at low angles
of attack. This dual-vortex structure can also be observed in dye
visualizations performed by Yavuz [9]. As the angle of attack
increases, the dual-primary-vortex structure is replaced by a classical
single primary vortex.

A great deal of effort has been focused on the study of the flow
structure and topology on stationary delta wings. A wide range of
investigations, both experimental and numerical, have addressed the
surface topology on planar and nonplanar surfaces, including the
simplified planforms of delta wings. Some examples are the studies
of Legendre [10], Hunt et al. [11], Tobak and Peake [12], Moffat
and Tsinober [13], Peake and Tobak [14,15], Perry and Hornung
[16], Perry and Chong [17], Dallman and Schulte-Werning [18], Su
et al. [19], Lazos [20], Gordnier and Visbal [7], and Taylor and
Gursul [21].
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Su et al. [19] classified the types of separated flows above
stationary delta wings in relation to the topology along the surface of
the wings for a wide range of sweep angle� and angle of attack � by
traditional oil-film flow visualization technique. They report nine
different types of separated flow. For low values of �, there is a three-
dimensional bubble near the leading edge of the wing but the free
shear layer does not roll up into a vortex. As � increases, a bubble
vortex appears above the wing of small� where the free shear layer
has rolled up but no concentrated vortex core is formed. For large�,
two arrays of streamwise vortices appear on each half of thewing. As
� increases further, the streamwise vortices on a half wing interact
with each other and combine to form a concentrated vortex, but no
vortex bursting is evident.

Su et al. [19] define the bursting vortex as a vortex with a bursting
point located between the trailing edge and the apex of thewing. Two
types of skin-friction line patterns are associated with the bursting
vortex: a kink point on the secondary separation line of awing of large
�anda focalpoint at theendof the secondaryseparation lineofawing
of small �. For a wing of large � and sufficiently large �, an
asymmetric vortex appears. After the bursting point has moved
toward the apex, spiral flow patterns occur in the surface flow
topology, whereby two foci of separation are located on each half of
thewing, and there isunsteadyvortexshedding fromthesepoints.The
reversedflow is characterizedby reversalof theflowdirectionnear the
upper surface,whereas the completely separatedflow is characterized
by a node of attachment on the upper surface of the wing.

There has been less emphasis on the unsteady aspects of flow over
maneuveringwings, although they are of great importance in terms of
aircraft stability and control. Reviews of the unsteady flow structure
on delta wings along with the aspects of the vortex breakdown were
provided by Rockwell [22] and Visbal [23].

Maltby et al. [24] performed the earliest investigation of unsteady
flow phenomena over delta wings involving flow visualization over a
delta wing oscillating in heave, as indicated by Gursul [25]. They
found the existence of a phase lag of the motion of the vortex core,
compared to its variation in the stationary case. Lambourne et al. [26]
investigated the behavior of the leading-edge vortices over a delta
wing following the termination of pitching maneuver. Gursul [25]
emphasized the similarity between the spatial response of the vortex
core and to that of a first-order dynamic system to a step function
input, and thereby, a phase lag in the variation of the position of the
vortex core was expected.

Gad-el-Hak and Ho [27] performed flow visualizations on
pitching delta wings, and indicated that the leading-edge vortices
exhibited a growth-decay cycle along with the existence of a
hysteresis loop in flow patterns for the case of a periodically pitching
delta wing. This shows the existence of a time lag in the evolution of
the crossflow patterns due to pitching motion. One might also expect
the existence of a similar time lag phenomenon for the near-surface
flow patterns.

Gursul andYang [28] carried out unsteady pressuremeasurements
on a pitching deltawing of 70� sweep angle in order to investigate the
effects of pressure gradient on the phase lag between thewingmotion
and the movement of breakdown location. They hypothesized and
showed that the phase delay of the breakdown location for pitching
delta wings may be related to the variations of the adverse pressure
gradient on the wing surface, based on the suggestion of Gursul and
Ho [29] that delta-wing vortex breakdown in unsteady flow is driven
by the external pressure gradient.

Miau et al. [30] visualized the flow patterns on pitching delta
wings via dye visualization and laser Doppler anemometry measure-
ments. Visbal and Gordnier [31] computationally characterized the
effect of pitch rate and the location of the pitch axis on the onset of
vortex breakdown.

Reynolds and Abtahi [32], Magness et al. [33], and Jarrah [34]
provided information about the response of the vortex breakdown
during transientmaneuvers. Atta andRockwell [35] and LeMay et al.
[36] investigated the response of flow patterns on delta wings to a
harmonic pitching maneuver. Woffelt [37] addressed both of these
types of pitching motions. Lin and Rockwell [38] defined the region
of vortex breakdown in terms of critical points of the sectional

topology, as well as patterns of azimuthal vorticity. Visbal and
Gordnier [31] provided numerical simulations of these features in a
parallel investigation.

Magness et al. [39] characterized the instantaneous crossflow
topology of the unsteady leading-edge vortex on a delta wing of 70�

sweep angle. They defined a new topological structure for flowover a
delta wing undergoing transient pitching maneuvers at high angle of
attack. That is, the leading-edge vortex was found to exhibit an
outward-spiraling pattern corresponding to an unstable focus.

The near-surface patterns of streamline topology on a pitching
wing (38.7� sweep angle) at instants of time following termination of
a maneuver were investigated by Yavuz et al. [40]. The corre-
sponding relaxation process including the time evolution of critical
features was represented. Yavuz [9] characterized the effect of the
pitch rate on crossflow patterns.

The present investigation characterizes the time evolution of the
flow structure and near-surface topology on a pitching delta wing of
moderate sweep angle for a wide range of pitch rate using critical-
point concepts in order to gain an understanding of the flow physics
associated with flow along a maneuvering delta wing.

II. Experimental System and Techniques

An overview of the experimental setup is given in Fig. 1a. The
sweep angle of the delta wing had a value of�� 50�. The root chord
of the wing wasC� 200 mm, and thewing thickness was 6.35 mm,
with 30� beveling on the windward side. All experiments were
performed at a Reynolds number of 15,000.

Experiments were performed in a large-scale water channel. The
main test section of this facility had awidth of 927mmand a height of
610mm; thewater levelwasmaintained at 547mm.Upstream of this
test section, a flow conditioning system involving honeycomb and a
sequence of five screens provided a turbulence intensity of
approximately 0.3%. The freestream velocity in the test section was
maintained at 70:9 mm=s. The water flow was seeded with 12-�m-
diam metallic coated plastic spheres, with a sufficient density such
that 15–20 particle images were typically attained within the
interrogation window. The laser sheet was generated by a dual-
pulsed Yag laser system having a maximum output of 50 mJ. The
pulse rate of the lasers was 15Hz. Images during the entire relaxation
process were acquired at effective rates of 15 and 5 frames per
second. Using a lower framing rate allowed sufficiently long image
capture time in order to characterize the flow during the relatively
later stages of relaxation.

The schematic of Fig. 1a also shows the location and orientation of
the camera employed for digital particle image velocimetry. The
sensor array of the camera was 1008 � 1018 pixels. To minimize
refraction effects and thereby optimize the quality of the particle
image patterns, a prismwas attached to the exterior of the test section
of thewater channel, also shown in Fig. 1a. The designated prismwas
constructed of 3 mm Plexiglas and filled with distilled water.

For the case of the maneuvering wing experiments, a linear
ramplike pitching motion was applied between the initial and final
angles of attack for awide range of pitch rate, as illustrated in Fig. 1b.
Sequential images were recorded upon completion of the pitching
maneuver at an angle of attack of 25� in order to characterize the
relaxation process.

The following parameter was defined for the pitch rate during a
pitching maneuver:

_�C

U1
�
�
��

�t

��
C

U1

�

where ��� �f � �i, and �t is the time difference between the
initial and final values of angle of attack, defined, respectively, as
�i � 5� and �f � 25�. Actual pitch rates [9] of an unmanned combat
air vehicle during a maneuver, _�C=U1 � 0:1 and 0.2, were
considered when defining parameters of the pitching motion. Four
different pitch rates were employed: _�C=U1 � 0:05, 0.1, 0.2, and
0.4. The elapsed actual time t0 is normalized by U1=C to obtain
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t� � t0U1=C, where t0 � 0 or t� � 0 corresponds to the termination
of the pitching maneuver.

For the stationary-wing experiments, images were recorded at
three different values of angle of attack, �� 5, 15, 25�. An overview
of the stationary-wing experiments is given in Fig. 1b.

Images were acquired at a dimensionless distance from the surface
of the wing, i.e., location of the laser sheet, at z=C� 0:005. A
rigorous assessment of the effects of displacement of the laser sheet
in the region close to the wing is provided by Goruney [41]. In
essence, in the very near-surface region, changes in elevation of the
laser sheet yield only very small changes in the location and form of
topological critical points.

Images were evaluated using a frame-to-frame cross-correlation
technique with a 32 � 32 pixel interrogation window and 50%
overlap. The distance from the objective of the camera to the plane of
the laser sheet was 1125 mm. Effective values of magnification and
the grid size in the physical plane of the laser sheet were
4 pixels=mm and 0.02, respectively. Resolution of the images of the
flowfield was optimized by acquiring images over half of the wing.
Preliminary experiments, at the outset of this program, verified the
symmetric of patterns with respect to the plane of symmetry of the
wing. Time-averaged patterns of velocity vectors hViwere obtained

by averaging instantaneous velocity fieldsV over the entire sequence
of approximately 200 images. Other quantitative representations
of the flow structure, such as instantaneous and time-averaged
streamlines �, were deduced from the patterns of velocity vectors.

For the present investigation, the uncertainty in the velocity
vectors was in the range of 1.5–2%. The streamlines represent an
integral of thevelocityfield, and the uncertainty of velocity is taken to
provide a conservative estimate of the uncertainty of the value of the
stream function, which define the streamlines. Regarding position
uncertainties, the uncertainty in the distance of the center of the laser
sheet relative to the surface of the wing is 0.0005 C.

Regarding qualitative representation of the flow patterns, dye
visualization was employed to complement the digital particle image
velocimetry technique. The dyevisualization images provided herein
were shown by Yavuz [9].

III. Time Evolution of Flow Structure
Because of Pitching Motion

Relaxation of the flow patterns after the end of the maneuver are
indicated by the dye visualization of Fig. 2. The time sequence of
images is designated ast0 � 0 through 17, where t0 corresponds to

Fig. 1 Illustrations of a) overview of deltawing and laser sheet orientation for quantitative imaging andb)motion formaneuvering and stationary-wing
experiments as a function of time.
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the actual time in seconds. The dimensionless time t� following
termination of the pitch-up maneuver is defined as t� � t0U1=C.
Values of both t0 and t� are designated on each of the images. The
red flow pattern located at the bottom right corner of Fig. 2
corresponds to the stationary wing, which represents the relaxed
flow.

The relaxation process shows distinctive types of flow patterns.
During the first stage of relaxation, the generic feature is upstream
movement of the location of vortex breakdown, which ends with
breakdown at the apex of thewing, indicated in the image t0 � 4. This
instant might be called a critical stage of the relaxation process,
whereby the leading-edge vortex loses its characteristics. In image
t0 � 11, reverse flow is clearly evident in regions close to the leading
edge of the planform. The diluted dye marker near the leading edge
does not represent a vortical structure that emanates from the apex;
instead, it originates from the dye marker located near the centerline
of the planform and extends toward the apex along the leading edge,
thereby representative of a reverse flow. At t0 � 17, relaxation of the
flow patterns is nearly achieved, and the flow structure closely
resembles that of the stationary case. The dye marker covers nearly
the entire planform and clearly indicates the existence of large-scale
stall. The vortex filament apparent in images t0 � 8, 11, and 17 is not
associated with the leading-edge vortex and is representative of the

attached flow region near the centerline of the planform. It eventually
extends along the centerline, as shown in the image corresponding to
the stationary-relaxed flow state in Fig. 2. The foregoing obser-
vations are consistent with those reported by Yavuz [9], who found
that during the relaxation process the well-established single-
leading-edge vortex in its breakdown state transforms to a region of
three-dimensional separation.

The relaxation process can be defined in terms of sequential states
of the quantitative near-surface patterns given in Figs. 3 and 4 for a
value of pitch rate _�C=U1 � 0:2. The images at t� � 0 in Figs. 3 and
4 correspond to the time at which the pitching motion ends; these, as
well as all subsequent images, are therefore acquired at the same
angle of attack of 25�. The images at a sufficiently long time
t� � 13:65 after termination of thewingmotion represent the relaxed
state of the flow. The five images at values of t� extending from
t� � 0 and 13.65, shown in Figs. 3 and 4, define the distinct patterns,
or states, of the near-surface flow structure during the relaxation
process.

Figure 3 shows the near-surface patterns of instantaneous velocity
vectors. The flow direction is from left to right. Only half of the wing
is shown, due to symmetry. The apex of the delta wing is located in
the top left corner in all five images, and the leading edge extends
diagonally across each image.

Fig. 2 Dye visualization of relaxation process after cessation ofmaneuver, where t0 is the actual time in second and t� � t0U1=C is the dimensionless time

after attainment of final angle of attack �f . The pitch-up rate is _�C=U1 � 0:1 (from Yavuz [9]).

1210 GORUNEYAND ROCKWELL



Generally speaking, the highmagnitudes of the velocity patterns at
the termination of maneuver, t� � 0, start to fade out as the flow
relaxes, and finally, at the relaxed state, t� � 13:65, the patterns of
low velocity magnitude rotate in the clockwise direction, i.e., they
form a low magnitude recirculation zone along the wing surface,
which indicates the existence of stall.

More specifically, at t� � 0, a jet like flow along the leading-edge
vortex is evident and there is no reverse flow on the wing surface. At
this instant, the velocitymagnitudes along thewing surface are much
larger than themagnitudes in the freestream. The leading-edgevortex
induces this region of large magnitude along the surface. At
t� � 2:11, small-scale recirculation zones start to appear close to the
leading edge, while at the location close to the plane of symmetry of
thewing, velocity vectors of substantialmagnitude are oriented in the
streamwise direction.

At t� � 4:33, however, there appears to be a well-defined reverse
flow with significant velocity magnitude along the leading edge
directed toward the apex of the wing. In addition, close to the apex, a
reduction in the magnitude of velocity vectors is evident, relative to
the magnitudes that exist in the images at earlier times t� � 0 and
2.11. At t� � 9:22, the magnitude of the reverse flow along the
leading edge decreases, and a recirculation pattern becomes evident

at about the midchord. Furthermore, the velocity magnitudes have
become dramatically smaller over the region of the wing inboard of
the leading edge.

The image at t� � 13:65 indicates that the recirculation pattern
later forms into a well-defined swirl pattern with extremely low
velocity magnitudes, representative of stall.

Considering the entire set of images of Fig. 3, and cross-
comparing them with the dye visualization of Fig. 2, it can be stated
that the dramatic decrease in the near-surface velocity magnitudes,
appearing after t� � 2:11 (in Fig. 3) and t0 � 6 (in Fig. 2), is an
outcome of the leading-edge vortex losing its characteristics when
breakdown occurs at the apex of the wing. This observation was
originally reported byYavuz [9],who indicated a critical stage during
relaxation following termination of the pitching maneuver. In
essence, the reduction of velocity magnitudes along thewing surface
is the footprint of the loss of a defined structure of the leading-edge
vortex.

Further insight into theflow structure during the relaxation process
is provided by patterns of near-surface streamline topology and
associated critical points given in Fig. 4, which complement the
aforementioned patterns of dye visualization and near-surface
velocity vectors.

Fig. 3 Patterns of instantaneous velocity vectors V during the relaxation process after cessation of maneuver as a function of nondimensional time t�.
The pitch-up rate is _�C=U1 � 0:2.

GORUNEYAND ROCKWELL 1211



The image at t� � 0 represents the first state, i.e., state 1 of the
near-surface topology. A negative bifurcation lineBL� located along
the leading edge is oriented in the downstream direction, and there is
a positive bifurcation-line-like patternA originating from the apex of
the wing. The negative bifurcation line BL� represents two-
dimensional separation, whereas the positive bifurcation-line-like A
indicates reattachment. The footprint of the leading-edge vortex on
the wing surface is represented by the orientation of the streamlines
from location A toward the leading edge.

In state 2, at t� � 2:11, a substantial number of small-scale foci
F, saddles S and nodes N appear close to the leading edge, which
indicate the presence of small-scale instabilities in the flow. The
positive bifurcation-line-like structure A, evident at t� � 0, is still
detectable. This state 2 of the flow topology at t� � 2:11 is believed
to be the most critical one, because it corresponds to transition to
the next state, which is substantially different. This critical nature
of state 2 is supported by the dye visualization of Yavuz [9]. The
small-scale distortions represented by the critical points F, S, and
N along the leading edge at t� � 2:11 are associated with loss of
identity of the leading-edge vortex, due to the occurrence of break-
down at the apex.

Lamar [42] performed wind-tunnel tests on a half-airplane model
of the F-106B at high Reynolds numbers on the order of 107. In
addition to the classical leading-edge separation, he reported
evidence of other vortical action inboard of the leading edge at an
angle of attack of 19� and aReynolds number of 32 � 106 on a round-
edged cambered delta wing, which was attributed to a flow regime
when the leading-edge vortex is not yet strong enough to dominate
the entire outer flow. This regime shows resemblance to the
aforementioned small-scale instabilities associated with loss of
identity of the leading-edge vortex, due to the occurrence of break-
down at the apex.

The wind-tunnel experiments of Riley and Lowson [43] on an 85�

swept delta wing at an angle of attack of 12.5� using laser Doppler
anemometry revealed a system of streamwise vortical structures,
which are associated with low-momentum regions in the separated
vortex flow. Similarly, these low-momentum regions show resem-
blance to the aforementioned small-scale instabilities in that they
represent stagnant regions in the flowfield.

State 3 corresponds to the image at t� � 4:33 in Fig. 4. A
distinctive feature is a well-defined reverse flow along the leading
edge of the wing. Two different negative bifurcation lines, BL�A and

Fig. 4 Patterns of instantaneous streamline topology� during the relaxation process after cessation of maneuver as a function of nondimensional time

t�. The pitch-up rate is _�C=U1 � 0:2.
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BL�B , are visible; they indicate different regions of two-dimensional
separation. The positive bifurcation-line-like structure A observed in
states 1 and 2 at earlier times is replaced by a pattern of streamlines
emanating from a single node N of attachment.

In state 4 at t� � 9:22, the relatively narrow zone of reverse flow
along the leading edge, indicated in the aforementioned state 3,
broadens substantially. This process is accompanied by the onset of a
large-scale recirculation pattern that appears well inboard of the
leading edge. A small-scale nodeN of separation appears within this
recirculation pattern. In addition, a saddle point S is present close to
the intersection of leading and trailing edges.

In state 5, at t� � 13:65, the recirculation pattern shown at t� �
9:22 has evolved into a coherent, large-scale swirl patternwith awell-
defined center, i.e., focus F of separation, which indicates the
occurrence of a three-dimensional separation associated with the
onset of stall along thewing surface. The location of the saddle point
S remains the same as in the previous state 4. In this state 5, the flow
has essentially relaxed and its structure closely resembles that of the
stationary case.

In the present investigation, the patterns of streamline topology
show that both two- and three-dimensional separation are evident
from the surface of the delta wing during flow relaxation. At earlier
stages of relaxation, the negative bifurcation line near the leading
edge of the delta wing represents classical two-dimensional
separation in flow over an aerodynamic body under angle of attack.
Eventually, once the flow relaxes, the patterns of streamline topology
converge to the form that is representative of three-dimensional
separation, which is observed in flow over delta wings under
sufficiently high angle of attack.

IV. Effect of Pitch Rate

The effect of pitch rate on the time evolution of the flow structure
was demonstrated during the relaxation process following the

cessation of pitching motion. Four different pitch rates were inves-
tigated.

It turns out that, irrespective of the severity of the flow distortion at
the end of the pitching maneuver, the relaxation of the flow involves
the same sequence of flow states. It is demonstrated that the time
delay to occurrence of the first state is very sensitive to the pitch rate.
The delay between subsequent states is, however, nearly independent
of pitch rate.

A. Patterns at Termination of Pitching Maneuver

It is known that a single-leading-edge vortex in its breakdown state
will eventually transform to a regionof three-dimensional separation.
This transformation starts with upstream movement of vortex
breakdown toward the apex. Once it reaches the apex, the leading-
edge vortex loses its characteristics. A reverse flow close to the
leading edge becomes evident, and it later transforms to large-scale
separation from the surface. Then the flow relaxes and its structure
closely resembles that of the stationary case.

Figure 5 shows dye visualization (Yavuz [9]) at termination of
the pitching maneuver for all pitch rates investigated in this study.
Because of symmetry, only half of the wing is shown. At
termination of the maneuver, i.e., at angle of attack of 25�, the flow
starts to relax toward the steady state. Generally speaking, the
single-leading-edge vortex is evident, to varying degrees, at all
pitch rates.

At the minimum pitch rate, _�C=U1 � 0:05, where the severity of
the flow distortion is minimal, the vortex is evident only near the
apex; the occurrence of large-scale separation generates a diffuse dye
pattern. For increasing pitch rate, the onset of large-scale vortex
breakdownmoves toward the trailing edge. For the case ofmaximum
pitch rate, _�C=U1 � 0:4, the leading-edge vortex is in its early
stages of formation; the relatively high level of flow distortion causes
a discontinuity in the dye pattern.

Fig. 5 Dye patterns at cessation ofmaneuver for different pitch rates _�C=U1 (fromYavuz [9]). The path of the leading-edge vortex is indicatedwith red

dashed line.
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Figure 6 shows corresponding patterns of instantaneous velocity
vectors at termination of the pitching maneuver for all pitch rates.
They are distinctly different. For example, the spatial extent of the
region of low magnitude velocity, which is located between the
leading edge and the high-magnitude velocity vectors, decreases
with increasing pitch rate. A stagnant region is located close to the
plane of symmetry at the trailing edge, except for the case of the
minimum pitch rate. In essence, a jetlike flow pattern of velocity
vectors is evident for all pitch rates. It is deflected toward the leading
edge for increasing pitch rate. The aforementioned observations can
be correlated with the early onset of vortex breakdown, and loss of
identity of the leading-edge vortex, shown in the dye visualization of
Fig. 5. This phenomenon can be explained by the fact that the flow
patterns at relatively high pitch rates of _�C=U1 � 0:1, 0.2, and 0.4,
eventually converge to the pattern at _�C=U1 � 0:05 at some time
during the relaxation process.

Corresponding patterns of instantaneous streamline topology at
the termination of the maneuver, which are given in Fig. 7, show
several distinctions. The angle between the plane of symmetry of the
wing and the pattern of diverging streamlines, designated by the
symbol A, increases, and the extent of the region enclosed by this
streamline pattern and the leading edge decreases as themagnitude of
the pitch rate _�C=U1 increases.

Figure 7 shows existence of a bifurcation line BL� along the
leading edge of the wing for all values of pitch rate _�C=U1. The
length of this line varies, however, with pitch rate. At
_�C=U1 � 0:05, it is relatively short and located close to the apex.
At higher values of pitch rate _�C=U1 � 0:2 and 0.4, it extends along
the entire leading edge of thewing. The negative bifurcation lineBL�

for relatively small pitch rates _�C=U1 � 0:05 and 0.1 can be
correlated with the early onset of vortex breakdown. As shown in the
top two images of Fig. 7, the large-scale burst region of the vortex
interacts with the leading-edge separation region, and causes the
bifurcation line BL� from extending along the entire leading edge.

Figure 7 also shows additional topological features and critical
points. The number of critical points decreases with increasing pitch
rate. This observation is consistent with the early onset of vortex
breakdown at the two lowest values of pitch rate shown in Fig. 5. As
the value of _�C=U1 becomes larger, the number of critical points
decreases until, at the largest value of _�C=U1, no saddle points S or
foci F exist along the leading edge. The highest pitch rate correlates
with the dye visualization image at _�C=U1 � 0:4 in Fig. 5, which
involves formation of the leading-edge vortex following severe flow
distortion upon cessation of the maneuver.

B. Patterns During Relaxation Process

Figures 5–7 show that variations of the pitch rate produce
substantially different near-surface flow patterns and topologies, at
the instant corresponding to termination of themaneuver. As theflow
relaxes from these substantially different initial states, the near-
surface topology may pass through a sequence of states, in a manner
analogous to the relaxation process shown in Figs. 3 and 4. It may be
possible to identify the same states, occurring in an ordered
sequence, irrespective of the different initial states produced by
different pitch rates. If this can be achieved, it would be possible to
define a set of universal states, which would expedite interpretation
and analysis of the relaxation process. It is anticipated that such

Fig. 6 Patterns of instantaneous velocity vectors V at cessation of maneuver for different pitch rates _�C=U1.
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universal states would occur at different time delays after termination
of different pitch-upmaneuvers. Such states would therefore provide
a basis for analyzing the dimensionless time delays.

Each universal state represents a unique set of critical points and
topological patterns where the location of each prominent critical
point, such as the node of attachment N� in state 3 and focus of
separation F� in state 5, remains within 3% of the chord C; and the
numerical values of expressions �@u=@x � @v=@y � @u=@y � @v=@x	
and �@u=@x� @v=@y	 evaluated at the corresponding critical points
remain within 6% of the chord C in both streamwise and spanwise
directions for different pitch rates. These expressions are
proportional to the numerical values of Jacobian and divergence,
respectively, and therefore determine the type of the critical points.

To illustrate the possibility that the same topological states can
occur for different initial conditions, i.e., different states of theflow at
the completion of different pitch-upmaneuvers, the time sequence of
topologies was examined for all of the pitch rates defined in Fig. 7,
and each sequencewas searched for a state similar to state 3 indicated
in Fig. 4. Figure 8 compares the near-surface patterns of
instantaneous streamline topology in state 3. The critical points and
topological features are indicated. Close to the apex, a node N of
attachment is evident in all cases, whereby streamlines emanate from
the nodal location N. For all cases, two negative bifurcation lines
BL�A andBL

�
B located along the leading edge are distinguished by the

subscripts A and B, which indicate two-dimensional separation
zones. Again, a saddle S is evident for all pitch rates in the vicinity of
the intersection of the leading edge and the trailing edge. The process
described in the foregoing was followed for identification of the
states 1, 2, 4, and 5, defined in Fig. 4, and they were compared in a

similar fashion as for Fig. 8. Because of space limitations, these
comparisons are not included herein. It was found that the types and
locations of the critical points were very similar for each of the
states 1, 2, 4, and 5, irrespective of the value of pitch rate; in other
words, the patterns of near-surface topology in a given state are
independent of the degree of flow distortion at the end of the
maneuver. Henceforth, these very similar states are referred to as
universal states.

V. Universal States Based on Critical Points
and Their Time Delay During Relaxation

A. Definition of Universal States

Figure 9 shows the principal topological features and critical
points of the near-surface patterns for the five different universal
states described in the previous section. Their physical interpretation
is the same as for the sequence of images given in Fig. 4. These five
universal states define the essential features of the time evolution of
the flow structure on a sharp-edged delta wing of moderate sweep
angle for pitch rates that extend over an eightfold range.

State 1 in Fig. 9 includes a positive bifurcation-line-like pattern A
originating from the apex, a saddle point S located close to the
intersection of leading and trailing edges, and a negative bifurcation
line BL� along the leading edge, having a length of approximately
one-third of the length of the leading edge.

State 2 involves the same positive bifurcation-line-like pattern A
near the plane of symmetry of thewing and a negative bifurcation line
BL� along the leading edge, of smaller length relative to that of
state 1. In addition, there are a number of small-scale foci of

Fig. 7 Patterns of instantaneous streamline topology � at cessation of maneuver for different pitch rates _�C=U1.
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separation F� and two saddle points S along the leading edge. These
patterns of critical points represent the transition between the pattern
of state 1 and a fundamentally different pattern of state 3.

In state 3, designated in Fig. 9, the positive bifurcation-line-like
pattern A is no longer visible. Instead, a well-defined node of
attachmentN� is present. A radical change compared to the previous
states is that the negative bifurcation line BL� is now oriented in the
upstream direction toward the apex and its length has increased.

The patterns of critical points in state 4 represent the transition
between the pattern of state 3 and a fundamentally different pattern of
state 5. There are two small-scale negative bifurcation linesBL�A and
BL�B close to the center and the apex of the wing, indicated with
subscripts A and B, respectively. The well-defined node of
attachmentN� of state 3moves further toward the center of thewing,
and it is no longer well-defined. The location of the saddle point S
moves closer to the intersection of leading and trailing edges.

State 5 is the final state. It occurs as an instant close to the
completion of the relaxation process. This state closely resembles
the steady state pattern, which includes a large-scale swirl pattern
with a well-defined center, i.e., focus of separation F�, located at
approximately two-thirds of the chord. The location of the saddle
point S, present in state 4, remains the same, and there is a very
small negative bifurcation line BL� close to the apex.

B. Time Delays for Onset of Universal States

Although the same universal states occur in an ordered sequence
for each pitch rate, the time delay from termination of the motion to

their onset is expected to depend on the value of dimensionless pitch
rate _�C=U1. Figure 10 shows the angle of attack as a function of time
during and after the pitching maneuver for all pitch rates. The times
of occurrence of the universal states at each value of pitch rate are
indicated with a different color and a different symbol. For example,
blue diamonds represent _�C=U1 � 0:05, green squares represent
_�C=U1 � 0:1, orange circles represent _�C=U1 � 0:2, and red
triangles represent _�C=U1 � 0:4. The time difference between two
consecutive states is indicated as �ti!i�1	 _�C=U1 , where the subscript i
refers to the universal state number, and the superscript represents the
pitch rate. For example, the time to go from state 2 to state 3 for the
pitch rate of 0.2 is indicated as �t2!3	0:2.

Five different universal states, as defined previously, can be
observed for each pitch rate, except for state 5 at the maximum pitch
rate of _�C=U1 � 0:4, because of insufficient image-capturing time.
These states involve the distinct patterns defined in Fig. 9.

For all values of pitch rate, at and after state 5, the flow is fully
relaxed and the flow patterns have essentially converged to a steady
state. For the minimum pitch rate of _�C=U1 � 0:05, the flow
distortion isminimal at the end of themaneuver, and state 1 is defined
to be the pattern of near-surface topology that occurs at termination
of the pitching maneuver. At successively larger values of pitch rate,
the time elapsed between the termination of maneuver and the
occurrence of the universal state 1 increases dramatically.

It is also apparent from Fig. 10 that the time delay between
subsequent states is nearly independent of pitch rate. In other words,
the time delay between universal state 1 and universal state 5, i.e.,
relaxation, is practically constant for all pitch rates.

Fig. 8 Patterns of instantaneous streamline topology � at universal state 3 for different pitch rates _�C=U1.
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Fig. 9 Definition of universal states during the relaxation process, in terms of critical points and topological features.

Fig. 10 Times of occurrence of universal states during relaxation for different pitch rates _�C=U1.
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The time elapsed between termination of the pitch-up maneuver
and the occurrence of universal state 1 is given in Fig. 11 for all values
of pitch rate. It is clear that the variation of elapsed time is not linear.

In universal state 5, three-dimensional separation and stall occur
on the wing. The time elapsed between the termination of the
pitchingmaneuver and occurrence of universal state 5 can be defined
as the time delay for the occurrence of large-scale, three-dimensional
separation, and thereby the onset of stall, tstall. The value of tstall is the
sum of the time between termination of the maneuver and the
occurrence of universal state 1, and the time between the occurrence
of universal states 1 and 5. As shown in Fig. 10, the time between the
occurrence of universal states 1 and 5 is constant for all pitch rates.
The time between termination of the maneuver and universal state 1,
however, is not constant, but can be estimated for various pitch rates
with the simple curve fit shown in Fig. 11. This approach is useful in
predicting the time delay for the onset of stall, tstall for awide range of
pitch rate.

In conclusion, irrespective of the severity of the flow distortion at
the end of the pitching maneuver, the relaxation of the flow involves
the same sequence of universal states. The time delay to occurrence
of the first universal state is very sensitive to the pitch rate. The delay
between subsequent states is, however, nearly independent of pitch

Fig. 11 Time elapsed between termination of the pitch-up maneuver

and the occurrence of universal state 1 as a function of pitch rate _�C=U1.
Time t� is defined as t0U1=C.

Fig. 12 Comparison of instantaneous patterns of streamline topology� as a function of t� during the relaxationprocess for a pitch rate of _�C=U1 � 0:2,
and time-averaged patterns of streamline topology h�i along a stationary wing at different values of angle of attack �.
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rate. An approach is introduced for predicting the time delay from
termination of themaneuver to onset of three-dimensional separation
and stall on delta wings of moderate sweep angle.

VI. Relation of Time-Averaged Topology
to Instantaneous Topology

This section focuses on the analogies between the time-averaged
patterns during the relaxation process following the pitch-up
maneuver as well as the patterns in absence of a maneuver and the
instantaneous patterns at termination of the pitching maneuver.

Su et al. [19] classified the types of separated flows above delta
wings, in relation to the topology along the surface of the wings for a
wide range of sweep angle� and angle of attack�. According to their
schematic classification, as shown in Su et al. [19] (Fig. 4 on page
404), the time-averaged flow patterns on the surface of the stationary
delta wing used in the present investigation, having �� 50� and
�� 25�, fall into the general category of a spiralflow. That is, there is
a spiral point (focus F of separation) on each half of the wing, and
unsteady shedding of vortices occurs from the fociF. In Su et al. [19],
at �� 15�, the pattern of topology along the surface of the wing was
undefined, and above the surface of thewing, bursting of the leading-
edge vortex occurs. That is, a leading-edge vortex is present and its
breakdown location is between the apex and the trailing edge. The
flow patterns above the wing at �� 5� had the form of a bubble
vortex. According to Su et al. [19], in this case, the free shear layer
has rolled up but no concentrated vortex core is formed, and the
corresponding pattern of topology along the surface of the wing was
undefined.

Figure 12 shows, in the left column, instantaneous patterns of
streamline topology as a function of normalized time t� during
relaxation for a pitch rate of _�C=U1 � 0:2 and, in the right column,
time-averaged patterns of streamline topology along a stationary
wing at different values of angle of attack.

A direct comparison of the images corresponding to the
maneuvering wing with images of the stationary wing indicates
similarities in the streamline topology between two cases, in which
they exhibit common topological features and critical points. For
example, the streamline topology of the stationary wing at �� 5� is
very similar to that of the maneuvering wing at t� � 0. They both
show a pair of negative and positive bifurcation lines: BL�A and BL�B
along the stationary-wing image at �� 5� and BL� and A (positive
bifurcation-line-like pattern) for the maneuvering wing at t� � 0.
Likewise, the aforementioned patterns for the stationary wing at
�� 15� are very similar to those for the maneuvering wing at
t� � 4:33. Their common topological features are a well-defined
node of attachment close to apex: N1 in the stationary wing at
�� 15�, andN for themaneuveringwing at t� � 4:33, a saddle point
S1 close to the intersection of leading and trailing edges, and two
negative bifurcation lines BL�A and BL�B . The aforementioned
patterns for the stationary wing at �� 25� are very similar to those
for themaneuveringwing at t� � 13:65. They both include a focusF
of separation, a negative bifurcation lineBL� along the leading edge
close to apex, and a saddle point S close to the intersection of leading
and trailing edges.

In summary, the foregoing comparisons demonstrate that the near-
surface topological patterns observed during the early stages of the
relaxation process (following termination of a maneuver) are similar
in form to the near-surface patterns on the corresponding stationary
wing at smaller angles of attack. This similarity of patterns is due
to the time lag of the flow structure following cessation of the wing
maneuver.

VII. Conclusions

The time evolution of the near-surface flow patterns is
characterized along a delta wing of moderate sweep angle using a
technique of high-image-density single camera particle image
velocimetry. Emphasis is on the patterns following completion of a
linear ramplike pitching motion for a wide range of pitch rate.
Patterns of velocity vectors and streamline topology, including

critical points and topological features allow definition of the effect
of pitch rate. Dye visualization provided complementary insight.
Similar investigations were performed for the flow patterns on a
stationary delta wing as a function of static variation of angle of
attack. The principal findings are as follows:

1) Five different universal states of the near-surface topology can
be defined during the relaxation process that follows termination of
the pitching motion. Such states can be identified over an eightfold
range of pitch rate. These states involve distinct patterns that can be
defined in terms of topological features and define the time evolution
of flow structure on a delta wing of moderate sweep angle.

2) The near-surface patterns at the instant corresponding to
termination of themaneuver are a strong function of themagnitude of
pitch rate and show substantial variation. Remarkably, despite the
large differences in the state of the flow at the beginning of the
relaxation process, the near-surface patterns evolve in the afore-
mentioned sequence of universal states. That is, irrespective of the
severity of the flow distortion at the end of the pitchingmaneuver, the
relaxation of the flow involves the same sequence of universal states.

3) During evolution of flow following termination of the pitching
maneuver, it is demonstrated that the time delay to occurrence of the
first state is very sensitive to the magnitude of the pitch rate. The
delay between subsequent states is, however, nearly independent of
pitch rate. The time delay to occurrence of the first universal state is
not constant, but can be estimated for variations of pitch rate with a
simple curve fit. The time delay between the occurrence of the first
universal state and of the fifth universal state is, however, nearly
constant for all pitch rates. Therefore, a stall time can be defined
as the sum of: the time between termination of maneuver and
occurrence of the first universal state, which is a function of pitch
rate, and the time between the occurrence of the first universal state
and occurrence of the fifth universal state, which is independent of
pitch rate. This approach provides an indication of the onset of three-
dimensional separation and stall along the surface of the wing for a
wide range of pitch rate.

4) The universal states are defined in terms of near-surface
topology using critical points. This approach allows identification of
regions of separation and reattachment, as well as centers of large-
scale and small-scale recirculation zones along the surface of the
wing. During the relaxation process, these critical points undergo
alterations, or, in some cases, transformation to another type of
critical point. This time evolution of the patterns of critical points is
complemented by dye visualization of the flow pattern along the
wing, which defines the evolution of the leading-edge vortex and the
onset of separation and stall. Furthermore, it is demonstrated that
there exists a critical universal state, which marks an abrupt
transformation between two distinctly different states of the near-
surface pattern of critical points.

5) Time-averaged patterns of the near-surface topology were
evaluated at various values of angle of attack of the corresponding
stationary wing. It is demonstrated that the sequence of the topo-
logical patterns observed during the early stages of the relaxation
process is similar to the patterns on the stationary wing at
successively smaller angles of attack.
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