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I. Introduction

ECENT interest in unmanned combat air vehicles (UCAVs)
has stimulated investigation of the flow structure, as well as its
control, on delta wings having low and moderate values of sweep
angle. In addition, microair vehicles (MAVs) typically have complex
leading-edge forms, including relatively low values of sweep angle.
The distinctive features of the instantaneous and averaged flow
structure on a delta wing of sweep angle A =50 deg have been
numerically computed by Gordnier and Visbal [1]. Taylor et al. [2]
employed a dye technique, along with complementary particle image
velocimetry, to visualize the vortex development on the moderately
swept (A = 50 deg) wing, and Taylor and Gursul [3] investigated
the near-surface topology and buffeting phenomena on the same
planform. The foregoing investigations indicate that, at low angle of
attack, a dual primary vortex system is established, whereas at higher
angles of attack, this dual structure gives way to a single, larger-scale
vortex. Ol and Gharib [4] employed a stereo version of particle image
velocimetry to characterize the three-dimensional structure on
crossflow planes of wings of sweep angle A = 50 deg and 65 deg.
Honkan and Andreopoulos [5] determined patterns of instantaneous
vorticity on a delta wing of sweep angle A = 45 deg via a pointwise
technique and identified the existence of stationary discrete vortical
structures, within the feeding sheet and the primary vortex.
Another possible form of leading-edge vortex, which occurs for a
wing of sweep angle A =38.7 deg, involves formation of an
elongated vorticity layer that tends to reattach to the surface of the
wing. This has been characterized by Yaniktepe and Rockwell [6] via
particle image velocimetry (PIV). Yaniktepe and Rockwell [7]
addressed the flow structure at the trailing-edge region on diamond
and lambda planforms of a low swept wing. Yavuz et al. [8]
investigated the near-surface topology and flow structure for a wing
of sweep angle A =38.7 deg, including the effect of wing
perturbations and transient motion of the wing; a near-surface
technique of PIV was employed. Yavuz and Rockwell [9]
determined the near-surface flow patterns of a wing of sweep angle
A =35 deg and investigated the effect of trailing-edge control
mechanism for various angles of attack. Such control can take the
form of either one or more thrust vector systems, or localized control
jets of a small cross-sectional area along the trailing edge. In the case
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of MAV configurations at low flight velocity, the velocity of the
control jet, in a steady state or burst mode, may be relatively large.

The crossflow structure on delta wings of low sweep angle, in
absence of a control technique, should be characterized with
particular attention to the occurrence of vortex breakdown, or even
loss of an identifiable vortex structure. These features should be
interpreted in conjunction with the near-surface flow patterns. This
approach can potentially lead to identification of three-dimensional
separation from the surface of the wing, in relation to the existence or
nonexistence of a leading-edge vortex.

Control at the trailing edge is known, from the investigation of
Yavuz and Rockwell [9], to have a global effect on the near-surface
flow structure of a wing of low sweep angle. The effect of this global
influence on the flow structure in crossflow planes has not been
addressed and should be determined in terms of patterns of mean and
fluctuating parameters. The possibility of recovery of a highly
ordered structure of the leading-edge vortex and a radical
transformation of the form of the surface-normal fluctuations should
be pursued. The latter has important consequences for buffet loading
of the wing surface.

1L

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 walls of this section were optically transparent. The value
of Reynolds number Re based on chord C was maintained at
10,000. The corresponding value of freestream velocity was
U, = 96.8 mm/s. The angle of attack of the wing was & = 8 deg.

The delta wing had a sweep angle of A =35 deg, a chord C of
98 mm, and a total span at the trailing edge of 280 mm. The thickness
of the wing was 12.7 mm, and its leading edges were beveled on the
windward side at an angle of 15 deg. The inside of the delta wing was
machined in the form of a cavity, to allow the generation of uniform
blowing from the trailing edge; this blowing is represented in the
schematic of Fig. 1. For the jet system, the center of each slit was
located 50.8 mm from the plane of symmetry of the wing. Each slit
had a width of 25.4 mm and thickness of 0.8 mm. Seven different jet
velocities were employed. These velocities corresponded to seven
different momentum coefficients, C . = 0.006,0.025, 0.1, 0.23,0.4,
0.92, and 1.63. To demonstrate the principal effects of trailing-edge
blowing, addressed herein, the blowing coefficients C w=0.1,04,
and 1.63 are described, relative to the case of no blowing C,, = 0.
The momentum coefficient was calculated as follows:
C, = (Vi xA;)/(U*xA,), in which V; is the mean velocity of
blowing at the trailing edge, A; is the total area of both blowing slots
at the trailing edge, A is the surface area of the planform, and U is the
freestream velocity. The corresponding values of velocity ratio were
V;/U =528, 11.6, and 23.5.

A technique of high-image-density particle image velocimetry
was employed. [llumination was provided by a dual-pulsed Nd:Yag
laser system, having a maximum output of 90 mJ. Twelve micron
metallic coated particles were used for seeding. The laser sheet was
located at x/C = 0.34 and 0.8, where x is measured from the tip of
the apex and C is the chord length of the planform.

For the PIV technique, the images were recorded by a CCD camera
and an effective framing rate of 15 cps was used. The pattern of
instantaneous velocity vectors was obtained by a frame to frame
cross-correlation technique involving successive frames of patterns
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of particle images in an interrogation window 32 x 32 pixels. An
effective overlap of 50% was employed, to satisfy the Nyquist
criterion. The effective resolution, that is, grid size, was
A/C=0.0162, and 0.0264, respectively, for the laser sheet
locations at x/C = 0.34 and 0.8.

After the instantaneous velocity field V was determined, the time-
averaged patterns of velocity (V), axial vorticity (w), streamlines
(¥), and root-mean-square surface-normal velocity fluctuation
w,ms/ U were calculated by using the cinema sequence of images.
Time-averaged patterns are based on 200 images of the instantaneous
velocity field. Preliminary investigations to assess the rate of
convergence as a function of the number of images indicated that
convergence was essentially attained with 100 images. These
patterns were interpreted in conjunction with the foregoing patterns
of near-surface streamline patterns taken from Yavuz and Rockwell
[9]; as a result, complementary representations of near-surface and
crossflow streamline patterns were constructed.

The laser sheet locations for crossflow characterizations were
based on the streamline patterns of the near-surface flow topology. A
major consequence of trailing-edge blowing is that the large-scale
swirl pattern associated with the focus is eradicated. This may be
physically interpreted with the aid of previous investigations.
Legendre [10], Perry and Hornung [11], Perry and Chong [12],
Dallman and Schulte-Werning [13], Su et al. [14], Lazos [15], and
Taylor and Gursul [3] showed an inward switling surface streamline
pattern which had a focus point in its center. This focus point was
taken as an indicator of three-dimensional separation. The
relationship between this focus at the surface and the flow away
from the surface is the development of a three-dimensional vortical
structure. To identify the effect of three-dimensional separation in
conjunction with the steady trailing-edge blowing, a location slightly
upstream of the focus of separation, x/C = 0.34, and a location
further downstream of the focus of separation, x/C = 0.8, were
selected.
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Fig. 1 Overview of experimental setup including delta wing and laser
sheet orientation.
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III. Time-Averaged Streamline Patterns
A. Time-Averaged Streamline Patterns in Crossflow Planes

Corresponding patterns of streamline topology of (i), based on
the time-averaged velocity patterns (not shown here), are
demonstrated in Fig. 2 for the values of blowing coefficients
C,=0,0.1,0.4, and 1.63, and on the crossflow planes located at
x/C =0.34 and 0.8.

Consider patterns of () at x/C = 0.34 shown in the left column
of images. In the absence of blowing C,, = 0, the streamlines appear
to originate from a common node located close to the leading edge of
the wing. Moreover, the overall pattern of () does not exhibit
significant swirl. This distinctive form of the crossflow streamline
pattern appears to be due to separation from the leading edge having
relatively low sweep angle. It occurs in the presence of a highly
separated flow in this region of the wing. Trailing-edge blowing at
C,, = 0.1 induces a pronounced swirl of the streamlines. They spiral
inward toward the focus, and therefore the focus is stable.
Furthermore, at the larger values of C,, = 0.4 and 1.63, the inward
spiral persists until a limit cycle is obtained. Within this limit cycle,
the focus is associated with an outward spiraling streamline pattern,
indicating that an unstable focus is embedded within the limit cycle.
Viewing the patterns on the plane x/C = 0.34 as a whole, it is
evident that increasing C, induces a detectable movement in the
outboard direction of the focal point. Simultaneously, the overall
swirl pattern of streamlines is displaced in the outboard direction. On
the plane corresponding to x/C = 0.8, given in the right column of
images, even for the case of no blowing, C,= 0, a well-defined,
inward-spiraling pattern of streamlines is evident. This general form
of the spiral pattern, which terminates in a stable focus, persists for all
values of blowing coefficient C,,. The spanwise location of the focus,
as well as the overall pattern of spiraling streamlines, is displaced
substantially toward the leading edge for increasing C,.
Furthermore, at larger values of C,,, the swirling streamlines appear
to coalesce together along the surface of the wing and remain parallel
to the surface, before rolling up into the spiral pattern.

B. Comparison of Streamline Topology on Crossflow Planes
and Along the Surface of the Wing

To further clarify the overall flow patterns, in relation to the
magnitude of trailing-edge blowing, patterns of () in the crossflow
planes and along the surface of the wing (Yavuz and Rockwell [9])
are superposed. These representations are given in Fig. 3 for C, = 0
and 0.1, and in Fig. 4 for C,, = 0.4 and 1.63.

In Fig. 3, for C,, = 0, at x/C = 0.34, the relationship between the
streamlines emanating from a node near the leading edge in the
crossflow plane and the focus of the streamline pattern on the surface
of the wing, associated with three-dimensional separation, is clearly
evident. Further downstream, at x/C = 0.8, streamlines emanating
from the leading edge are centered above the negative bifurcation
line By . Streamlines associated with reattachment to the surface of
the wing are centered approximately on the positive bifurcation line
B} . Furthermore, if the location of the focus (apparent center of the
spiral streamline pattern) in the crossflow plane is projected onto the
surface of the wing, that location corresponds to the location of
turning of the surface streamlines, that is, the location at which they
change direction from predominantly downstream- to upstream-
oriented streamlines. By considering both of the planes at x/C =
0.34 and 0.8, the relationship between the focus at the surface and the
flow away from the surface can be further defined. The development
of the three-dimensional vortical structure due to the three-
dimensional separation at the surface yields a well-defined swirling
pattern at a location downstream of the focus of separation. It is
evident that counterclockwise swirl of the separation region at the
surface is associated with counterclockwise swirl in the crossflow
plane. That is, the three-dimensional separation from the surface
gives rise to a “vortex tube” that is deflected in the downstream
direction, thereby appearing as the swirl pattern in the plane at
x/C = 0.8. This concept is very similar to that obtained in the
numerical simulation of Dallman and Schulte-Werning [13]. Their
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Fig. 2 Comparison of time-averaged streamline patterns for trailing-edge blowing at values of momentum coefficients C,, = 0, 0.1, 0.4, and 1.63 at the

planes of interest x/C = 0.34 and 0.8.

representation shows that no swirl pattern is evident in the crossflow
plane located upstream of the focus of separation, which is consistent
with the present interpretation.

In general, the foregoing observations of the crossflow pattern of
(¥)atx/C = 0.8 for C,, = 0, relative to the corresponding pattern of
(¥) on the surface plane, hold for all values of the blowing
coefficient, that is, for C,, = 0.1 in Fig. 3 and C;, = 0.4 and 1.63 in

—

Fig. 4, irrespective of whether one considers the crossflow plane
x/C =0.34 or x/C = 0.8. That is, compatibility persists between
1) streamlines in the crossflow plane in the vicinity of the leading
edge and the negative bifurcation line B; on the surface plane;
2) streamlines associated with reattachment on the crossflow plane
and the positive bifurcation line B} on the surface plane; and 3) the
location of the focus on the crossflow plane in relation to the location
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Fig. 3 Comparison of time-averaged near-surface streamline patterns with crossflow topology for trailing-edge blowing at values of momentum

coefficients C, = 0 and 0.1 at the planes of interest x/C = 0.34 and 0.8.
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Fig. 4 Comparison of time-averaged near-surface streamline patterns with crossflow topology for trailing-edge blowing at values of momentum
coefficients C, = 0.4 and 1.63 at the planes of interest x/C = 0.34 and 0.8.

of turning of streamlines (from downstream to upstream orientation) most likely arises from the three-dimensional separation process
on the surface plane. from the wing surface.

Generally speaking, for increasing values of C,,, the focus of the In the presence of blowing, the patterns of vorticity at x/C = 0.34
swirl patterns of streamlines in a crossflow plane, as well as the represent a well-defined, leading-edge vortex(ices). At C,, = 0.1 and
location of streamline turning in the surface patterns of streamlines, 0.4, a single concentration of vorticity is evident; it is part of an
moves in the outward direction toward the leading edge. elongated vorticity layer. At C, =1.63, two identifiable

concentrations of vorticity occur within the elongated layer.
Furthermore, a pattern of positive (@) appears between the negative
layer of (w) and the surface of the wing. It is due to eruption of the

IV. Patterns of Axial Vorticity boundary layer from the wing surface. Finally, a common feature for
Contours of constant axial vorticity {(w) are given in Fig. 3. Solid all values of C,, (at x./ C= 03‘}).15 occurrence of a we.:ll.—deﬁned,
(dark) and dashed (light) lines represent, respectively, positive and small-scale concentration of vorticity at the leading efige; itis present
negative contours of (@), in which the positive orientation even for the limiting case of no blowing C,, = 0. This concentration
corresponds to a vorticity vector in the direction of the outward is associated with rapid distortion of flow from the leading edge.
normal vorticity vector, oriented in the streamwise direction. The left Atx/C = 0.8, in presence of blowing over the range C, = 0.1 to
and right columns of images represent, respectively, planes at x/C = 1.63, the pattern of negative (w) transforms from an elongated layer
0.34 and 0.8. having a single concentration of vorticity to a layer having two
Consider the case of no blowing C,, = 0 in the first row of images. concentrations of vorticity. This transformation is in parallel with the
At x/C = 0.34, a concentration of (w) is located close to the plane of change in flow structure at x/C = 0.34 over the same range of C,,.
symmetry of the wing. As visualized by Yaniktepe and Rockwell [6], Moreover, an increase of C), results in an increase in magnitude of the
dye visualization shows that, at sufficiently high angle of attack, peak vorticity, which occurs in the dominant, primary vortex
where large-scale separation/stall occurs on the surface of the wing structure. The second concentration of vorticity, of significantly
the marker originating from the apex is close to the plane of lower magnitude, is, however, readily identifiable at C,, = 0.4 and
symmetry of the wing. The indicated concentration of (w) is 1.63. Furthermore, at larger values of C,, at x/C = 0.8, the positive
therefore indicative of the vorticity shed from the apex region. concentration of vorticity adjacent to the wing surface is evident.
Furthermore, between this concentration of vorticity and the leading The existence of two concentrations of vorticity in the vorticity
edge of the wing, low level, elongated contours of (w) are apparent, layer, as well as the positive concentration of vorticity adjacent to the
and there is no indication of a leading-edge vortex. At the leading surface of the wing, which occurs at the highest value of C,, = 1.63
edge, the small-scale concentration is associated with the rapid flow and in both of the planes at x/C = 0.34 and 0.8, is remarkably similar
distortion in that region. At x/C = 0.8, the inboard concentration of to those first identified in the numerical simulation of Gordnier and
vorticity is hypothesized to be an extension of the foregoing Visbal [1] at lower angle of attack, and in the experimental

concentration at x/C = 0.34, whereas the outboard concentration observations of Taylor et al. [2], and Yaniktepe and Rockwell [6,7],
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Fig. 5 Contours of constant axial vorticity (w) for trailing-edge blowing at values of momentum coefficients C,, = 0, 0.1, 0.4, and 1.63 at the planes of

interest x/C = 0.34 and 0.8 ([[{@)|Jnia = 1 s~%, A[[{@)]] =1 s7).

also at lower angle of attack, and in absence of blowing. We therefore
conclude that highly separated flow along a wing of low sweep angle,
which is present at moderate angle of attack, can be transformed to
the dual vortex pattern, via localized control at the trailing edge (in
the form of steady blowing). This dual vortex occurs naturally, that
is, in absence of any control, at low angle of attack. Furthermore, this
dual vortex exists over the entire streamwise extent of the wing.
Direct comparison of the vorticity contours on both planes of
interest in presence of blowing shows significant reduction in the
negative vorticity values in the plane further downstream, at
x/C = 0.8. This reduction in the magnitude of negative vorticity at
the downstream axial location may be due either to occurrence of
vortex breakdown of the leading-edge vortices or the onset of
unsteadiness due to the inherent instability of this system.

V. Patterns of Velocity Fluctuation

Contours of constant root-mean-square velocity fluctuation
W/ U, defined in the direction normal to the surface of the wing, are
given in Fig. 6. The layout of these patterns of w,,,,/ U is the same as
those of (w) in Fig. 5. Surface-normal velocity fluctuations are
directly related to the unsteady pressure at the surface of the wing,
which is associated with unsteady loading, that is, buffeting, of the
surface. The relationship between these velocity fluctuations and the
buffet loading is addressed by Ozgoren et al. [16].

At x/C =0.34, for the case of no blowing C, =0, which
corresponds to a location immediately upstream of the focus F, of the
large-scale separation from the surface of the wing, several isolated,
low level clusters of w,,,/U are evident. On the other hand, at
x/C = 0.8, for the case C,, = 0, significantly large values of wy,,/ U
are evident, and the pattern of contours extends over nearly the entire
semispan of the wing. Comparison of these patterns for C,, = 0 at
x/C = 0.34 and 0.8 therefore indicates that, at a location close to

large-scale surface separation (x/C =0.34), the fluctuation
amplitude w,,,/U is relatively small, whereas well downstream of
this onset of separation (x/C = 0.8), the fluctuation amplitudes are
substantial and of large spatial extent.

The effects of trailing-edge blowing on the patterns of w,,,/U at
x/C = 0.34, for successively larger values of C, = 0.1, 0.4, and
0.163, are given in the left column of images of Fig. 6. The spanwise
locations of the peak values of w,,,/U are approximately the same
for different magnitudes of C,,. On the other hand, the overall spatial
extent of each pattern of w,,,/U becomes smaller, and the peak
values larger, with increasing values of blowing coefficient C,,. This
transformation of patterns of w,,,/U can be directly compared with
the corresponding patterns of vorticity concentrations (w) in Fig. 5.1t
corresponds to a change from a single vortex to a dual vortex
structure within the elongated vorticity layer above the surface.

Further downstream, at x/C = 0.8, represented in the right
column of images of Fig. 6, the effect of increasing C, is to increase
the degree of concentration of the patterns of w,,,/U, and
simultaneously, to decrease their overall spatial extent along the
semispan of the wing. It should be noted, however, that the peak
values of w,,,/U are approximately the same for all values of C,. In
fact, for the largest value of C,, = 1.63, the pattern of w,,,;/ U covers
less than half of the semispan, which indicates that only a limited
extent of the wing surface is exposed to turbulent buffeting. Finally,
the evolutions of these patterns of w,,,/U with increasing C,,, when
compared directly with the corresponding patterns of vorticity (w) in
Fig. 5, indicate that the substantial decrease in spanwise extent of the
pattern of w,,,,;/U corresponds to onset of the dual vortex structure,
mostevidentat C,, = 1.63. Furthermore, it should be noted that these
patterns of fluctuation are in accord with the patterns of transverse
velocity fluctuation along the near-surface flow characterized by
Yavuz and Rockwell [9]; that is, they occur at the same spanwise
locations and have equivalent spatial extents.
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Fig. 6 Contours of constant root-mean-square normal velocity fluctuation w,, /U for trailing-edge blowing at values of momentum coefficients C, = 0,
0.1,0.4, and 1.63 at the planes of interest x/C = 0.34 and 0.8. (w5 /Ulmin = 0.04, A[w,,,,/U] = 0.01).

VI. Concluding Remarks

The flow structure on crossflow planes, located upstream and
downstream of the onset of three-dimensional separation from the
surface of a delta wing having low sweep angle, has been
investigated as a function of the magnitude of localized blowing from
slots at the trailing edge. The principal findings can be listed as
follows:

1) In the absence of control, a region of three-dimensional
separation dominates the near-surface flow, and the crossflow
structure is characterized by the vortex shed from the apex and the
three-dimensional vortex structure that emanates from three-
dimensional separation from the surface. There is no indication of a
leading-edge vortex.

2) Occurrence of three-dimensional separation/stall causes
remarkable patterns of surface-normal velocity fluctuations in the
region close to the trailing edge of the planform. These patterns are
indicative of buffeting/unsteady loading.

3) In the presence of trailing-edge blowing, eradication of three-
dimensional separation from the surface of the wing is associated
with recovery of both the swirl pattern of streamlines and the
pronounced axial vorticity concentration in the crossflow plane
closest to the apex. Further increases of blowing coefficient cause the
center of the vortex structure in the crossflow planes to move closer to
the leading edge of the planform.

4) At sufficiently high blowing coefficients, a dual vortex structure
occurs. It involves a secondary concentration of axially oriented
vorticity, which has the same sign as, and is immediately adjacent to,
the primary vortex. This structure is very similar in form to that
originally identified at lower angle of attack in the numerical
simulation of Gordnier and Visbal [1], and confirmed in the
experimental investigations of Taylor et al. [2], and Yaniktepe and
Rockwell [6,7]. In other words, the separated flow along a wing of
low sweep angle, at moderate angle of attack, can be transformed, via
steady trailing-edge blowing, to the dual primary vortex structure,

which occurs naturally, that is, in the absence of any control, at low
angle of attack.

5) An increase of blowing coefficient decreases the overall spatial
extent of the pattern of surface-normal velocity fluctuations along the
semispan of the wing, at locations close to the trailing edge. For the
largest value of blowing coefficient, this pattern covers less than half
of the semispan, which indicates that only a limited extent of the wing
surface is exposed to turbulent buffeting/unsteady loading.
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