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Flow Structure on Diamond and Lambda Planforms:
Trailing-Edge Region

B. Yaniktepe∗ and D. Rockwell†

Lehigh University, Bethlehem, Pennsylvania 18015

The instantaneous and averaged flow structure on diamond and lambda planforms is characterized by using
a technique of high-image-density particle image velocimetry. Emphasis is on the structure in the trailing-edge
region, over a range of angle of attack. Elongated layers of vorticity in the crossflow plane exhibit well-defined
mean (time-averaged) and instantaneous concentrations of vorticity. These features are interpreted in conjunction
with patterns of streamline topology, as well as images of rms velocity fluctuation and velocity spectra obtained
from space–time imaging.

Nomenclature
C = root chord of entire planform, mm
C ′ = root chord of leading (delta-wing) portion

of planform, mm
f = frequency, Hz
S = local semispan of wing, mm
Sw = spectrum of w component of velocity fluctuation
U = freestream velocity, mm/s
V = magnitude of velocity vector, mm/s
v′ = instantaneous velocity fluctuation in direction parallel

to surface of wing, mm/s
w′ = instantaneous velocity fluctuation normal to surface

of wing, mm/s
wrms = rms of velocity fluctuation, mm/s
x = distance from apex measured along plane

of symmetry of wing, mm
y = distance measured normal to plane

of symmetry of wing, mm
α = angle of attack, deg
� = sweep angle, deg
ψ = stream function, mm2/s
ω = vorticity, 1/s
〈 〉 = time-averaged value of quantity

I. Introduction

R ECENT interest in unmanned combat air vehicles (UCAVs)
has stimulated investigation of the flow structure on delta

wings having low and moderate values of sweep angle, as well
as on planforms that represent the actual UCAV configuration or
simplifications thereof. Summaries of recent investigations, as well
as unresolved issues, are given in the following.

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

The distinctive features of the instantaneous and averaged flow
structure on a delta wing of sweep angle � = 50 deg have been
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numerically computed by Gordnier and Visbal.1 At low angle of at-
tack, a dual primary vortex system is established, whereas at higher
angle of attack, this dual structure gives way to a single, larger-scale
vortex. Furthermore, the unsteadiness of the vortex core can in-
volve a type of organized wandering at locations upstream of vortex
breakdown. The form of vortex breakdown is more complex than
for wings of relatively large sweep angle.

Honkan and Andreopoulos2 determined patterns of instantaneous
vorticity on a delta wing of sweep angle � = 45 deg via a point-
wise technique and identified the existence of stationary discrete
vortical structures, within the feeding sheet and the primary vor-
tex. Furthermore, they determined the turbulence intensity in re-
gions of shear-layer attachment and secondary separation. Miau
et al.3 investigated the flow patterns on a wing of sweep angle
� = 50 deg, with a focus on the consequences of leading-edge pro-
file. Ol and Gharib4,5 undertook an experimental investigation of
wings of � = 50 and 65 deg. They determined the onset of vortex
breakdown by using dye visualization and, via a stereo particle-
image-velocimetry (PIV) technique, defined various features of the
leading-edge vortex structure, including a large-scale collapse of
the rolled-up, leading-edge vortex. Taylor et al.6 characterized the
vortex flow patterns on a wing of low sweep angle, and in a further in-
vestigation, Taylor and Gursul7 addressed the relationship between
the vortex flow and buffeting of the wing surface. Yaniktepe and
Rockwell8 considered a wing of sweep angle � = 38.7 deg and fo-
cused on the flow structure well into the region of vortex breakdown
including, at high angle of attack, the onset of a large-scale region
of disordered flow structure beneath a highly organized vorticity
layer.

B. Flow Structure on Highly Swept Wings
For wings of relatively large sweep angle, a single, large-scale

vortex dominates the crossflow pattern. Well-defined vortical sub-
structures can, however, occur about the periphery of this primary
vortex. Visbal and Gordnier9 summarize recent investigations of
vortical substructures and describe their physical origin based on
high-resolution numerical simulations. In addition, they assess three
different interpretations of the substructures.

In recent decades, a range of experimental investigations has pro-
vided insight into the nature of these substructures. Early stud-
ies employed qualitative flow visualization to identify them, in
unsteady and/or stationary forms. They include Squire et al.,10

Gad-el-Hak and Blackwelder,11,12 Payne et al.,13 Lowson,14 and
Reynolds and Abtahi.15 Further, time-averaged quantitative charac-
terizations of vortical substructures involve the work of Verhaagen
et al.,16 Washburn and Visser,17 Lowson et al.,18 Riley and Lowson,19

and Mitchell et al.20

The occurrence of vortical substructures was first computed by
Gordnier and Visbal21,22 who demonstrated their existence in the ab-
sence of external forcing. Mitchell et al.23 and Mitchell and Molton24
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also have computed patterns of vortical substructures using a differ-
ent numerical approach.

C. Flow Structure on UCAV Planforms
Gursul et al.25 summarized recent investigations of low-aspect-

ratio wings and planforms and, furthermore, provide insight into the
phenomena of vortex breakdown visualized by dye injection. The
consequences of low sweep angle were clearly evident.

D. Unresolved Issues
The emphasis of the present investigation is on the unsteady

flow structure, which serves as the origin of buffeting, with a fo-
cus on the configurations of diamond and lambda planforms. A
central, generic feature of these planforms is an abrupt change
in sweep angle of the leading edge, from a relatively low value
to a value of 90 deg. The consequence of this sudden change on
both the averaged flow structure and the flow unsteadiness has not
been clarified. In particular, the following issues have not been
addressed.

1. Crossflow Topology on Diamond and Lambda Planforms
The patterns of averaged streamline topology over crossflow

planes on lambda and delta planforms are expected to be substan-
tially different from those on a simple delta wing of low sweep angle.
Basic definitions of topological features are defined by Perry and
Steiner26 and Chong et al.,27 and in the following, certain of these
features are described. The possibility of a well-defined focus (ap-
parent center) of a tightly wound spiral pattern of streamlines, which
might be located at the leading edge, rather than well inboard of it,
would be an indication of the rapid flow distortion in the leading-
edge region. In addition, the possibility of a saddle point, that is, an
apparent intersection of streamlines, located outboard of the leading
edge, has not been pursued in relation to the detailed geometry of
the diamond and lambda planforms, including the geometry of the
trailing edge.

Moreover, corresponding patterns of time-averaged vorticity, in
relation to the streamline topology, have not been defined. It is ex-
pected, on the basis of investigations of a simple delta wing by
Yaniktepe and Rockwell,8 that an elongated layer of vorticity will
form adjacent to the wing. The possibility, however, of a highly con-
centrated region of vorticity at the leading edge, which can be asso-
ciated with the abrupt transformation of sweep angle, has not been
addressed. Furthermore, the averaged patterns of vorticity can ex-
hibit well-defined vortical substructures within the elongated layer
from a diamond or lambda planform. For the case of a wing of
relatively large sweep angle, where the flow pattern is dominated
by a single large-scale vortex, the occurrence of such substructures
is well established, as defined in the references given in the In-
troduction. The possibility that analogous, time-averaged vortical
substructures can occur on wings with an abrupt change in sweep
angle has not been pursued.

2. Instantaneous/Unsteady Flow Structure
The time-averaged features described in the foregoing are, of

course, a consequence of the instantaneous flow structure. In partic-
ular, the instantaneous patterns of vorticity adjacent to the surface
of the wing, in relation to possible time-averaged structures, have
not been addressed for the wing planforms of interest herein. An
important consequence of the instantaneous patterns of vorticity,
as well as sequences of them, is the rms velocity fluctuation along
the separated region adjacent to the surface of the wing. These pat-
terns of rms velocity, along with the corresponding spectra, de-
fine the physical origin of unsteady (buffet) loading of the wing
surface.

3. Objectives
The overall aim of the present investigation is to address the

issues defined in the foregoing using a technique of high-image-
density particle image velocimetry, which allows whole-field rep-
resentations of both the time-averaged and instantaneous structure.

Furthermore, a cinema mode of image acquisition allows, in effect,
time records of the flow at a large number of locations, and thereby
determination of the corresponding spectra of the fluctuating veloc-
ity field.

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

which had a test section 4928 mm long, 927 mm wide, and 610 mm
high. This test section was preceded by a settling tank, a honeycomb-
screen arrangement, and a 2:1 contraction. The turbulence intensity
at the entrance to the test section was less than 0.3%.

The wings involved two basic planforms designated as diamond
and lambda; they are shown in Figs. 1a and 1b. These figures show
the system coordinates and critical length scales for each of the
wings. The fore regions of the wings were matched. That is, the
delta-wing portion of the leading region of each wing, having a

Fig. 1a Schematic of experimental system showing a representative
wing, laser sheet location, and direction of view.

Fig. 1b Direct comparison of diamond and lambda planforms and
locations of laser sheets employed for quantitative imaging.
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chord C ′ = 101.6 mm, was maintained the same for each planform,
in order to allow a direct comparison of the consequence of trailing-
edge configuration on the flow development. The sweep angle of
the leading edge of the wing was � = 38.7 deg. The chords C of
the diamond and lambda wings had values, respectively, of 195 and
167 mm. This dimension C allows determination of all other dimen-
sions of the wing via the schematics of Fig. 1b. In addition, each
wing had a thickness t of 3 mm and was beveled on the windward
side at an angle of 30 deg. The value of Reynolds number based on
chord C was maintained at 10,000 for both wings. The correspond-
ing values of freestream velocity for the diamond and lambda wings
were U∞ = 51.4 and 60.1 mm/s, respectively. The values of angle
of attack were α = 7, 13, 17, and 25 deg.

Emphasis is on global patterns of instantaneous flow structure
and cinema sequences of these patterns, which allow characteriza-
tion of the timewise evolution of the flow, as well as determination
of the time-averaged structure. A technique of high-image-density
PIV was employed. Illumination was provided by a dual-pulsed Yag
laser system, having a maximum output of 90 mJ. The colinear beam
from this dual system was transmitted through a system of cylindri-
cal and spherical lenses, in order to generate a vertical laser sheet,
which illuminated a desired crossflow plane, as indicated in Fig. 1a.
The laser sheet was located at the trailing edge; in this region it is
anticipated that the unsteady (buffet) loading will be severe. This lo-
cation corresponds to the streamwise distance x/C ′ = 1.4, in which
C ′ is the chord of the leading delta-wing configuration in each of
the planforms, as designated in Fig. 1b. Based on preliminary dye
visualization, it is estimated that the angle between the centerline
of the predominant leading-edge vortex and the plane of the laser
sheet is 60 deg. The flow is seeded with 12 micron-metallic-coated,
hollow plastic spheres. Lack of significant buoyancy effects was as-
certained by independent experiments, which indicated negligible
downward or upward drift of particles within timescales an order
of magnitude longer than the convective timescale C/U . In addi-
tion, a numerical simulation of particles in a simulated vortical flow
showed insignificant radial particle drift for values of circulation
characteristic of the present experiment. Patterns of these particle

Fig. 2 Dye visualization at angles of attack α= 7 and 13 deg. At α= 7 deg, dye is injected from two localized ports at the apex of the wing, whereas
at α= 13 deg, it is injected along the leading edge on the windward side.

images were recorded on a high-resolution camera, having 1024
pixels × 1024 pixels. The effective framing rate of the camera was
15 cycles per second. This framing rate, relative to the character-
istic frequencies of the major events of the flow structure, allowed
a technique of cinema PIV for determination of spectra and cross
spectra of the fluctuating flowfield.

The pattern of instantaneous velocity vectors was obtained by
a cross-correlation technique involving successive frames of the
patterns of particle images. Two sizes of interrogation windows
were employed: 32 × 32 pixels and 16 × 16 pixels. In both cases,
an effective overlap of 50% was employed, to satisfy the Nyquist
criterion. The effective grid size for the larger interrogation window,
in the plane of the laser sheet, was 2.65 mm. To ensure that the high-
image-density criterion was satisfied, the number of particle images
within the interrogation window was, at minimum, 15 to 20. The
uncertainty of the velocity measurements was within 1.5%, and the
uncertainty of vorticity was within 5.5%.

III. Dye Visualization of Flow Patterns
Representative patterns of the flow, visualized by dye injection,

are shown in Fig. 2. At the lowest angle of attack α = 7 deg, the dye
was injected from two localized ports located at the apex of the wing.
These ports were positioned to identify the locus of the vortex with
the largest circulation formed from the leading edge. Substantial
distortions of the dye marker are evident well upstream of the trailing
edge of each wing; in an approximate sense this distortion sets in at
about x/C ′ = 1.0, corresponding to the coordinates given in Fig. 1b.
These distortions, or undulations, are highly nonstationary and are
similar to the undulations prior to the onset of vortex breakdown
calculated numerically by Gordnier and Visbal1 on a delta wing of
low sweep angle.

At the higher angle of attack a = 13 deg, the dye was injected
along the windward side of the leading edge. The central portion
of each wing is unmarked by dye, as it is continuously swept away
by the streamwise velocity adjacent to the wing surface. On the
other hand, exterior to this region, the dye is distributed over a large
portion of the wing surface.
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At higher angles of attack a = 17 and 25 deg considered in this
investigation, the dye flooded the entire surface of the wing, and
therefore these images are not shown.

IV. Patterns of Averaged Velocity
and Streamline Topology

A. Velocity Patterns
Figure 3 shows patterns of averaged velocity 〈V 〉 at angles of

attack α = 7, 13, 17, and 25 deg. The patterns for the diamond and
lambda planforms are directly compared at each angle of attack. At
α = 7 deg, a common feature of the flow structure on both planforms
is existence of a well-defined, small-scale swirl pattern at the leading
edge. Furthermore, both wings exhibit relatively narrow, elongated
patterns of velocity vectors, with a recirculation flow toward the
leading edge of the wing. For the case of the lambda planform,
the pattern is significantly distorted, apparently because of the gap
occurring in the wing segment.

At α = 13 deg, the intense, small-scale swirl pattern located at
the leading edge, which was predominant at α = 7 deg, no longer
exists. For each wing, well-defined swirl patterns are evident, how-
ever, at the interface between the recirculating flow that returns to
the leading-edge region and the flow exterior to this region. Further-
more, it is evident that the scale of the recirculation zone is smaller
for the lambda planform.

At α = 17 deg, small-scale swirl patterns are again evident at the
interface between the elongated recirculation zone and the exterior
flow. The predominant pattern for the lambda planform is closer to
the leading edge than that for the diamond planform. This relative
position of the swirl pattern is also evident at α = 13 deg.

Fig. 3 Patterns of time-averaged velocity 〈〈V〉〉 at α= 7, 13, 17, and 25 deg. For both the diamond and lambda planforms, the laser sheet is located
at x/C′ = 1.4, immediately downstream of abrupt change of sweep angle. The scale shown above the planform cross section is y/S, in which y/S = 1.0
corresponds to the plane of symmetry of wing; S is the semispan at x/C′ = 1.4.

Finally, for the angle of attack α = 25 deg, a well-defined, elon-
gated swirl pattern no longer exists. Rather, flow is away from the
wing surface toward the interface with the exterior flow. The overall
spatial extent of this grossly separated flow pattern is approximately
the same for both the diamond and lambda planforms.

B. Streamline Topology
Corresponding patterns of streamline topology, based on the av-

eraged velocity patterns of Fig. 3, are shown in Fig. 4. At α = 7 deg,
for the diamond planform, the streamlines form a small-scale limit
cycle immediately adjacent to the leading edge, whereas for the
lambda planform, a localized swirl pattern occurs in this region. It
is evident that the focus (apparent center) of both streamline patterns
is located very close to the leading edge.

Furthermore, at α = 7 deg, a saddle point, that is, the locus of
an apparent intersection of streamlines, is located outboard of the
leading edge of the diamond planform; no such saddle occurs for
the diamond planform. These differences indicate that the trailing-
edge configuration of the planform has a global influence on the
streamline topology. A common feature of the streamline topology
of both planforms, however, is the flow adjacent to the surface of
the wing toward the leading edge; this return flow occurs over a
relatively small width, in accord with the location of the interface
of the corresponding patterns of averaged velocity 〈V 〉 shown at
α = 7 deg in Fig. 3. Just inboard of the leading edge, this return flow
merges with the small-scale swirl pattern at the leading edge to form
a system of convergent streamlines known as a bifurcation line; it
has not been observed previously in the cross-sectional topology of
wings of either large or small sweep angle.
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Fig. 4 Patterns of time-averaged streamline 〈〈Ψ〉〉 topology at angles of attack α= 7, 13, 17, and 25 deg for the diamond and lambda planforms.
For both planforms, the laser sheet is located at x/C′ = 1.4, immediately downstream of abrupt change of sweep angle. The spanwise extent of each
planform cross section is the same as in Fig. 3.

Fig. 5a Patterns of time-averaged vorticity 〈〈ω〉〉 and corresponding patterns of rms velocity fluctuation wrms/U (normal to the wing). At angle
of attack α= 7 deg, minimum and incremental values of vorticity contours are [〈〈ω〉〉]min = −−0.2 s−1, and ∆[〈〈ω〉〉] = −−0.15 s−1. At α= 13 deg,
[〈〈ω〉〉]min = −−0.35 s−1, and ∆[〈〈ω〉〉] = −−0.15 s−1. For patterns of rms velocity, minimum and incremental values at α= 7 deg are [wrms/U]min =
0.02 and ∆ [wrms/U] = 0.01. For α= 13 deg, [wrms/U]min = 0.04 and ∆[wrms/U] = 0.01. For both the diamond and lambda planforms, the laser sheet
is located at x/C′ = 1.4, immediately downstream of abrupt change of sweep angle. In each image, the spanwise extent of the planform cross section
corresponds to the semispan S of the wing at x/C′ = 1.4.
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At α = 13 deg, foci are no longer evident at the leading edge
of either planform, and the streamline topology reverts to a more
classical form, which involves a single large-scale swirl inboard
of the leading edge. For the lambda planform, the focus (apparent
center) of this pattern is located closer to both the leading edge
and the surface of the wing. Moreover, the saddle point evident at
α = 7 deg in the outboard region still persists at this angle of attack,
although it is located further from the surface of the wing.

At α = 17 deg, the overall characteristics of the patterns at
α = 13 deg are generally retained. On the other hand, at α = 25 deg,
the streamline patterns are indicative of a highly separated region
adjacent to the surface of the wing, and it is not possible to identify
a single, well-defined, large-scale swirl pattern.

The patterns of the averaged velocity 〈V 〉 and streamline topology
〈�〉 shown in Figs. 3 and 4 are associated with distinctive patterns
of averaged vorticity 〈ω〉 and velocity fluctuations wrms/U , which
are addressed in the next section.

V. Patterns of Averaged Vorticity
and Fluctuating Velocity

The images of Figs. 5a and 5b show a direct comparison of the
averaged vorticity 〈ω〉 and rms velocity wrms/U at angles of at-
tack α = 7, 13, 17, and 25 deg, for both the diamond and lambda
planforms.

Fig. 5b Patterns of time-averaged vorticity 〈〈ω〉〉 and corresponding patterns of rms velocity fluctuation wrms/U (normal to the wing). At an-
gle of attack α= 17 deg, minimum and incremental values of vorticity contours are [〈〈ω〉〉]min = −−0.35 s−1, and ∆[〈〈ω〉〉] = −−0.15 s−1. At α=
25 deg, [〈〈ω〉〉]min = −−0.2 s−1, and ∆[〈〈ω〉〉] = −−0.15 s−1. For contours of rms vertical velocity, at α= 17 deg, [wrms/U]min = 0.03, and ∆[wrms/U] =
0.01. For α= 25 deg, [wrms/U]min = 0.02, and ∆[wrms/U] = 0.01. For both the diamond and lambda planforms, the laser sheet is located at x/C′ = 1.4,
immediately downstream of abrupt change of sweep angle. In each image, the spanwise extent of the planform cross section corresponds to the
semispan S of the wing at x/C′ = 1.4.

Consider the patterns of averaged vorticity 〈ω〉 at α = 7 deg in
Fig. 5a. Both planforms exhibit a cluster of concentrated vorticity
at the leading edge, which is associated with the localized swirl
pattern of velocity shown at α = 7 deg in Fig. 3 and the focus
of the streamline topology at the leading edge at α = 7 deg in
Fig. 4. Furthermore, the patterns of vorticity are relatively elon-
gated and contain two identifiable cells, or local concentrations of
vorticity, designated as a and b, in addition to the vorticity con-
centrations appearing at the leading edge. These substructures are
similar in form to those identified in the numerical simulation of
Gordnier and Visbal1 on a simple delta wing of low sweep an-
gle. The corresponding patterns of transverse velocity fluctuation
wrms/U are generally similar for both planforms. The peak values
are [wrms/U ]max = 0.12 and 0.13 for the diamond and lambda plan-
forms, respectively.

At α = 13 deg, the region of highly concentrated vorticity in the
vicinity of the leading edge becomes even more pronounced, relative
to that at α = 7 deg, for both planforms. These concentrations at
α = 13 deg are, however, displaced further from the edge than those
at α = 7 deg. For this reason, they are not detectable in the corre-
sponding streamline topology of Fig. 4. Furthermore, the vorticity
layers appear as relatively elongated and have a substantially larger
spanwise extent and width than at α = 7 deg. Within these large-
scale elongated layers, a number of smaller-scale concentrations
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of vorticity are evident at both α = 7 and 13 deg. They are more
clearly defined, however, for the lambda planform, and for purposes
of simplicity in describing their existence individual structures are
designated for this planform at α = 13 and 17 deg. The predom-
inant, distinctive concentrations at α = 13 deg are indicated as a,
b, and c. The corresponding patterns of rms velocity wrms/U oc-
cupy a relatively large spatial extent, relative to the vorticity layer.
Generally speaking, the maximum values of wrms/U approximately
correspond to the outer edge of the averaged patterns of vorticity
〈ω〉. The peak value of velocity fluctuation is significantly high, that
is, [wrms/U ]max = 0.24 and 0.20, respectively, for the diamond and
lambda planforms.

Patterns corresponding to higher angles of attack α = 17 and
25 deg are shown in Fig. 5b. At α = 17 deg, the patterns of averaged
vorticity 〈ω〉 exhibit a generally similar, large-scale, elongated form
as at α = 13 deg. The pronounced concentration of vorticity adjacent
to the leading edge persists for both planforms. Furthermore, identi-
fiable concentrations of vorticity are evident in the large-scale, elon-
gated layer. The most prominent are designated as a, b, c, and d on

Fig. 6 Superposition of patterns of averaged vorticity 〈〈ω〉〉 and stream-
line 〈〈Ψ〉〉 topology at α= 17 deg for the diamond and lambda planforms.
The laser sheet is located at x/C′ = 1.4.

Fig. 7 Comparison of patterns of instantaneous velocity V and vorticityω at angles of attackα= 7 and 25 deg for the diamond planform. Atα= 7 deg,
minimum and incremental values of vorticity areωmin = −−1.5 s−1, and ∆ω = −−0.5 s−1. Atα= 25 deg, minimum and incremental values of vorticity are
ωmin = −−0.5 s−1, and ∆ω = −−0.5 s−1. For both the diamond and lambda planforms, the laser sheet is located at x/C′ = 1.4, immediately downstream
of abrupt change of sweep angle. The spanwise extent of each planform cross section extends from y/S = 0 to 0.62 (α= 7 deg) and to 1.0 (α= 25 deg).

the lambda planform. The respective patterns of velocity fluctuation
wrms/U occupy a still larger spatial extent than at α = 13 deg. The
peak values are generally at the same spatial position as at the outer
region of each of the large-scale patterns of averaged vorticity 〈ω〉.
The peak values of the velocity fluctuation are [wrms/U ]max = 0.24
and 0.22, respectively, for the diamond and lambda planforms.

For the highest angle of attack α = 25 deg, the patterns of av-
eraged vorticity 〈ω〉 take on a fundamentally different form. They
are displaced a substantial distance from the surface of the wing
and, moreover, contain identifiable concentrations of smaller-scale
vorticity, specified as a, b, c, and d. The locations of these smaller-
scale concentrations are generally coincident with the peak values of
velocity fluctuation wrms/U . The peak values are [wrms/U ] = 0.24
and 0.2, respectively, for the diamond and lambda planforms. It is
apparent that the layers of vorticity shown in Fig. 5b are formed at
the interface between the highly separated region and the exterior
flow indicated in the patterns of averaged velocity 〈V 〉 at α = 25 deg
in Fig. 3. That is, this layer of relatively high vorticity exists adjacent
to a large-scale region of separated flow.

VI. Patterns of Averaged Vorticity and
Streamline Topology: A Comparison

Certain patterns of averaged streamline topology shown in Fig. 4
suggest the existence of a single, large-scale leading-edge vortex,
especially the patterns corresponding to the diamond planform at
α = 13 and 17 deg. This type of pattern, however, must be interpreted
in conjunction with the corresponding pattern of averaged vorticity
〈ω〉, as shown in Figs. 5a and 5b. The comparisons of Fig. 6 involve
superposition of patterns of averaged vorticity 〈ω〉 and averaged 〈�〉
topology at α = 17 deg for the diamond and lambda planforms. As
emphasized earlier, the vorticity layer exhibits a narrow, elongated
form, in contrast to the classical, nearly circular pattern of vorticity,
which occurs on highly swept wings at sufficiently large angle of
attack. For the diamond planform, the focus (apparent center) of the
streamline pattern lies approximately midway along the elongated
layer of vorticity. For the lambda planform, however, the focus is
actually closer to the leading edge of the wing. In an overall sense,
these streamline patterns do not indicate the presence of the well-
defined, smaller-scale concentrations of vorticity.

The aforementioned coexistence of an elongated vorticity layer
and a single spiral pattern of streamlines (with a single focus) ap-
pears to be an inherent feature of rapidly distorting flows separating
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Fig. 8a Patterns of instantaneous vorticity ω at angles of attack α= 7 and 13 deg for the diamond and lambda planforms. At α= 7 deg, values of
minimum and incremental levels of vorticity are ωmin = −−1.5 s−1, and ∆ω = −−0.5 s−1. At α= 13 deg, values of minimum and incremental levels of
vorticity are ωmin = −−0.5 s−1 and ∆ω = −−0.5 s−1. For both the diamond and lambda planforms, the laser sheet is located at x/C′ = 1.4, immediately
downstream of abrupt change of sweep angle. At α= 7 deg (diamond and lambda planforms), the spanwise extent of the planform cross section extends
from y/S = 0 (leading edge) to y/S = 0.62. For all other images, it extends from y/S = 0 to 1.0, where S is the semispan at x/C′ = 1.4.

Fig. 8b Patterns of instantaneous vorticity ω at angles of attack α= 17 and 25 deg for the diamond and lambda planforms. Values of minimum and
incremental levels of vorticity are ωmin = −−0.5 s−1 and ∆ω = −−0.5 s−1. For both the diamond and lambda planforms, the laser sheet is located at
x/C′ = 1.4, immediately downstream of abrupt change of sweep angle.
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from a solid boundary. For the case of vortex formation in the very
near wake of a cylinder, Akilli and Rockwell28 observe conceptually
similar patterns of streamline topology and vorticity layers. In this
region of the wake, the boundary layer from the cylinder separates
to form the elongated free shear layer.

Generally speaking, the existence of an elongated layer of vortic-
ity in the crossflow plane from the leading edge of a delta wing has
not been addressed for values of Reynolds number much higher than
those employed herein. It is therefore an open issue as to whether
the elongated structure described herein persists at high values of
Reynolds number.

VII. Patterns of Instantaneous Vorticity
Patterns of instantaneous vorticity are shown relative to instan-

taneous velocity vectors in Fig. 7. In the left column, these pat-
terns are compared at an angle of attack α = 7 deg, along with the
corresponding pattern of the averaged velocity 〈V 〉, whereas in the
right column they are compared for α = 25 deg. Generally speaking,
the identifiable clusters of vorticity are associated with well-defined
swirls of patterns of velocity vectors.

To indicate the degree of variability of the instantaneous patterns
of vorticity, Fig. 8a shows two images at each angle of attack α and
for both the diamond and lambda planforms. Angles of attack α = 13
and 17 deg are represented in Fig. 8a, while α = 17 and 25 deg are
shown in Fig. 8b. All patterns exhibit, from one instant to the next,
significant variability in the precise location and level of the vorticity
concentrations. Nevertheless, a quasi-ordered structure is apparent
in each of the images, and, furthermore, it is possible to discern, in an

Fig. 9 Spectra Sw(f ) of the vertical velocity fluctuation w at locations corresponding to maxima of the rms value of the transverse (vertical) velocity
fluctuation wrms/U at angles of attack α= 7 and 25 deg for the diamond and lambda planforms. The laser sheet is located at x/C′ = 1.4.

approximate sense, the spacing between identifiable concentrations
of vorticity. For each of the sets of instantaneous images, at each
value of angle of attack α and each planform, the spacing between
concentrations is, in most cases, roughly commensurate with the
spacing between the time-averaged patterns of substructures a, b, c,
and d shown in Figs. 5a and 5b. During the averaging process that
yields the patterns of Figs. 5a and 5b, the instantaneous patterns of
Figs. 8a and 8b are, in effect, smeared because of the variation in
spatial position of the patterns of vorticity concentrations over the
entire time sequence of instantaneous images. As a result, the peak
values of vorticity and the patterns of Figs. 5a and 5b are typically
much lower than the peak values in the corresponding instantaneous
images.

VIII. Spectra of Fluctuating Velocity
The organized patterns of instantaneous vorticity shown in

Figs. 8a and 8b are associated with definable spectral components of
the velocity fluctuation w. These spectra Sw( f ) are shown in Fig. 9
for α = 7 and 25 deg. Each spectrum is referenced to a specified
location in the corresponding pattern of constant contours of rms ve-
locity fluctuation wrms/U . At α = 7 deg, for the diamond planform
a well-defined spectral component emerges just inboard of the lead-
ing edge; its frequency is f = 0.49 Hz. (Dimensionless frequencies
are given subsequently.) Farther along the separated layer, a higher-
frequency component occurs; its value is f = 1.49 Hz, and it co-
exists with the aforementioned component at f = 0.95 Hz. For the
lambda wing, organized spectral components are also detectable.
They have values in the range f = 0.77–1.37 Hz.
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As the vorticity layer tends to reattach to the surface of both
lambda and diamond planforms the degree of organization, as well
as the peak amplitude of the spectral component, both decrease. In
fact, for the diamond planform the organized component is nearly
entirely attenuated.

For the highest angle of attack, α = 25 deg (diamond planform),
an organized spectral component is clearly detectable at a significant
distance from the leading edge. It has a value f = 0.95 Hz. This
spectral component persists along the separated layer, and at the
location farthest from the leading edge, components at f = 0.71 and
0.95 Hz are evident. For the lambda planform, at the location closest
to the leading edge the spectral component is f = 1.43 Hz, and at
locations further along the layer a single, well-defined component
no longer occurs. Rather, the general peak is relatively broadband.
The center frequencies of these rather broad distributions of peaks
are indicated and have spectral components in the range f = 0.83–
1.31 Hz.

For the diamond planform, the identifiable spectral peaks in
Fig. 9 are in the range 0.71 ≤ f ≤ 0.95 Hz, which corresponds
to 2.69 ≤ f C/U ≤ 3.60. For the lambda planform, the identifiable
spectral peaks are in the range 0.77 ≤ f ≤ 1.43 Hz, which cor-
responds to 2.13 ≤ f C/U ≤ 3.97. For the case of a simple delta
wing, Yaniktepe and Rockwell8 found values of dimensionless
frequency, based on spectral analysis, extending over the range
of 0.51 ≤ f C/U ≤ 3.29, and for a delta wing of sweep angle
� = 50 deg, Gordnier and Visbal1 computed a band of frequen-
cies in the surface-pressure spectrum extending over the approxi-
mate range 1 ≤ f C/U ≤ 4.5. Taken together, all of the foregoing
results suggest that the organized unsteadiness associated with un-
dulations or breakdown of the vortex core extend approximately
over the range 0.5 ≤ f C/U ≤ 4.5 for wings having a relatively low
sweep angle. Remarkably, this range of frequencies approximates
frequencies associated with the helical mode of instability of vor-
tex breakdown of wings having relatively high sweep angle 1.0 ≤
f C/U ≤ 4, as assessed by Menke et al.29 and earlier works cited
therein.

IX. Conclusions
The abrupt change in sweep angle, which is characteristic of both

diamond and lambda planforms, along with the different trailing-
edge configurations of these planforms, yields distinctive features
of the patterns, relative to the case of a simple delta wing.

The streamline topology for both the diamond and lambda plan-
forms shows, at low angle of attack, a focus (apparent center) of a
spiral pattern of streamlines at the leading edge, rather than inboard
of the leading edge. At moderate angle of attack, this focus shifts
inboard of the leading edge, and at high angle attack, where a large-
scale separated zone occurs adjacent to the wing surface, the pattern
of streamline topology loses its ordered definition. Furthermore, the
occurrence of saddle points (apparent intersection of streamlines)
is influenced by a global effect of the trailing-edge configuration.
For the lambda planform, a saddle point is located outboard of the
leading edge; for the diamond planform, it is absent.

Corresponding patterns of vorticity show, at all values of angle of
attack, a high concentration of vorticity in either the vicinity of, or
even at, the leading edge. In the limiting case of low angle of attack,
this concentration is nearly centered at the edge, whereas at larger
angles of attack it is displaced significantly away from the edge. Fur-
thermore, well-defined vortical substructures are identifiable in the
elongated layers of time-averaged vorticity adjacent to the surface of
the wing. These substructures appear to be analogous to those about
the periphery of the single, large-scale region of vorticity on a wing
of high sweep angle. Corresponding images of instantaneous vor-
ticity show that the elongated layer of average vorticity is actually
made up of well-defined vorticity concentrations, whose spacing
is very approximately commensurate with those of time-averaged
patterns. The spatial positions of these instantaneous vorticity con-
centrations exhibit substantial modulation from one instantaneous
image to the next.

Contours of constant rms velocity fluctuation adjacent to the wing
have extrema that are generally coincident with the outer regions of

the elongated, time-averaged vorticity layers. The spectral content
of these fluctuations, evaluated from space–time imaging, shows
well-defined peaks, which are associated with the aforementioned
modulation of instantaneous vorticity patterns. For extreme values
of low and high angle of attack, the dimensionless frequencies of
the spectral peaks lie in the range of 2.13 ≤ f C/U ≤ 3.97.
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