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Experimental Investigations of the Vortex Flow on
Delta Wings at High Incidence
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It is reported in the literature that strongly asymmetric vortex flow occurs on the lee side of slender delta
wings at high incidence, similar to that observed on slender cones, and a boundary is given for the onset of
asymmetry vs wing aspect ratio. To study this phenomenon, dye flow-visualization tests were carried out on
two slender, sharp-edged delta wings of aspect ratio A = 0.56 and 0.28 up to high incidences in a water tunnel.
Another wing with A = 0.56 was studied in a wind tunnel, using a smoke flow-visualization technique. Reynolds
numbers based on the root chord in the water tunnel and wind tunnel were Rec — 3.4 x 104 and 1.32 x 10s,
respectively. No strongly asymmetric vortex flow was observed in our tests before vortex breakdown occurred
on the wing. Subsequent evaluation of flow observations reported elsewhere did not reveal strongly asymmetric
vortex flow on slender wings of various planforms. One delta wing reported to exhibit strongly asymmetric
vortex configurations; on closer study, it probably had near its apex the shape of something like a thick, elliptic
cone, rather than that of a flat, thin delta wing. Theoretical results for inviscid flow past slender cones at
incidence strongly suggest that on a thin delta wing no strongly asymmetric vortex flow occurs of the type found
on slender, circular, or thick elliptic cones.

Introduction and Objective

I T was reported in fairly early work that on slender delta
wings in low-speed flow the initially symmetrical (with re-

spect to the wing symmetry plane) leading-edge vortices on
the lee side became strongly asymmetric at some critical angle
of incidence, before vortex breakdown occurred.1 This phe-
nomenon has since been reported various times, e.g., see
Refs. 2 and 3.

The present work was initially planned to study this asym-
metry of voxtex flow on slender delta wings and to attempt
to suppress the asymmetry be means of a fin on the lee side
between the vortices in analogy to previous successful exper-
iments with a fin on a slender, circular cone.4-5 To this end,
the flow past two very slender, sharp-edged delta wings was
studied in a water tunnel up to high incidences at zero yaw.
However, no asymmetric vortex-flow configuration was ob-
served before vortex breakdown occurred on the wings.

The objective was then changed with the intention to verify
these results in further, now wind tunnel tests and find in-
dications as to the reasons for this obvious discrepancy with
earlier results. Work quoted in support of the occurrence of
strong asymmetry of vortex flow on delta wings was looked
at again, resulting in different interpretations. In addition,
results of an inviscid-flow theory reported recently6 were con-
sulted in search of an explanation. This theory provides in-
dications as to the effect of change of cross-sectional thickness
and shape on vortex-flow asymmetry for slender cones.

The investigations described here were largely carried out
at the Deutsche Forschungsanstalt fur Luft- und Raumfahrt
(DLR), Gottingen, Germany, and partly at King Fahd Uni-
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versity of Petroleum & Minerals (KFUPM), Dhahran, Saudi
Arabia.

Testing Facilities, Models, and Experimental
Techniques

The water tunnel of DLR that was used for part of the
investigations has a closed circuit. The horizontal test section,
with a free water surface, has a cross-sectional area of 0.25
x 0.33 m and length of 1.25 m. Maximum water velocity in
the empty test section is Vx = 0.5 m/s. The tunnel is operated
continuously. The pump is driven by a 4-kW electric motor.

The wind tunnel of KFUPM is of the open return type. The
closed, horizontal test section has a cross-sectional area of
0.8 x l . lm and a length of 3 m. Maximum wind velocity in
the empty test section is Vx = 35 m/s. The blower is driven
by a 15-kW electric motor.

Two delta wing geometries with sharp edges everywhere
and flat suction sides were studied: one with aspect ratio
A = 0.56, i.e., leading-edge sweep angle 9 = 82 deg, and
one with A = 0.28, i.e., cp = 86 deg. Model lengths were
c - 200 and 300 mm for the water tunnel and wind tunnel,
respectively. The model geometries are shown in Figs. 1. The
models in the water tunnel were supported by a sting from
downstream. In the wind tunnel, the model was held on the
pressure side by a small fin, which, in turn, was supported by
a sting extending downstream.

In the water tunnel, a flow-visualization technique was used,
where very small quantities of dye (sodium fluorescein) were
applied to the model surface at appropriate locations, with
the model outside the test section. After having placed the
model into the water, the flow patterns immediately became
visible and remained so, typically, for some minutes. They
were recorded on standard color film.

In the wind tunnel, a smoke flow-visualization technique
was used. The smoke was produced by passing oil through
an electrically heated coil; it was introduced into the flow
upstream of the model. The flow patterns were made visible
in laser-light sheets arranged perpendicular to the wing axis.
They were recorded on standard color film.
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Fig. la Delta wing model, A = 0.56 (water tunnel).

Dimensions mmm

Fig. Ib Delta wing model, A = 0.28 (water tunnel).

Dimensions in mm

Fig. Ic Delta wing model, A = 0.56 (wind tunnel).

Testing Conditions
The experiments in the water tunnel were carried out on

two delta wings, with aspect ratios A - 0.56 and 0.28 and a
length of c = 0.2 m, at a freestream velocity Vx — 0.17 m/s.
The Reynolds number was

Rec = c)lv = 3A x 104

and the range of angles of incidence a. covered 15 deg < a <
39 deg. The model geometries are given in Figs, la and Ib.

The experiments in the wind tunnel were carried out on a
delta wing of length c = 0.3 m and an aspect ratio of A =
0.56 at a freestream velocity V^ = 6.6 m/s. The Reynolds
number was Rec = 1 .32 x 105 and the incidence range covered
10 deg < a < 45 deg. Some tests were carried out at a yaw
angle of 0 = 6 deg for a = 30 and 35 deg. The light sheet
was normal to the wing axis, at various chordwise locations.
The model geometry is given in Fig. Ic.

Results and Discussion
Experimental and Theoretical Results

It has been reported in the literature that, on slender delta
wings in low-speed flow, strong asymmetry of the lee-side
vortex flow occurs at and above some critical angle of inci-
dence aonset before vortex breakdown is observed on the wing.1
A boundary given for the onset of this vortex-flow asymmetry
vs aspect ratio A presented in Ref. 1 was used subsequently
without additional, substantiating results given.2'3 The curve
in the form used in Ref. 3 is given in Fig. 2. Such strongly
asymmetric vortex flow also occurs on the lee side of slender,
pointed noses at high angles of incidence. It was shown for a
slender, circular cone in low-speed flow that placing a fin
between the vortices suppressed the strong vortex-flow asym-
metry in the incidence range investigated.4-5 Based on this
result, it was intended to explore the effect of a fin on the
asymmetric vortex flow behind slender delta wings. To this
end, two delta wings were selected on the basis of the bound-
ary for onset of strong asymmetric vortex flow of Fig. 2, having
leading-edge sweep angles 9 = 82 and cp = 86 deg; i.e., as-
pect ratios A = 0.56 and 0.28, respectively. According to
Fig. 2, onset of strong vortex-flow asymmetry was to be ex-
pected at aonset = 24 deg for leading-edge sweep cp = 82 deg
and at aonset = 16 deg for <p = 86 deg.

Data from water funnels,
wind tunnels,and flight.
Re *10>-40x106

Present data:
©-o 1 Vort

2 Vortic

Data from rolling-moment
••— measurements, tuft-grid

pictures, and data analysis

© Wind tunnel
o Water tunnel

10 -

Fig. 2 Dependence on leading-edge sweep of onset angles of attack
of vortex breakdown and asymmetry for delta wings in low-speed
flow.3

Fig. 3 Vortex flow behind delta wing: A = 0.56; Rec = 3.4 x 104;
a = 35 deg.



STAHL, MAHMOOD, AND ASGHAR: VORTEX FLOW ON DELTA WINGS 1029

a) a = 34.5 deg

b) a = 36 deg

Fig. 4 Vortex flow behind delta wing: A = 0.28; Rec = 3.4 x 104.

Flow-visualization tests carried out on these two delta wings
in the water tunnel revealed that on both wings the vortex
flow was, at least nominally, symmetric at all incidences be-
fore vortex breakdown had moved upstream onto the wing.
This result is not consistent with the results reported in the
literature.1'3 Therefore, further tests were carried out on a
larger wing model with A = 0.56 in a wind tunnel at a larger
Reynolds number. Smoke flow visualizations, again, revealed
only symmetric vortex configurations before vortex break-
down reached the wing.

A number of flow-visualization pictures are given in Ref.
7; here, only a few examples are presented. Figure 3 shows
the delta wing with aspect ratio A = 0.56 (cp = 82 deg) in
the water flow at angle of incidence a = 35 deg. The side
view and top view clearly show symmetry of the vortex flow
before vortex breakdown reaches the trailing edge (occurring
there at a = 37 deg). In contrast to this, onset of strong
asymmetry is predicted in Fig. 2 at aonset = 24 deg. The vortex-
flow patterns behind the very slender delta wing with A =
0.28 (cp = 86 deg) are shown in Fig. 4 for angles of incidence
a = 34.5 and 36 deg. The vortices are seen to be, at least
nominally, symmetric at a = 34.5 deg. At a = 36 deg, vortex
breakdown occurs on one side on the wing near the trailing
edge. Even at this incidence, the regular, unburst front portion
of the vortices are largely symmetric down to the location of
onset of vortex breakdown. In contrast to our findings, onset
of strong asymmetry is predicted in Fig. 2 at a = 16 deg.

The vortex-flow patterns behind the delta wing with A =
0.56, obtained in laser-light sheets by means of smoke in
the wind tunnel, are seen in Fig. 5 for angles of incidence
25 deg < a < 35 deg. The vortex configurations at a = 25
and 30 deg are, at least nominally, symmetric; at a = 35 deg,
one vortex has undergone breakdown.

Further experiments were carried out in the wind tunnel
with the delta wing (A = 0.56) at one yaw angle p = 6 deg
and high incidence a = 30 and 35 deg in order to find out
whether this distinct yaw would bring on strong asymmetry
of the vortex-flow configuration. Flow visualizations showed
that the vortex flow, at a = 30 deg, was only slightly asym-
metric in light planes at midchord and near the trailing edge.
At a = 35 deg, vortex breakdown was present on the wind-
ward portion, near the trailing edge, sometimes reaching for-

a) OL - 25 deg

b) a = 30 deg

c) a = 35 deg

Fig. 5 Vortex flow behind delta wing: A = 0.56; Rec = 1.32 x 10s.
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ward to the middle of the wing; on the opposite side, the
vortex flow was regular. On the front part of the wing, the
vortex flow was regular on both sides, showing a slight asym-
metry, as can be expected. Our tests do not reveal strong
asymmetry of the vortex flow on the delta wing with A =
0.56 at high incidence and a distinct yaw angle.

The present results from water-tunnel and wind-tunnel tests
have been entered into Fig. 2 where they can be compared
with the boundaries for onset of strong vortex-flow asymmetry
and vortex breakdown. The angles of incidence for the first
occurrence of vortex breakdown on the two wings with A =
0.56 (cp = 82 deg) in the water-tunnel and wind-tunnel tests,
respectively, agree fairly well with the data given in Fig. 2
from Ref. 3. No comparison is possible of the present results
for the wing with A = 0.28 (cp = 86 deg) due to the lack of
data from other sources.

The boundary of strong vortex-flow asymmetry in Fig. 2
was, as it seems, given initially by Polhamus.1 He reported
that "an extremely slender wing phenomenon, such as vortex
contact8 or vortex asymmetry9 can occur before vortex break-
down" and illustrated the effect of vortex asymmetry on a
delta wing with aspect ratio A = 0.25 (9 = 86.5 deg). No
information was given as to the detailed geometry of this wing.

In Ref. 8, low-speed flow investigations of the vortex pat-
terns were carried out on three slender flat plates with sharp

A =0.083

r
Fig. 6 Geometry of flat, sharp-edged plates studied by Maltby and
Peckham.8

edges and planforms, as shown in Fig. 6. The plates all pro-
duced the same type of flow, and the observations reported
on the rectangular plate apply qualitatively to all three. On
the rectangular plate of A = 0.083, at incidence a = 25 deg
and zero yaw, the vortex sheets rolled up symmetrically on
the lee side. When the wing was yawed, the attachment line
on the lee surface became inclined toward the trailing side
and the vortex on this side was somewhat distorted, but not
strongly asymmetric. Only at higher angles of yaw, when the
attachment line intersected the edge on the trailing side, did
the vortex on this side break away and a strongly asymmetric
flow was formed. The change in the flow pattern with in-
creasing yaw is reported to have been gradual, in contrast to
the unstable changes on a body of revolution.

Bird9 carried out tuft-grid surveys of the flow past delta
wings with various leading-edge sweep angles cp in low-speed
flow at Reynolds number Re = 2.8 x 106 (/ = 0.3 m) and
incidences up to a = 30 deg at zero yaw. The wings all had
flat-plate airfoil sections with rounded leading edges and be-
veled trailing edges. Lacking respective detailed information,
it was assumed that the rounding of the leading edges had
resulted in semicircles, or nearly so, in sections normal to the
leading edge. Two of the flat-plate wings are shown in Fig. 7
in plan view and various cross sections; in these cross sections,
the assumed leading-edge shape is also practically semicir-
cular. On the very slender delta wing, with cp = 86.5 deg,
flow observations revealed the onset of strongly asymmetric
vortex flow at an incidence of a = 15 deg, with such asym-
metry up to the highest incidence a = 30 deg. These results
are plotted in Fig. 2 and are seen to be in agreement with the
asymmetry boundary. In contrast to this result, the delta wing
with leading-edge sweep angle cp = 82.5 deg exhibited on the
available tuft-grid survey pictures from a = 15 to 30 deg a
nominally symmetrical vortex flow. These results, also in-
cluded in Fig. 2, do not support the asymmetry boundary.

Apart from experimental evidence, results of theoretical
work, pertinent to the phenomenon of asymmetric vortex
flow, are available. Fiddes and Williams6 presented results of
a theoretical inviscid-flow study of vortex asymmetry on slen-
der bodies of various cross sections. The free shear layers
were represented by a vortex-sheet model; the particular form
used was that of Smith,10 which was developed for leading-
edge separation from slender, thin delta wings. The inner
turns of the vortex sheet are represented by a line vortex,
connected by a cut to the end of the truncated vortex sheet.
Together with the results obtained by Smith11 for the sepa-
ration of a vortex sheet from a smooth surface, Fiddes12 de-
veloped a complete vortex-sheet model for inviscid flow past

Fig. 7 Delta wing models studied by Bird.9
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Fig. 8 Effect of cross-sectional thickness ratio T = tlb of elliptic cones
on vortex asymmetry6: 8 = semiapex angle; a/8 = 4.0.

Heptagon Square

Hexagon T r i a n g l e

Fig. 9 Polygonal cross-sectional shapes of slender cones.6

slender circular and elliptic cones. The sheet was represented
by a contiguous set of circular arcs. In this inviscid-flow model,
the separation-line positions were specified as a parameter.
A Newton-type iteration technique was used to determine the
sheet shape and strength.

Solutions were obtained with this vortex-sheet model for
the flow past elliptic cones with symmetrical separation-line
positions specified. Two families of solutions occurred, one
for symmetrical and one for asymmetrical vortex flows. In
Ref. 6, results are reported on the effect of the thickness ratio
of elliptic cones on vortex-flow asymmetry, with flow sepa-
ration specified at the ends of the major axes of the ellipses.
In Fig. 8, it is seen that the degree of asymmetry of the vortex
flow is reduced as the thickness ratio is decreased and at 52%
thickness the asymmetry has vanished at the specific incidence
chosen. At higher incidences, the degree of flattening needed
to suppress asymmetry increases, but at a very slow rate.

This result suggests that on thin elliptic cones, and in the
limit on delta wings, vortex-flow asymmetry may not be found.
This is confirmed by results of studies using a line-vortex

model; they indicate that asymmetric solutions do not occur
at any incidence on a delta wing. This, together with the
vortex-sheet results, strongly suggests that asymmetric vortex
flows, of the type found on elliptic cones, do not occur on
delta wings.

The method described by Fiddes12 can be used for slender
cones of arbitrary cross-sectional shapes (as long as a shape
can be mapped to a circle and the boundary condition at the
body can be enforced). Examples of cross-sectional shapes
studied (polygons) are shown in Fig. 9. Typical results ob-
tained for the vortex-flow configurations on slender cones
with two different cross-sectional shapes are shown in Fig. 10,
separation being prescribed at the shoulders of the bodies.
The effect of change of cross-sectional shape going away from
the circle is to reduce the degree of vortex-flow asymmetry.

Discussion
The results obtained by Bird,9 showing distinctly asym-

metric vortex flow on his delta wing with leading-edge sweep
angle <p = 86.5 deg, are in contrast with our results for a delta
wing with cp = 86 deg, having symmetric vortex flow up to
vortex breakdown on the wing. There are certainly differences
between the test conditions of the two studies: e.g., Reynolds
number, turbulence levels and structure, and noise environ-
ment, but also in model geometry. The cross-sectional shapes
of the two wings, at various distances x from the apex in the
forward part, are shown in Fig. 11. There, our wings's local
span has been drawn for comparison purposes with the same
width as that of Bird's wing. Also indicated are the thickness
ratios T of the local cross sections.

Examining the cross-sectional shapes of Bird's model (as
were conjectured on the basis of the incomplete information
available), one notices that the front part of the wing, from
the apex as far back as

x = i c

resembles more a distorted, thick elliptic cone, with probably
a circular cone near the tip, than a thin flat-plate wing. This
could suggest that the front part is prone to exhibit vortex-
flow asymmetry. It is known that on slender pointed noses
the flow past the entire nose with regard to symmetry or
asymmetry is influenced by conditions at the tip (nose blunt-
ing, blowing, addition of grits). The results of the theoretical
study by Fiddes and Williams6 indicate that slender elliptic
cones exhibit vortex-flow asymmetry above a certain thickness
ratio, with an increasing degree of asymmetry for increasing
thickness.

Comparing in Fig. 11 the cross-sectional shapes of Bird's
wing with that of our wing in the front part reveals a distinct

Fig. 10 Effect of variation of cross-sectional shape of slender cone
on vortex asymmetry6; 8 = semiapex angle; a/8 = 4.1.
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Fig. 11 Cross-sectional shapes and thickness ratio T for two delta
wings.

difference between Bird's rounded, more or less elliptical
shapes and our thinner, triangular shape. The results of Fiddes
and Williams6 as to the effect of change of cross-sectional
shape indicate that going away from the round shape to poly-
gons with decreasing number of sides reduces the degree of
asymmetry of vortex flow on slender cones, as was shown in
Figs. 9 and 10.

We compare now the two delta wings of Bird9 with leading-
edge sweep angles of cp = 86.5 and 82.5 deg, respectively.
The very slender wing (<p = 86.5 deg) exhibits, at incidences
15 deg < a < 30 deg, a strongly asymmetric vortex flow, in
contrast with the other, less slender wing (9 = 82.5 deg),
which has, at least nominally, a symmetric vortex configu-
ration for incidences 15 deg < a• < 30 deg. Again, the as-
sumption is made for the very slender wing that the front part
has cross-sectional shapes somewhat like an elliptic cone, be-
coming circular near the apex (see Fig. 7). Then, we have
near the tips circular cones of semiapex angles §N = 3.5 deg
(<p = 86.5 deg) and 8N = 7.5 deg (9 = 82.5 deg). It is known
that on pointed forebodies the angle of incidence for onset
of vortex-flow asymmetry increases practically proportionally
with the apex angle.13 Applying this result to the present
situation, it seems possible that the onset of vortex-flow asym-
metry on the <p = 82.5 deg wing will occur somewhat above
the highest incidence tested (a = 30 deg), for which the latter
still exhibits symmetric flow.

Conclusions
Flow observations carried out on two slender, sharp-edged

delta wings in a water tunnel at high incidence revealed that
the vortex flow on the lee side remained symmetrical until
vortex breakdown reached the wing. This result was con-
firmed when testing one of the wing geometries in a wind
tunnel at a larger Reynolds number. This is in contrast to the

boundary for strong vortex-flow asymmetry reported in the
literature. Setting the wing in the wind tunnel at a distinct
yaw angle, at high incidence, brought on only slight vortex-
flow asymmetry. Subsequent studies of experimental evidence
reported for slender flat plates of various planforms at high
incidence did not reveal vortex-flow asymmetry either. The
one delta wing found exhibiting strong vortex-flow asymmetry
probably had near the apex the shape of a more or less thick
elliptic cone. This suggests that for a delta wing the geometry
near the apex influences the occurrence of vortex-flow asym-
metry. Recent results of an inviscid-flow theory for slender
cones strongly suggest that on thin, slender delta wings no
vortex-flow asymmetry occurs.

It was brought to our attention by the reviewer that similar
results have been reported by Ng and Malcolm.1'
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