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Further Visualization of Combined Wing Tip
and Starting Vortex Systems

P. Freymuth,* F. Finaish,T and W. Bank}
University of Colorado, Boulder, Colorado

The combined wing tip and starting vortex systems of a variety of wing planforms have been visualized in a
starting flow of constant acceleration. Movie sequences display the initial development of a variety of interesting
vortex systems generated by these flow configurations. Vortices always formed closed systems in accordance

with Helmholtz’s law.

Introduction

HE concept of a combined vortex system consisting of a

bound vortex, the tip vortices, and the starting vortex for
wings of finite span was introduced by Prandtl!? 70 years ago.
Parts of this concept were introduced even earlier, i.e., the
bound vortex by Kutta® (see also the historical remarks by
Tani%) and the tip vortices by Lanchester® (see also the
historical remarks by von Karman® and Rogers’). Despite the
long history of this topic of unsteady, incompressible and
partly inviscid fluid dynamics, the overall vortex system and
its development is visualized only recently, since appropriate
visualization methods have been lagging. The state-of-the-art
of flow visualization for finite wings in unsteady flow, which
includes high angles of attack, has been reviewed in detail by
Gad-el-Hak and Ho.® At high angles of attack, the bound
vortex on the suction side of a wing can become a leading-edge
free vortex as a result of boundary-layer separation, which
" adds to the complexity of the overall vortex system. According
to Gad-el-Hak and Ho,® visualizations of unsteady, three-
dimensional wing flows have focused on the two-dimensional
cuts of dye-layer visualization in water®® and on the cuts
achieved by the smoke-wire technique in air.'® As has been
recognized,? it is very hard to reconstruct the overall vortex
structure from such cuts. Similar problems are posed by the
method of dye injection through holes in the wing as applied
by Werlé!12 in water.

A way out of this dilemma is the use of a vortical tagging
technique in air, whereby smoke is introduced as uniformly
as possible on the vorticity-producing wing surfaces. The
smoke then tags the vorticity and makes the overall vortex
system visible. Liquid titanium tetrachloride (TiCl,), which
has been previously used by the authors'® for two-dimen-
sional visualizations, serves as a smoke-generating agent.
This new concept of three-dimensional visualization in
unsteady flow has been successfully introduced by Freymuth
and his co-workers,'*'¢ mainly to visualize the starting flow
around half-wings. This method has its own limitations,
since the smoke cannot be introduced quite homogeneously.
However, the progress made toward global visualization of
three-dimensional vortex systems is still remarkable. For the
first time, an overall view of unsteady three-dimensional
vortex development over a lifting surface has become
available.
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The purpose of this paper is to extend this new visualiza-
tion method to a variety of finite wing planforms in order to
add experience and depth to this approach and to the under-
standing of wing vortex systems in highly complex situations.
Visualizations of this kind should stimulate interest in cor-
responding computer simulations and serve as a verification
source for numerical solutions. For two-dimensional
unsteady flows over airfoils, computer solutions are already
forthcoming. "1

While we restrict ourselves to starting flows of constant
acceleration, we anticipate that similar progress can be made
in the visualization of impulsive starting flow over wings and
of steady flow over pitching wings.

There exists a technological drive for the investigation of
three-dimensional unsteady vortical flow over wings at high
angle of attack. It is anticipated that such flows are impor-
tant for fast-maneuvering, high-performance aircraft as has
been explained in detail by Gad-el-Hak and Ho.?

It has been stated programmatically by McCroskey? that
the main thrusts of unsteady fluid dynamics need to be
directed to three-dimensional effects. Our present investiga-
tion should be considered in the light of this statement.

Experimental Methods

A wing of finite aspect ratio is held by means of two thin
wires in the test section of a wind tunnel with cross section
of 0.9 0.9 m. The tunnel is of the open-return type with a
settling chamber upstream of the test section and with the
fan located downstream, as sketched in Fig. 1. This arrange-
ment yielded a swirl-free flow with a low turbulence level of
order 0.1% in the test section. The flow in the tunnel starts
from rest and sustains an almost constant acceleration
a=2.4 m/s? for S5 s. Thereafter, the electrical power to the
fan motor is shut off and the tunnel is allowed to come to
rest. The tunnel is ready for the next acceleration run within
2 min. The 186 kW ce¢lectric dc motor that drives the fan is
powered from a motor-generator set with field control at the
generator. The current for field control does not exceed 2 A.
For proper flow acceleration after start from rest, a current
pulse was introduced into the field coil followed by a current
ramp. Pulse duration and ramp slope were empirically ad-
justed for optimum performance.

The wings were made from flat aluminum sheets of 1.6
mm thickness that allowed easy manufacture of different
planforms. The wings were adjusted to an angle of attack
a=40 deg. The suction side of the wing could be observed
through the Plexiglas sidewall of the tunnel. Smoke-
generating liquid titanium tetrachloride (TiCl,) was intro-
duced prior to flow startup by means of a small brass pipette
near all edges of the wing where vorticity generation was ex-
pected to occur, such that smoke release becomes indicative
of vortical structures. The wing and white smoke were
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Fig. 1 Experimental setup.
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Fig. 2 Description of wing planforms and dimensions (note that
these shapes will be given a 40 deg angle of attack when mounted in
the wind tunnel and that R =5200, Ar*=0.25, £ =0.75). Fig. 3 Visualization sequence for rectangular (square) wing.
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floodlit from the top and observed through the Plexiglas
sidewall of the test section by using a Bolex movie camera
with a rate of 64 frames/s. The frames have been assembled
into figures showing the generation and development of vor-
tical structures.

Dimensional Considerations

Before representing experimental results, it seems useful to
enumerate the important scales and the dimensionless flow
parameters of accelerated starting flow. We follow closely
the account given by Freymuth!? for two-dimensional ac-
celerated starting flow over airfoils.

By means of the flow acceleration ¢ and the wing
characteristic length /. as indicated in Fig. 2, a characteristic

Fig. 4 Visualization sequence for rectangular wing with an aspect
ratio 2.
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time ¢, can be defined as

t.=1V2q-172 )
and a characteristic velocity V, as

V, =12q\2 @)

From the classical definition of Reynolds number R=V_./»,
then R can be written as

R=a"22/y 3)

where »=0.176 cm?/s is the air kinematic viscosity. Addi-
tional dimensionless parameters used to characterize the flow
are the dimensionless time

rr=t/t, 4

(where ¢ is the time counted from flow startup) and
geometric parameters such as the angle of attack « and the
various wing planforms.

The emphasis in this paper is on the influence of the
various planforms. The angle of attack has been kept con-
stant at o =40 deg for all wings. Furthermore, for all wings,
the characteristic length was kept at /,=15.2 ¢m and the ac-
celeration after start was a=2.4 m/s2. Then, the character-

Fig. 5 Visualization sequence for a delta wing.
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istic time scale is £.=0.25 s and the Reynolds number
R =5200 according to Egs. (1) and (3), respectively.

Experimental Results
Wing Shapes and Other Data

In this section, we present photographic sequences for rec-
tangular, delta, sail, and circular wings. Figure 2 shows the
planforms, dimensions, and the figure numbers of the
visualization sequences for these wings. Each sequence is
presented as a figure composed of frames. Frames of a se-
quence are ordered into columns from top to bottom and
then across columns from left to right. Consecutive frames
are always the same time Ar=1/16 s apart from each other,
corresponding to a dimensionless time difference A¢*=
At/t,=0.25. The time from flow startup to the first frame
shown was always ¢, =12/64 s or t*=t,/t.=0.75. Flow is
always from left to right. As already mentioned, the angle of
attack for each figure is « =40 deg and the Reynolds number
is R=15200. Since these data were the same for all figures,
they will not be listed in the figure captions.

Rectangular Wings

Figure 3 represents a visualization sequence for a square
wing (15.2% 15.2 ¢cm). For easy orientation, the leading and
trailing edges of the wing have been marked by arrows on
top of the first frame.

The first column of the figure shows, among other flow
developments, the formation of an arching leading-edge

Fig. 6 Visualization sequence for a delta wing in reverse.
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vortex structure anchored to the front corners of the wing.
In the lower frames of the first column, the arch forms an Q-
shaped vortex that turns into a turbulent vortex ring or puff
in column 2. Turbulent dissipation is so strong that in the
lower frames of column 2 the puff can no longer be iden-
tified. Meanwhile, a vortex sheet leaves the trailing edge and,
because of the Kelvin-Helmholtz instability, forms vortices
visible as vertical smoke bands in the lower frames of col-
umn 1 and more clearly in column 2. These vortices turn
toward the wing tips where they interweave with each other
to form conical tip vortices. The apex of the upper tip vortex
is located at the upper front corner of the wing and the apex
of the lower tip vortex is located at its lower front corner. At
these corners, the tip vortices join with the leading-edge
vortex structure to form, in essence, a system of closed vor-
tices. Such a view is in accordance with Helmholtz’s law,
which for a viscous flow over a nonrotating body states that
a finite system of vortices must be closed. That trailing-edge
vortices form by Kelvin-Helmholtz instability has become
clear from the abundant number of examples of two-
dimensional cuts that have been shown by Freymuth!® for
starting flow over airfoils.

A rather similar development occurred also in the case of
a larger aspect ratio. Figure 4 shows visualization for a wing
with a span twice as long (30.4 cm) than the chord. The last
few frames show an interaction between the leading- and
trailing-edge vortex structure near the wake centerline and
prior to blurring by the turbulence.

Fig. 7 Visualization sequence for a sail wing.
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It has to be mentioned that, in addition to the developing
vortex system, remnants of smoke introduction from the
time prior to flow startup and other inhomogeneities in the
smoke introduction somewhat degrade the visualization. A
decrease of this ‘‘optical noise’’ is a difficult goal of future
development efforts.

Delta Wings

Figure 5 visualizes the development of the starting vortex
system of a flat deita wing. Its planform and dimensions
have been shown in Fig. 2 and the angle of attack is again
a=40 deg.

The left column shows the development of conical tip vor-
tices near the leading edges of the delta wing. The apex of
each of the two cones is located at the front corner where the
cones thus join. Furthermore, the development near the up-
per leading edge reveals an arching of the tip vortex toward
the upper trailing-edge corner. Simultaneously, a vortex
sheet leaves the trailing edge and starts to form several
trailing-edge starting vortices due to the Kelvin-Helmholtz
instability. Column 2 shows more clearly these trailing-edge
starting vortices, which bend upstream and connect to the
leading-edge tip vortices. Therefore, the trailing-edge starting
vortices represent a system of intertwined vortex loops
feeding into the conical tip vortices and forming a closed
vortex system in accordance with Helmholtz’s law. The
trailing-edge vortex system is, therefore, similar to the cor-
responding trailing-edge system of intertwined vortex loops
of Figs. 3 and 4 for rectangular wings. In the upper frames

Fig. 8 Visualization sequence for a sail wing in reverse.

COMBINED WING TIP AND STARTING VORTEX SYSTEMS 1157

of column 2, the leading-edge tip vortices assume a
multihelical structure. The onset of turbulence blurs details
in the lower frames of column 2.

Figure 6 visualizes the starting vortex system for the delta
wing mounted in reverse. In this case, a side of the
equilateral triangle heads into the flow rather than a corner.
The leading-edge starting vortex develops similar to the one
for the square wing (Fig. 3) in column 1, i.e., an Q vortex
develops and dissipates turbulently in column 2. Also, the
combined system of trailing starting vortices and tip vortices
forming intertwined vortex loops, anchored to the front cor-
ner of the wing, resemble those for the square wing except
that they form a narrower wake.

Sail Wings

Figure 7 displays the vortex development over a triangle
with two 45 deg angles. The planform of this triangle is
shown in Fig. 2, in which it is labeled a sail wing. Angle of
attack again is @ =40 deg. Due to the asymmetry of the con-
figuration, the developing closed vortex system is also asym-
metric in appearance. The leading-edge starting vortex forms
an asymmetric arch anchored to the front and top corners of
the wing in column 1. Near the upper corner, a series of in-
tertwined but very small vortex loops seems to form in the
upper frames of column 2, giving them the appearance of a
lace pattern. This detail is, however, quickly blurred by tur-

Fig. 9 Visualization sequence for a circular wing.
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Fig. 10 Visualization sequence for a circular wing with a center
hole.

bulence. The trailing-edge system of much larger intertwined
vortex loops connects to the bottom tip and leading-edge
vortices of multihelical and conical shape. On the top, the
leading-edge vortex seems to loose its upper anchor at the
top corner in the lower frames of column 1 and the upper
frames of column 2. Any detail is blurred by turbulence in
the lower frames of column 2.

The sail wing in reverse where a side of the triangle heads
into the wind, is visualized in Fig. 8. Column 1 shows the
familiar leading-edge arching vortex from which a slightly
asymmetric Q vortex develops. The trailing-edge system of
vortex loops anchored to the top and bottom front corners
of the wing in the form of conical tip vortices are fully
visualized in column 2. The trailing-edge wake narrows down
from the top, but roughly follows the tunnel flow near the
bottom edge of the wake.

Circular Wings

Figure 9 visualizes the starting vortex system for a circular
flat plate at a 40 deg angle of attack. Again, a closed system
of vortex filaments develops, resembling the shape of a rub-
ber raft in the upper frames of column 2 and prior to onset
of turbulence.
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Figure 10 visualizes the starting vortex system of a circular
wing with a round hole at its center. The vortex system
generated by the outer contour of the wing resembles that of
Fig. 9, while the center hole produces vortex rings that
subsequently interact with the outer wake to increase the
level of turbulence.

Conclusions

The combined wing tip and starting vortex systems of a
variety of wing planforms have been visualized in accelerated
starting flow at an angle of attack «=40 deg and at a
Reynolds number R =5200. Visualizations at other angles of
attack and other Reynolds numbers have also been done, but
are not included here since nothing qualitatively new has
been found. Basic vortex elements identified by us are intert-
wined vortex loops usually anchored to wing corners in the
form of multihelix conical tip vortices. In addition, the
visualizations reveal the development of @ and ring vortices.
In the late stages of development, the turbulence blurs much
of the detail.

Our visualizations should go a long way to fill in some of
the details of the concept of a combined wing tip and start-
ing vortex system that was advanced 70 years ago. Further
investigation of other unsteady configurations, such as im-
pulsively started wings and steady flow over pitching wings,
should clarify the concept even further.
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