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Lift Enhancement by an Externally Trapped Vortex

Vernon J. Rossow*
NASA AmesResearch Center, Moffett Field, Calif.

A theoretical study is made of the performance capabilities of a lift concept that utilizes a spanwise vortex over
the upper surface of the wing. The vortex is generated by a vertical flap near the leading edge of the wing and
maintained by suction through orifices in endplates at the wingtip. The analysis approximates the three-
dimensional flowfield with a two-dimensional configuration that is mapped by conformal transformation into
the flow about a circle. Theoretical solutions for a range of flap and orifice configurations predict that section
lift coefficients up to around 10 can be achieved. It is concluded that such a lift concept is applicable to STOL
aircraft if the vortex can be adequately stabilized and if the endplate suction can be generated efficiently.

Nomenclature
b = wing span
c =chord
CD — drag coefficient
CL = lift coefficient
Lfi — flap-length parameter
mx = source strength at external equilibrium point,

negative values denote sink
r — radius
R =r/rc
u,v = velocity components in x and y directions
t/oo = freestream velocity, aligned with x axis
xty = coordinate axes
xfl =chordwise distance from airfoil nose to attachment

point of flap base
Z —x-\- iy, complex variable (see Fig. 3)
a. = airfoil angle of attack from zero lift
/3rk = flap curvature parameter used in conformal mapping

(see Fig. 3)
Fa = bound circulation on or inside airfoil
Tx = circulation in external vortex
0 = meridian angle in various mapping planes (see Fig. 3)
6fl =flap angle parameter in conformal mapping that

governs chordwise flap attachment point on airfoil,
xfi

Oxoc — meridian angle in original circle plane to external
vortex

$ = complex potential

Subcripts

A = airfoil plane
AF = final airfoil plane
c = circle plane
cr = rotated circle plane (Fig. 3)
oc = original circle plane
x = external vortex or equilibrium point location

Introduction

THE development of vertical and short takeoff and land-
ing (V/STOL) aircraft is dependent on methods for

achieving high lift coefficients on the wings of these vehicles.
Past research (e.g., Refs. 1-8) has considered a wide variety of
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passive and active lift-generating mechanisms, such as
multielement flap systems, internally and externally blown
flaps, etc., each with certain advantages and disadvantages.
The present investigation considers the performance
capabilities of a lift concept that is based on generating and
maintaining a spanwise vortex over the upper surface of the
wing. This concept is an extension of the lift enhancement that
occurs when an organized vortex occupies the separated flow
region over highly swept wings at large angles of attack (e.g.,
Refs. 9 and 10). The vortex occurs near and parallel to the
leading edge of the wing, shielding it from the oncoming
airstream. The spanwise pressure gradient due to sweep
evacuates the vortex core, thereby organizing the angular
momentum in the separation zone into a conically shaped
vortex. As the sweep and angle of attack of the wing are
reduced, the vortex position becomes unstable. Some
mechanism must then be added to the wing to evacuate the
core region in order to organize the angular momentum into a
vortex and to hold (or trap) the vortex in place.

Several techniques have been used in the past to generate
and stabilize vortices on top of the wing or inside a cavity
within the wing. One of the less complicated schemes is to
direct a jet of air spanwise toward the wingtip along the
surface of the wing11'15 to enhance the lift from the external
vortex over swept wings. Other ways that have been studied
are to replace the vortex with a rotating cylinder 16~21 and to
generate the vortex either 1) on top of the wing or 2) inside a
cavity located within the wing.22"26 All of these techniques
produce (in the flowfield over the wing) a locally rotating
motion that simulates a thickening of the wing. The low
pressure in the vicinity of the rotating flow (or vortex)
produces the lift enhancement of the wing.

The flowfield under consideration in this investigation is
shown schematically in Fig. 1. The external vortex lies
downstream of the flap near the leading edge and spanwise
along the upper surface of the wing between two endplates
that contain orifices for removing air from the vortex core.
One of the endplates could be envisioned as part of the air-
craft fuselage, and the other, as part of the wingtip that
rotates to the vertical. The wingtip segment and the leading-
edge flap would be deployed for vortex generation during
landing and takeoff only. The purpose of the flap is to
separate the flow along the leading edge of the wing, thereby
introducing angular momentum into the air, which is then
organized into a vortex by suction through the orifices in the
endplates. The resulting spanwise vortex that occupies the
separation zone needs the flap, not only for its generation, but
also for protection and stability against the oncoming air-
stream. The endplates serve as 1) barriers that protect the low-
pressure region over the wing, 2) attachment points for the
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Fig. 1 Schematic diagram of trapped vortex showing wing, nose
flap, and endplates with suction orifices.
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Fig. 2 Two-dimensional flowfield model used to determine in-
compressible values of sink and vortex strengths required to satisfy
boundary conditions on airfoil and flap: CL=6.06, CD= 0.161,
Tx/cU^ = -5.39, Ta/cU00 =2.39, m^cU^ = -0.047, a = 0.1,
0rk = -0.75, flap chord = 0.4c; flap base attached to airfoil at 0.05 c
(Ofj =2.725).

vortex, and 3) supports for the suction orifices that locate and
hold the vortex center at a given location.

This paper first describes the flow model and theoretical
method used in the analysis of the externally trapped vor-
tex/airfoil combination. The characteristics of the flowfield
are then studied for a range of the governing parameters. In
the study are found compatibility conditions that relate the
lift on the system to the flap size and shape to the airfoil angle
of attack and to the location and strengths of the sink and
vortex. These results are followed by an approximate analysis
of the stability of the vortex and sink location.

Analysis of Flowfield
Description of Flow Model and Boundary Conditions

The present analysis approximates the three-dimensional
flowfield (Fig. 1) with the two-dimensional flow model shown
in Fig. 2. It assumes span wise velocities to be negligible
(except near the center of the external vortex, where a sink is
placed to approximate removal of air through the orifices in
the endplates). The analysis also assumes that the sink and
vortex centers are at the same location and that com-
pressibility, viscosity, turbulence, and flow separation are
negligible, which thereby allows the use of incompressible,
potential-flow theory. The analysis is then greatly simplified
by use of conformal transformations27 which map the flow
about the airfoil and flap from the flow about a circle (Figs. 3
and 4). Boundary conditions in the airfoil plane require that:
1) the flow depart smoothly from the free end of the leading-
edge flap and from the airfoil trailing edge (i.e., the Kutta
condition must be satisfied there); 2) the vortex/sink com-
bination be located at an equilibrium point in the flowfield,
that is, a point where the velocity produced by all other in-
fluences is zero; 3) since the separation bubble containing the

a)

Fig. 3 Steps in mapping sequence from original circle (Zoc) plane to
final flapped-airfoil (ZAF) plane, shown in Fig. 8a: a = 0.1,
Ofl = 2.725, |8̂  = - 0.75, Lfl = 0.40, rxoc /c = 0.473, 6XOC = 1 . 2 3 9 ,
Tx/cUn = -4.864, Ta/cU<x= +2.364, mxlcV^ = -0.0488, CL

= 5.0.

vortex must be closed on the upper surface of the airfoil, its
rear stagnation point must occur ahead of the trailing edge;
and 4) a forward stagnation point occur on the airfoil nose or
on the front face of the leading-edge flap.

Another aspect of the flow to be noted is that the streamline
which impacts the forward stagnation point also wets the
lower surface of the airfoil and the front face of the flap. It
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does not, however, touch the upper surface of the airfoil nor
the rear face of the flap, but spirals into the sink/vortex pair
at the equilibrium point. Furthermore, the streamline that
impacts at the stagnation point at the rear of the vortex
bubble wets the aft portion of the airfoil and divides the
airstream that enters the sink from the one that passes above
the airfoil/vortex combination. The other branch of this
streamline moves forward to wet the forward part of the
airfoil under the vortex bubble and the rear face of the flap,
and then it spirals into the sink.

Con for ma I Transformation Used to Analyze Flowfield
The conformal mapping process makes it possible to find

the parameters (the location of the equilibrium point and the
strengths of the sink and vortex required for a given lift)
which insures that the foregoing boundary conditions are
satisfied. A solution for the flowfield is provided by a
mapping sequence that transforms the potential flow about a
circle into a flow about an airfoil with an attached leading-
edge flap or spoiler in the presence of an external vortex/sink
combination. This indirect method requires that the shape of
the flap be iterated by varying parameters in the mapping
equations until the resulting flap shape approximates the
desired one. The transformation used is an adaptation of that
in Ref. 27, wherein the flow exterior to the airfoil now in-
cludes the contribution of one or more singularities (source,
sink, or vortex) located at an equilibrium point in the
flowfield. The essential features of this method are presented
here because the conformal transformation is a central part of
the study reported herein.

The transformation which generates a flap on an airfoil is
illustrated in Fig. 3 as ten steps from a circle to the flapped
airfoil. (The Clark Yairfoil28 was used in all the illustrations
because the coefficients Z T ( j ) were available from another
investigation.) The mapping equations are shown beside each
figure. The amounts of rotation and translation given to the
circle and arc during the various steps govern the length of the
flap, its curvature, and its location on the airfoil. A flap-
curvature parameter &rk and a flap-length parameter Lfl are
used to govern the mapping of the original circle into a cir-
cular slit (Zrk plane), to rotate and shift the slit (Zsrk plane),
and to map the shortened arc into a circle with a flap (Zc
plane). The mapping functions used to obtain this figure must
be such that the circular portion is an exact circle of radius Rc
(Fig. 3f) so that it can be transformed into an airfoil by
Theodorsen's method.29 Therefore, once the angle that
locates the flap in the circle plane (i.e., Bfl in Fig. 3f) and the
parameters &rk and Lfl are chosen, the other quantities in the
mapping sequence are determined by the following equations:

(la)Dyrk = Rcsm/3rk Brk=Rccos@rk

Rrk=Rc/Smprk Orr^WrK

6r = err(l+Lfl) Boc=(Rrksmdr)/2

Dyoc=Rrk(l-cosBr)/2

poc = tan-1(Dyoc/Boc)=Or/2

Roc=Boc/cospoc

(Id)

(le)

00

The amount of rotation in the various planes must be such
that the freestream returns to its original direction in both the
circle or Zc and in the final or ZAF planes. The various angles
are then related by

where Bfloc locates the tip of the flap in the original circle
plane as shown in Fig. 3. The flap-curvature parameter is
limited in that it cannot exceed 90 deg; that is,

— ir/2<Prk < +7T/2. Likewise, the angular segment of the
circular arc slit in Fig. 3c cannot exceed 2?r, so

l < 9 r l < 7 T

The flap-length parameter is therefore limited by

0<L / 7 <[ (7 r /2 l / ^ l ) -7 ] (3)

The quantities used in the transformation of the flapped
circle (Fig. 3f) into the flapped Clark Y airfoil at angle of
attack (Fig. 3j) are: the angle of attack of the airfoil from zero
lift a; the angle-of-zero lift from the geometric chord line /3;
and the Theodorsen coefficients Z T ( j ) and the shift of the
potato curve, as listed below:

13 =-0.05 906

ZT(1) = (-0.07671+ H.18942)10-3

ZT(2) = ( +1.22322 - il.25433) 10 ~3

ZT(3) = (-0.04961 + iO. 07613 )10~3

ZT(4) = ( + 0.01615-i0.05246)10~4

ZT(5) = (+0.6174 + i0.1708)10~6

ZT(6) = (-0.5788 + 10.6464) 10~7

Zpo = -0.019332 + iO. 020158 (4)

The parameters A and K are related to the trailing-edge angle
r, the nose radius Rn, and the chord of the airfoil by

A=(c-Rn/2)/K = 0. (5)

It is convenient to relate the various lengths to the chord c of
the airfoil so that they are dimensionless.

Once the flapped circle has been generated, the flap portion
of the figure is carried along without special attention, while
the circle portion is being mapped into the desired airfoil at
angle of attack. During this process, the flap or segment of
the arc originally dedicated to the flap is carried along as a
vanishingly small slit. Its shape is modified from circular in
the Zrk and Zsrk planes to a nondescript shape in the final
airfoil plane. This shape can differ considerably from the
original one in curvature and length, making it necessary to
iterate on the various flap parameters to arrive at a shape that
approximates the desired one.

The only step in the mapping sequence where special at-
tention must be given to the signs or roots of the functions is
the one shown in Fig. 3d where the square root is taken. A
continuous mapping is obtained if the lower sign on the
square root is used when Zsrk, the point being transformed,
lies within the cross-hatched area between the horizontal or
real axis and the arc as shown in Fig. 3d. The upper sign is
used when the point is elsewhere in the flowfield. This assures
the development of both the upper and lower segments of the
circle from the circular arc slit. In the calculations, it is
convenient to let the original circle be slightly larger than the
theoretical value (i.e., increase Roc by 0.0001) to make it
possible for the computer to discern whether a point is on the
upper or lower portion of the circular arc slit.

The velocity components are found in each of the planes
from

= (d$/dZoc) (dZoc/dZAF) =u-iv (6)
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The streamline pattern, pressures, etc., can then be calculated
in closed form for the airfoil with its attached flap after the
derivatives dZoc/dZAF are found from the mapping func-
tions.

Equation (6) cannot be used to find the conditions which
make the velocity vanish at the location of the sink and vortex
because the velocity given by Eq. (6) is singular there. The
usual limiting process used to find the velocity components at
the center of a vortex or sink combination is applied here at
the external vortex location. The strengths of the singularities
can then be adjusted so that they are stationary in the presence
of the flapped airfoil. The velocity at the location of the
singularities in the original circle plane, Zoc, is found as

/Complex potential due\ i ̂
,) — (to external source and ) j

wortex / J J

(HOC -iVoc)\

d \dZoc U

d fdzoc U

Zoc ~~ ZXOC

1115 [*(Z,

where the limiting process is straightforward. In the final or
flapped airfoil plane, the velocity components at the
equilibrium point are given by

limdZ AF

(8)

Since these functions are analytic and the transformations
conformal, the following equalities hold:

TX\ZAF=TX

When the contributions of the singularities in the circle plane
are added and subtracted, the complex velocity function in the
flapped airfoil plane can be written as

dZ AF
Urn

27T
^(ZOC-ZXOC)

XX + MX
2-K (9)

In order to take the limiting process, it is necessary to expand
the transformation variable in a power-series expansion as

( ZAP ~ Zx
+ • dZ2

Af
(10)

When Eq. (10) is substituted into Eq. (9), and the limit taken,
the complex velocity function in the flapped airfoil plane at
the equilibrium point is given by

( UAF - ivAF <AF = (uoc-iv0

d2Znr |
4-K (11)

When the derivatives of the various mapping functions are
found from the functions listed in Fig. 3, the location and

LOCATION OF
VORTEX, Tx
AND SINK, -r

Fig. 4 Flow field in original circle plane before mapping by con-
formal transformations into solution for flapped-airfoil plane shown
in Fig. 2.
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Fig. 5 Variation of location of equilibrium point as a function of lift
coefficient for various flap-length parameters, Ljji j8r^=-0.75,
Ofl = 2.725 (xfl = O.OSc), a = 0.10.

strengths of the vortex and sink can be found so that they are
stationary in the flapped airfoil plane. The boundary con-
ditions on the airfoil and flap, and the Kutta condition on the
trailing edges of the flap and airfoil provide the needed
restraints to make all of the unknowns determined. Since it
was impossible to separate the foregoing equations for an
explicit relationship for the location and strengths of the
singularities, the solution was found by an iterative process.
After the location of the equilibrium point and the strengths
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Fig. 6 Range of lift coefficients possible for a = 0.1,
xfl/c = 0.05 (0/7 = 2.725).
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of the vortex and sink are known, the potential, stream
function, and velocity components are available in closed
form from the foregoing equations. The flowfield in the
original circle plane (Fig. 4) is then known in closed form and
can be mapped into the flow about a flapped airfoil (Fig. 2).

Variation of Lift with Flowfield Parameters
In this section, examples are presented to illustrate how

much lift can be achieved with an externally trapped vortex
and how the lift changes with the various flowfield
parameters. In the examples to follow, the flap curvature
parameter, ($rk, was chosen to provide a nearly circular shape
to fit the contour of the vortex bubble. Other nearby values
should yield comparable results.

The first step in the study of the lifting characteristics of the
externally trapped vortex concept is to find (using the
equations developed in previous sections) the location of the
equilibrium point and the strengths of the sink and vortex for
a range of conditions. Variations of radius rxoc and
meridional angle 6XOC to the external vortex or equilibrium
point location in the original circle (or Zoc) plane, found from
Eq. (11), are presented in Fig. 5 for a range of lift coefficients
CL and flap sizes Lfl. Note that, for a given lift, the equations
yield two possible solutions for the locations of the
equilibrium points and for the corresponding strengths of the
vortex and sink. The two solutions differ mostly in the
strength of the sink and the drag of the system, since the
vortex strengths are closely related to the lift which is the same
for the two solutions. As noted in Fig. 5, both solutions in-
dicate that large-section lift coefficients are possible for a
variety of flap sizes. It is necessary, however, to check these
preliminary results to see whether the Kutta condition is
satisfied in every case at the flap and airfoil trailing edges.
When the points on the airfoil (or on the cylinder in the
original circle plane) at which the flow stagnates or separates
from the surface are located, an upper limit is found for the
lift on each configuration. Above this limit occurs unrealistic
supercirculation, wherein some of the streamlines may go
entirely around the system at the larger values of CL. These
restraints produce boundaries or domains for which realistic
solutions exist for the trapped vortex flowfield. The example,
shown in Fig. 6, illustrates maximum and minimum lift
coefficients that are possible for a range of flap sizes when the
nose flap attachment point is 5 % aft of the leading edge of the
airfoil. As indicated in Fig. 5, the same lower limit on lift
exists for the high (strong sink) and low (weak sink) drag
solutions. Although, as shown in Fig. 6, a different upper
boundary on lift occurs for the two solutions, both are
capable of yielding lift coefficients in the vicinity of 10 for a
range of flap sizes when the flap is attached to the airfoil at

C)

• WEAK SINK
SOLUTIONS

O STRONG SINK
SOLUTIONS

8 9

d) LF,»0.4

e) L
Fig. 7 Locations of equilibrium points for various integer and
limiting values of CL and various values of flap-length parameter,

fl: = -0.75, xfl/c = 0.05 (Bfl =2.725).

the 5% chord position. Other flap curvature parameters, flap
attachment points, etc., would yield a different range of
conditions.

From the results in Figs. 5 and 6, a series of locations for
the equilibrium point relative to the airfoil and flap are shown
in Fig. 7 for several flap lengths. These results illustrate how
the lift on the system and the flap length affect the location of
the center of the endplate orifice. Hence, not only does the
mass flow through the orifice, but its location must also
change with lift, angle of attack, and flap shape and position.
In practice then, the endplate orifice must either be moveable
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or large enough to accommodate the required position
changes in the center of the vortex and sink for the anticipated
range of lift coefficients and flap changes. In other words, the
variations in vortex and sink strength with the various
parameters provide a means for controlling the lift and drag
of the system through a change in the location, suction, and,
possibly, the size of the endplate and its orifice.

The streamline patterns for several lift coefficients in both
the low (Fig. 8) and the high (Fig. 9) sink-strength cases
illustrate the nearly circular nature of the airfoil/vortex
configuration. In each of these examples, the streamlines
fulfill the boundary conditions specified in a foregoing
section. That is, the flow separates at the tip or upper end of
the nose flap to form a vortex bubble over the airfoil upper
surface. This streamline first impacts the forward stagnation
point and then divides to wet the front face of the flap and the
lower surface of the airfoil. It does not, however, touch the
upper surface of the airfoil nor the rear face of the flap, but
spirals into the sink/vortex combination at the equilibrium
point. Furthermore, the streamline that impacts at the
stagnation point at the rear of the vortex bubble wets the aft
portion of the airfoil and divides the airstream which enters
the sink from that which passes above the airfoil/vortex
combination. The other branch of this streamline moves
forward to wet the forward part of the airfoil under the vortex
bubble and the rear face of the flap, and then it spirals into
the sink. As expected, the beginning space between the two
stagnation streamlines is much larger for the strong-sink (Fig.

a) CL=5.08, CD =0.174
mx/cU00 = -0.0488.

=2.364,

b) CL=7.05, CD =0.177, Tx/cU0i
riix/cU^^- 0.0563.

= -5.905, 1^/0(7^=2.405,

9) than for the weak-sink solutions (Fig. 8) because of the
higher mass flow into the equilibrium point location.

As other examples (Fig. 10), the streamlines are presented
for the cases wherein the flap is attached at the 10%, 25%,
and 50% chord positions on the airfoil to illustrate how the
size of the vortex bubble is reduced as the flap-attachment
point moves aft. The corresponding dependence of the
maximum lift achievable as a function of the chordwise
location of the flap attachment point is presented in Fig. 11.
The reduced lift for the aft flap locations is caused by the
restriction in the area over the upper surface of the airfoil on
which the external vortex can augment the lift. That is, a
trailing-edge flap provides no opportunity for lift enhan-
cement and a leading-edge flap provides the largest vortex
cavity and, therefore, the maximum lift enhancement possible
for a given flap size and flap shape.

When the computations similar to those presented in Figs.
5-9 are made for airfoil angles of attack equal to 0.15 and 0.20
rad, the increment in maximum lift (Fig. 12) due to angle of
attack is about the same as for an airfoil without a flap or
externally trapped vortex. Since the shape of the streamline
surface of the airfoil/vortex bubble is approximately circular
at- maximum lift, only a small change in CLmax would be
expected.

Stability of Trapped Vortex
The foregoing analysis establishes the equilibrium position

and strengths of the vortex/sink pair, but does not address the
problem of stability nor flap size. For these reasons, a time-
dependent calculation was made of the motion of the
singularities when their position is displaced a given amount
(e.g., to the locations marked by *'s in Fig. 13). The theory
assumed that the singularity strengths remained constant
during the excursion, even though the Kutta condition at the
flap and airfoil trailing edges are then usually not satisfied. It
was hoped that the singularities would return to the
equilibrium position for flap sizes larger than a certain
amount. These configurations would then be considered
stable and a minimum flap size would be established. Un-
fortunately, the results of the calculations for a number of
cases indicated that the vortex/sink pair would return to its
equilibrium location only from a limited region of starting
points (e.g., point A in Fig. 13). It was concluded, therefore,
that the flowfield stability was delicate and that a more
complete theory for the flowfield is needed to establish flap
size requirements.

Other Flowfield Considerations
When the externally trapped vortex concept is applied to

flight hardware, a variety of other flowfield parameters will
have an influence on the design. For example, wing design
features such as sweep, taper, etc. will require that the
spanwise structure of the vortex be adapted to the structure
available. Also, viscous effects and three-dimensional effects,

c) CL =9.05, CD =0.21, Tx/cUx = -6.906, Ta/cU(X =2.406,
mx/cU(x = -0.0692.
Fig. 8 Streamlines and flow parameters for three lift values on
airfoil: xfl Ic = 0.05 (6fl = 2.725), 0rk = - 0.75, a = 0.10, Lfl = 0.4.

Fig. 9 Streamline pattern for strong sink solution: CL=5.25,
CD = 1.40, Tx/cU^ = -5.116, Ta/cU00 = 2.616, w^/cL^ = -0.591,
a = 0.10, Lfl = 0.40, $rk = - 0.75, xfl Ic = 0.05 (0/7 = 2.725).
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10

a) */7/c = 0.10 (0^=2.509),^= -0.50, L / 7=0.1, Tx/cU00 .=
-6.679, Ta/cU,. =2.679, mx/cU0i = -0.451, CL =8.0, CD =0.93.

V* '

b) xn/c = ( (Bfl= 2.062) L/7=0.05, TxD) JCyy/C = U.Z:> it7yy=X.UOZ;, p r^=—U.3U, l^yy=U.U3, l^/CC^o,,

-5.442, Y^cUn = 1.942, mx/cUw = -0.385, CL =7.0, C^ =0.81

c) jr/7 ic = 0.50 (0/7 = 1.501), &rk = - 0.50, Lfl = 0.00,
-3.265, ra/cU^ =0.765, mx/cUQO = -0.122, CL =5.0, CD =0.25.

Fig. 10 Streamline patterns for several flap base attachment points,
a = 0.10.

such as the velocity contributions of the vortex wake of the
wing on the equilibrium criteria of the singularities, must be
taken into account.

Since the trapped vortex is a subsonic high-lift concept, the
design should be such that the magnitude of the velocity does
not approach or exceed the speed of sound. One of the regions
in the flowfield where this might occur is on the upper part of
the vortex (where at large-lift coefficients the velocity is about
10 times the freestream velocity). Compressibility or the speed
of sound will therefore serve as a limit on the lift capability of
such a wing at each forward speed. Another region where
compressibility effects may be a problem is at the orifice in the
endplate. Since the mass flow through the orifices must not be
restricted to amounts below that required to stabilize the
vortex, a minimum diameter is specified for each case to keep
the flow velocities subsonic.

Preliminary Experiments
Small-scale experiments that approximate the two-

dimensional theoretical model were studied in the Ames 7- by
10-foot Wind Tunnel and in a 15x45 cm water channel. In
both cases, it was possible to attain a trapped vortex behind a
leading-edge flap. Since the volume capacity of the pump used

.2 .4
FLAP ATTACHMENT POINT, X f , /C

.6

Fig. 11 Variation of maximum lift on airfoil for weak-sink solutions
with chordwise location of base attachment point of flap,
a = 0.10.

STRONG SINK
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a, rod
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Fig. 12 Maximum lift on airfoil with externally trapped vortex as ;
function of airfoil angle of attack: JC/7/c = 0.05, L/7=0.4, 0rk =
-0.75.
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Fig. 13 Paths predicted when external singularities are displaced
from equilibrium location for weak-sink case presented in Fig. 8a:
CL =5.08, CD =0.174, IVctfoo = -4.864, T^cU^ =2.364,
= -0.0488, a = 0.1, Lfl= 0.4,0rk= -0.75, x f j / c = 0.05.

at the orifice in the wind-tunnel experiment was relatively
small, it was necessary to use a rear flap to further enclose and
stabilize the vortex. Additionally, the inside of the cavity had
to be contoured to form a smooth, circularly shaped region.
Even then, the vortex existence was delicate, which agrees
with the present numerical estimates of stability and with
observations made in other facilities.25"26

The water-channel study used drain holes of various sizes in
the bottom of the channel as the pumping mechanism to
remove fluid from the vortex core. Trapped vortices were
produced that were quite stable over a limited range of test
conditions. Both the high and low sink-volume solutions were
identifiable in the experiment, and a range of vortex bubble
sizes with small-to-large lift coefficients could be attained.
Establishment of the trapped vortex seemed to be the most
difficult part of the experiment. However, once the vortex
was developed, it was quite stable. Its axis, however, was not
usually perpendicular to the freestream (i.e., it was not
parallel to the wing or flap leading edges) but sloped at 10-20
deg to the vertical. During the starting phase, the vortex
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would often precess several times before settling down to its
relatively stationary, angular position. These experiments
were made with the span (water depth) approximately equal to
the chord of the airfoil. It is expected that external vortices
will be harder to establish over larger spans.

Although these preliminary experiments were not
definitive, they did show that the flowfield of the flapped
airfoil with an externally trapped vortex could be established
and various features of the theoretical model were confirmed
qualitatively. That is, the high- and low-sink solutions and the
various boundary conditions were observed to be fulfilled.
Even though the flowfield appeared to have a delicate
stability, they could be produced with either a single leading-
edge flap or with both a leading- and a trailing-edge flap. In
the water tank experiment, it was also found that the vortex
flowfield was insensitive to the angle of attack of the airfoil.
As already mentioned, the vortex cavity must have a smooth
contour because irregularities easily disrupt the trapped
vortex no matter how much suction is used.

* Concluding Remarks
The present inviscid, two-dimensional analysis of the lifting

characteristics of an airfoil with an externally trapped vortex
indicates that lift coefficients up to around 10 are achievable.
However, steady-state lift coefficients much over 10 are
probably not possible with devices that are approximated by
the present theoretical model, because the Kutta condition at
the trailing edge of the airfoil is then violated. The major
difficulty with lifting systems that use an externally trapped
vortex appears to be that a steady-state external vortex is hard
to generate and then maintain at its equilibrium location.

The mapping sequence used here could be extended to
include a second flap located near the trailing edge of the
airfoil to approximate some of the configurations tested by
Kruppa26 and others. Although some preliminary ex-
periments have shown that such a flap helps to stabilize the
external vortex, it is not certain that such an extension is the
proper next step. It seems more appropriate to first consider
an improved representation of the circulation distribution in
the external vortex bubble. That is, in an experiment, it ap-
pears that the circulation is produced as a vortex sheet shed
from the upper end of the nose flap. From there it spirals
inward toward the center of the cavity and finally spanwise to
an endplate orifice. A more realistic approximation to this
three-dimensional distribution of vorticity and the ac-
companying enforcement of the Kutta condition at the
trailing edges of the flap and airfoil during disturbances to the
vortex position may yield stability characteristics quite dif-
ferent from those predicted with the point singularity model
studied here.
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