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A QUADRILATERAL VORTEX METHOD

APPLIED TO CONFIGURATIONS WITH HIGH CIRCULATION

Brian Maskew .
Analytical Methods, Inc. X

SUMMARY

A quadrilateral vortex-lattice method is briefly described for calcula-
ting the potential flow aerodynamic characteristics of high-lift configurations. ’
It incorporates an iterative scheme for calculating the deformation of force- ?
free wakes, including wakes frcm side edges. The method is applicable to mul- :
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tiple lifting surfaces with part-span flaps deflected, and can include ground :
H effect and wind-t'mnel interference. Numerical results, presented for a number :
f of high-lift configurations, demonstrate rapid convergence of the iterative ;

i : technique. The results are in good agreement with available experimental data. .

INTRODUCTION .

B i
4

The calculation of aerodynamic characteristics for three~dimensional
configurations with high circulation, e.g., a wing with flap and tailplane can
be misleading unless the trailing vortex wakes are represented correctly. In
fact, initial applications of a quadrilateral vortex-lattice method with rigid
non-planar wake (refs. 1 and 2) showed that results for a wing alone were sen-
sitive to wake location at even moderate lift coefficients. The high circula-
tion case, therefore, is non-linear, and requires a force-free wake represen-~ ‘
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tation.
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The problem of calculating vortex sheet roll-up has recieved considerable :
attention in the past, (see review by Rossow {ref. 3)), but has been concerned -
mainly with the two-dimensional case. More recent work has included three-di-
mensional factors. Butter and Hancock (ref. 4) and also Hackett and Evans
(ref. 5) included the influence of a bound vortex, and Belotserkovskii (ref. 6)
incorporated a wake roll-up procedure with a vortex-lattice method. Mook and
] Maddox (ref. 7) developed a vortex-lattice method with leading-edge vortex rell-
% The roll-up procedure incorporated in the quadrilateral vertex method

4 up.
(ref. 2) differs slightly from the above methods, and is described here before

discussing the high-lift applications. :
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SYMBOLS

o] incidence, in degrees
S area
c chord
< reference chord
a aspect ratio
n spanwise position normalised by wing semispan
CL lift coefficient
CM pitching moment coefficient (about the mid chord)
CD. induced drag coefficient

i
k induced drag factor, = TA CD./CL2

1

Subscripts:
W wing
T tailplane or wind tunnel
calc calculated
exp experimental

METHOD DESCRIPTION

The method, which incorporates an iterative procedure for wake shape, is
based on vortex-lattice theory (e.g., ref. 8), but the lattice is formed into
quadrilateral vortices (fig. 1) instead of horse-shoe vortices. The quadrila-
teral torm is equivalent to a piecewise constant doublet dictribution and each
vortex "panel” is self-contained, This makes it easier to apply to cambered
surfaces. Another advantage is that only the guadrilaterals adjacent to trail-
ing edges (and to side edges when edge separation is included) have trailing
vortices, and so they are the only panels whose influence coefficients vary in
the iterations [or wake shape. The complete matrix of influence coefficients
would be affected for the horse-shoe vortex model.
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For the wake model, each trailing vortex is divided into straight seg-
ments (fig. 1), the number and length of which can be varied from vortex to
vortex to allow more detailed representation in roll~-up regions. The segmented
part of each vortex ends in a semi-infinite vortex in the free-stream direction.
In the iterative wake procedure, each trailing vortex segment is made approxi-
mately force-free by aligning it with the local mean velocity vector. The
segment midpoint is the most appropriate position to apply this condition, yet
most methods use the upstream end of the segment (following ref. 6). Th~ pre-
sent method calculates the mean welocity at 55% of the segment leagth (extra-
polated from the previous segment) after examining a roll-up calculation
(ref. 2) for a pair of equal strength, segmented vortices. Compared with the
upstream end point, the 55% point gives faster convergence, and the results

are less sensitive to segment length, (fig. 2).

Small Rankine vortex cores are placed cn the vortices to avoid large
velocities being calculated near the vortices; nevertheless, when calculating
the velocity vectors for the wake relaxation, the local vortex contribution is
excluded. To obtain the first vortex strength solution, the trailing vortices
are assumed semi-infinite in the free-stream direction. A new vortex strength
solution is obtained after each wake relaxation is completed.

RESULTS AND DISCUSSION

Wing-flap-tailplane

The wing-flap-tailplane configuration is a typical problem facing the
aerodynamicist when calculating the behavior of an aircraft during landing and
take-off. The present method enables the free-air and the ground-effect re-
gimes to be evaluated. An illustrative calculation was performed for the part
span flap configuration shown in figure 3(a). The geometric characteristics

are presented in table 1.

Figure 3(a) shows the calculated vortex trajectories in free air after
the fourth iteration. The vortex roll-up region from the flap edge passes
close to the tailplane tip (outboard and below) and has clearly influenced the
tailplane tip vortex trajectory (compare vortex (15) with vortex (10) from the
wing tip, especially in the side view). The plan view shows wing inboard trail-
ing vortices passing directly below the centers of tailplane quadrilaterals.
If these vortices had been close to the tailplane surface, then the results
would have diverged. In its present form the method is not applicable to close
approach problems unless the vortex trajec.ories are constrained to align with
the local surface lattice. However, the close approach problem has been inves-
tigated, and a technique developed to overcome it (refs. 9 and 10) but, so far,
this has not been incorporated in the main program.

The effect of iteration on the trajectory of vortex (7) from the flap
edge region is giver separately in figure 3(b). This vortex moved the most in
the group; nevertheless, the figure shows little change between the third and

fourth iterations. Sections through the calculated wakes in free air and in
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ground effect are shown in figure 3(c). Compared with the free-air positions,
the vortices move outwards in ground effect, and are deflected upwards. This
movement will influence the ground-effect conditions at the tailplane.

Figure 4 shows the changes in wing and tailplane calculated lift and in-
duced drag with iteration in free-air conditions. The wing lift is essentially
converged by the second iteration and the induced drag factor, k, by the third.
The tailplane lift and induced drag (in the presence of the wing) are essenti-
ally converged by the second iteration after a relatively big jump from the
streamwise-wake value,

Table II gives the calculated values of lift and induced drag for free air

alone. These results impnly (for the combined configuraiioci) an average down-
wash angle at the tailplane of about 10.7° in free air and 1.7° in ground ef-
fect. The method, however, takes into acccunt variations in downwash - and
sidewash - across the span and chord of the tailplane. The presence of the
tailplane causes small changes in the wing characteristics. 1In free air there
is a small decrease in wing lift (= 0.8%) and a small increase in induced drag
factor (from 1.100 to 1.108), which result from a small downwash induced by the
negative circulation on the tailplane. In ground effect, however, the tailplane
- which now has positive lift - causes a small increase ir wing lift and a de-
crease in its induced drag factor (from 0.613 to 0.581). Although the tailplane
alone results show the expected increase in lift with ground effect, the wing-
flap alone result shows a decrease. This apparent anomaly is in accordance
with results found earlier in reference 1ll; with increasing camber and/or in-
cidence, the initial increase in wing lift in ground effect decreases and even-
tually goes negative. This feature is made more apparent in the spanwise dis-
tribution.

The calculated spanwise load distribution, CLC/E, and center of pressure

locus for the wing are shown in figures 5(a) and 5(b) for both free-air and
ground-effect conditions. I~ jround effect (at the same incidence as in free-
air) there is a relative loss in lift in the flapped region - evidently over
the flap itself because the center of pressure moves forward there ~ while out-
board there is a small increase in lift and a rearward shift in center of pres-
sure (i.e., the normally accepted influences of ground effect). The net result,
as already seen in table II, is a decrease in overall lift. Evidently, camber
has a strong influence .. the grnund interference effect which must be taken
into account when predicting aerodynamic characteristics near the ground

(ref. 11).

As would be expected, the induced drag is concentrated over the flapped
region in free air (fig. 5(c¢)), and in fact an induced thrust is calculated
over the unflapped region - a plausible consequence of concentrating the load
over the inboard part of a swept wing. In ground effect, the expected reduc-
tion in induced drag occurs mainly inboard of the flap edge region (i.e., in
the upwash region from the flap edge trailing vortex image).
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Wing-Flap in Wind Tunnel

Standard correction methods for wind-tunnel interference are largely
based on image techniques, and assume the wing wake to be undeflected. When
testing high-1lift configurations, the trailing wake moves considerably from the
basic wing plane, so unless the model is very small relative to the tunnel (with
possible Reynolds Number problems), the real flow violates the assumptiomns.

The present method calculates the wake shape in the prasence of the model and
the tunnel walls - the latter also being represented by a distribution »f quad-
rilateral vortices. A calculation of this form would be particularly useful
for wing-tailplane configurations, but suificient elements were not available
for a fair application to such a problem at this time (i.e., to cover wing,
tailplane and wind tunnel). The results from a high-1ift wing-flap calculation,
therefore, are given here. The general arrangement is shown in figure 6, and
the geometry is defined in table III. Lift values were available from unpubli-
shed wind-tunnel measurements on a biown-flap model.

Figure 7 shows the calculated vortex trajectories for o = 5° in the wird
tunnel. The lift coefficient is 2.14, and a correspondingly high rate of vor-
tex roll-up is andicated. The tip vertex - which was allowed to separate from
the flap hinge line to be more representative of the real flow conditions -
moves steadily inboard as more vorticity is "entrained". The vortices just in-
board of the tip have large "curvature" at the start, and ideally, should have
had smaller segments there. A section through the calculated wake (fig. 7) is
compared with that for free-stream conditions at approximately the same 1lift
coefficient. This required a free-ai. incidence of 10° compared with 5° in the
tunnel. 1In the tunnel, the roll-v. region is squashed in a vertical sense and,
on the whole, the vortex positions iie outboard relative to their positions in
free air. 1In the tunnel, the vortices over the inboard region lie above the
free-air position ~ a recult of the rcduced downwash in the tunnel.

Figure 8(a) show: the ¢y, characteristics calculated in the tunnel and
in free air. The standard incidence correction (i.e., Aa = GCL SW/ST' with
§ = 0.101 here) applied to the in-tunnel values falls shor. of the free-air
result by the order of 35%. Al<~ shown are some values representing the experi-
mental wind tunnel measurem:nts with near critical blowing over the trailing-
edge flap. These measurements were originally for a wing-body configuration,
and have been modified to gross wing conditions. 1In view of this, they are in-
cluded here o.aly to indicate that the calculated in-tunnel Cp, ~ 0 values are

plausible. The modification for CL applied to the measured net wing Cp,
was of the form: gross
c \ c C
L - L L L
gross exp gross net theory net exp

The theoretical facvor was obtained after applying the method first to
the uross wing, and then to the net wing in the presence of a representative
body. The factor was found to be a function of incidence, and varied from
1.145 at o = 0° to 1.10 at a = 10°.
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The calculated induced drag factor characteristics are shown in figure
8(b), and show a dependence on C_ in both free-air and in-_unnel conditions -
the form of the dependence is noE shown since only two points were calculated
for each condition. The standard correction for drag (ACD = CLan) added to

the calculated in-tunnel induced drag gave k values which fell short of the
free-air calculations; the difference in the increment in k -

i.e., (& - Y/

calc standard Akcalc

varied from i:% at CL = 1.98 to 18% at CL = 2.14.

Small Aspect Ratio Wing

For an extreme test case for the wake roll-up calculatio»n, a slender
rectangular wing of aspect ratio 0.25 was considered at 20° incidence. CcCal-
culations were performed using an 8 x 6 vortex array and two iterations for
two configurations:

(a) flat plate
(b) bent plate (20o deflecticn about the mid choxd)

Flow visualization studies and wind-tunnel force and moment measurements have
been carried out on these configurations by Wickens (ref. i2). The real flow
for these cases is dominated by the tip-edge vorticity, and surfac viscous
effects are rr atively small; a comparison betw en the potential flow calcula-
tior and 2xperiment is therefore practicable.

The side view and plan view of the calculated vortex trajectories from
the flat 2ud bent plates are presented in figures 9(a) and 9(b), respectively.
Included in the side views are the approximate positions of the vortex cores
from flow visualization (ref. 12) and the calculated centroid of vorticity
locus. 1In the flat plate case, these lines are in excellent agreement, and
in fact are inclined at approximately &/2 to the surface - i.e., the theoretical
angle for vanishingly small aspect ratio. In the bent plate case, two vortex
cores appear in the experiment, one from the leading-edge tip and the other
from the bend line tip - i.e., from the two peak vorticity regions. Wwhen cal-~
culating the centroid of vorticity locus for this case, the edge vortices were
divided into two groups, the leading-edge vortex starting the first group, and
the hinge-line vortex the second. The calculated centroid loci initially have
fair agreement with the observed vortex cores, but later tend to diverge, indi-
cating . slower rate of roll-up in the calculation. Another iteration might
have helped here, but *he proximity of the end of the segment-represented region
(the extent of which was limited by the number of segments available in the
program) must have influenced the shape near the downstream end.
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Although the principal objective here was to observe the behavior of the
vortex roll-up calculation under extreme conditions, it is interesting to see
(fig. 10) that the calculated lift, drag and pitching moment are in reasonable
agreement with the experimental measurements from reference 12; the flat plate
results are particularly good, while the indications are that the bent plate
calculations are not fully converged. 1In the latter case, the changes in the
characteristics from the initiil (streamwise) wake values to those from the
second iteration are particularly large (see table 1IV).

Tip-Edge Separation

Earlier applications (unpub.ished) of che method to wings at large inci-
dence (8 to 16°) gave poor correlation with experimental spanwise lcad distri-
butions and wake deformation. The differences were attributable to the presence,
in the experiment, of tip-edge vortices of the type calculated on the small
aspect ratio wing. These effects are demonstrated here for a rectangular wing
of aspect ratio 5.33 and at 12° incidence. The vortex .attice is shown in
figure 11, and includes tip-edge vortices. The calculated vortex trajectories
are shown after two iterations. Figure 12{a) shows the spanwise load distri-
bution with and without the tip-edge vortices present. The edge separation
gives a higher loading level towards the tip and a local bulge near the tip
when using a large number of spanwise intervals. The bulge, consistently cal-
culated using lattices with 15 and 25 spanwise intervals, is also apparent in
the experimental load distribution from refiurence 13. (The lower lift level in
the experiment is caused by an inboard separation resulting from the interaction
hetween the wing and wall boundary layer.) The calculated lift coefficient
inceeases from 0.85 to 0.93 with the tip-edge vortices.

The calculations indicate that the extra loading near the tip is carried
on the rear of the wing; the center of pressure locus, (fig. 12(b)), shows a
marked rearward movement near the t.p with the tip-edge vortices compared with
the usual forward movement calculated with the "linear" method. The locus is
consistently calculated using 8, 15 and 25 spanwise intervals.

These edge effects, which are present also at flap edges, etc., have mark-
ed implicati~ns for calculations at high lift, affecting boundary layer deve-
lopment, tip .urtex formation and trailing vortex sheet shape. However, furtier
evaluation of these effects (such as detailed surface pressure distributicas)
would require the previously mentioned problem of close interference between
discretized vortex sheets to be removed. For such applications, the method
would need extending to include a near-field technique such as that developed
in references 9 and 10,

CONCLUDING REMARKS

1he guadrilateral vort~x lattice method with the iterative wake relaxa-
tion procedure has been applied to a number of configurations with high circu-
lation. The iterative procedure shows rapid convergence, and the calculations
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are in good agreement with available experimental results. Tip-edge separa-
tion effects have been shown to be important aspects of high-lift calculations.
More detailed theoretical evaluation of these effects, e.g., in terms of sur-
face pressure distributions, would require extensions of the method to incor-
porate recently developed near-field techniques. Such an extension would also
allow other close interference effects to be studied.

f
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TABLE I. GEOMETRIC CHARACTERISTICS FOR THE
WING-FLAP-TAILPLANE CONFIGURATIONS

General:
INCIAENCE & ¢ ¢ v ¢ « o v o o o o = 4 o o s « e . . W10

Ground height (normalized by wing mear chord c) . ...0.5

Wing:
Aspect ratio ¢ . . v ¢ ¢ 4« v i e 4 e v e e s e e .. s 4
Sweep back . .+ + v ¢« - ¢ 4 4 4 et 4 4 e e+ e s s+ . . 45
Taper ratlo . . . ¢ & ¢ ¢« v o 4 e e 4 e e e e e e . o1
Flap ChOXA/C v = & & & & o e e e e e e e e e e e . .. 0.25
Flap span/semispan . . « « « « = o = o« o« o« o« « o« « « » 0>0.48
Flap deflection: normal to hinge line . . . . . . . . . 36
in vertical streamwise plane . . . . . 27
Vortex quadrilateral array: across chord . . . . . . . 3

across semispan . . . . . 7

Tailplane:
Aspect Fatio . o v ¢« v v 4 4 e 4 e s e 8 e e e e .. 2
Sweep back . . . v 4 i e i 4 4 s e e 4 e e s e s s . . 45
Taper ratio . « & & ¢ ¢ « o o o o & o v o o« o 4 o s .
Span/Jing SPAn « -« « « ¢+« 4 e e s s e s e s s 4 e

(Distance aft from wing)/; e e s e e e e e e e e e s

Angle to wing plane . . . « « ¢ « ¢ s« e e e e e .

1
0
2

(Distance above wing plane)/z S ¢ )
0
Vortex quadrilateral array: across chord . . . . . . . 3
4

across semispan . . . . .
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TABLE II. CALCULATED WING-FLAP-TAILPLANE LIFT AND INDUCED DRAG
CHARACTERISTICS IN FREE AIR AND IN GROUND EFFECT
(SECOND ITERATION)

Configuration Wing-Flap Tailplane
(based on wing area)
CL k CLT CD_

tp
Free-air together 0.9613 1.108 -0.0104 -0.00206
alone 0.9691 1.100 0.1279 0.00761
Ground- together 0.9388 0.581 0.1067 0.01119
Effect alone 0.9385 0.013 0.1441 0.00757
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TABLE III. BASIC CHARACTERISTICS FOR THE WING-FLAP
IN WIND-TUNNEL CONFIGURATION

Theoretical Model

Wing:
Aspect Ratio .« o ¢ ¢ ¢ 4o ¢ ¢ ¢t ¢ 4 o 4 0 e s s s e e ..

Taper Ratio e o o 8 e s = e e a o a4 o e o s s e s e o
Leading edge sweepbaCk . ¢ « ¢ ¢ ¢ ¢ o & o ¢ o o o o o

Trailing-edge flap:
Span/wing SPan . .« « . . e 4 e o s s o 4 e o o o o o
Chord/wing chord . . . ¢ « ¢ & o o« « o o o 2 o o o
Deflection (normal to hinge line) . . . . . . . . . .
Hinge-line sweepback . . + « ¢« ¢ ¢« &« + o &« & o o« « =«

Vortex quadrilateral array (chordwise x spanwise) . . . .
Wind Tunnel:

Wing span/tunnel width . . . . . . . . . . . ¢+ ¢ . ..

Wing airea/tunnel cross section area (Sw/ST) e e e e e e .

Tunnel 'length'/wing mean chord . . . . . . . . . « . . .

Vortex quadrilateral array (lengthwise x circumferential)

Experiment
Reynolds Number (based on wing mean chord) . . . . . . . . .

Gross Wing:
Basic details are the same as for theoretical model,
but in addition:

Leading edge flap:
Full net span
Chord/wing chord . « « ¢ o o o o o & = o o« « o o 2 o =
Deflection. « + v ¢ o o o o o o o o o o o o o o o o
Hinge-line sweepback c v e . « o e s s s s s s e s

Trailing-edge flap blowigg momentum coefficient
(critical value at @ = 87) . . v & « ¢ o o o ¢ o o o o

Body:
Width . & v v ¢ ¢ 4 v v o o e s e e s e s e e e s e e e s
Depth . . v ¢ ¢ ¢ ¢ ¢ o ¢ 6 o 4 o e o s 4 o v e s o o o« o
Length .« & v ¢ ¢ v o o o o o o o o o o = o s o o« o o s
Length of fore and aft fairings . . . . « . . . ¢« « .« . .
Wing position (above body center line). . . . . . . . . .
Section - rectangular witn rounded corners

* Note: normalised by gross wing semispan +(each)
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2.9
0.55
31

1.0
0.31
40°
17°

3 x10

0.56
0.256

11 x 1lv

1.2 x lO6

0.15
40
28

0.018

*
0.18,
0.36 ,
1.834,
0.357,
0.096



TABLE 1IV. CALCULATED CHARACTERISTICS FOR SLENDER RECTANGULAR
WINGS (ASPECT RATIO = 0.25)
Configuration Wake CL CD. CM
i
(% chord)
Streamwise 0.7489 0.2633 0.1069
Flat Plate
First Iteration 0.5301 0.1725 0.1111
4]
a = 20
Second Iteration 0.5301 0.1654 0.1116
F——.
Bent Plate Streamwise 1.9508 1.5405 -0.6056
a = 20° First Tteration 1.0934 0.6174 0.078
Bend = 20° Second Iteration 1.1241 0.6381 0.075
175
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TYPICAL COLUMN OF
QUADRILATERAL VORTICES VORTICES DISPLACED REARWARDS

" BY A QUARTER ELEMENT CHORD

CONTROL

TRAILING VORTEX SEGMENTS <~
(For simplicit/ only two per
vortex are 5 1own)

7
SEMI-INFINITE VORTICES ~

Figure 1.- Quadrilateral vortex model,

l -
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Y X
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) L 4h ITERATION

1 2 3
SEGMENT LENGTH £
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Figure 2.~ Calculated rol'-up of a pair of
segmented vo ices.
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FIGURE 3{c)
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(a) Configuration and general views after four iterations.

NING PLANE

EFFECT OF ITERATION ON VORTEX 7
SIDE VIEW

ITERATION
NUMBERS

EFFECT OF ITERATION ON VORTEX 7
PLAN VIEW

(b) Effect of iteration on vortex (7) trajectory.

Figure 3.- Calculated vortex trajectories for a wing-flap-
tailplane configuration in free air.

—
s

177




178

PLANE OF SYMMETRY

SPANWISE
LOCATION OF
FLAP EDGE

' IN GROUND EFFECT
(a=10°)

IN FREE AIR
(a=10°)

SEE FIGURE 3 (a) FOR
POSITIOM OF SECTION

(c) Sections through the calculated wakes in
free air and in ground effect.

Figure 3.- Concluded.
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0,98
WING LIFT COEFFICIENT

Clw <\
0.96 —0 0

WING INDUCED DRAG FACTOR

1.09 SEE FiGURE 3(o)
FOR CONFIGURATION

0
~0.02
TAILPLANE LIFT COEFFICIENT
_ (BASED ON WING AREA)
-0,04
0
- —0 —O— -0
o, o=
T
-0.004
TAILPLANE INDUCED DRAG COEFFICIENT
~ ( BASED ON WING AREA)
G
-oom
L L 1 A J
FREE STREAMWISE | 2 3 4
WAKE ITERATION

Figure 4.- Effect of iteration on the calculated lift and induced
drag of the wing-flap-tailpiece configuration in free air.
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CENTER OF PRESSURE x/c

‘05 -
SEE FIGURE 3(o)
FOR CONFIGURATION
1.0}
e
005 -
e——— FLAP ——
0 1 | L L I 1 1 | ] ]
0 0.2 0.4 0.6 0.8 n 1.0
(a) Spanwise loading.
0.5 [~
----- STREAMWISE WAKE }
£ IN FREE AIR
) —O— ITERATIONS 1 TO 4
0.4 --0-- ITERATION 2, IN GROUND EFFECT
* -~
003 =
0.2 =

‘k 1 1 L 1 1 1 1 | 1 J

0 0.2 0.4 0.6 0.8 n 1,0

(b) Center of pressure locus.

Figure 5.- Calculated aerodynamic characteristics for the wing
and inboard flap in the wing-flap-tailplane configuration

in

free air and in ground effect.
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(c) Induced drag distribution.

Figure 5.~ Concluded.
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Figure 8.~ Calculated aerodynamic characteristics of the wing-flap
configuration in free air and in wind tuunel.
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(b) Plate with 20° mid chord bend.

Figure 9.- Calculated vortex trajectories for aspect
ratio 0.25 wings at 20° incidence.

tN



-

e

0.4
LIFT COEFRICIENT,

— EXPERIMENT  (rel. 12)
O FLAT PLATE

CALCULATED
VALUES USING
O MNTPATE | 826 ELEMENTS
PMTCHING MOMENT COEFFICIENT,
[
0.6
c ASPECT RATIO = 0,25
D 0.4

BENT PLATE

\ 0.2

b /L:TPLAT!
s P

20 a® 20

0
DRAG COEFFICIENT,

Figure 10.- Calculated aerodynamic characteristics
for the small aspect ratio wings compared with
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Figure 11.- Calculated vortex trajectories for
an aspect ratio 5.33 rectangular wing at
12° incidence after two iterations.
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Figure 12.~ Calculated aerodynamic characteristics

for the rectangular wing with and without tip
edge vortices.






