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Edge Vortices of a Double-Element Wing in Ground Effect
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University of Southampton, Southampton, England SO17 1BJ, United Kingdom

The influence of edge vortices generated by a generic double-element wing on force behaviors are discussed. The
wing is equipped with end plates and operates in ground effect. The downforce-vs-height curve is divided into three
distinct regions according to ground proximity and flap setting. As the wing is moved from a height in freestream
to the ground plane, the downforce first experiences a rapid enhancement (region A). This process is accompanied
by the presence of a concentrated vortex off the edge of the side plate and diffuser effect of the wing. At a critical
height, the vortex breaks down and its contribution to the downforce is lost. This creates a change in the gradient of
the downforce slope. The force enhancement process continues as the height of the wing is reduced (region B); the
main diffuser effect is still present. The downforce is lost below a height where the maximum downforce is reached,
due to large separation on the wing (region C). The importance of the edge vortices in defining the characteristics

of the downforce curve is established.

Nomenclature

b = wing span, mm
Cy = lift coefficient, L/gS
C pnorm normalized spanwise pressure coefficient

for lower surface pressures,

1
cp / c,dn
0

c = wing chord, mm
cp = pressure coefficient, p/q«
h = height above ground
L = downforce
p = pressure
Goo = dynamic head, Jpo U2
Re = Reynolds number, po.Usxc/1

S = platform area, b x ¢

U = freestream velocity

u,v,w = velocity components in x, y, z—axes system

x,y,z = Cartesian coordinates; x positive downstream,
y positive up, z positive to starboard

n = nondimensional span from wing tip, 2z/b

I = viscosity

Poo = freestream density

w = nondimensional planar vorticity
(¢/Us)[(9v/32) — (dw/dy)]

/4 = nondimensional planar vorticity at flap
quarter-chord position

/e = nondimensional planar vorticity behind trailing edge

I. Introduction

ERODYNAMICS of a high-lift wing with its suction surface

nearest to a moving surface have applications in vehicles using
ground effect. The force on the wing points to the ground plane and
forms part of the overall aerodynamic grip. Apart from practical
concerns, there exist a number of fundamental, challenging issues
worthy of serious consideration. These include the transient nature
of laminar to turbulent transition position, unsteady wake, suction
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surface separation, three-dimensional tip flow, and the existence and
the role of large edge vortices. The edge vortices are produced off the
edge of the side plates that normally accompany a wing in ground
operation, between the lowermost edge and the ground plane. The
characters of the edge vortex change as the wing is lowered to the
ground. They could contribute to the force enhancement process.

In terms of experimental model tests, there are gaps in studies of
wings in ground effect, in particular multi-element configurations,
which are employed widely. In an earlier study of a double-element
wing,! the force characteristics and pressures along the center of the
wingspan were reported. The force measurements reveal interest-
ing features, such as changes in the gradient of the force-vs-height
slope, which have not been adequately addressed. We now attempt
to study three-dimensional flow physics, including force enhance-
ment, transition, vortex break down, and so on. Our main focus is
on the role of edge vortices in determining the force curve.

II. A Review of Related Work

Past research in wings in ground effect include two-dimensional
model tests by Knowles et al.?> and fixed ground studies by
Ranzenbach et al.3 and Jasinski and Selig.* Recently, Zerihan and
Zhang performed a series of studies using a single-element wing
in ground effect,>° including force, pressure, surface flow, and off-
surface measurements using laser doppler anemometry (LDA) and
particle image velocimetry (PIV). These single-element wing stud-
ies provided a platform for further numerical and multi-element
wing studies.

In the past, model tests of multi-element aerofoils in
freestream’~'" have been used as an experimental basis, detailing the
flow physics for two-dimensional computational studies. Smith!!
described the five beneficial effects of the gaps between the ele-
ments in multi-element flows: slat effect, circulation effect, dumping
effect, off-the-surface pressure recovery, and fresh-boundary-layer
effect. These generally relate to two-dimensional mechanisms.

The type of multi-element wing examined in the present study
typically has a small aspect ratio and is equipped with endplates.
Hence three-dimensional features could be important, particularly
the vortex system generated off the edge of the endplate. Some
relevant studies exist in the area of trailing tip vortex from a wing in
freestream, both experimental'>~'* and computational.!>!® In fact,
the vortices observed in the current study are similar in character to
the leading-edge vortices studied by Polhamus,!” using a leading-
edge suction analogy, and by Wentz and Kohlman'® in a model test.

An important feature of the present flow is vortex breakdown.
At a high angle of attack, the aerodynamics of vortex breakdown
appears in a wide range of documentation for delta wings'*?° and
rectangular wings.'>?° In addition to breaking down, vortex un-
steadiness resulting in vortex wandering is a phenomenon observed
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in some work.'?!32! The motion of a trailing vortex near the ground
has been investigated by Harvey and Perry?? via experiments in a
moving ground wind tunnel.

No studies have been found commenting on the interaction of a
vortex from an upstream element on the downstream element of a
wing, an area relevant to the current research. Storms et al.? were
the first to perform an experimental study into the flowfield about
a part-span flap. In essence, the wing, with a half-span Fowler flap,
was tested as a two-dimensional aerofoil, that is, with tip losses
only from the inboard edge of the flap. Chordwise pressures near
the (inboard) tip show a small reduction in pressure, and a more
significant increase in suction over the rear portion of the flap, when
compared to results far from the tip. However, the suction peak,
over the fore portion of the flap, reduces. The effect of the (flap)
tip vortex rolling up on the flap tip is to induce a higher velocity
region. Sectional lift coefficients show that, overall, there is a loss
in lift on the flap as the tip is approached. More recent studies over
similar part-span flap configurations'>2#~26 all show the saddle-type
pressure distributions near the flap tip, some acknowledging that this
is due to the direct influence of the tip vortex.

III. Description of Study

A. Methods and Facility

A generic double-element wing is employed in wind-tunnel
model tests (see Fig. 1). The origin of the coordinate system used
in the study is located at the leading edge of the wing. A detailed
description of the main element coordinates was given by Zerihan
and Zhang in Ref. 5 and the flap in Ref. 1. To provide a complete
database, a range of measurements were performed, which included
on-surface oil flow, force balance, surface pressure taps, and off-
surface particle image velocimetry. Details of the tests can be found
in Ref. 1.

Tests were performed in the Southampton low-speed 2.1 x 1.7 m
wind tunnel. The tunnel is of a conventional closed-jet, closed-
circuit design. At 30 m/s, the freestream turbulence is 0.2%. For
correct modeling of the ground plane, the tunnels are equipped with
a large, moving belt rig.

B. Model

The main element has a span of 1100 mm and a constant chord
of 223.4 mm. The span corresponds to less than 75% of the width
of the moving belt to minimize effects at the edge of the belt. The
element features a finite trailing edge, corresponding to 0.007¢c. The
profile is a development of GA(W) profile, type LS(1)-0413 MOD.3
The flap features a thin profile over the aft portion of the wing. A
constant chord of 165.7 mm is employed, the aft of which 35 mm
approximately is the thin region, 1 mm thick. Generic endplates
were used throughout testing, the geometry of which was chosen to
allow the wing to be tested at very low ground heights, of dimensions
400 x 170 x 4 mm. An optimization exercise was performed’ to set
the flap gap and overlap. A total of 202 taps were built into the
model, 125 on the main element. The taps are arranged into three
groups: one chordwise group located near the semispan, another
near the tip, and one spanwise group at the quarter-chord position
on both the main element and the flap.

N
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Fig. 1 Schematic of double-element wing in ground effect.

C. Test Conditions

The tests were performed with free transition condition, for a
range of heights from i/c=1.974 to less than 0.05 above the
ground. The height was defined by the distance from the ground
to the lowest point on the wing, with the wing incidence set to
14.1 deg. Two flap settings were used; the datum (or low flap angle)
and a flap deflection of +9.5 deg. The point about which the flap
was rotated was at a location of x/c =0.567, y/c =0.076, that is,
2 mm downstream from the leading edge of the flap. For the da-
tum deflection, the incidence of the wing is 14.1 deg, with the main
element set at an incidence of 1 deg.

All tests were performed at a constant dynamic pressure of
56.25 mm water, corresponding to U,, & 30 m/s the Reynolds num-
bers are in the range 0.735-0.765 x 10°.

D. Errors and Uncertainties

The incidence of the wing was set to within £0.005 deg, and
the height above ground was set to within £0.2 mm. The tunnel
speed was run at a constant dynamic pressure of 56.25 mm water
£0.05 mm. The uncertainties in C;, were calculated using the ad-
dition method and a 95% confidence, the worst case occurring at
a height of 0.056¢ and corresponding to a C, of 1.678 0.009.
Uncertainties in the surface-pressure results were calculated for the
individual taps using the root-sum-square method; the worst case
corresponded to a ¢, of +0.035. The short-term repeatability was
investigated; the highest uncertainties were found to be at the suc-
tion peak and the transition bubble, the worst corresponding to a ¢,
of £0.075.

IV. Results

Although both fixed-transition and free-transition cases are inves-
tigated in the study, we only report the free-transition cases because
they are the most widely used. Of the three distinct regions of the
downforce-vs-height curve,! we now focus on the changes in the
force enhancement region. The loss of downforce is attributed to
large separation of the suction surface' and will not be the focus of
attention in this paper.

A. Surface Streaklines

Surface streaklines were observed at heights of h/c=0.395,
0.263, 0.211, 0.158, and 0.105. Selected results are given in Fig. 2.
Only one-half of the span is included. For the low flap angle, tran-
sition occurs over most of the span of the main element. Toward
the center of the wing, the position of the transition does not vary
much. At /c =0.263, separation bubbles are seen on both the main
element and the flap. Measured at one chord length from the tip, the
extent of the separation bubble is between 14 and 17% on the main
element and 76 and 80% on the flap. The transition bubble extends
to the tip but is three-dimensional near the tip. At a greater height
of h/c =0.395 (not shown), the numbers are 12-14% on the main
element and 74-78% on the flap, within the measurement uncer-
tainties. At a lower height of 2/c =0.211, we observe no transition
bubble near the tip of the main element. Instead there exists a strong
three-dimensional transition region. At one chord length from the
tip, transition starts at 11% on the main element and a separation
bubble lies between 74 and 78% on the flap. At #/c =0.158, the
presence of a transition bubble (closed region of separation) near
the center of the wing can still be detected. However, its size and
spanwise extent is reduced. On the main element, transition now
appears at x/c = 13%. Near the tip, a three-dimensional transition
region exists and it occurs much later. On the flap, the transition lies
between x /c =73 and 77%. At the lowest height of /¢ =0.105, a
transition bubble is not observed at one chord length from the tip and
transition occurs at x/c =22% on the main element. A transition
bubble is present on the flap between x /c =72 and 76%.

There is a crossflow presence on the main element, toward the
center of the wing. This is attributed to the pressure difference across
the endplate, which forces the flow inboard. However, the inboard
crossflow is not observed on the flap. Very close to the tip, a cross-
flow directed outward marks the formation of the main vortex on the
main element and the effect of the edge vortex, hence the outward



Downloaded by EPFL Bibliotheque USD on October 26, 2025 | http://arc.aiaa.org | DOI: 10.2514/1.1380

ZHANG AND ZERIHAN 1129

\

PR

%7

g) h/c =0.105, low flap

b) h/c =0.263, high flap

h) k/c =0.105, high flap

Fig. 2 Oil flow visualization on suction surface showing leading edge at the bottom of each panel. Flow is from bottom to top. The center of the wing

is to the left and the tip to the right.

crossflow on the flap near the tip. At the flap tip, surface streak-
lines show the presence of a secondary corner vortex, as can be
seen in the region between the transition bubble and the endplate.
Ath/c=0.211, the crossflow on the main element is more extreme,
both directed toward the center and in the vortex region. The sec-
ondary corner vortex on the flap tip is stronger. The flow lines at
the trailing edge of the flap show a greater crossflow as flow is
entrained into the main vortex. At i/c=0.105, there is a greater

three-dimensionality to the flow on the main element and the cross-
flow pulling the flow to the center of the wing from outside the vortex
is stronger. Near the trailing edge of the flap, the crossflow appears
similar or possibly slightly less than that at #/c =0.211. For all the
results, the flow patterns on the surface of the flap do not show the
direct presence of the main wing edge vortex, only the effect of it.
The generation of an edge vortex is the result of a pressure differ-
ence across the endplate and separation of flow on the edge of the
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b) h/c =0.105, vortex breaking down

Fig. 3 Oil flow visualization on endplate showing leading edge at the
left of each panel, low flap angle.

plate. As the vortex evolves downstream in the region of pressure
recovery toward the trailing edge of the wing, it faces the likelihood
of vortex breaking. As the height is reduced, the pressure recovery
demand is much more severe and the vortex breaking would occur
earlier. In Fig. 3, the surface streaklines on the endplate suggest
that the edge vortex is concentrated at the height of 4/c=0.263
(Fig. 3a). However, at h/c = 0.105 (Fig. 3b), the sudden divergence
of the surface streaklines at around x /c = 45% indicates the vortex
is breaking down. The position of transition near the tip is delayed
on the main element. This can be attributed to the low pressure
recovery demand near the tip (see later discussion).

In Fig. 2 the high-flap-angle results are also included. On the main
element, transition at the leading-edge accounts for a significant
portion of the span. In the left portion of the image, the leading-
edge bubble can be seen, and on the right, the bubble is farther back,
between x/c=0.11 and 0.18 at h/c=0.211. This portion of the
wing with leading-edge transition reduces as the ground height is
reduced. At ih/c=0.395, it is approximately 57% of the span. This
reduces to 46% at h/c =0.263, 36% at h/c=0.211, and 20% at
h/c=0.158, to virtually zero at i /c = 0.105. The transition location
for the flap is now very close to the leading edge at x /c ~ 0.58. This
was found to be the case for all heights tested for the high flap angle.

On the main element, the crossflow directed to the wing center is
greater for the lower height case. Again, there is a secondary corner
vortex that exists on the flap, very close to the tip. Near the trailing
edge of the flap, there is a greater deviation from the streamwise di-
rection for the flow at 1 /c = 0.211, highlighting the effect of the edge
vortex that originates from the main element being stronger for this
height. As with the low flap angle, the edge vortex begins to break
as it evolves downstream, an example of which is given in Fig. 4.

B. Force Behaviors and Surface Pressures

The overall force behaviors were reported by Zhang and Zerihan'
and will not be repeated here. To aid in the discussion of the edge
vortex effect, the force curves are divided into three regions (Fig. 5),
which show the height range, together with additional annotations
(to be discussed later). In this study we shall concentrate on regions
A and B, because they lie in the operation range of height variation.

Fig. 4 Vortex breaking at h/c =0.263, high flap angle.

1. Spanwise Pressures

The spanwise pressures on the main element indicate that the
flow is three-dimensional near the tip (Fig. 6). The suction on the
lower surface increases rapidly from the tip as the central portion of
the wing is approached. The flow over the upper surface does not
change significantly as the height is changed, but the suction surface
results vary greatly with the height. This particular feature suggests
that the wing in ground flow can be viewed as a diffuser in ground
flow. The high flap angle produces a significant increase in lower
surface suction and a very small change in upper surface pressures.
The distribution of suction does not appear to be as smooth as the
results at the low flap angle; at n~0.15 and 0.75, bumps can be
seen, especially at the large heights.

The spanwise pressures on the lower surface of the main element
have been normalized by the integral of the pressures with respect to
the spanwise position, and the distributions plotted in Fig. 7a, where
the normalized pressure coefficient, Cpyqy,, Would correspond to —1
for the case where the flow is entirely two-dimensional. For the low
flap angle, it can be seen that from 1~ 0.73 a small region of flow
that does not feature large spanwise pressure gradients is present at
all heights. Outboard of this point, losses in the pressure coefficient
are found over the entire region. The flow is three-dimensional over
approximately the outer two-thirds. The (normalized) pressure gra-
dients increase over the outer region A as the height is reduced, as
the flow would appear to become increasingly three-dimensional.
For the high flap angle, Fig. 7b, a broadly similar effectis seen. How-
ever, at the smaller heights, the region of flow reduces at the center
of the element over which the pressures are approximately constant
and appears to have disappeared for the lowest height. Slight ir-
regularities exist, as seen in the spanwise pressure distributions at
the high flap angle at n~0.15 and nearer to the center, at a few
heights. It must be noted that the normalized spanwise pressure dis-
tributions have been calculated using a single streamwise pressure
at the quarter-chord position and are not equivalent to the spanwise
variation of loading.

At h/c=1.974, there is some variation in the pressure over the
semispan on the lower surface of the low-angle flap (Fig. 8). Near
the center, that is, inboard of 1 =0.83, there is a slight reduction
in pressure. Near the tip, outboard of n= 0.2, there is a gradual
increase in suction, and at the tip there is a finite suction of magnitude
slightly higher than the suction over the mid-semispan portion of
the flap. The upper surface flow has a relatively constant pressure,
with a small dip at n=0.32. The dip at this position is caused
by the supporting struts attached to the pressure surface. As the
height is reduced until #/c = 0.211, the suction increases over the
central portion from n = 0.3. Over the tip region, the suction also
increases. However, for each height, the increment in suction near
the flap tip increases compared to the further inboard region. At
h/c=0.211, ¢, ~ —1.4 over the inboard portion of the flap lower
surface (i.e., ignoring the very center). The increase near the tip is
large, at which ¢, ~ —2.3. There is a very small reduction in upper
surface pressure as the height is reduced. At smaller heights, the
trend as the height reduces is different. The suction over the inboard
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Fig. 5 Downforce curve with ground height, including flow regions and features.
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Fig. 6 Spanwise surface pressures on main element at quarter-chord
position.

portion stays relatively constant, with a slight trend of reducing
suction with increasing ground proximity, which is especially visible
in the /¢ =0.053 case. However, the reduction in height has an
adverse effect on the suction increase near the tip. The magnitude of
this reduces, and for the i /c = 0.053 case this is reduced sufficiently
that the suction in this region is less than that found farther inboard.
On the upper surface, a slight trend of decreasing pressure with
decreasing height can be seen. The values of the maximum suction
near the flap tip are indicated in Fig. 5.
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Fig. 7 Normalized spanwise suction surface pressures on main
element.

For the high flap deflection at #/c =1.974, Fig. 9, the suction
over the inboard portion (ignoring the center) of the lower surface is
greater than the low flap angle: ¢, ~ —1.2 compared to ¢, ~ —0.8
for the low flap angle. The characteristics near the tip are qualita-
tively similar; however, the magnitude of the increase in suction is
bigger for the high flap angle. The suction near the tip corresponds
to ¢, ~ —1.7 compared to ¢, ~ —1.1 for the low flap angle. The
increase in suction from the inboard portion to the tip is therefore
greater for the high flap angle. As the height reduces to 4 /¢ =0.263,
the suction over the inboard portion increases, but not as rapidly as
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Fig. 8 Spanwise surface pressures on flap at quarter-chord position for
low flap deflection: a) concentrated vortex and b) vortex breakdown.

those near the tip. At this height, the suction near the tip is greatest
and corresponds to a ¢, greater than —3. At smaller heights, the suc-
tion over the inboard portion reduces. Moreover, the suction near the
tip reduces more significantly such that, at #/c =0.079, the span-
wise loading near the tip is less than that over the central portion.
Again, the upper surface pressures reduce slightly with reducing
height.

2. Chordwise Pressures

At a typical region A height of i/c=0.395, the lower surface
suction on the main element is reduced at the tip for the low flap
deflection (Fig. 10a). There appears to be very little difference in
the suction at the trailing edge of the main element; that is, the
boundary layer is dumped at the same velocity. For the center taps,
the maximum overall suction on the element is found in the spike
very close to the leading edge. Although the spike is still present
for the tip taps, it is not as prominent, and the magnitude of the
suction is less than at the suction peak at x/c =0.08. On the flap
lower surface, the suction is slightly larger near the tip than at the
center for the entire mapped chordwise range. On the upper surface,
the pressures are reduced by a broadly constant amount over both
the main element and the flap. At the high flap angle (Fig. 10b), a
loss in suction is again present over the main element lower surface
from the center to the tip. On the flap, the suction generated is larger
at the tip compared to the center. The magnitude of the increase is
greater than that for the low flap angle. The upper surface pressures
reduce similarly from the center to the tip.

Figures 10c and 10d show the results at a height of /¢ = 0.105,
a typical height for region B flows. For the low flap angle, the lower
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Fig. 9 Spanwise surface pressures on flap at quarter-chord position for
high flap deflection: a) concentrated vortex and b) vortex breakdown.

surface suction on the main element is again significantly reduced
from the center to the tip. The loss in suction from center to tip is
greater than the height of /1/c =0.395. The maximum suction is at
the suction peak at x /¢ =0.10 for the main element center and the
tip. On the flap lower surface, the suction generated at the tip is lower
than that at the center, for the region to x /¢ & 0.65. Downstream of
this, the suction at the tip is a small amount greater than at the center.
On the upper surface, the pressure reduces from the center taps to
the tip taps. At the high flap angle, results follow the same trend as
for the low flap angle.

C. Edge Vortices

The surface flow studies highlighted an area of the flow requiring
further studies. The edge vortex was mapped to explain the these
results and, in turn, the direct performance of the wing at different
heights. Two streamwise locations were examined for each of the
flap angles. The first was at the quarter-chord position on the flap
(i.e., at alocation of x /¢ = 0.672) for exact comparison with the flap
spanwise taps. This study was made possible by building a 2-mm
vertical slot on the endplate. The second location was at x /¢ = 1.092,
that is, behind but close to the endplate. Table 1 lists the maximum
mean-flow vorticity in the vortex core.

1. Mean Flow

Figures 11a and 11b show vorticity contours at the two locations
for a height of #/c =0.211 in region A for the low flap angle. Some
reflections are present, which cause noise in the results (Fig. 11a).
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The results at the flap quarter-chord show the vortex core to have
a maximum vorticity of w =111 (see Table 1 and Fig. 11a). There
is a shear layer on the outer edge of the endplate that increases
strength to the endplate lower edge; this then rolls up, feeding the
vortex. The approximate location of the vortex core is at z/c = 0.04,
y/c = —0.04; itis near the lower edge of the main element and close
to the inner edge of the endplate. There is evidence of a secondary
shear layer on the inner edge of the endplate, of negative vorticity,
at the same height as the core. This is due to the induced velocity
from the vortex and the shear on the endplate surface. There is also
a region of negative vorticity on the ground, below the vortex, due
to the induced crossflow velocity from the vortex and the shear
due to the ground. Behind the endplate (Fig. 11b), the vortex is of

Table 1 Maximum vorticity in edge vortex?

Low flap deflection High flap deflection

h/c 014 Wi /e w1)4 O /e
0.395 80 71 _ 128
0.316 102 —_ 102 136
0.263 104 105 153 147
0.211 111 112 126 21
0.184 128 118 —_— _—
0.158 119 20 53 21
0.105 30 14 30 19
0.053 n/a n/a n/a n/a

2w 4: flap quarter-chord position; w . : behind trailing edge.
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comparable strength: @ = 112. The shear layer feeding the vortex is
well resolved and arises from the lower portion of the outer edge of
the endplate. Although the maximum vorticity is similar to that at
the quarter-chord, the region of positive vorticity defining the overall
vortex size has grown. An effect of this is that the core has moved
away from the endplate surface and is now at z =0.13, y = —0.04.
The induced areas of secondary shear are still present, behind the
endplate and on the ground. It was noted that the vortex remains
concentrated and its strength increases as the height is reduced.
Figures 11c and 11d give the results at a typical height in region
B, at h/c =0.158 at the quarter-chord. The vortex shown in Fig. 11c
now has a reduced strength from the maximum at 4/c=0.184 in
region A (Table 1). It also appears a little larger than that shown
in Fig. 11a. Again, this vortex has induced velocities, and the inner
surface of the endplate and the ground have stronger negative vor-
ticities in these regions. In contrast to the previous trend, the results
behind the endplate do not show the presence of a strong vortex core.
The vortex is significantly larger than at the greater heights but is at
a significantly reduced strength; it appears to have diffused drasti-
cally. The maximum measured vorticity corresponds to w = 20. The
rollup of the shear layer from the endplate outer edge is still present.
It seems that the region of shear on the endplate inner edge is of a
slightly reduced strength than at greater heights. However, the neg-
ative vorticity on the ground appears to be stronger than that at the
greater heights. At the lower height of 4/c=0.105, the results at
the quarter-chord also show a weak, diffused vortex (not included).
For the high flap angle, typical results in region A are given in
Figs. 12aand 12b. Ataheightof 1 /¢ = 0.263, the maximum vorticity
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Fig. 10 Chordwise surface pressures at center and near wing tip: a) low flap angle, region A; b) high flap angle, region A; c) low flap angle, region

B; and d) high flap angle, region B.
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Fig. 11 Mean vorticity contours at low flap angle: a) h/c =0.211, x/c =0.672; b) h/c =0.211, x/c =1.092; ¢) h/c =0.158, x/c = 0.672; and d) h/c =0.158,

x/c =1.092.

M T [ [ [T 1]

- o -35-25-15 -5 5 15 25 35 45 55 65 75 85 95

)
s -0.1
-0.2
-0.3
L 1 1 1 1 1 L 1 1 L 1 L 1 1 ]
-0.2 0 0.2 0.4 0.6
z/c
a)
0.2 : -35-25-15 -5 5 15 25 35 45 55 65 75 85 95
0.17
of
© i
>
-0.1
-0.2
- L L I I 1 I I L 1 I L I 1 L I I 1
0‘?’0.2 0 0.2 0.4 0.6
zlc
c)

M T T [ [T 1]

w0 -35-25-15 -5 5 15 25 35 45 55 65 75 85 95
01
of
3]
S, -01F
-0.2 C
-03F
1 1 L 1 1 L L 1 L L 1 L 1 L 1
-0.2 0 0.2 04 0.6
z/c
b)
02F © -35-25-15 -5 5 15 25 35 45 55 65 75 85 95
0.1 r
ofF
© I
>
_01 -
_02 L
-0.3 L N 1 N N N 1 N N N 1 N N N 1
-0.2 0 0.2 04 0.6
zlc
d)

Fig. 12 Mean vorticity contours at high flap angle: a) i/c =0.263, x/c =0.672; b) h/c = 0.263, x/c =1.092; ¢) h/c =0.211, x/c =0.672; and d) h/c =0.211,

x/c =1.092.
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Fig. 13 Instantaneous vorticity contours: (a) low flap angle, h/c =0.158, x/c =0.672; (b) low flap angle, i/c =0.105, x/c =0.672; (c) high flap angle,

h/c =0.263, x/c =0.672; and (d) high flap angle, h/c = 0.158, x/c = 0.672.

in the core was measured as w = 153. This is approximately 50%
stronger than that for the low flap angle at this height and streamwise
location. The core seems to be in a similar location compared to the
low flap angle. Behind the endplate, a comparable vortex strength is
again obtained at w = 147. In a manner similar to the results at the
low flap angle, the rollup has been mapped quite well. The core has
moved inboard and is at approximately z/c=0.12, y/c=—0.03.
Again, it is difficult to be entirely certain, but it appears that the
core is a little farther inboard, and a little higher, compared to the
low flap angle. The outer edge of the vortex, farthest away from the
wing tip, lies farther inboard than that at the low flap angle. Also,
the strength of the negative vorticity shear on the ground and that
arising from the inner surface of the endplate are stronger than both
that farther upstream and that at the low flap angle.

Ath/c=0.211 (Figs. 12c and 12d) in region B, the quarter-chord
measurement indicates that a concentrated vortex exists. The max-
imum vorticity is measured at 126. However, behind the endplate,
the strength of the vortex is reduced significantly. At a lower height
of h/c=0.158 (region B), the results at the quarter-chord show
that the vortex has now deteriorated at this height (not included in
the figure). A moderate strength of w =53 was measured. There
is, however, still a strong region of negative vorticity close to the
ground, which can also be observed behind the endplate. Lower
still, at #/c =0.105, results similar to those for the low flap angle
are again seen, with a weak area of positive vorticity for the results
at the quarter-chord, which form a layer behind the endplate.

For heights near the region A/B flow boundary, the maximum
vorticity found in the core has been added to Fig. 5.

2. Instantaneous Flow

For the low flap angle, at a typical height of /¢ =0.158 (region
A), an instantaneous snapshot is given in Fig. 13a. The image fea-
tures some noise. This may either be due to a real flow phenomenon,
such as turbulence, or the experimental conditions, such as a lack

of seeding, a reflection, or a light intensity reduction due to the mi-
croscope slide. For all snapshots taken, the vortex seems to be of
the same size and location, and the strengths are also comparable.
Again the results all show a concentrated vortex, which is fed by the
shear layer, rolling up over the bottom edge of the endplate.

Ath/c=0.105 (region B), the mean flow results exhibit a sudden
reduction in vortex strength (Fig. 13b), and the vortex is diffused
over a large region. For the mean flow results, a maximum vorticity
of w =30 was measured at a location of z/c =0.08, y/c = — 0.09.
The flow exhibited a large amount of unsteadiness with different
images showing differing flows. The snapshot presented, however,
is typical of the flowfield. In the bottom left of the figure, there is
a region of positive vorticity that does not appear to be regular in
terms of the shape and vorticity distribution. The core of the vortex
is not readily apparent; however, the peak vorticity is measured as
w=52atz/c=0.07, y/c = — 0.10. The core position experiences
movement and the strength varies.

For the high flap angle (region A), the characteristics of a regular
vortex with the strong core for the mean flow results are replicated in
each of the instantaneous images. Two typical snapshots are given as
Figs. 13c and 13d. At h/c =0.263 in region A (Fig. 13c), the max-
imum vorticity from the mean flow results is w = 153. Of the large
number of images taken, no images with a significantly reduced
strength are found at /¢ =0.263. At alower height of #/c =0.211
in region B (not shown), the maximum vorticity from the mean flow
results is w = 126, less than that at 4 /c =0.263. Significant varia-
tions are observed among the snapshots. Typical of 90-95% of the
samples taken, there exists a maximum vorticity around w = 135.
For about 5-10% of all of the snapshots, there is a significant re-
duction in strength, to w =78, but it is at the same location.

At a height of h/c=0.158 in region B (Fig. 13d), the flow is
highly unsteady and fluctuating between different states. The in-
stantaneous results have a maximum vortex strength greater than the
average due to the variation in location of the core. At h/c =0.105
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(not shown), mean flow results do not show the presence of a dis-
crete core; the vortex is weak. The instantaneous images all show a
highly unsteady flowfield. However, unlike the case at & /c =0.158,
where the vortex is unsteady but fluctuating between strong regular
core, strong irregular core, and weak irregular core, all the results
at 1 /c =0.105 show an irregular edge vortex.

Behind the wing, similar connections can be found between the
mean and instantaneous results.

V. Discussion

Spanwise pressures suggest that on the main element at the
quarter-chord the flow increases three-dimensional for all heights
as the height is reduced. On the flap, there is an increase in suction
near the tip. In region A heights, the suction near the tip of the flap
increases as the height is reduced. The maximum suction near the
flap tip is at the lowest region A height for both flap angles. The
suction near the flap tip then reduces as the ground is approached
through the region B heights. This is found to be the case for the
low and high deflection angles (Fig. 5).

Mean flow results on the edge vortex at the flap quarter-chord
position show us that the strongest vortex here occurs at the low-
est region A height for both flap angles, correlating with the sur-
face pressures at the same location. In region B heights, the vortex
strength at this location first reduces a little, then drops more signif-
icantly as the height is reduced. The results taken behind the trailing
edge are a little different. The vortex strength increases as the height
is reduced for the region A heights. However, there is a rapid re-
duction in strength for all region B heights for both the flap angles.
Hence, at the largest region B height for both flap angles, the vortex
at the flap quarter-chord is still relatively strong but less than its
maximum, and when it has reached the measurement point behind
the trailing edge, the strength is reduced significantly and a weak,
diffuse vortex exists. For the remainder of region B heights, a weak
vortex exists at both locations (Fig. 5).

For all region A heights, the vortex is steady, regular, and strong
in all images at both locations. As the height reduces throughout
region A, the strength increases such that at the smallest region
A height, the vortex is stronger than at all other heights for each
of the locations. At the largest region B height for the low flap
angle, h/c=0.158, the instantaneous images at the quarter-chord
still appear to show a regular and strong vortex for all the images.
For the high flap angle at the largest region B height, /¢ =0.211,
approximately 5-10% of the images show a vortex of significantly
reduced strength that has burst intermittently at the quarter-chord.
For each of these heights, that is, /¢ = 0.158 for the low flap angle
and h/c=0.211 for the high flap angle, the vortex bursts by the
time it is at the second measurement point behind the trailing edge
for all images if it has not already done so. At a lower height in
region B, h/c =0.105 for the low flap angle, at the quarter-chord
position the instantaneous images show a weaker vortex, which is
of uneven distribution and changes location according to time. The
vortex has burst for all samples. For a similar region B height for
the high flap angle, 4 /c =0.158, some of the images show a strong,
regular vortex, and some show a vortex that has burst (Fig. 5).

It is assumed that a strong regular vortex, as found for a region A
height, will have a high-speed vortex core. This will induce greater
velocities in the region near the tip of the flap. As the strength
increases as the height is reduced in region A, the suction imparted
near the flap tip will increase. As the vortex bursts in the region B
flows, the suction near the flap tip reduces, causing the loading near
the tip to reduce.

One reason for the vortex bursting may be due to the direct influ-
ence of the ground. Results show that at #/c =0.211 for the high
flap angle at the quarter-chord, the flow features a strong vortex, for
which the vortex occasionally bursts. It can be seen that, from the
mean flow results, there is a finite distance between the shear feed-
ing the vortex rollup and the induced shear on the ground, which is
of opposite direction. The reason for the vortex bursting, therefore,
is not due to a merging between the main vortex and the ground (or
the induced shear above the ground). For the same height, behind
the trailing edge, the mean and the unsteady results again show that

there is a finite distance between the (already burst) vortex and the
shear above the ground. It is possible that farther downstream there
may be direct interaction between the vortex and the shear above the
ground, given the growth of the vortex. However, it is unlikely that
this is the cause for the vortex to burst. The location at which the
vortex bursts is upstream of x /¢ = 1.092 and generally downstream
of h/c=0.672 for the largest region B height, although the burst
occasionally moves upstream of this.

Vortex breakdown has been observed in many aeronautical stud-
ies, for example for vortices over delta wings,! and also for rect-
angular wings.'*?° The phenomenon occurs when a vortex is under
an adverse pressure gradient, as would be expected for the current
study. For a fixed ground height, it is clear that the adverse pres-
sure gradient for the high flap angle would be greater than for the
low flap angle. This would explain why the breakdown occurs at a
greater height for the high flap angle than for the low flap angle. The
location of the breakdown has been frequently observed to oscillate
about position, as can be seen in the current results, where some
instantaneous images show a burst vortex and some show a regular
and strong vortex. When vortex breakdown occurs, this results in a
rapid deceleration in the axial velocity of the vortex. Near the flap
tip, for region B heights, surface pressures indicate a reduction in the
suction, due to the reduction in vortex strength, and lower induced
velocities.

For a strong vortex, the high axial velocity induces a large suc-
tion on the lower surface near the tip of the flap. When the vortex
breakdown occurs, there is a reduction in the suction near the flap
tip. Before breakdown, the vortex strength for the high flap angle is
greater than that for the low flap angle. The suction that it induces is
also greater for the high flap angle. When breakdown occurs, there
is a reduction in local loading for the low flap angle resulting in a
plateau in the downforce level. For the high flap angle there is a
greater effect, and there is a sharp reduction in overall downforce
for the wing.

The oil flow tests also show greater crossflows near the trailing
edge of the flap in the presence of a strong edge vortex, as well as
evidence of edge vortex breaking down on the surface of the wing.

The surface pressure distribution on the suction surface shows a
suction peak at around x/c =0.08-0.1 (Fig. 10). This is known as
the suction peak. However, a suction spike near the leading edge
at x/c=0.01-0.02 becomes apparent when the flap is added. The
spike grows for the higher flap angle. It seems that, near the tip, the
suction spike is significantly reduced when compared to the center.
Other researchers?’ have shown that for a two-dimensional wing
with a leading-edge suction peak, the peak is virtually eliminated
for a low-aspect-ratio three-dimensional case. Hence, it is likely that
the reduction in the spike near the tip is directly due to the tip effects.
As the height of the wing is reduced, the suction at the lowest point
on the surface near the suction peak increases significantly. The
suction at the spike, however, changes very little. In this manner, a
large height may give the maximum suction on the main element at
the center in the spike and near the tip in the peak. As the height
is reduced, the suction at the peak increases, and that at the spike
remains relatively constant such that, closer to the ground, the max-
imum suction at the center changes to the peak from the spike and
that at the tip remains at the peak. Hence, the transition, occurring
after the peak suction, tends to occur in the center of the wing at
large heights with this region reducing as the height reduces. The
larger spike with the higher flap angle promotes the leading-edge
transition at the suction spike for a greater range of heights.

VI. Summary

A study was performed of three-dimensional features and edge
vortices associated with a double-element wing in ground effect.
The flow on the main element is highly three-dimensional near the
tip. Near the tip of the wing, the contribution to the total downforce
from the main element is significantly reduced compared to that at
the center. The total downforce-vs-height curve is divided into three
distinct regions according to ground proximity and flap settings. The
three regions are characterized by 1) force enhancement and concen-
trated edge vortices, 2) force enhancement and vortex breakdown,
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and 3) loss of downforce and separation on the wing. The gradient
of the downforce-vs-height curve shows a sudden change between
regions A and B. The edge vortex from the main element induces
a region of high suction near the tip of the flap. When the vortex is
strong (region A), the flap produces more downforce at the tip than at
the center. In region B flows, the edge vortex breaks down, resulting
in a loss of downforce near the tip of the flap and, hence, changing
the curve of the downforce. The study establishes a link between
the formation/behavior of the edge vortex and the force/pressure
behaviors.
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