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The motion of corotating filaments in ground effect is investigated using a water tunnel. The vortices are generated
using two flat blades and the ground is modeled with a splitter plate. The time history of the vortex motion is recorded
at several downstream locations. Data are shown for two ground-plane positions and compared with the vortex
behavior in the freestream. The experimental data are also compared with a potential-flow model. Results show that
the vortices undergo a rebound as the result of ground effect. The vortices also undergo a lateral motion due to
potential-flow effects. A leapfrogging behavior is present due to the differences in the lateral motions caused by the
ground proximities of the spiraling vortices. In addition, the filaments form planar waves and move along preferred

directions.

Nomenclature
= wing span
vortex span at the trailing edge of the blades
chord
total number of vortices
local vortex span
vortex Reynolds number, I'/v
freestream velocity
coordinate axes
velocities
angle of attack
circulation
= inclination angle of the planar wave relative to the
connecting line
frequency of spiraling (orbiting rate)
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1. Introduction

HE vortical flows in the wakes of heavy transport aircraft pose a

great hazard to smaller vehicles, which can be upset
dangerously when encountering them. This threat is the greatest in
terminal areas in which

1) Large aircraft fly the slowest and produce the strongest vortices.

2) Aircraft of different sizes have to fly within the same airspace.

3) The traffic is most congested.

4) Aircraft are heaviest at takeoff.

5) Lower altitudes reduce the margin of safety required for re-
covery in case of an encounter. This danger assumes a new dimen-
sion very close to the ground, where wake vortices can also interact
with the ground plane. These interactions can lead to their lateral and
vertical motions in ways that are difficult to predict, at best.

In the absence of strong viscous effects, certain parallels can be
drawn between the behavior of vortices in ground effect and the
interactions between the two sides of a complete wake. A single
vortex filament near the ground interacts with its own images and
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moves parallel to the ground in the same manner as a pair of counter-
rotating vortices sink at altitude. Likewise, symmetric modes of
motion of complex wakes are the same as those of pairs of filaments
in ground effect if viscous effects are weak. For this reason, it may be
helpful to briefly review the behavior of complete wake vortex
systems without ground effect first.

II. Physics of the Flow
A. Outside of Ground Effect

Outside of ground effect (OGE), the dynamics and the natural
aging of a pair of counter-rotating vortex filaments are well known.
The understanding is that in the absence of atmospheric stratification,
the pair sinks at a somewhat steady speed relative to the surrounding
air mass. The primary means of dissipating the vortices is the
unstable mutually induced motion [1], with the viscous effects
contributing little to the process [2,3] except at small vortex spans in
which the two viscous cores begin to interact [4].

Complex wakes, consisting of pairs of co- and counter-rotating
filaments on each side, can exhibit additional modes of instability
that can contribute to their self-destruction. Crouch [5], using an
inviscid model, showed the possibility of nonlinear transient growth
with amplification rates many times that of the Crow instability.
Fabre and Jacquin [6] developed a similar inviscid model for vortices
of unequal strength, paralleling the numerical investigations of
Rennich and Lele [7]. In this case, two counter-rotating vortex
filaments were placed on each side of the wake. They showed this
configuration to have three unstable modes: two symmetric (one of
which corresponds to the two-dimensional case) and one
antisymmetric. For vortex strength ratios and relative spans used in
this paper, the authors showed that one of the symmetric long-wave
modes would exhibit growth rates 10 times those predicted by Crow
[1]. Strong interaction was shown between the inner pair and the
outer pair, but the most unstable case was shown to be associated
with the short-wave instability of the inner pair of the vortices,
leading to their destruction without impacting the motion of the outer
vortices. Some of these results were also verified in a tow tank by
Durston et al. [8]. They also showed the existence of transient
growth, but with magnitudes much smaller than those shown by
Crouch [5]. In [9], the authors extended this analysis later to include
co- or counter-rotating vortices on each side, with similar results.

Investigation of complex wakes has also led to reexamination of
the behavior of corotating filaments, typical of those emanating from
wingtip and flap tip on one side of an aircraft [10-14], primarily
emphasizing the mechanism for merging. Until recently, these
configurations were deemed unconditionally stable within the
context of inviscid flow [15]. However, recent analytical
developments have raised questions concerning this issue [16].
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Furthermore, in those cases in which there is viscous interaction
between the cores, the development of short-wave instabilities
within these structures has been shown analytically [17] and
numerically [18]. Surprisingly, the literature is quite void of any
information about the behavior of these structures near a solid
boundary.

B. Effects of Ground Proximity

There is a wealth of information available concerning the behavior
of a pair of counter-rotating filaments near a ground plane. However,
these studies have been divided into two categories, without direct
connection between the two, perhaps because the differences in the
background flow and or the relative importance of the viscous
effects. In the first category, the emphasis has been placed on the
effect of these structures on the nature and the behavior of the surface
boundary layer. This type of flow has been investigated extensively
in conjunction with formation of Gortler vortices leading to
boundary-layer transition [19] and the nature of turbulent boundary
layers, in which these structures are shown to appear and disappear at
random [20].

The second category of problems, which is of interest in this paper,
deals with aircraft wake vortex in ground proximity. In this context,
the flowfields can be divided into three regimes, depending on the
height of the wake. Although there is no consensus on the thickness
of each region, there is agreement on the underlying behavior of the
vortices in each layer. For the purpose of the following discussion,
these regimes are defined in the same manner as in [21].

In the case of counter-rotating vortices, it is believed that at heights
above approximately 1.5 times the initial vortex span b, there is very
weak interaction between the trailing vortices and the ground.
Therefore, the wake is said to be OGE and a counter-rotating pair of
vortex filaments would sink at constant rate due to their mutual
interaction. At these heights, the dynamics of the filaments is
governed by their mutual interactions. Near ground effect (NGE) is
defined at heights of about 1.5 to 0.5 times the vortex span, and the
viscous interactions between a conventional wake consisting of two
counter-rotating filaments and the ground are considered to be
negligible. Therefore, the trailing vortices can be modeled by
introducing an image pair below the ground level. At these heights,
again, the dynamics of filament motion are dictated by the mutual
interactions among the vortices and/or with their images. As the
vortices sink below approximately half-span, they emerge into
ground effect (IGE). In this region, they induce a crossflow on the
ground that results in the formation of a thin boundary layer normal to
the filaments. The adverse pressure gradient associated with this flow
leads to the separation of this boundary layer, which in turn results in
the release of additional vortices near the ground. The interaction
between the main filaments and those due to boundary-layer
separation causes the wake vortices to spiral near the ground. This is
manifested as vortex rebound and can raise the main filaments above
the ground by as much as two vortex spans. Consequently, any
modeling of this type of flow must include the effect of viscosity.

Harvey and Perry [22] first suggested the connection between
viscosity and rebounding of counter-rotating vortices that was
verified by Orlandi [23]. He showed that on a no-slip boundary, a
strong shear layer would form over the surface that would detach and
form additional vortices. The interactions between these and the
primary vortices would drive the latter away from the wall. Donnelly
etal. [24] also used a pair of counter-rotating filaments in a water tank
to show the same effects. These results were also confirmed by the
two-dimensional numerical simulations of Zheng and Ash [25], who
demonstrated surface boundary-layer separation in every case except
at very high Reynolds numbers. Furthermore, they illustrated that at
Reynolds numbers as high as 75,000, the filaments rebounded
rapidly and reached heights twice those for the low-Reynolds
number cases. Their solutions showed that the rebound vortices
would assume a spiral-like shape, appearing to form a loop when
viewed from downstream. The looping of the rebound vortex was
also demonstrated by Hamilton and Proctor [26] and by Spalart et al.
[27] using different numerical models. In the former paper, the

authors employed a two-dimensional large eddy simulation and
showed that in calm atmosphere, the lateral vortex position could
oscillate by as much as one wing span. In the latter paper, a two-
dimensional Reynolds-averaged Navier—Stokes solution was used to
confirm that a single-pair rebound is due to the separation of the
vortex-induced boundary layer and that the filaments loop in space.
Their results also indicated that the minimum height of the rebound
vortex would be approximately 0.56b for turbulent models and
0.65b, for laminar models. Using a three-dimensional large eddy
simulation, Proctor et al. [28] demonstrated that counter-rotating
filaments could link with their images on the ground (Crow-type
linking). This was also demonstrated analytically by Kornev and
Reichert [29]. They observed pronounced vertical oscillations at
lower levels of atmospheric turbulence and less vertical oscillations
during rebound in the presence of high turbulence. Many of these
characteristics have also been observed in natural environments
using Doppler lidar (e.g., Kopp [30], Hallock and Burnham [31], and
Burnham and Hallock [32]).

The technical literature is especially void of information
concerning the interactions of corotating pairs of filaments with a
ground plane. A transport aircraft on a takeoff run leaves behind pairs
of corotating vortex filaments with spans comparable with the height
above the ground. Although mutual induction does not force such a
pair closer to the ground, one would expect the ground proximity to
interfere with their merging and with their dissipation. Also, it is
natural to believe that vortex rebound could occur in these cases,
because the underlying flow physics is the same as that for counter-
rotating filaments. Furthermore, it is possible for a pair of corotating
filaments to interact with its image in the NGE layer and to exhibit
some of the same instabilities as those of a complex wake.

Han and Cho [33] used a discrete vortex method to model the time-
dependent development of a wake vortex sheet in ground effect. It is
important to note that their aim was to investigate the development,
and therefore the roll-up process, of the wake in ground proximity.
Effects of viscosity were included in the vortex cores, but they
assumed the flow to be inviscid in its interactions with the ground
plane. Therefore, vortex rebound due to boundary-layer separation
on the ground plane could not be predicted. When modeling a
complex wake, their results indicated that a pair of corotating
vortices would not spiral at the same rate near the ground as it would
outside of ground effect. However, their conclusions were based on
heights of less than 10% of the vortex span. Field measurements and
computational fluid dynamics models of corotating filaments have
shown that viscous interactions with the ground boundary layer
prevent a wake from sinking so close to the ground.

The motion of corotating vortices near a plane of symmetry has
also been studied in conjunction with the acoustics of leapfrogging
vortex rings. The cross section of such a system resembles a pair of
corotating filaments close to a slip boundary, interacting with its own
image. Eldredge [34] investigated this flow using a two-dimensional
direct numerical simulation solution and showed the shearing of the
vortices, leading to eventual merger, to be very similar to that of the
corotating pairs described by other authors. However, the slip plane
of symmetry precluded correct modeling of vortex interaction with
the boundary and prediction of rebound.

Laboratory investigations of co- or counter-rotating wake vortices
in ground effect pose their own special challenges. A variety of
techniques can be used to generate multiple longitudinal vortex
filaments. However, modeling the interactions between the ground
and the wake vortex can pose problems. In a tow tank [35], there is no
natural boundary layer on the walls to simulate the shear layer due to
the headwind in actual operations, whereas in wind tunnels and water
tunnels, the natural boundary layers on the walls are too thick to be
realistic. In some cases, the boundary layers are removed using
suction or amoving wall [36]. However, in these cases, the crossflow
shear layer that is responsible for vortex rebound is not modeled
correctly.

The authors [37] previously demonstrated that a splitter plate can
be used judiciously in a tunnel to simulate the surface boundary layer
and to capture the essential features of such flowfields. In the present
paper, the authors focus on the interactions of corotating wake
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Table 1 Parameters used in the experiments

Parameter

Value

Blade size
Blade separation
Angles of attack (blade 1, blade 2)
Flow speed
Data recorded at downstream locations, x/ b,
Vortex span, by, at x/b, = 2.74
Vortex strengths (vortex 1, vortex 2)
Vortex Reynolds number (vortex 1, vortex 2)
Orbiting rate
Case 1
Case 2
Case 3
Ground plane’s leading edge
Case 1
Case 2
Case 3

20.57 x 30.48 x 0.16 cm (8.1 x 12.0 x 0.06 in)
5.08 cm (2.0 in.)
9.5, 9.0 deg.
8.53 cm/s (0.28 ft/s)

2.74,5.49, 8.23, 10.97, 13.72, 16.46, 19.20, 21.95, 24.69, 27.43

5.56 cm (2.19 in.)
24.62,22.39 cm?/s (0.0265, 0.0241 ft2/s)
2190, 1992

0.205 rad/s
0.214 rad/s
0.179 rad/s

None
15.2 cm (6.0 in.), x/by = 5.49
45.7 cm (18.0in.), x/by, = 10.97

vortices with the ground plane. Of special interest is the influence of
the ground proximity on the dynamic behavior of such vortex
filaments. When appropriate, comparisons are also made with
numerical predictions for such flows.

III. Experimental Method
A. Test Facility

The experiments were performed in a closed-loop horizontal water
tunnel. This facility contained approximately 13,250 liters (3500 gal)
of water. The test section measured 0.6 m (2 ft) wide, 0.9 m (3 ft)
high, and 1.8 m (6 ft) long and was visible from five different
directions. Water speeds could vary from 1.52 cm/s (0.05 ft/s) to
30.48 cm/s (1.0 ft/s). For these experiments, the tunnel speed was
8.23 cm/s (0.27 ft/s). This speed was chosen because it had the
lowest levels of freestream turbulence and tunnel vibration. The flow
was visualized by dye injection.

B. Test Apparatus

Vortex filaments were generated with two rectangular flat blades
for which the specifications are given in Table 1. These blades were
mounted on a reflection plane that measured 30.5 cm (12 in.) wide
and 28.3 cm (11.1 in.) long and that was attached to the sidewall of
the tunnel 3.81 cm (1.5 in.) from the wall. The point between the
blade quarter-chords was 47.6 cm (18.75 in.) below the top of the
tunnel. This reflection plane setup allowed individual control of the
vortex strengths and spans, because the blades’ angles and separation
distances could be set independently. For the results included in this
paper, the separation distance between the blades’ quarter-chords
was 5.08 cm (2 in.). The result of this blade separation was a vortex
span of 5.56 cm (2.19 in.) at the trailing edge of the vortex generators.

To eliminate the effects of the boundary layer on the tunnel wall, a
splitter plate was added to the test section to model the ground. This
plate was placed 20.5 cm (8.1 in.) from the tunnel wall and parallel to
it, on the opposite side of the reflection plane. The results from two
cases with the ground plane, as well as one case without, are included
in this paper. In one case, the leading edge of the ground plane was
15.24 (6 in.) downstream of the trailing edge of the blades, whereas it
was moved to 45.72 cm (18 in.) for the next case. In both cases, the
distance between the surface of the ground plane and the tips of the
vortex generators was 6.19 cm (2.44 in.). Data were acquired at 15.2-
cm (6-in.) increments downstream of the blades, starting at the
trailing edge. The setup, shown in Figs. 1 and 2, was identical to that
used in [37], except that the blades were mounted on a smaller
reflection plane and were angled to produce corotating vortices in
this case.

C. Data Acquisition

The data acquisition was identical to that reported by Rokhsaz and
Kliment [14] and is described briefly here. A water—milk—alcohol

mixture was injected in the vortex core near the leading edge of the
blades. A white light sheet was positioned perpendicular to the test
section at the downstream location at which the data were being
recorded. All surrounding lights were turned off so that everything
was dark except the dye mixture at the position at which it was
intersected by the light sheet. A video camera was placed
downstream of the test section, pointed upstream toward the vortex
generators. From this viewpoint, the illuminated vortex cross
sections appeared as bright spots against a dark background. This
was digitally recorded at the rate of 30 Hz for 2.5 min. The time and
position information was determined for each frame of the video. In
addition to the kinematics information, the preferred direction of
vortex motion was found from the second moments of the
instantaneous positions relative to the mean vortex location.

Tunnel Sidewall
M,
Ground Plane \

Vortex Filaments
Vortex Generators

Reflection Plane

Tunnel Sidewall

Direction of Side View

Fig. 1 Schematic top view of the test section.

"Ground
Plane

Blade 2

Flow
' WS —

= T . e
YI R L Tf{nnel 'Ioorr_._,'.'. -y
- g 4 - - . a2

Fig. 2 Side view of the test section.
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IV. Numerical Model

The flowfield was divided into two regions, depending on the
proximity of the ground plane. The vortices were assumed to be OGE
in the absence of the ground plane and upstream of it when it was
present in the tunnel. IGE, the flow was modeled using images of the
filaments below the ground plane. Therefore, interactions between
the vortices and the ground plane were purely due to potential flow.
Even though the experimental data showed some vortex rebound due
to ground-boundary-layer separation, there was no rational way of
modeling the release of the secondary vortices [38] into the flowfield
to model this effect.

The vortex positions in the y—z plane were found from the solution
of a set of simultaneous differential equations and the system was
assumed to be convected downstream by the freestream. Using the
classical method outlined by Hassan [39], the following Hamiltonian
described the motion of the point vortices in an otherwise stationary
body of fluid:

Y T,
- /(e =20 + () = 3] M

j=it+1

H=-—

where N was the total number of vortices. From this expression, the
canonical equations of motion were obtained from

. O0H
Ly = 9 )
Zi
and
oH
rizi=-—-—— 3)
dy;

In the OGE regime, N = 2, and so this process resulted in four
simultaneous differential equations. The vortices were assumed to
enter IGE when they arrived over the ground plane. Addition of the
images below the ground plane resulted in eight simultaneous
differential equations. These equations were solved using a fourth-
order Runge—Kutta [38] scheme. The starting coordinates of the
vortices were obtained from experimental data. Therefore, in
subsequent comparisons between the numerical and the
experimental data, perfect agreement can be seen at the start.

V. Results and Discussion
A. Experimental Results

Experimental data were collected for three cases: 1) without the
ground plane, 2) with the ground plane’s leading edge 15.24 cm
(6 in.) downstream of the blades’ trailing edges, and 3) with the
ground plane’s leading edge at 45.72 cm (18 in.) downstream. The
coordinate system used for the experimental data is shown
schematically in Fig. 1. The origin of this coordinate system was
placed at the quarter-chord of the vortex generators on the ground
plane. Therefore, in the discussions to follow, all heights are
measured relative to the ground plane. Also, all vortex trajectories
shown and discussed in subsequent sections were time-averaged.
Finally, the reader is cautioned that all the position plots shown here
are highly distorted. In the interest of clarity, the scales used for the
lateral and vertical positions were magnified approximately 10 times
compared with that used for the streamwise direction. Consequently,
the errors in these results also appear to be 10 times larger than
they are.

The vertical position of the vortices as a function of the
downstream position is shown in Fig. 3 for all three cases. In this
figure, the vortex position in the absence of the ground plane can be
used for reference. The results shown in this figure point to the
occurrence of vortex rebound as the result of ground effect. Both
cases 2 and 3 closely followed the results of case 1 until the flow
reached the leading edge of the ground plane (x/b, = 5.49 for case 2
and 10.97 for case 3). The authors speculate that this rebound is
exactly the same in nature as that described earlier in connection with
a pair of counter-rotating vortices. However, unlike in the counter-
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Fig. 5 Downstream view of the vortices.

rotating case, corotating vortices were not driven toward ground by
mutually induced velocities. Therefore, they remained farther away
from the ground, resulting in a somewhat weaker rebound.

The influence of ground effect on the lateral vortex position is
shown in Fig. 4. Again, the results of cases 2 and 3 followed those of
case 1 closely until the vortices arrived over the ground plane.
Beyond this point, the interactions between the vortices and their
images resulted in the lateral motion that is clearly evident in this
figure. This is purely a potential-flow effect and can also be seen
clearly in the downstream view of the wake given in Fig. 5. From this
viewpoint, the vortices orbit in the clockwise direction, all starting
from the same location (i.e., the trailing edge of the blades).
However, after one half-orbit, significant differences in the lateral
vortex positions were introduced by the ground proximity. The
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combination of this motion and the natural spiraling of the filaments
led to the appearance of leapfrogging when viewed from this
perspective. This behavior is very similar to that described by
Eldredge [34] and others in connection with the motion of corotating
vortex rings. This issue will be discussed further in a later section.
Previously, the authors have reported on the tendency of
corotating vortex filaments to undergo planar oscillatory motion
along preferred directions [13,14,16]. However, of interest in this
case was the influence of ground effect on this behavior. Figure 6
shows the inclination angle of the preferred direction of motion
relative to the line connecting the mean vortex positions. Itis obvious
from this figure that these angles changed rather monotonically with
increasing downstream distance, without any discernible impact
from the presence of the ground plane. Likewise, ground effect on the
orbiting rate of the vortices was small, as demonstrated in Fig. 7. This
figure shows the orientation of the line connecting the mean positions
of the vortices at each downstream location. Therefore, the slope of
this line is directly proportional to the orbiting rate of the filaments.

B. Comparison with Numerical Results

Examination of the results shown in Fig. 4 reveals a slight drift in
the data caused by the tunnel, corresponding to a slight flow
curvature in the vertical direction in the absence of the ground plane.
The authors believe that this was caused by the slight blockage
introduced asymmetrically in the tunnel by the presence of the test
apparatus. Subtracting the drift from the vertical position of the
filaments resulted in excellent agreement between the experimental
and numerical results, as shown in Fig. 8. The maximum position
error, defined by Az/Ax, was reduced to less than 1%.

A similar deviation from straight-line flow was also present in the
lateral direction, as shown in Fig. 5. The average side deviation in
velocity (i.e., crossflow) was estimated to be 0.383 cm/s
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Fig. 10 Downstream view of vortex positions without ground effect.

(0.0126 ft/s), corresponding to a 5.5-kt crosswind on a 120-kt
approach speed. However, this was not a linear deviation and
although subtracting it from the lateral positions did result in better
agreement between the two sets of results, it did not uniformly reduce
the differences between the two, as indicated in Figs. 9 and 10. The
maximum position error in this case, defined by Ay/Ax, remained
closer to 3%. The authors believe that the main source of this
deviation was the water-tunnel wall effect. The tips of the vortex
generators were closer to the far sidewall of the tunnel, creating a
slightly stronger interaction with that wall. Because the splitter plate,
simulating the ground plane, was to be introduced on that side, the
authors did not believe this drift to be a serious issue.

In the presence of ground effect, much better agreement was
obtained between the numerical and the experimental data. These
results are shown in Figs. 11-16. Figures 11-13 show the results of
case 2, in which the ground plane’s leading edge was 15.24 cm (6 in.)
downstream of the blades’ trailing edges. Figures 14—16 show the
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same results for case 3 with the ground plane starting at 45.7 cm
(18 in.) downstream.

The vertical vortex positions are shown in Figs. 11 and 14. The
rebound that was discussed earlier is clearly visible in both figures,
starting at the leading edge of the ground plane. The experimental
data indicate that the vortices began to rise above the ground plane.
This behavior is due to boundary-layer separation on the ground
plane, leading to release of secondary vortices from the ground.
Robins and Delisi [21] suggested a simple way of modeling this
phenomenon for counter-rotating vortices. They tuned the initial
position and the strength of the secondary vortices in their numerical
model by using a large amount of experimental data collected in the
field using lidar. However, in the absence of such a database for
corotating vortices, it was not possible to construct such a model in
this case.

The lateral vortex positions are presented in Figs. 12 and 15. Much
better agreement between the experimental data and the numerical
results is quite evident in these figures. It is obvious that as long as the
vortices were outside of ground effect (i.e., upstream of the ground

z/bo
Fig. 16 Downstream view, x/b, = 10.97.

plane), they spiraled normally. However, once over the ground
plane, their lateral positions were influenced strongly by their
images. This lateral motion resulted in a leapfrogging motion that
was very similar to that of corotating vortex rings, discussed by
Eldrege [34] and others. This form of motion is further obvious when
considering the downstream views, shown in Figs. 13 and 16. It is
evident from these figures that as the result of ground effect, the upper
vortex remained nearly stationary in the lateral direction, whereas the
lower vortex moved rapidly under it. Had data been collected farther
downstream, it would have been clear that the two vortices would
switch positions eventually. This type of motion is in quite a contrast
with that outside of ground effect, shown in Fig. 10.

Using their numerical model, Han and Cho [33] showed that the
distance between the vortices (i.e., vortex span) would vary
significantly as a function of downstream position. This variation
was also detected in the experimental data and supported by the
numerical results. One case is shown in Fig. 17. However, the degree
of variation in the vortex span was not as large as they predicted. The
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authors attribute the differences to the unrealistically small heights
used by Han and Cho.

Ground effect on the spiraling rate of the line connecting the mean
vortex positions is shown in Figs. 18 and 19. Comparison of these
figures reveals that ground effect changed the spiraling rate slightly.
The reader is cautioned that the spiraling rate is the slope of the given
curves. Whereas without ground effect, the spiraling rate remained
rather constant, addition of the ground plane reduced this quantity. In
light of the leapfrogging behavior that was discussed earlier, this was
an expected outcome.

The results discussed in the preceding summary show very good
agreement between the numerical model and experimental data. This
is with the exception of the unexplained asymmetry of the lateral
position in the absence of ground effect. All of the significant features
of the flow can be seen in both sets of data. Even though other
corroborating data are absent in the technical literature, this level of
agreement between the two methods tends to support the conclusions
drawn in this paper.

VI. Conclusions

The dynamic interactions of pairs of corotating vortex filaments
were explored in ground effect. The experimental data were acquired
in a water tunnel in which the time history of the motion of the
filaments was recorded. From this data, the vertical and the lateral
mean vortex positions were deduced over a distance of
approximately 25 span lengths. Of special interest was the
interaction of such a pair of filaments with the ground plane.

In the absence of similar results in the open literature, a potential-
flow model was used to cross-check the experimental results. All of
the salient features of the flow could be detected in both methods.
Furthermore, it was shown that

1) Within these heights, and for the vortex spans considered here,
very good agreement was shown between a potential-flow model and
the experimental results.

2) The vortices exhibited rebound as the result of ground effect,
possibly due to crossflow boundary-layer separation on the ground
plane. This was completely consistent with the results shown earlier
for counter-rotating filaments.

3) Ground effect induced a lateral motion on the filaments,
consistent with potential-flow theory. This in turn created a
leapfrogging motion in the lateral direction.

4) Lateral leapfrogging caused cyclic changes in the vortex span.

5) The presence of the ground did not alter the preferred direction
of motion of the vortices.

6) Ground effect had no discernible effect on the vortex spiraling
rate.
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