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Experimental Investigation of Corotating
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The dynamic behavior of corotating vortex � laments is investigated in a water tunnel. Comparisons are made
between the motion of a single � lament and that resulting from interactions between two � laments. Correlation
is observed visually between the merger location and the vortex strength. In most cases vortex merger is shown
to occur within one orbit. Quantitative data are presented on the variations of the vortex span, the amplitude of
motion, the spiraling rate, and the center of spiraling, all as functions of downstream distance. It is shown that
the vortex span does not vary considerably except in cases where the interactions among the � laments are strong.
The amplitude of motion is shown to be much larger than that of a single vortex, while growing with downstream
distance. Furthermore, the amplitude of motion is shown to exhibit a preferred direction in some cases. The
presented data reveal that in the two-vortex cases the spiraling rate is nearly constant. It is also shown that despite
considerable motion of the � laments the center of spiraling does not deviate signi� cantly from a straight line.

Nomenclature
b = blade separation distance
bv = vortex separation distance
Imax; Imin = principal moments of inertia
Ix x ; Iyy ; Izz = moments of inertia
L = distance downstream of the C=4 point
r = radial distance from the mean vortex position
Pr = radial velocity
U = freestream velocity
Vy; Vz = velocity components of vortex motion
x; y; z = coordinate axes
xc; yc; zc = centroid coordinates
® = angle of attack
0 = vortex strength
µ = angular position viewed from downstream
µ p = inclination angle of the principal axes
! = spiraling rate

Introduction

T HE problem of aircraft wake vortex hazard became of critical
importance with the advent of heavy transport aircraft. These

aircraft operate within the terminal areas along with much lighter
aircraft,which can be dangerouslyupset by the wake vortex system
of the heavier vehicles. The issue is exacerbated by the fact that
the vortex strength in the wake is not only linearly proportional to
the aircraft weight, but also inversely proportional to � ight speed.
Furthermore, aircraft con� gured for takeoff and landing rely on
much more complex high lift systems that result in generating sev-
eral pairs of trailing vortices, the strongest of which could combine
into a single pair at several span lengths downstreamof the aircraft.
Therefore, the safety problems associated with the air transport are
manifested directly as aircraft-vortexencounters with a wide range
of consequences.The currentapproachto preventingtheseproblems
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consists of avoidance,which is becoming increasinglydif� cult with
the rise in traf� c congestion.An alternativeapproach is either elim-
inating the vortex wake or reducing the danger posed by it. A better
understandingof thedynamicsof the wakevortexsystem is required
to make either one of these options feasible.

In 1970 Crow1 offered an explanation for a form of dynamic
instabilitythatcouldlead to wakevortexbreakdown.This instability,
which results from the dynamic interactionof a singlepair of vortex
� laments driven by mutual induction effects, has been observed in
atmosphericwake vortexdegenerationeventsand in the laboratory.2

In this analysis all vortices in the wake are assumed to have merged
into two counter-rotating� laments.

Generally, the vortices shed by the tail and the fuselage wing
junction are much weaker than those of the � ap tip and the wing
tip. Therefore, the former pair is either repelled or absorbed by
the latter pair, slightly altering the location of the vortex merger.3

Nonetheless, in most practical cases the corotating � laments ema-
nating from the wing tip and the � ap tip merge at some distance
downstream to form a single strong vortex that poses the most dan-
ger to other aircraft. The interactions between the wing tip and the
� ap tip � laments before their merger have not received their due
attention in the technical literature. This is especially true of the
time-dependent motion of the � laments arising from mutual- and
self-inductioneffects. Therefore, little is known about the in� uence
of these phenomena on the location of vortex merger. The research
presentedin this document is an attempt to investigatesome of these
phenomena and their in� uence on vortex merger. However, prior to
discussing the present investigation a brief review of the literature
and different approaches in modeling the � ow are in order.

Two-Dimensional Analytical Models
Two-dimensional analytical models have been employed to gain

insight into the behavior of three-dimensional wake, with the un-
derstanding that these models do not include effects such as Crow
instability. However, these models have been useful in describing
visually observed phenomena. For example, Greene4 developed a
model for predicting the effects of density strati� cation on wake
motion and decay. It was found that wake lifetimes decrease in the
presence of strong density strati� cation, turbulence, or a combina-
tion of the two. These analytical predictions of wake decay were in
agreement with wake decay observations.

A number of analytical investigations were carried out to deter-
mine when and if corotating vortices would merge for a given con-
� guration. Although experimentalwork indicated that merger does
occur, some numerical analyses predicted that vortices might never
merge in certaincases.5 Other analyticalcasesdeterminedmergerof
corotatingvortices to be dependenton the initial conditions,such as
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distributednoiseand small departuresfromsymmetry.6 These initial
conditionswere shown to change the interactionprocessesand lead
to merger. Basu7 showed that noise could accelerate merging and
reduce the time needed for merger in a nearly linear fashion with
increasing noise level. However noise did not seem to account for
the discrepancies between experimental measurements of the time
required for merger because the level of noise required for affecting
that time proved to be higher than what could be found in wind
tunnels or water tanks. These discrepancies could be legitimately
questioned considering the large differences between the predicted
times for merger. In fact, some analyticalcases6 showed merging to
occur even after four orbits, whereas other studies7 predict merger
within one period.

Saffman8 analyzed interaction and merger of viscous cores of
uniform vorticity. He showed the merger to occur when the core
radii exceed approximatelya quarterof the distance separatingtheir
centroids. This result was veri� ed experimentally by Meunier and
Leweke.9

Regardless of the useful information they yield, all two-
dimensional models lack the capacity to fully describe the behav-
ior of three-dimensional wakes that contain additional degrees of
freedom.

Two-Dimensional ComputationalModels
Computationalsolutionsoffer the advantageof includingall non-

linear effects in the equations of motion without many simplify-
ing assumptions. Euler and Navier–Stokes methods can be used to
modelvortex� ow, as well as the interactionof shocksand vortices.10

A method used by Bilanin et al.3 was shown to be suitable for
solving the equations of motion through a second-order turbulent
closuremodel of the Reynolds-stressequations.Unlike previous in-
viscidmodels, this formulationpredictedviscouswake interactions.
Hoeijmakers10 found the number, the strengths, and the initial po-
sitions of the vortices trailed from a wing to be dependent on the
spanwise lift distribution. It was also found that the least hazardous
wake was generated when a � ap and wing-tip vortex of the same
sign and the same strength were shed from each wing.

Staufenbiel and Vitting11 developed a computational method,
based on the Biot–Savart approach, for the time-dependent roll-
up process. The method revealed that the vortex core radius grows
as downstream distance from the wing increases. This result was
also con� rmed with laser Doppler velocimetrymeasurementsmade
in a water tunnel.

Three-Dimensional Experimental Models
In the 1970s the three-dimensional interactions among multiple

vortex � laments were studied experimentally with the emphasis
placed on the far-� eld behavior of the wake. These studies focused
on the wakes of individual aircraft con� gurations rather than on the
standardbehaviorof interactingvortex � laments.12¡14 Corsiglia and
Dunham12 and Tymczyszyn and Barber13 found that changing the
span lift distributionon the wing can lead to a more rapid dissipation
of the vortex system. However, the aircraft con� gurations required
in a terminal control area (extended landing gear, reduced aircraft
thrust, and aircraft sideslip) make this solution impractical. Further
investigation illustrated that de� ecting only the inboard � aps was
effective in dispersing wake vorticity.14 This con� guration led to
reduced rolling moments imposed on following aircraft.

More recently, Jacob and Savas15 and Jacob16;17 presented the
results of their experimental investigations of the dynamic behav-
ior of corotating vortex � laments. The authors conducted most of
their studies in tow tanks using particle image velocimetry for � ow
measurements.They also conducted some wind-tunnel tests, where
� ow measurement was accomplished using a � ve-hole probe. A
number of � ap span ratios and the effect of Reynolds number on
the merger of the two � laments were investigated.Their results in-
dicated that the merger generally occurs within one orbit, except at
higher Reynolds numbers. Although these studies resulted in bet-
ter understanding of the details of these � ow� elds, they shed no
light on the dynamics of the time-dependentmotion of the � laments
prior to their merger. Furthermore, in many cases the authors used

wings with � aps to generate the corotating vortices. Consequently,
the � ow� eld under consideration contained four vortex � laments.
Therefore, the induced velocities of the other pair also in� uenced
the behavior of the corotating � laments that were scrutinized.

As with two-dimensional analyses, three-dimensional experi-
ments have yielded several solutions for the distance to merger.
Bertenyi and Graham18 suggested that the merging process takes
longer to complete if the two vortices are of different strengths than
in the case of vortices of equal strength. However, Chen et al.19

observed that all corotating vortex pairs merge at about 0.8 orbit
periods, regardless of the strengths of the vortices. Furthermore,
Jacob16 observed merger to occur at anywhere from 1

4 to 1
3 of an

orbit period for typical cases, except at high Reynolds numbers.
The prevailingview is that a corotatingvortex pair can be treated

as a two-dimensionalsystem,whichshouldnotmergeunlessthevor-
tex cores are suf� ciently large.19 Using a simple vortexblob numeri-
cal simulationmethod, Bertenyi and Graham18 showed the merging
process to be essentially two-dimensional and inviscid. In some
cases9;20 the experimental data compared favorably with numerical
solutionsin that merger was shown to take place when the core radii
become larger than approximatelya quarter of the distance separat-
ing their centroids.Furthermore,Meunier and Leweke9 showed that
at low Reynolds numbers the vortices remain two-dimensionaland
merge into a single one. However, at higher Reynolds numbers the
� nal vortex after merger is turbulentbecauseof a three-dimensional
instability.Merging was also shown by Brandt and Iversen21 to take
place even at largervortexseparationdistancesthan predictedin ear-
lier two-dimensional inviscid calculations.This behavior indicated
that viscosity and possibly three-dimensionaleffects are important
factors in the merging event.

Three-Dimensional Analytical/ComputationalModels
Analysis of the wake-turbulence problem is complicated even

though the equations of motion are known. Spalart22 indicated that
in order to describethe vortices realisticallyrelativelysmall compo-
nents such as the landing gear need to be included in the model. It is
also dif� cult to specify the external factors (winds, atmospheric tur-
bulence, and density strati� cation), which are required to describe
the downstream wake dynamics.

In 1975Jimenez23 arrivedat amodel,verysimilar to thatofCrow,1

for analyzing the stability of a corotating vortex � lament pair. He
classi� ed the modes of motion into symmetric and antisymmetric
and showed both to be neutrally stable for all long wavelengths.
In 1996 Crouch24 presented a similar theoretical model predicting
the motion of four vortex � laments. The results showed symmetric
instabilities that are linked to the long-wavelengthCrow instability.
Symmetric and antisymmetric instabilitieswere observed at shorter
wavelengths.Rennichand Lele25 demonstratedsimilar resultsusing
direct numerical simulation.

There is also evidencethat trailingvortices can be altered to some
degree by various means,26¡28 including methods that use merger
for reducing the threat of the wake vortex. Whether these methods
can signi� cantly impact a full-scale wake to the required level is
still in question.29 Vortex formationand developmentinvolvesmany
parameters. It is not known at this time if alleviation is possible.

Contribution of the Present Work
In the present paper the authors report on their experimental in-

vestigationsof the time-dependentinteractionsof pairs of corotating
vortex � laments. Measurements are made in a water tunnel using a
light sheet to illuminate the vortex cross sections. The amplitude of
motion is recorded,and its evolution is comparedwith that from the
self-induced motion of a single � lament. The authors believe that
the understandingof the time-dependentmotion is critical in that it
can determine the distance over which the vortices merge.

Experimental Approach
The experimentalapparatusused for this researchwas identicalto

that described by Rebours29 and Rebours et al.30 A brief description
of the equipment and the facility is given here. However, the reader
is encouraged to consult Refs. 29 and 30 for further details.
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Fig. 1 Schematic view of the spiraling vortices as seen from down-
stream.

The test facility consisted of a water tunnel, in which a single or
a pair of corotating vortex � laments were generated, near the en-
trance to the test section, using two � at blades. The blades could be
positioned at arbitrary separation distances, controlling the vortex
span,while varyingtheir anglesof attackallowed manipulatingvor-
tex strengths. The dynamics of these � laments were studied down-
stream of the generation point in the test section. The experimental
method used for this research could not yield the � lament strength
in the single-vortex cases. Therefore, for this purpose the authors
relied on the data of Ref. 31.

In the two-� lament cases the vortex strengths were determined
from the kinematics of the � ow. Between every two downstream
positions, for each � lament the velocityof the mean vortex position
could be approximated from its displacement.Then, from Fig. 1

V1;y D !abv sin µ C Pr1 cosµ (1)

V1;z D ¡!abv cos µ C Pr1 sin µ (2)

V2;y D ¡!.1 ¡ a/bv sin µ ¡ Pr2 cos µ (3)

V2;z D !.1 ¡ a/bv cosµ ¡ Pr2 sin µ (4)

The left-hand sides were measured experimentally,allowing for the
solution of these equations for the radial and angular velocities and
the location of the center of rotation. Consequently,

01 D 2¼b2
v!.1 ¡ a/ (5)

and

02 D 2¼b2
v!a (6)

Results and Discussion
Single-Vortex Cases

For the purpose of comparison, several single-vortexcases were
considered � rst. The water speed was set at 0.27 ft/s in every case,
which corresponded to one of the lowest levels of background tur-
bulence. The angle of attack was set at 6, 8, and 10.5 deg, and mea-
surements were taken at downstream distances from 31 to 46 in.
in 3-in. increments. The resulting data established a baseline for
comparing the amplitude of motion of the two-vortex case. It also
provided a measure of the level of � delity of the data-acquisition
method used for this study.

The average amplitude of motion at each downstream location
was con� ned to less than one core diameter in every case. Foster31

showedthe latterquantityto bebetween0.6–1.2 in.Furthermore,the
amplitude grew with increasing distance downstream of the blade,
but always remained less than one core diameter, as shown in Fig. 2.
There was a larger spread in the results for angle of attack of 8.5 deg
than for the other two cases shown in this � gure. However, because
this case was in between the other two cases it was considered
justi� ed to use a linear � t for this case as well.

Fig. 2 Mean amplitude of motion of the single vortex.

Fig. 3 Time-averaged mean vortex position of a single vortex:
® = 10.5 deg.

Likewise, the mean vortex position did not change signi� cantly
from one downstreamposition to another. The displacementsof the
mean position remained within one core radius and appeared to be
random. A typical case is demonstrated in Fig. 3. These data indi-
cated that the wall interferencewas negligible, rendering the single
vortex reasonably stationary within the length of the test section.

The frequency of vortex motion relative to its mean position at
any one downstreamlocationfollowed the same patternas identi� ed
by Foster.31 The Fourier transform of the data indicated that the
majority of energy associated with this motion was concentratedat
the low end of the frequency spectrum. The noise inherent in the
data-acquisitionmethod used for this research prevented resolution
of the frequencies with great certainty. This was especially true
in those cases where the amplitude of motion was much smaller
than the core diameter. Furthermore, because the sample rate was
limited by the frame rate of the camera, frequencies higher than
15 Hz could not be resolved. Nonetheless, results obtained in the
course of this research were very consistent with those of Foster,31

who used constant temperature anemometry.
The movements of the mean vortex position between the down-

streamlocationdid not appearto followa discernablepattern.There-
fore, no frequency (wave number?) could be identi� ed for the de-
viation of the � lament from a straight line. Again, Foster31 and
Devenport et al.32 reported a similar wandering behavior.

Two-Vortex Cases
Tables 1 and 2 show the combination of the parameters used for

the two-vortex cases. Strong interaction between the two � laments
prevented quantitative data acquisition very far downstream or for
very small blade separation distances. Nonetheless, in these cases
the vortex-vortexinteractioncouldbe examinedvisually.Therefore,
the casesconsideredfor this studywere dividedinto two groups.The
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Table 1 Two-vortex test matrix
for visual observations

Case no. b, in. ®Left , dega ®Right , dega

1.1 1.0 11.0 11.5
1.2 1.0 9.0 9.5
1.3 1.0 7.5 7.5
1.4 1.0 6.0 6.0
1.5 1.0 4.5 4.5
1.6 1.5 10.5 11.0
1.7 1.5 9.5 9.0
1.8 1.5 7.0 7.5
1.9 1.5 6.0 6.0

aLeft and right blades as viewed from downstream.

Table 2 Two-vortex test matrix
for quantitative data acquisition

Case no. b, in. ®Left , dega ®Right , dega

2.1 2.0 5.0 6.0
2.2 2.0 9.0 10.0
2.3 3.0 5.5 6.0
2.4 3.0 9.5 10.0
2.5 2.0 10.0 9.0
2.6 3.0 6.0 10.0

aLeft and rightblades asviewed from downstream. L D
31, 34, 37, 40, 43, and 46 in.

Fig. 4 Typical view of the spiraling � laments in the test section:
case 1.7.

� rst group, represented in Table 1, consisted of those cases where
only visual observationscouldbe made. In these cases, the anglesof
attackwere chosen to result in nearlyequal vortexstrength.The sec-
ond group, shown in Table 2, were those in which quantitativedata
acquisitionwas possible. In the � rst four cases the vortex strengths
were nearly equal. However, for the last two cases angles of attack
were chosen such that the vortex strengths differed substantially.

Visual Observations
The merger location could be visually identi� ed with reasonable

certainty for nearly all of the cases considered in Table 1. However,
at blade separations distances of 2 in. and larger, shown in Table 2,
the � laments merged anywhere from a short distance beyond the
end of the test section to the end of the tunnel, which prevented
quantitative measurement of the merger location. Therefore, the
results discussed in this section were obtained visually only.

Figure 4 shows a typical view of the spiraling of corotating vor-
tices forbladeseparationof 1.5 in. Inmost cases themergerappeared
to occur around one orbit, consistentwith earlier reports.15¡17 How-
ever, in a few cases, such as that shown in Fig. 4, the � laments did
not merge until well past one orbit. Visual observations indicated

Table 3 Vortex strength
in two-� lament cases

Case no. 0Left , In.2 /s 0Right , in.2/sa

2.1 1.883 2.105
2.2 3.290 2.314
2.3 2.932 3.753
2.4 5.246 4.567
2.5 6.322 0.900
2.6 1.879 4.836

aLeft and right as viewed from downstream.

Fig. 5 Visually observed vortex merger location.

a clear relationship between the vortex strength and the merger lo-
cation, as also indicated in Fig. 5. In the absence of a method to
measure the vortex strength reliably, the left-blade angle of attack
was used in this � gure to show this correlation.This � gure indicates
that stronger vortices or stronger interaction between the � laments
(i.e., shorter distance between the blades) resulted in their earlier
merger downstream of the blades. Again, the reader is cautioned
that these observationswere limited to cases where the two vortices
were of approximately the same strength.

Quantitative Observations
For the blade separation distances shown in Table 2, quantita-

tive data acquisition was possible. Therefore, these results could be
compared directly with those from the single-vortex cases. Vortex
strengthswere estimated using Eqs. (1–6) and are shown in Table 3.
In the absence of other data for veri� cation, these values could
be compared with those for single-� lament cases of Foster.31 Such
comparison indicated the estimated vortex strengths to be in the ex-
pected range. Nonetheless, the individual vortex strengths were not
used for any purpose other than to indicate the relative strengths of
the two � laments.

Vortex span was de� ned as the direct distance between the time-
averaged mean positionof the � laments. The variation of this quan-
tity as a function of downstream position is shown in Fig. 6 and 7
for the six cases shown in Table 2. Results shown in these � gures in-
dicated that the vortex span did not vary signi� cantly for the larger
blade separation distance, regardless of the vortex strength. This
trend might be signi� cant in that no vortex merger was observed
in these cases within the uniform-� ow section of the tunnel. How-
ever, the combination of the large and comparable vortex strengths
and small blade separationdistance resulted in a rapidly decreasing
vortex span downstream of the blades, as shown in Fig. 6. This be-
havior pointed to the possiblepresenceof a threshold for the level of
vortex-vortex interaction, above which the � laments would attract
each other.

The amplitude of motion was of interest as a function of time
at � xed downstream locations. Furthermore, the trends associated
with the mean amplitudeas a functionof downstreampositioncould
be comparedwith those of the single-vortexcases. Investigatingthe
vortex movement at � xed downstream locations the following two
observationscould be made:
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Fig. 6 Vortex span as a function of downstream distance for 2-in. blade
separation.

Fig. 7 Vortex span as a function of downstream distance for 3-in. blade
separation.

1) In thosecaseswhere the � lamentswereof nearlyequalstrength,
their amplitudes were also nearly equal, whereas in those cases
where the strengths differed substantially the weaker vortex moved
with a much larger amplitude.

2) In certain cases the amplitude of motion appeared to favor
one direction. At this writing, no correlation has been established
between the vortex strength and this behavior. It is also noteworthy
that this observation was contrary to that implied by Jimenez.23

Figures 8 and 9 represent examples of typical core positions at
� xed downstream distances. The reader is reminded again that in
these � gures the words left and right refer to the locationof the blade
that generated the vortex.

In Fig. 8a it is visuallyobvious that each vortexmoved with equal
amplitude in all directions. However, even in this case a direction
could be established in which the vortex preferred moving. Con-
structing histograms for the componentsof displacementalong this
direction and normal to it resulted in nearly equal probability of
motion along each axis. This behavior is shown in Figs. 8b and 8c.

Figure 9 is that of a case in which one of the vortices was sig-
ni� cantly weaker. Visual inspection of Fig. 9a indicated that the
weaker vortex moved with a larger amplitude. At the same time its
preferred direction of motion was not along the line connecting the
two vortices, nor was it perpendicular to that direction. Construct-
ing histogramsfor the amplitudesof motion along the principalaxes
resulted in Figs. 9(b) and 9(c). It is quite evident from these � gures
that the vorticesdemonstrateda greater probabilityof moving along
one of the axes.

The data presented in Figs. 8 and 9 show the probability of the
vortices moving away from their time-averaged centroidal posi-
tions was nearly normal. The noise inherent in the data-acquisition

a) Time exposure of the core position

b) Right vortex displacement histogram

c) Left vortex displacement histogram

Fig. 8 Behavior of vortex motion for case 2.1, L = 37 in.
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a) Time exposure of the core position

b) Right vortex displacement histogram

c) Left vortex displacement histogram

Fig. 9 Behavior of vortex motion for case 2.5, L = 31 in.

Fig. 10 Mean amplitude of motion for the 2-in. blade separation.

Fig. 11 Mean amplitude of motion for the 3-in. blade separation.

technique used here prevented any meaningful analysis of the fre-
quency content of the motion.

Figures 10 and 11 show the mean amplitude of the vortex motion
at various downstream locations.Unlike in the single-vortexcases,
it was not obviousif the growth in the amplitudeof motion shown in
these � gures followeda linearbehaviorwith increasingdownstream
distance. Therefore, a linear � t of the data is not shown in these
� gures.However, it is evident from these � gures that the amplitudes
on bothsidesmatchedquitewell as long as the two � lamentswere of
comparablestrength.Consistentwith the observationsmade above,
if one � lament were noticeablyweaker than the other, it moved with
a much larger amplitude than the stronger � lament. Furthermore, as
in the single-vortex case, the amplitudes increased monotonically
with downstreamdistance.However, the mean amplitudewas much
larger than that of the single vortex. The larger amplitude could be
attributed to the interactionsbetween the two � laments that became
stronger with increasingvortex strength and with decreasingvortex
span.

The spiraling of the two � laments was characterized with the
change in the inclinationangle of the straight line connecting them.
Figures 12 and 13 show this inclination angle as a function of the
downstream location. The slopes of these curves constituted the
spiraling rate, which remained nearly constant in each case. Pre-
dictably, the reduction in the distancebetween the � laments, as well
as the increase in the vortex strength, boosted the spiraling rate.
This behavior indicated that the vortex strength generated by the
blades was not only a function of the blade angle of attack, but also
depended on the aerodynamic coupling between the blades.

Despite considerable motion of the � laments, the center of spi-
raling did not move signi� cantly within the distance over which
data were acquired. Figure 14 shows the downstream view of one
of the cases considered in this study. The center of spiraling can be
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Fig. 12 Vortex spiraling rate for the 2-in. blade separation.

Fig. 13 Vortex spiraling rate for the 3-in. blade separation.

Fig. 14 Downstream view of the spiraling vortex pair for case 2.2.

approximately located from the intersections of the lines connect-
ing the vortices. It is clear from this � gure that these intersections
remained con� ned to less than one core diameter (i.e., the circle
marked by the dotted line). Furthermore, as with the single-vortex
movement, the movement of the center of rotation between down-
stream locations seemed to be random.

Conclusions
The interactionsbetweenpairsof corotatingvortex� lamentswere

studied in a water tunnel and compared with the motion of a single
� lament. Visual observations indicateda clear relationshipbetween
the vortexstrengthand the merger location.In most cases themerger
occurred within one orbit, but that was not always the case.

Quantitativedata acquisitionwas performedwhile varyingvortex
span and relative vortex strength, using a novel technique relying
on video recordingsof the vortex motion. The amplitudeof motion,
while growing with increasing downstream distance, was shown
to be larger than that of a single � lament. Time-averaged vortex
spans were measured in a number of cases and shown to be nearly
constant for weak vortices and for large blade separationdistances.
Furthermore,despiteconsiderablemotionof the � laments the center
of spiralingdidnotmovesigni� cantlywithin thedistanceoverwhich
data were acquired. The motion of the centroid of the single vortex
and the center of rotation of the two-vortex cases appeared to be
random, although with very small amplitudes.

Unlike the theoretical predictions, the two-vortex temporal mo-
tion showed a preferred direction in a number of cases. No correla-
tion was established between absolute and relative vortex strengths
and this tendency.Therefore, this phenomenonis recommended for
further study.
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