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Abstract
Vortex wakes are an example of flows which exhibit unsteadiness from sources other
than turbulence. The phenomenon of vortex wandering is where the vortex core moves in
an apparently random fashion relative to the fixed observer. This prevents reliable
conclusions from being drawn from temporally averaged measurements which, for
example, reduces the ir value for CFD validation unless its effects are dealt with. Previous
studies have demonstrated possible strategies to extract reliable data from that affected by
wandering, but the methods used are not necessarily universal or convenient. In this study
we demonstrate a relatively simple method for recovering the vortex structure from flowfield data taken using PIV and compare with a statistically based method for carrying out
the same. Data is presented showing that wandering amplitude increases linearly with
stream- wise distance and also increases with background turbulence intensity, but
decreases with vortex strength. Reliable data, corrected for the effects of wandering,
shows that the vortex studied here grows at a more rapid rate than a Lamb-Oseen vortex
undergoing viscous diffusion.
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1.0 Introduction
The hazard associated with aircraft vortex wakes is well-known and the ability to control
their behaviour will bring benefits in terms of increased safety and air traffic capacity.
Many previous studies present laboratory scale measurements of wakes of varying
complexity from simple rectangular plan-form airfoils to detailed aircraft models, for
example, Clifone (1976), deBruin et al (1996), Devenport et al (1996), Jacquin et al
(2001) and Heunecke (2002) and an important feature of these flows is so-called “vortex
wandering”, that is the unsteady motion of the vortex core in the surrounding flow.
Wandering has important consequences for the accuracy of measurement s, since the use
of uncorrected data to extract mean and fluctuating component gives a “smeared-out”
version of the true flow field and can lead to false conclusions about derived quantities
such as peak velocities and vortex core size. Furthermore, as demonstrated by Devenport
et al (1996) wandering contributes to apparently high levels of Reynolds stresses in the
vortex core which, in their case, was actually laminar. Therefore the ability to distinguish
wandering in experimental data, to quantify its amplitude and to extract data with its
effects removed is of utmost importance for the reliability of the data and for its value in
validating CFD studies.
Following from Baker et al (1974), Devenport et al (1996) developed a theory to correct
mean velocity fields for the effects of wandering, to estimate its amplitudes and its
contribution to the Reynolds stresses. This process involves forming a “corrected” mean
velocity field from the measured version, using guessed levels of wandering amplitude.
This corrected field is then artificially subjected to wandering, described by a bi- variate
Gaussian probability density function for vortex position, and the resulting Reynolds
stresses at the vortex centre are compared with the actual measured values. The
wandering amplitudes are then adjusted iteratively until the calculated and measured
values converge. The authors made measurements of the development of a single tip vortex from a rectangular plan- form NACA 0012 section wing of aspect ratio 4.3 at a
chord Reynolds number of 5.3 x 105 using a special miniature 4-wire hot-wire probe.
Using the ir wandering correction theory they found that the amplitude of wandering
varied linearly between 0.1 and 0.4 vortex core radii at stream-wise distances of 5 to 36
chord- lengths and at its highest level, wandering was responsible for a 12% and 15%

error in the measured core radii and peak tangential velocity respectively. They
concluded that the vortex core in their experiments was laminar and that velocity
fluctuations here were entirely due to wandering and were at frequencies below f=Uinf/c.
Jacquin et al (2001) proposed four possible causes for wandering; perturbation of the
vortex core by wind-tunnel unsteadiness, perturbation of the core by turbulence in the
surrounding shear layer (as it rolls up around the core), co-operative instabilities (for
example the Crow instability) or propagation of unsteadiness from the model. Intuitively
buffeting of the core by unsteadiness in the wind tunnel free-stream is a likely cause and
is often cited as such without further justification. However Jaquin et al (2001) carried
out an original test which showed that wandering was apparently insensitive to free
stream unsteadiness. Using a generic model of an Airbus A300 they placed a splitter plate
which divided the tunnel into two sections, for a length of 8 spans, starting 1 span ahead
of the model, the purpose of which was to generate a thick boundary layer in order to
perturb the vortex. Whilst the mean position of the vortex was slightly altered no change
in the velocity autospectra measured at the core centre was found with the presence of the
plate. The velocity spectra did exhibit peaks, which lay close to the to the Crow
frequency for the model used, however an accelerometer placed on the model showed
that there were structural modes at these frequencies so the contribution could not be
separated.
Rokhsaz (2000) carried out an investigation of wandering of a tip- vortex from a
rectangular plan- form flat plate airfoil in a water tunnel and showed that wandering
increased with angle of attack and therefore vortex strength, the opposite to the finding of
Devenport et al. who show a 15% reduction in wandering amplitude with an increase in
vortex strength of 85%. It may be the case, that flow separation occurring at the higher
angles of attack used in Rokhsaz’s experiment contributes to the rise in wandering.
Gursul (2000) records a sharp rise in wandering above a certain threshold Reynolds
number and attributes this to the onset of Kelvin-Helmholtz instability in the shear layer
rolling around the vortex core.
In this paper a method for correcting velocity data for the effects of wandering is
proposed and tested and the effects of vortex strength and free-stream turbulence on
wandering are investigated. The development of the vortex from one data set is examined
with the effects of wandering removed.
2.0 Flow configuration and instrumentation
The measurements presented herein were made in an open return wind-tunnel of 0.45 x
0.3m cross section and 2m in length. Wing models were mounted vertically upwards
from the wind tunnel floor. Two models with chords of c=70mm and c=150mm and
NACA 0012 section were used in this study, both with half span b=150mm. The free
stream velocity was set to 21.6 m/s giving chord based Reynolds numbers of Rec=1 x 105
and 2.2 x 105 . The main instrumentation comprised a LaVision Flowmaster PIV system
with a New Wave Solo (120mJ) Nd:YAG laser, and a 12 bit, cooled CCD camera with
1360 x 1024 pixels fitted with a Tokina 70-210mm zoom lens and macro rings. The laser

was equipped with optics producing a light sheet which was focussed to approximately
2.0mm thick throughout the measurement region. The time between the laser pulses was
set to be 15µs, giving acceptable particle displacements in the vortex core region whilst
minimising “lost” particles from the sheet, due to the through plane component.
Processing was carried out using LaVision DaVis 6.2 software with a multi-pass, crosscorrelation algorithm with interrogation window shifting and deformation. The area
imaged by the camera was 40.5mm x 30.6mm and the final window size was 32 pixels
with 50% overlap giving velocity vectors on a grid of 0.47mm. Seeding was achieved
using a Dantec 2010 smoke generator using “Safex Super” smoke fluid at the tunnel inlet.
Four measurement planes were used at 765mm, 1115mm, 1465mm and 1815mm from
the test section entrance and the model position could also be altered to provide
intervening measurement positions. Two wire mesh grids were used to increase the free
stream turbulence intensity and had a mesh size of 12.7mm and 7.0mm and wire size
1.25mm and 0.75mm respectively. The grids always placed at a position 57.0mm and
97.0mm upstream of the 150mm and 70mm chord model respectively ensuring that the
turbulence intensity for each model remained the same for a given grid regardless of
model position.
Measurements of the free-stream turbulence intensity in the clean tunnel and with the
grids were performed using a Dantec Streamline hot-wire system. This comprised a
Dantec model 55P11 single miniature hot wire, with 5 micron diameter platinum plated
tungsten wire 1.25mm in length. The wire was calibrated in a jet and a fourth order
polynomial fitted to 15 calibration points and used to convert voltage to velocity. Each
measurement comprised 60 ksamples at 2kHz.
3.0 Data reduction method
In this section the method used to extract data corrected for the effects of wandering is
described, hereafter referred to as the “PIV method” to distinguish it from the theory of
Deve nport et al (1996) to which it is compared in section 4.0. During data acquisition,
1050 double-frame images of the flow were recorded at each stream-wise position at a
rate of approximately 5Hz and in batches of 150 in short succession, giving a statistically
large sample within the constraints of data storage capacity and processing time. Each
double-frame image records the instantaneous flow field and therefore position of the
vortex at that instant in time. As the data rate is low, compared to the expected
frequencies of motion of the vortex, the individual frames do not describe a time series
history of the exact motion of the vortex, but merely give discrete samples of it. Thus, the
principle of the method demonstrated in this paper is as follows:
1. An algorithm is used to locate the instantaneous centre position of the vortex in
each individual PIV vector field. This gives the current displacement vector of the
vortex (i.e. instantaneous position minus mean position over the data set).
2. Each individual data field is then moved by its displacement vector such that it is
“re-centred” to a common vortex centre position.

3. Normal procedure is then used for calculating mean velocities and Reynolds
stresses for the re-centred data and extracting other flow characteristics of interest
for example, vortex core radius, peak tangential velocity and vortex strength.
It should be noted that in contrast to the theory of Devenport et al (1996) this method
makes no assumption about the nature of wandering as it directly determines the vortex
centre positions. In the study of vortex merger by Cerreteli and Williamson (2003) the
authors determine the centre position of the vortex from the vorticity field as the peak
(positive or negative) vorticity location. Such a method in troduces an error in the centre
position because the vorticity value will naturally lie at discrete grid node locations.
Therefore, in this study, in order to improve accuracy, the peak vorticity location is used
as the first approximation to the centre position and this is then improves by finding the
minimum in the cross stream velocity field, that is the position where V=W=0. This is
performed by the method illustrated in figure 1: First the grid nodes over an area
surrounding the point with peak vorticity are located. The size of this area is set before
hand and in the current study was 6 x 6 nodes corresponding to an area encompassing
approximately half the vortex core diameter. The method then uses two “cross hairs”
which traverse across the interrogation region in steps of ∆/100 where ∆ is the grid
spacing. At each step the velocity component normal to the cross hair is summed up
along the cross hair, using bi- linear interpolation of the velocity field. The vortex centre
position in each direction then corresponds to the minimum of the sum, and as can be
seen in the example shown in figure 1 this deviates from the position of maximum
vorticity. Once the vortex centre is determined other parameters of interest can be derived
including the radial distribution of circulation, core radius and peak tangential velocity.
The peak tangential velocity is found by azimuthally averaging the tangential velocity
component around circular paths of increasing radius. In this study radius was
incremented in 0.1mm steps. Similarly, the core radius was the position at which the peak
tangential velocity was found. The vortex strength was defined as the circulation at twice
the core radius, this encompassing 99% of the circulation for an ideal Lamb-Oseen vortex
profile. This definition does not encompass all of the circulation in the wake flow, which
also includes that contained within the trailing edge shear layer, which gradually rolls- up
around the vortex core, and is unknown due to the limited field of view relative to the
overall size of the wake, but provides a basis for comparison. All of the above procedure
was implemented in a purpose-written C++ program.
The centre finding algorithm was tested in a Monte-Carlo simulation using artificially
generated vector fields with Lamb-Oseen vortices. The primary variable affecting the
accuracy is the ratio of the vector grid spacing to the physical size of the flow feature of
interest which may be characterised by the vortex core size. Thus , ten data sets were
created with vector grids ranging from ∆=0.05 to 0.5 times the vortex core radius. The
velocity field was chosen to be appro ximately representative of those measured in the
wind tunnel with a core radius of rc= 4.0mm and peak tangential velocity of 8.0m/s. Each
data set consisted of 100 vector fields, with vortex centre positions varied at random
according to a bi-variate Gaussian pdf with standard deviation wandering amplitudes set
to σy =σz=rc/2 and correlation coefficient of e=0.25. The results are presented in figure 2
showing the rms error in the y and z positions of the vortex as determined by the centre

finding algorithm from the original known positions of the vortex. This shows that even
with a coarse grid spacing of ∆/rc=0.5 the rms error in centre position is very small at
0.005rc. The effect of this error and the subsequent bi- linear interpolation of the
individual velocity fields, on information derived from the results can be seen in figures 3
and 4. Figure 3 shows the mean tangential velocity profile of the re-centred data for
varying grid spacing in comparison with the original Lamb-Oseen velocity profile used to
create the data sets. As can be seen, with the smallest grid spacing of ∆/rc=0.05, the
profile is recaptured well with the peak tangential velocity slightly under-predicted by
1.4%. With increasing grid spacing the bi- linear interpolation scheme gives increasingly
poor results as can be clearly seen at ∆/rc=0.5. Similarly, figure 4, which shows the crossstream fluctuation energy, k, shows increasing peaks with grid spacing, at locations of
maximum change in the velocity gradients where the bi- linear scheme introduces errors.
In the present experiment the ratio of grid spacing to core radius is of the order of 0.1
which it may be expected will introduce errors in the peak tangential velocity of
approximately 2%. Higher-order interpolation of the velocity field during re-centring may
reduce these errors, but this has not been attempted in this study.
4.0 The effect of vortex strength on wandering
In this section results are presented from four data sets taken with the 70mm chord wing
at a stream-wise position of x/c=22.9 and at angles of attack of 4, 6, 8, and 10 degrees.
These results are used to demonstrate the effect of wandering on data derived from
measurements and the relationship between wandering amplitude and vortex strength.
The wandering correction theory of Devenport et al (1996) is tested and compared with
the same results from the PIV method.
Mean radial profiles of tangential velocity are shown in figure 5, extracted from the nonre-centred data and the re-centred data. The wandering correction theory of Devenport
was implemented in the high- level programming language MathCAD and has
independently been used to correct the non re-centred profile for the α=6° and 8° cases.
As expected, the effect of wandering, in each case, is to produce an enlarged vortex core
with lower peak tangential velocity. Values of core radius and peak tangential velocity
are given in table 1 and the wandering amplitudes and correlation coefficients resulting
from the PIV and Devenport correction methods are shown in table 2. Comparison of the
core parameters listed in table 1 shows that failure to account for wandering results in up
to a 12.5% over prediction of the core radius and 6% under prediction of the peak
tangential velocity. These errors are greatest for the α=4° case which displayed the
greatest wandering amplitude. The good agreement between the PIV corrected data and
the prediction of the Devenport theory in both the core parameters shown in table 1 and
the wandering amplitudes shown in table 2 should be noted. Figure 6 shows a probability
density plot of vortex position for the α=8° case which shows this to be uni- modal and
approximately Gaussian in form. Therefore the implicit assumption of Devenport, that the
wandering motion of the vortex can be described by a bi-variate Gaussian pdf appears to
be valid, thus the good agreement between the corrected data from the PIV method and
the Devenport method may perhaps be expected. Inspection of figure 5 shows that there
is a disparity between the velocity profile outside of the vortex core predicted by the

Devenport method and that from the PIV method in the α=8° case, but not the α=6° case
indicating some error in the Devenport correction scheme in this case.
Fluctuations in the flow characterised by the Reynolds stress components, v2 , w 2 and

vw 2 are shown in figure 7. The left-hand side of figure 7 shows the fluctuations
computed from the uncorrected data and these have the expected pattern, also reported by
Devenport et al (1996) and Chow et al (1997). The right- hand side of the same figure
shows the fluctuations calculated from the re-centred data using the PIV method and, on
the same contour scale, all of the apparent fluctuations have disappeared. Residual values
(which are indistinguishable from the background) are of the same order as those found
in section 3 and are due to errors arising from bilinear interpolation of the data. This
finding therefore supports the conclusion that, at least at these stream-wise distances
behind the wing the vortex core is laminar and the apparent unsteadiness in the
uncorrected data is entirely due to wandering.
The linear reduction in wandering magnitude with vortex strength is shown in figure 8.
This suggests that the mechanism responsible for wandering is not self induced as
proposed by Rokhsaz (2000) in which case it would be expected that wandering would
increase with vortex strength. This result further suggests that the vortex is responding to
an external influence, for example free-stream turbulence, and that it becomes less
susceptible as the vortex strength is increased whilst the strength of the latter remains the
same. In all cases the motion of the vortex is weakly negatively correlated, but by an
amount which does not appear to vary monotonically with vortex strength.
5.0 Vortex development with stream-wise distance
In this section results are presented for both wing models as a function of stream-wise
distance in the clean tunnel. Free stream turbulence levels are varied for the 70mm chord
wing using two turbulence grid s placed upstream of the model.
Measurements of turbulence intensity made on the tunnel centreline with no wing model
present and at stream-wise distances from x/c=-1.0 to x/c=20.5 are shown in figure 9
(throughout this section stream- wise distance is normalised by c=70mm, including data
plotted for the 150mm wing). In the clean tunnel, with no turbulence generating grid,
turbulence intensity remains at ~1% throughout the test section. Both grids generate
increases, that from the 7.0mm grid decaying faster than the 12.7mm grid and both
reaching the same level of 1.2% at the furthest stream-wise position. Given that the
models were moved throughout the test section with the measurement plane fixed at one
of four positions it was also verified that consistent turbulence levels were produced
behind the grids independent of there actual stream-wise positio n and this was found to
be the case within 5%. The variation in rms wandering magnitude with stream-wise
position for each of the four flow configurations is shown in figure 10 and in each case a
linear growth is observed. The initial value responds directly to the varying turbulence
intensity levels with that with the 12.7mm grid 55% greater than the clean tunnel and the
7.0mm grid intermediate. The rate of growth is lower with either turbulence grid to that in
the clean tunnel, suggesting that the upstream turbulence intensity does not effect the

final wandering amplitude and that, whilst wandering increases with stream-wise
distance, it is also a function of the local turbulence intensity. Small decreases in the
strength of the vortices were observed with the turbulence grids present (<5%), however
if this were a large factor in the wandering amplitudes presented, then it would be
expected that the growth rate would be higher in these cases than in the clean tunnel,
which is not the case. Comparison of the 70mm and 150mm chord wings in the clean
tunnel demonstrates the variation in the rate of growth in wandering with a larger change
in vortex strength. Here a 100% increase in vortex strength produces a 33% decrease in
growth rate. The correlation coefficient, shown in figure 11, demonstrates that for all the
flow configurations, apart from one outlier, the wandering motion is weakly negatively
correlated and in general the correlation increases with stream-wise distance, although, as
was observed in figure 8, the variation for the individual flow configurations can not be
said to be monotonic and further conclusions from this data are not possible.
Corrected profiles of tangential velocity are shown for the 70mm chord wing in the clean
tunnel at various stream- wise positions in figure 12. Over this range, x/c=1 to x/c=23,
core radius increases by 41% and peak tangential velocity decreases by 20%. This can be
compared with 47% and 25% respectively if the data were not corrected for wandering.
The variation of core radius and peak tangential velocity with stream-wise distance are
plotted for each of the three 70mm chord flow configurations in figure 13a and b. Both
quantities show a linear variation at approximately the same rate for each of the flow
configura tions. The peak tangential velocity is consistently higher in the clean tunnel than
with either turbulence grid indicating that, as might be expected, the presence of the grid
upstream of the wing effects the formation of the vortex and variation of the turbulence
intensity, as attempted here, is not a independent test. The variation of core radius and
peak tangential velocity as a function of time for a Lamb-Oseen vortex through viscous
diffusion are given by:

rc = α ν ( t + t 0 )
Vθ =

β⋅Γ

ν ( t + t0 )

[1]
[2]

where α and β are constants equal to 2.241 and 0.051 respectively (Hubbard (2004)).
These variations are also shown in figure 13a and b, where t0 and Γ have been selected to
match the experimental values of core radius and peak tangential velocity at x/c=1 in the
clean tunnel. The experimental data for each flow configuration displays a more rapid
growth in core radius than the theoretical case, yet a slower decrease in peak tangential
velocity. Similarly Devenport et al (1996) also observed a greater rate of growth in core
radius, although they attributed this to uncertainty in the ir wandering correction method,
whereas our data suggests this is a real flow phenomena. The slower rate of decrease of
the peak tangential velocity than the theoretical case may be due to the extra
complications present in the experiment, that is the gradual roll- up of the shear layer from
the trailing edge (which is likely to contain 50% of the circulation in the wake at the first
stream- wise position (Heyes et al (2003)); i.e. Γ does not remain constant with time.

6.0 Discussion and conclusions
This paper presents a method for correcting for the effects of unsteadiness in vortex wake
flows due to the phenomenon of vortex wandering. This permits the “true” mean velocity
field of the vortex to be determined. This is possible by interrogation of instantaneous
PIV vector fields and locating the position of the vortex numerically using a purpose
written algorithm. Knowledge of the instantaneous vortex position the n allows realignment of the velocity fields such that the centre positions are coincident. The method
has been tested using a Monte-Carlo simulation of PIV vector fields and the accuracy of
the corrected data was found to be dependent on the vector grid spacing, and limited by
the bi-linear interpolation method used when re-centring the data. For data representative
of that of the experiment the actual velocity profile of the vortex could be re-captured
with a 1.4% error in the peak tangential velocity.
Data was presented showing a linear decrease in wandering amplitude with increasing
vortex strength and it was demonstrated that fluctuations in the mean flow field,
characterised by the Reynolds stresses, were entirely due to wandering and that the
vortices in these cases were laminar in agreement with the findings of Devenport et al
(1996). Correction of the data by the method proposed by Devenport et al (1996) showed
good agreement of core radius and peak tangential velocity with those obtained with the
PIV method used herein. Probability density functions of vortex position showed this to
be uni- modal and of approximately Gaussian form an assumption which was implicit in
the Devenport method, although not confirmed by those authors.
Measurements of wande ring amplitude with stream-wise position in varying background
turbulence levels show that the former increases linearly with stream- wise distance with
growth rate decreasing with increasing initial turbulence levels. This finding suggests that
whilst wandering increases with stream-wise distance it also responds to the local
background turbulence levels. The present data does not permit any conclusion to be
drawn as to whether it is free stream turbulence which perturbs the vortex core or whether
it is turbulence in the shear layer rolling up around the core which is responsible. The
horizontal and vertical components of the wandering motion were found to be weekly
negatively correlated and increasingly so with stream- wise distance and vortex strength,
but the variation was not monotonic for any individual flow configurations and no further
conclusion have been drawn.
Corrected velocity profiles for one configuration showed a 41% increase in core radius
and a 20% decrease in peak tangential velocity over a stream-wise range of 21.9c. These
variations were shown to be approximately linear and the increase in core radius was
greater than that predicted for a Lamb-Oseen vortex undergoing viscous diffusion whilst
the decrease in peak tangential velocity was less, probably due to the roll up of the
surrounding wake.
The method presented herein has been demonstrated to be a effective for extracting
reliable data from vortex wake measurements and should be widely applicable to more
complicated flow configurations including turbulent vortices.
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Figure 1. Diagram illustrating vortex centre finding algorithm.
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Figure 2: rms error in centre position with varying grid spacing.

1

Vθ / Vθ max

0.8

0.6

0.4

0.2

0
0

0.5

1

1.5

2

r / rc
Original L-O vortex

0.05

0.25

0.5
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Figure 4. Cross-stream fluctuation energy after re-centring with varying grid spacing, ∆/rc.
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4
6
8
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Core radius r c (mm)
PIV reDevenport recentred
centred
4.0
4.0
4.0
4.1
4.2
4.4
-

Peak tangential velocity Vθmax (m/s)
Non rePIV reDevenport recentred
centred
centred
2.87
3.05
4.36
4.64
4.60
5.86
6.19
6.29
7.33
7.59
-

Table 1. Vortex core parameters for non re-centred and re-centred data.

α (degrees)
4
6
8
10

σy (mm)
0.97
0.97
1.05
0.93

PIV Method
σz (mm)
1.17
1.00
0.83
0.85

e
-0.29
-0.37
-0.18
-0.11

Devenport method
σy (mm)
σz (mm)
e
0.97
1.00
-0.37
1.05
0.83
-0.19
-

Table 2. Wandering amplitude data for PIV method and Devenport method.

Figure 6. Probability density plot of vortex position for α=8° case at x/c=22.9.
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Figure 8. Variation of wandering amplitude and correlation coefficient with vortex strength.
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Figure 9. Variation of turbulence intensity with stream-wise distance.
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Figure 10. Variation of wandering amplitude with stream-wise distance.
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Figure 11. Variation of correlation coefficient with stream-wise distance.
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Figure 12. Radial profiles of tangential velocity for 70mm chord wing with stream- wise distance in the clean
tunnel.
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Figure 13. (a) Variation of core radius with stream-wise distance. (b) Variation of peak tangential velocity
with stream-wise distance.

