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The initial roll-up of a tip vortex trailing from a model-scale, hovering rotor was measured
using particle image velocimetry. The unique feature of the measurements was that a mi-
croscope was attached to the camera to allow much higher spatial resolution than hitherto
possible. This also posed some unique challenges. In particular, the existing methodologies to
correct for aperiodicity in the tip vortex locations could not be easily extended to the present
measurements. The difficulty stemmed from the inability to accurately determine the vortex
center, which is a prerequisite for the correction procedure. A new method is proposed for
determining the vortex center, as well as the vortex core properties, using a least-squares fit
approach. This approach has the obvious advantage that the properties are derived from not
just a few points near the vortex core, but from a much larger area of flow measurements.
Results clearly demonstrate the advantage in the form of reduced variation in the estimated
core properties, and also the self-consistent results obtained using three different aperiodicity
correction methods.

Nomenclature

an, bn Constants
c Blade chord, mm
CT Rotor thrust coefficient
Lm Measurement window size, mm
r Radial distance from the vortex center, mm
rc Vortex core radius, mm
R Rotor radius, mm
[Rx], [Ry]Transformation matrices for rotational angles
u, v Velocity components along x- and y-axis, ms−1

uc, vc Vortex convection velocities, ms−1

Vθ Swirl velocity, ms−1

x, y, z Measurement coordinate system, mm
xc, yc Vortex center location, mm
Γv Vortex circulation, mm ms−1

θx, θy Vortex axis orientation angles, deg
µ Mean
σ Standard deviation
ψ Wake age, deg
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Introduction

A helicopter rotor wake is a complex, three-dimensional,
and inherently turbulent flow field. Advanced optical
measurement techniques such as Laser Doppler Velocime-
try (LDV) and Particle Image Velocimetry (PIV) have
been employed to accurately measure the wake flow field.
However, one key aspect of the rotor wake poses a unique
challenge for all ground-fixed measurement techniques.
Tip vortices trailing from both fixed- and rotary-wing
tips exhibit small random motion normal to the vor-
tex axis. This wandering motion is often referred to as
“aperiodicity” by the rotorcraft community, because the
motion represents the variation or scatter in the vortex
center location from one period (rotor revolution) to an-
other. Whatever the source of this aperiodicity, it is im-
portant to understand the movement of the vortex center
location because of its profound effect on the local blade
loading. Apart from this loading effect, the aperiodicity
also has a strong effect on the mean tip vortex proper-
ties estimated from the flow field measurements. The
aperiodicity introduces an artificial smearing effect when
averaging to obtain mean flow properties, resulting in a
larger apparent core size and a smaller peak swirl veloc-
ity. This smearing effect due to aperiodicity also occurs
with point measurement techniques such LDV and Hot-
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Wire Anemometry (HWA), see, e.g., Refs. 1–5. Further-
more, for such point measurement techniques separating
the velocity variations caused by turbulence and aperi-
odicity is difficult (Ref. 5).

To illustrate the effects of vortex aperiodicity, four in-
stances of tip vortex measurements are shown in Fig. 1.
The vortex core is seen as a data void because of the dif-
ficulty in seeding the flow in the core. With a fixed mea-
surement window, large variations in the vortex center
location are readily apparent. The circles represent the
approximate vortex core boundaries corresponding to the
local maxima in swirl velocity. When a number of such
individual images are averaged to obtain mean flow prop-
erties, the resulting flow field will be smeared because of
the aperiodicity or wandering of the vortex centers. This
is clearly seen in Fig. 2(a). The averaged flow field shows
a vortex that is larger in size with lower swirl velocity
than any of the instantaneous measurements.

A better approach for obtaining the mean flow charac-
teristics is to first align the instantaneous measurements
using their vortex centers. In this case, the averaging
does not produce the smearing effect. This is evident
from Fig. 2(b), where the averaged vortex looks nearly
the same size as the instantaneous measurements. This
is the central idea of the aperiodicity correction method
applied to PIV measurements.

For point measurement techniques like LDV or HWA,
such center alignment is not possible because measure-
ments are averaged at each point separately. In this case
a different correction techniques would be necessary. De-
venport et al. (Ref. 5) analyzed the effects of aperiodicity
on the measured vortex core properties using convolu-
tion of the Lamb-Oseen vortex model (Ref. 6, 7) with
an assumed Gaussian wandering motion. This results in
an apparent or measured core size that is larger than
the actual vortex core, similar to the larger core seen in
Fig. 2(a). The results of this analysis are shown in Fig. 3
in the form of ratios of measured to actual vortex core
radius and peak swirl velocity. This essentially gives a
correction factor that can be applied to the averaged flow
field, such as the one shown in Fig. 2(a). Leishman (Ref.
8) developed a similar numerical deconvolution proce-
dure that uses measured velocity profiles instead of an
assumed Lamb-Oseen vortex profile.

Simple averaging with such an analytical or numeri-
cal correction has been successfully applied to rotor tip
vortex measurements using LDV (Refs. 2, 3). Later PIV
measurements, however, did not employ this approach,
and only reached the obvious conclusion that the sim-
ple average (without any subsequent correction) does not
give a good estimate of vortex properties. It should be
noted that such correction is practical only when the
scatter in spatial location is less than one core diam-
eter, because for larger scatter the averaged flow field
does not even resemble the underlying vortex induced

flow. Instead, tip vortex PIV measurements used the
corrected average or conditional average, where instan-
taneous measurements were averaged after aligning their
respective vortex centers (Refs. 9–15).

Several criteria for determining the vortex center have
been used in the past and these include: node location
of maximum vorticity (Refs. 9–12), centroid of flow in-
variants like vorticity, λ2, Q-criterion (Refs. 14, 15), or
helicity (Ref. 14). Reference 15 showed improved accu-
racy in obtaining the vortex center using the convolution
of measurements with a discrete mask based on an as-
sumed vortex model. This approach was shown to reduce
scatter in the estimated vortex core properties.

Another approach only possible with PIV measure-
ments is to analyze the instantaneous vector fields it-
self to estimate the instantaneous vortex core properties.
Subsequently, hundreds of individual vortex core prop-
erties are then averaged to obtain mean values (Refs.
9, 12, 15). The obvious advantage of this method is
that it does not require computing an averaged flow field.
While Ref. 15 showed that it gave essentially the same
values of vortex core properties as the conditional aver-
age, results from Refs. 9 and 12 yielded different values
between these two methods.

To better understand these inconsistencies, it is essen-
tial to examine the different methods used for obtaining
the vortex core properties from the corrected average (or
even from the instantaneous) flow field. Initial PIV mea-
surements appeared to have followed their LDV/HWA
predecessors in using only horizontal and vertical cuts
through the vortex center to determine the vortex core
properties. This was done simply based on the locations
of peak swirl velocity in Refs. 9 and 13. Ref. 15 used a
planar curve-fit to obtain the vortex core properties.

The objective of the present study is to compare and
contrast the different approaches to aperiodicity correc-
tion together with the methods for estimating core prop-
erties using a single set of measurements. This paper de-
scribes the PIV measurements, the methodology for the
aperiodicity correction, results of applying the method-
ology to the measurements, and major conclusions.

Description of Experiment

The measurements used in the present study were per-
formed on a three-bladed model-scale rotor system with
a highly-twisted rotor blade that was similar to the XV-
15 blade. The blade had a radius or 656 mm and 49 mm
chord. Measurements at two thrust levels (CT = 0 and
CT = 0.0076) are used in the present study. For the
highly twisted rotor blade, the zero thrust case is of
interest because of the presence of a strong opposite-
spinning tip vortex. A schematic of the experimental
setup is shown in Fig. 4 and further details can be found
in Ref. 16.
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Fig. 1. Four instances of measured flow field exhibiting aperiodicity in rotor tip vortices. Velocity vectors are

colored using the velocity magnitude.

(a) Simple average of measured flow fields (b) Flow fields averaged with centers aligned

Fig. 2. Effects of tip vortex aperiodicity in the averaged flow field
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by Devenport et al. (Ref. 5)
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Fig. 4. Schematic of the experimental setup

The unique feature of these PIV measurements was
that the camera was fitted with a microscope that en-
abled a field of view as small as 24×18 mm. As a result,
very high resolution measurements were possible with
18–27 independent measurement points along one vortex
core diameter. With 50% overlap, as used in the present
study, this corresponded to 36 vectors across the vortex
diameter at the earliest measured wake age (4◦) and 54
vectors at the oldest wake age (15◦). A high signal-to-
noise (SNR≥ 2) was specified resulting in only a few, but
statistically valid, measurements inside the vortex core.

A comparison of the resolution with some previous tip
vortex measurements is shown in Table 1. Similar to the
Table 1 in Ref. 15, the ratio of measurement window to
the core radius, Lm/rc is calculated assuming a 0.05 c
core radius rather than the actual value.

Methodology

Tip vortex aperiodicity correction methods can be clas-
sified into three categories: the simple average (SA), the
corrected average or conditional average (CA), and the

Table 1. Tip vortex measurements resolution
Experiment Lm/rc Independent points

within core diameter
UMD (Ref. 14) 0.22 8–18
TRAM (Ref. 9) 1.83 3–6

HART-II (Ref. 15) 0.51 3–5
Present work 0.08 18-27

individual average (IA). Figure 5 shows these three meth-
ods, and identifies key steps involved in each. The com-
mon step in each method is the determination of vortex
core properties from either the averaged or the instan-
taneous flow field. For the CA method, the vortex cen-
ter for each individual measurement must be determined
prior to determining the vortex core properties from the
averaged flow field. In fact, it is suggested that the accu-
rate estimation of the vortex center is necessary for the
accurate estimation of the vortex core properties (Ref.
15).

Vortex Center

The most common methods to calculate the vortex center
from measured flow field, as mentioned earlier, are based
on the centroid of flow invariant property like vorticity,
λ2, Q-criterion, etc. Ideally the vortex center defined by
any of these criteria would be the same. However, in real-
ity the vortex center estimates do not always agree (Ref.
12, 15, 17). One short-coming of all of these approaches
is that they rely mostly on measurements near the vortex
core where reliable measurements are difficult to make.
This is because of the difficulties in getting enough seed in
the vortex core (Ref. 18) together with higher variations
in velocity due to turbulence. As a result the measure-
ments near the vortex core have a lower confidence level,
and contribute to errors in the estimated vortex center
location. Eliminating the measurements with low confi-
dence levels simply results in a data void near the vortex
center. In the present measurements, the strict signal-
to-noise ratio limits imposed on the PIV data resulted in
a data void region, which was often as big as the vortex
core itself (see Fig. 1).

PIV processing software often fills such data voids us-
ing interpolated values from surrounding measurements.
As the velocity inside the vortex core is almost linear,
this interpolation may not be a problem. However, if the
void is not symmetric then the interpolated values may
introduce errors in calculating the vortex center. This
is shown in Fig. 6 using tip vortex measurements at two
different instances. The white circle represents the core
that is visually identified based on maximum swirl veloc-
ity, with its center being shown by the cross. The vortex
centers identified using centroid of vorticity, Q-criterion
and λ2 are shown using circle, square and triangle, re-
spectively. For an axisymmetric vector void, as seen in
Fig. 6(a), the centers estimated from all three quanti-
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Fig. 5. Tip vortex aperiodicity correction methods

ties agree with each other. However, when the void is
asymmetric the centers determined by different methods
vary significantly, and are offset from the actual center
away from the void as seen in Fig. 6(b). Clearly, devis-
ing a method that is not affected by such a void near the
vortex core is necessary.

The convolution approach used in Ref. 15 showed im-
proved accuracy in estimating the vortex center. Al-
though the measurements reported in Ref. 15 did not
show a data void near the center, the approach definitely
demonstrated the benefit of using a larger measured flow
field rather than only a few measurement points inside
the vortex core. Subsequently, a curve fit to the mea-
surement plane was made to determine the vortex core
properties based on the Vatistas vortex model (Ref. 19).
The present method combines these two approaches into
a least-squares fit to the entire measurement plane (all
velocity data) to obtain not just the vortex core proper-
ties, but also the vortex center and the vortex convection
velocity. Note that maximizing the convolution of mea-
surements with an assumed distribution is, in principle,
similar to a least-squares fit where the difference between
the measurements and an assumed distribution is mini-
mized.

Least-Squares Fit with a Vortex Model

The present approach is based on a least-squares fit of the
measured velocities to those given by an assumed vortex
model. In general, the measurement plane is not normal
to the vortex axis. Therefore, the vortex axis orientation
relative to the measurement plane must be taken into
account to correctly identify the vortex core properties.
A transformation is required between the measurement
coordinate system (x, y, z) and the vortex coordinate sys-
tem, (xv, yv, zv). The vortex axis is aligned with the zv-
axis and positive circulation, Γv, is defined by the right-
hand-rule. In the present analysis only a swirl velocity
model is used and is defined as a function of the radial

(a) Axisymmetric data void

(b) Asymmetric data void

Fig. 6. Variation in the vortex center based on various

vortex properties with (a) Axisymmetric data void,

and (b) Asymmetric data void; • corresponds to the

centroid of vorticity, � to Q-criterion, and I to λ2.

distance, rv, from the vortex center, along with a core
radius, rc, and the vortex circulation, Γv.

The center of the vortex (xc, yc) is defined in the mea-
surement coordinates, (x, y, z). The vortex convection
velocity or background velocity is represented by (uc, vc),
also in the measurement coordinates. Two rotation an-
gles are required to transform from the measurement co-
ordinates to the vortex coordinates. This is schemati-
cally shown in Fig. 7 where the PIV measurement win-
dow shown earlier in Fig. 4 is shown along with the mea-
surement and vortex coordinates. A first rotation of θy
around the y-axis results in an intermediate coordinates
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(x1, y1, z1) and a subsequent rotation θx around the x1-
axis gives the vortex coordinates. The transformation
matrices are given by

Ry =

 cos θy 0 − sin θy
0 1 0

sin θy 0 cos θy

 (1)

Rx =

 1 0 0
0 cos θx sin θx
0 − sin θx cos θx

 (2)

The transformation from the measurement coordinates
to the vortex coordinates is then given by xv

yv
zv

 = [Rx] [Ry]

 x− xc
y − yc
z

 (3)

The vortex swirl velocity is transformed to the Cartesian
vortex coordinates as

uv = −Vθ sin θ = −Vθ
xv
rv

vv = Vθ cos θ = Vθ
yv
rv

(4)

These velocities are then transformed back to the mea-
surement coordinates using the inverse transform. The
resulting vortex function is given by

f (rc,Γv, xc, yc, uc, vc, θx, θy) =

Vθ (rv, rc,Γv) [Ry]T [Rx]T


−xv
ryv
r
0

+

 uc
vc
0

 (5)

where the distance from the vortex center is

rv =
√
x2
v + y2

v (6)

Rotor coordinates

Vortex 

vc

Vortex 

Measurement coordinates

uc

vz

vr

Vθ=Ωr
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z
r

w

Vortex 

axis
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Fig. 8. Inclination of vortex axis included through

vortex convection velocities

The least-squares fit uses the above func-
tion with the eight independent variables, viz.
rc,Γv, xc, yc, uc, vc, θx, θy, to obtain the best match
with measured velocities, least error between the
measurements and the fit.

A simpler special case of this least-squares fit is pos-
sible for the present measurements because the measure-
ment plane coincides with a constant-azimuth, r−z plane
in the blade-fixed coordinate system – see Fig. 8. As the
vortices convect with the local flow velocity (the cen-
tral premise of all free vortex wake methods), the vortex
trajectory and the orientation of the vortex axis is de-
termined by the local flow vector. In blade-fixed coor-
dinates, at any point in space there is an apparent flow
velocity of vθ = Ωr. As the measurement plane coin-
cides with the r − z plane, this velocity contributes to
the z-component of velocity in the measurement plane.
Therefore, the orientation angles can be readily expressed
in terms of the vortex convection velocity components
(uc, vc,Ωr) as

θy = arctan
(
− uc

Ωr

)
θx = arctan

(
vc√

Ω2r2 + u2
c

)
(7)

This simplification results in a least-squares fit with only
six independent parameters, viz. rc,Γv, xc, yc, uc, vc.

Effect of measurement window size

To ensure that the least-squares fit method provides re-
sults independent of the choice of the window size, data
was analyzed using a series of increasing subsets of mea-
surements centered around the vortex. The subset size
was varied from 80× 80 to 240× 240 nodes (i.e., approx-
imately 8 × 8 mm to 24 × 24 mm) as shown in Fig. 9.
The rotor induced velocity field varies significantly along
both the radial and axial directions. The least-squares fit
assumes a constant background velocity (or vortex con-
vection velocity), and the measurement subset must be
small to justify this assumption. On the other hand, the
subset must be large enough compared to the vortex core

6



Fig. 9. Data subsets of various size centered around

the vortex used in the least-squares fit. CT = 0.0076,

ψ = 4 deg.

to ensure that all the vortex circulation is considered.
These contradicting requirements are met relatively eas-
ily when using least-squares function fit approach.

At early wake ages the inner wake sheet is present in
close proximity to the tip vortex, and a small enough
window should be chosen to eliminate its influence on
the result. This is evident in Fig. 9 where a measured
PIV flow field is shown as velocity vectors colored by
the vorticity. The inner wake sheet is clearly evident.
More and more of the inner wake sheet is included in the
least-squares fit with increasing subset. To eliminate the
effects of such extraneous flow features on the estimated
vortex core properties, the individual measurements that
showed a difference of greater than 2% in vortex circu-
lation between the largest three window sizes were not
included in the analysis. Only about 2–3% of the mea-
surements did not meet this window-size independence
criterion.

Vortex Profile Model

To perform a least-squares fit to the function f as de-
fined above, a suitable vortex velocity profile model for
swirl velocity distribution must be chosen. The choice
of this model is important because the resulting vortex
core properties may well be biased by the choice. Several
vortex profile models are available in the literature, and
the initial choices used in the present study are based
on solutions to the Navier-Stokes equations with varying
levels of simplifying assumptions. These models include
a potential vortex (or Rankine vortex) where all the cir-
culation is contained inside the vortex core, a laminar
Lamb-Oseen vortex (Ref. 6, 7) where about 70% circu-
lation is contained in the core, a fully turbulent model
by Iversen (Ref. 20) where only about 40% circulation
is contained in the core, as well as a transitional model
proposed by Ramasamy and Leishman (Ref. 21) which is
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Fig. 10. The vortex center locations estimated using

three vortex models. CT = 0.0076, ψ = 4 deg and 15 deg.

in between the laminar and the fully turbulent models.
The Lamb-Oseen model is given by

Vθ =
Γv
2πr

(
1− exp

(
−α (r/rc)

2
))

(8)

where α = 1.25643. The Iversen and the transitional
models are not closed-form solutions but are formulated
as solutions to an ordinary differential equation. Refer-
ence 22 presents an approach to approximately represent
these models as a weighted average of three Lamb-Oseen
type vortex profiles with different core radii, i.e.,

Vθ (r, rc,Γv) =
Γv
2πr

[
1−

3∑
n=1

an exp(−bn (r/rc)
2)
]

(9)

with
3∑

n=1

an = 1.

Figure 10 shows the vortex centers identified using the
three vortex models (laminar, transitional and turbulent)
for two vortex ages (ψ = 4◦, 14◦). The younger vortex
on the left shows smaller aperiodicity (variation in the lo-
cation) while the slightly older vortex on the right shows
larger aperiodicity. However, in both cases the centers
identified using all three models are almost identical. Al-
though surprising, this is not totally unexpected because
these vortex models differ only in a region close to the
center. Away from the center all models exhibit essen-
tially the same behavior, and can correctly identify the
center of rotation of the flow. This can be seen even more
clearly by looking at velocity and circulation distribution
given by these models.

Figure 11a and b show the measured swirl velocity
and circulation distribution along horizontal and vertical
cuts through the vortex centers after subtracting uc and
vc (laminar model used here). Profiles from the laminar,
transitional and turbulent vortex models, as well as the
potential vortex and the Rankine vortex model are also
shown. As mentioned earlier, the ratio of the core circu-
lation to the total vortex circulation is different for each
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of these models. As a result, the core radius and the
peak swirl velocity estimated from these models are also
different. The Rankine vortex gives the largest core ra-
dius with the laminar, transitional and turbulent models
showing progressively smaller core radius.

More importantly, it appears as though all the mod-
els are under-predicting the measured peak swirl velocity.
Remember, the measurements shown here are just from
horizontal and vertical cuts, but the curve fit is made
to the entire PIV plane. This means that there must
be several other cuts through the center of the vortex
(other than horizontal and vertical) that must be pro-
viding lower values of peak swirl velocity. Figure 11 is
shown only to compare the capability of the models to
identify the center of the vortex and not to evaluate their
abilities to estimate the core properties.

The vortex core properties are clearly influenced by
the choice of the vortex model. However, from Fig. 10,
it is important to note that the center identification is
independent of the choice of the vortex model used in
the curve fitting algorithm.

The Iversen model (Ref. 20) as well as the transitional
model (Ref. 21) change with vortex Reynolds number and
it would be possible to adapt either of these models based
on the vortex Reynolds number estimated using the least-
squares fit. The present measurements were performed
on a small-scale rotor at very early wake ages. Therefore,
the vortex was more or less laminar, and the measured
velocity profiles closely resembled the Lamb-Oseen vor-
tex. Even the Iversen and transitional models for the
low vortex Reynolds number for the present experiments
were almost the same as the laminar model. Therefore,
Lamb-Oseen model was used for all further analyses in
this paper.

Conditional Average

The individual measurements are aligned using the vor-
tex center locations as determined above and then aver-
aged to obtain a mean flow field. In general, the vortex
center does not lie on a measurement grid node and align-
ment requires re-meshing and interpolation of the mea-
sured data. When the grid spacing is a relatively large
fraction of the vortex core radius, interpolation must be
used (see, e.g., Ref. 15). If the grid spacing is a small frac-
tion of the core radius then the individual measurements
can be aligned simply using the grid node closest to the
vortex center. This results in a residual aperiodicity in
the measurements, which is less than half the diagonal
grid spacing. In the present study, the measurement grid
spacing was less than 5% of the core radius. Therefore,
using the grid node closest to vortex center resulted in a
very small residual aperiodicity (see Fig. 12) in the av-
eraged measurements. Based on analysis by Devenport
et al. (Ref. 5) this would result in less than 0.1% error

(a) Vortex swirl velocity
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Fig. 11. Measured swirl velocity and circulation dis-

tributions along horizontal and vertical cuts through

the vortex center. Different vortex models are also

shown for comparison. CT = 0.0, ψ = 4 deg.

in the measured peak swirl velocity and the core radius.
Therefore, alignment based on the grid node closest the
vortex center was followed in the present work.

Swirl velocity and circulation profiles along horizon-
tal and vertical cuts through the vortex center from the
corrected average are shown in Fig. 13(a) and (b), re-
spectively, along with similar cuts from all individual
measurements. In this case only the vortex center ob-
tained from the least-squares fit is used. The vortex core
properties are obtained from the horizontal/vertical cuts
based on the measured peak swirl velocities, identified
in the figure using solid black circles. The core radius
is given by half the distance between the two peaks, the
peak swirl velocity is given by the half peak-to-peak ve-
locity, while the vortex convection velocity is given by the
average of the two peaks. This estimation of core proper-
ties using line cuts may be rooted in earlier measurement
techniques like LDV/HWA. However, using only two cuts
through the vortex center is a gross under-utilization of
planar PIV data. Having obtained measurements over
an entire grid, only four points from the averaged mea-
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surement are used to determine vortex core properties.

Figure 13(b) shows the same measurements in terms
of circulation profile. In this case the red symbols show
the cuts through individual measurements, but with the
convection velocity also obtained from the least-squares
fit. This small additional information noticeably reduces
the scatter in the data and highlights the benefits of using
more measured data through the least-squares fit. The
advantage of using all the measured PIV data was first
identified in Ref. 15 where a fit to the Vatistas (Ref.
19) model was used to obtain the core properties. The
obvious next step would be to not only identify the vortex
center and convection velocity, but also the vortex core
properties from the least-squares fit using the plane fit.

Individual Average

The advantage of the least-squares fit is that it readily
provides estimates of the core properties along with the
vortex center location. This makes the individual aver-
age a simple next step where the core properties obtained
from the individual measurements are averaged to give
mean vortex core properties. This is shown in Fig. 14
in the form of normalized standard deviation of the es-
timated individual core properties. Similar variations
reported in previous work are also shown for compari-
son along with the normalized vortex aperiodicity mag-
nitude. The differences in the variation in calculated vor-
tex properties between these different works can be at-
tributed to two key differences: differences in obtaining
the vortex center and differences in obtaining the vortex
core properties.

Using a curve fit to determine the vortex center pro-
vided the least scatter in the estimated vortex proper-
ties, as seen from both the present work as well as the
HART II results in Ref. 15. After the vortex center was

(a) Vortex swirl velocity
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Fig. 13. Measured swirl velocity and circulation dis-

tributions along horizontal and vertical cuts through

the vortex center for both the instantaneous and the

corrected average flow fields, CT = 0.0, ψ = 4 deg.

determined, Ref. 13 used only the peak swirl velocity
along a one-sided cut through the vortex center to deter-
mine the core size. Ref. 9 used half peak-to-peak swirl
velocity along a symmetric cut through the vortex center.
Ref. 15 used a curve-fit similar to the present work. Com-
parison of the results from these three works suggests
that the curve-fit is a better approach for determining
the vortex core properties. To examine this further, the
vortex core properties from the present measurements
were estimated using these three methods. The results
are shown in Fig. 15. All three results used the least-
squares curve fit to determine the vortex centers. The
results strongly suggest that using a curve-fit based ap-
proach is superior than using only the locations of the
peak swirl velocities to determine the vortex core prop-
erties.

Even while using just the peak swirl velocity locations
to determine core properties, using a curve-fit based ap-
proach to determine the vortex center gives improved re-
sults. This is clearly evident from the reduced scatter in
vortex core properties for the present measurements de-
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Fig. 15. Normalized variation in the vortex core

properties obtained using different methods for the

present measurements using individual average, CT =

0.0076, ψ = 4 deg.

termined from peak swirl velocity and half peak-to-peak
swirl velocities as compared to Refs. 13 and 9, respec-
tively.

To further illustrate the advantage of the least-squares
fit over simply using the peak swirl velocity from cuts
through the vortex center, two sample individual mea-
sured velocity profiles are shown in Fig. 16. Measure-
ments along a cut through the vortex center are shown
along with the velocity profile given by the least-squares
fit to the entire measurement plane. In the first case,
shown in Fig. 16(a), there is an asymmetric void near
the vortex core. As a result, the core properties obtained
from the peak swirl velocity along the line cut through
the vortex is highly inaccurate. Note that in this case,
even though the center was accurately determined based
on the least-squares fit the core properties based on a
line cut are still inaccurate, unless the estimated values
from the curve fit are used. In Fig. 16b, there is one
outlier present near the vortex center and this gives a

(a) Asymmetric void
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(b) Spurious vector
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Fig. 16. Examples showing the advantages of the

least-squares fit in the presence of: (a) Asymmetric

void, and (b) Spurious measurements. CT = 0.0076,

ψ = 4 deg.

incorrectly large peak swirl velocity and a smaller core
radius. The least-squares approach is not unduly biased
because of this one outlier and can correctly estimate
the vortex core properties. These two extreme examples
demonstrate the reasons why previous work found very
large variation in the core properties obtained from indi-
vidual measurements (Ref. 9, 12).

The comparison of the results obtained using all three
aperiodicity correction methods is shown in Fig. 17 in
the form of swirl velocity distribution. Measurements ob-
tained by making several cuts across the vortex from the
corrected or conditional average (CA) flow field are also
shown. Only data points with at least 50% samples are
presented in the CA results. The plot also includes hor-
izontal and vertical cuts from CA flow field, separately.
The simple average (SA) results are corrected in a man-
ner similar to Devenport et al. (Ref. 5) to give a smaller
core radius but the same total vortex circulation. The
individual average (IA) results are based on average of
core radius and circulation obtained from all individual
measurements using the least-squares approach. Two key
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observations can be made here. First, all three aperiod-
icity correction methods give the same results. Second,
as expected, using a horizontal or vertical cut (or their
average) may not provide accurate results even when us-
ing corrected average flow field. In this case, the peak
swirl velocity obtained through the vertical cut lies on
the far end of the scatter spectrum and can be seen to
be farthest from the mean value.

Example Results

Figure 18 shows all six vortex properties obtained from
the least-squares fit for the CT = 0 case at a young wake
age of approximately 4 degree (just behind the trailing
edge). The vortex properties for all individual measure-
ments are shown along with the mean properties obtained
using the three aperiodicity correction methods. The
CA and SA results are obtained by averaging all mea-
surements, with and without aligning the vortex centers,
respectively, and then obtaining the core properties. The
vortex core size obtained using SA is also corrected using
the analytical correction given by Devenport et al. (Ref.
5). Note that the vortex aperiodicity results in a larger
apparent core radius and a small apparent peak swirl
velocity, but the total vortex circulation (away from the
core) remains unaffected. The scatter plot show the prop-
erties obtained using the least-squares fit for each indi-
vidual measurement. The IA result is simply the mean of
these individual results and is shown with one standard
deviation.

In the present study the PIV measurement grid spac-
ing was about 0.1 mm; Fig. 18a shows the standard-
deviation in the vortex core radius is about half of one
grid spacing. The circulation is negative because the tip
vortex is rotating in a clockwise direction (opposite to
the conventional counter-clockwise direction) for a neg-
atively loaded tip. The vortex center locations show a
larger scatter in the vertical (y) direction compared to

the radial (x) direction. The vortex convection velocities
are radially inward and axially upward, and these result
in a small deviation in the vortex axis away from the
normal to the measurement plane. The least-squares fit
already corrects for this orientation.

Figures 19 and 20 show the core radius and the vortex
circulation for CT = 0.0076 at two wake ages: one at
4 degrees and one at 15 degrees. The core radius increases
by about 50% between these early vortex ages whereas
the total circulation only increased slightly suggesting
that the vortex roll-up is nearly complete.

In all cases, the SA method gives a larger vortex core
radius while the CA and IA methods closely agree with
each other. Inclusion of a simple correction based on
Devenport et al. (Ref. 5) approach in the SA result for
the core radius makes it agree with the CA and IA re-
sults. All three results for other vortex parameters agree
very closely with each other, i.e., they are all within one
standard deviation of the mean IA result. This strongly
suggest that all three methods for aperiodicity correction
are equally valid and give consistently accurate results
when applied carefully.

Concluding Remarks

Three methods for aperiodicity correction were applied
to microscopic PIV measurements in the wake of a hover-
ing model scale rotor. The present approach was based
on a least-squares fit of the measurements to a model
vortex flow field. The approach was employed in three
aperiodicity correction methods: the simple average, the
corrected average or conditional average, and the indi-
vidual average. All three methods were shown to give
good estimates for the vortex core properties, and were
consistent with each other. Specific conclusions are sum-
marized below.

1. Accurate determination of the vortex center loca-
tion is essential to the corrected or conditional av-
erage method for aperiodicity correction. The least-
squares fit was shown to give accurate vortex center
location even in the presence of an asymmetric seed
void. Most importantly, the vortex center location
was shown to be independent of the underlying vor-
tex model used in the fit.

2. The background velocity was assumed to be con-
stant within a measurement window and equal to
the vortex convection velocity. The size of the mea-
surement window was varied to ensure that the vor-
tex core properties did not change with window size.
The vortex convection velocity is influenced by the
inclination of the measurement plane with respect to
the vortex axis; this was included in the formulation
before determining the vortex core properties.
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(c) Vortex center, xc
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(e) Vortex convection/orientation, uc, θ2
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(b) Vortex circulation, Γv
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(d) Vortex center, yc
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(f) Vortex convection/orientation, vc, θ2
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Fig. 18. Vortex core properties obtained using the least-squares fit, CT = 0.0, ψ = 4 deg.

3. The vortex core properties were also obtained from
the least-squares fit rather than using a few linear
cuts through the vortex center. This ensured that
most of the measured data contributed towards the
vortex core properties instead of only a few points
along the line cuts that resulted in more accurate
estimation of these properties. Unlike line cuts, the
present approach was not adversely affected by the
lack of valid velocity vectors at the core boundary or

by the presence of spurious vectors within the vortex
core.

4. Even the simple average gave a good estimation of
vortex core properties provided the core radius and
peak swirl velocities were corrected using the inverse
convolution of Davenport et al.. The mean vortex
core properties estimated from all three aperiodic-
ity correction methods (SA with Davenport correc-
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(b) Vortex circulation
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Fig. 19. Vortex core radius and vortex circulation for

100 individual measurements, CT = 0.0076, ψ = 4 deg.

tion, CA and IA) were self-consistent and well within
one standard deviation of the individual measure-
ments. Especially, the measured core size from all
three methods was within the measurement resolu-
tion.
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