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An experiment was conducted to identify and measure the sources of uncertainty that are associated with the

application of particle image velocimetry to the measurement of the vortical wakes trailing from helicopter rotor

blades. Phase-resolved, three-component particle image velocimetrymeasurements were performed in the wake of a

subscale rotor operating in hover, and were compared with high-resolution three-component laser Doppler

velocimetrymeasurements obtainedwith the same rotor under identical operating conditions. This helped formulate

the essential experimental conditions that need to be satisfied for particle image velocimetry to accurately resolve the

high-velocity gradient, high streamline curvature flows that are present inside the rotor wake and in the blade tip

vortices. Uncertainties associated with the calibration, acquisition, and processing of the particle image velocimetry

images were analyzed in detail. It was shown that the optimization of laser pulse separation time is fundamental to

reduce the errors associated with acceleration and curvature effects. Similarly, the interrogation window size was

shown to play a critical role in determining the velocity gradient bias errors. The correlation between the laser

Doppler velocimetry and particle image velocimetry measurements of the tip vortex characteristics, such as core

radius and peak swirl velocity, were found to be excellent.

Nomenclature

A = acceleration, m=s2

CT = rotor thrust coefficient, �T=���2R4

c = chord of the rotor blade, m
di = image distance, m
do = object distance, m
dp = seed particle size, �m
d� = particle image size, �m
Lm = measurement volume
l = length of a velocity vector
M = magnification
N = number of points used in the estimation of �
Nb = number of blades
R = radius of the rotor blade
r = nondimensional radial coordinate
rc = core radius of the tip vortex, m
T = rotor thrust, N
V = absolute three-dimensional velocity, m=s
Vnorm = normalized tip velocity, �V�max=Vtip

Vtip = tip velocity of the rotor blade, ��R, m=s
V�, Vr, Vaxial = swirl, radial, and axial velocity components of

tip vortex, respectively, m=s
X, Y = locations in the camera coordinate system
XP, YP = projected length of the calibration target as seen

by the camera
x, y, z = locations in the object/fluid coordinate system
�, � = inclination of the calibration target with respect

to x and y axes
�R = absolute displacement, m
�S = original distance traveled by the seed particle, m
�t = pulse separation time, �s

�X, �Y = displacement in the camera coordinate system,
pixels

�x, �y, �z = displacement in the fluid coordinate system, m
	x, 	y, 	z = uncertainty in the estimation of x, y, and z, m

 = absolute error

b = bias error
� = wavelength of the laser light, nm
�i = induced velocity, m=s
� = density of air, kg=m3

� = standard deviation
�e = rotor solidity,�Nbc=�R
� = rotor rotational frequency, Hz

I. Introduction

D EVELOPING a comprehensive knowledge of the evolutional
characteristics of thewakes trailing fromhelicopter rotor blades

is essential for developing strategies aimed at reducing adverse
wake-induced effects, such as blade vortex interaction noise, rotor
vibration levels, unsteady blade airloads, and rotor wake airframe
interactions. A considerable amount of experimental research has
been conducted over the last several decades toward this objective
[1–6]. These measurements have been made at different facilities,
with different rotors at different rotor operating conditions, and using
different measurement techniques [1,2,5,7–11]. Therefore, it
becomes imperative to understand the measurement uncertainties
associated with each type of experiment if the goal is ultimately to
understand accurately the rotor flow physics. The analysis of
measurement uncertainty is also essential when the various
measurements are used for validating computational predictions,
which are now reaching unprecedented levels of capability.
Furthermore, the application of semi-empirically developed rotor
wake and vortex models [9] in comprehensive predictive analyses
means that any measurement uncertainty always directly propagates
into the rotor loads and performance predictions [12], and this is of
continuing concern in attempts to improve helicopter performance.

Different measurement techniques have been employed to
understand the formation and evolution of the blade tip vortices and
the associated wake structures trailing from helicopter rotor blades.
For example, intrusive techniques such as hot wire anemometry
(HWA) have been used for measuring the flowfields of both full-
scale [1,10] and subscale helicopter rotors [13,14]. The biggest
problem encountered in using HWA for rotor wake measurements,
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however, is spatial proximity concerns to the rotor blades, which
prevents measurements of young, newly created tip vortices. HWA
also suffers from directional flow ambiguity. Furthermore, the lower
spatial resolution of HWA is known to be insufficient to resolve the
high-velocity gradients inside rotor blade tip vortices [12].

The application of optical flow measurement techniques such as
laser Doppler velocimetry (LDV) and particle image velocimetry
(PIV) has gained much popularity for rotor wake studies because of
their nonintrusive nature (except for seeding the flow) inmeasuring a
given flowfield. One-component (1-C), two-component (2-C), and
three-component (3-C) LDV measurements have been successfully
made [3,15,16]. The biggest advantage of LDV is its high spatial
resolution (�80 �m) when operated in 3-C coincidence mode,
which allows the high-velocity gradients inside the vortex cores to be
measured very accurately [3]. Higher spatial resolution also means
that the minimum measurable flow structure length scale is smaller.
However, LDV is a point-by-point measurement technique that
requires a substantial amount of time to map out a given flowfield,
especially inside a rotor wake. This shortcoming is, however, mostly
overcome by the use of PIV,whichmeasures the velocity in a plane at
a given instant of time. Several studies have been performed with
PIV to understand the process of making accurate flowfield
measurements [17–20], but not previously for the rotor wake
environment. It is to this end that the present work is directed.

PIV is a nonintrusive experimental technique, which allows the
instantaneous 2-C or 3-C measurement of a planar flowfield by
imaging the scattered light from small particles in the flow that are
illuminated by a laser sheet. The acquired images are divided into
small interrogation regions (called interrogation windows), which
are statistically analyzed to produce a correlation peak that represents
the magnitude of the particle displacement within the interrogation
region. Similar displacements that are estimated through all of the
interrogated regions enable the development of a velocity vectormap
over the entire region of interest. Even though (in principle) PIV
consumes a much shorter testing time than LDV to resolve a given
flowfield, it has suffered from relatively poor spatial resolution
compared to LDV. This has limited its application to rotor wake
flows in general, and for vortexflowmeasurements in particular [21].
The importance of spatial resolution was demonstrated by Martin
et al. [12]. It was shown that a measurement technique that had poor
spatial resolution [22] yielded a nonphysical result, whereas that with
good spatial resolution yielded sufficiently accurate measurements
[3]. Thanks to the recent improvements in optics and electronics,
higher resolution digital cameras can now give spatial resolutions in
the flow comparable to those of 3-C LDV, and can be employed for
successfully making measurements inside a rotor wake.

However, understanding the uncertainties associated with any
measurement technique is critical for interpreting the measurements
accurately. Even though LDV and PIV are nonintrusive to the
flowfield (except for the seed particles), both techniques contain
various similar yet different types of measurement uncertainties,
which can have substantial effects on the resulting flow
measurements. A detailed analysis of the uncertainties in LDV for
measuring vortex flows was made by Martin et al. [12]. No similar
analysis has yet been undertaken for the application of PIV to the
same (or similar) types of flows. Most of the existing PIV literature
examines the uncertainty associated with the spatial aperiodicity of
the tip vortices, and in developing procedures to correct for it (for
example, the conditional averaging corrections of McAlister [4] and
Van der Wall et al. [23,24]). This uncertainty is significant while
estimating the mean velocity from a sequence of phase-locked
instantaneous velocity flowfields. However, no uncertainty analysis
has been previously made for measuring the instantaneous velocity
vector field. Such an analysis is essential, especially in the high-
velocity gradient streamline curvature flows produced in rotor wakes
and, in particular, by the rotor blade tip vortices [12].

In the present study, an experiment was conducted to identify and
measure the sources of uncertainty associated with the application of
3-C PIV for measuring the flowfield of a helicopter rotor. Such an
analysis helps to formulate general criteria that need to be satisfied for
the successful application of PIV to rotor wake flows. The PIV

measurements were compared with high-resolution 3-C LDV
measurements of the same flow.

II. Experimental Setup of Rotor Facility

Asingle bladed rotor operated in the hovering statewas used for all
flow measurements. The rotor blade used in the experiment was of
rectangular planform, untwisted,with a radius of 406mm (16 in.) and
chord of 44.5 mm (1.752 in.), and was balanced with a
counterweight. The blade airfoil section was the NACA 2415
throughout. The rotor tip speed �R was 89:28 m=s (292:91 ft=s),
giving a blade tip Mach number and tip chord Reynolds number of
0.26 and 272,000, respectively. All the tests were made at an
effective blade loading of CT=�e � 0:064 using a collective pitch
angle of 4.5 deg (measured from the chord line); the zero-lift angle of
the NACA 2415 airfoil is approximately�2 deg at the tip Reynolds
number. During these tests, the rotor rotational frequency was set to
35 Hz (�� 70� rad=s).

The flow at the rotor was seeded with a thermally produced
mineral oil fog. The average size of the seed particles (0.2 to 0:22 �m
in diameter) was small enough to minimize the particle tracking
errors for the vortex strengths found in these experiments [25]. The
fundamental requirement of seed particles to track the flow and their
influence on the PIV image processing will be discussed later. The
entire test area was uniformly seeded before each sequence of
measurements, and the fog density was replenished as needed.

The PIV system included dual pulsed Nd:YAG lasers (with a
wavelength of 532 nm and capable of firing up to 15 Hz) that
operated in phase synchronization with the rotor, a pair of digital
charge-coupled device (CCD) cameras (Powerview Plus cameras
with 12-bit resolution) with 2 megapixel resolution placed on the
same side of the light sheet, a high-speed digital frame grabber, and
analysis software (TSI-InSight3G). The cameras were placed at
20 deg from themidpoint of the region of focus (ROF) and satisfy the
Scheimpflug criteria to have uniform focus across the entire region of
interest. A schematic of the experimental setup is shown in Fig. 1.
The two lasers were fired with 110 mJ energy per pulse, and at a
default pulse separation time of 1 �s. This corresponds to less than
0.01 deg of blade motion. Over 100 images were captured at each
wake age and were phase averaged to estimate the mean flow
velocities.

III. Principle of Operation

The PIV technique measures the instantaneous velocity in the
flowfield based on the expression

V �M�R

�t
(1)

where�R is the displacement of the seed particles over a given pulse
separation time �t, andM is the image magnification given by

Fig. 1 Schematic of the current experimental setup.
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M� h

H
� di
do

(2)

Here, h and H are the image and the object size, respectively. The
magnification can also be defined as the ratio of the image distance di
to the object distance do as shown in Fig. 2. In the case of a digital
CCD camera, this is the ratio of the sensor size to the object size.
Equation (1) shows the fundamental steps involved in performing
PIV measurements in any given flowfield: 1) calibration for
estimating the magnification involved in the process; 2) image
acquisition for estimating the displacement of seed particles in the
region of focus of the flow; and 3) image processing to calculate the
flow velocity.

In the present study, the stereo calibration for 3-C flowfield
measurements was performed using a dual plane, double-sided
calibration target that is black in the background with white markers
—see Fig. 3. The target has two planes of marker points such that the
alternate markers are in different planes. The planes are separated by
1 mm. The target is placed in such a way that the two marker planes
are on either side of the laser light sheet. A fiducial point in the center
acts as the reference or origin of the PIV coordinate system. The
location of this point is an input, and the other coordinates are
computed relative to this fiducial mark. The two plane target setup
allows the computation of the calibration coefficients without
traversing the target in the out-of-plane direction. However, as a
result, the measured out-of-plane velocity component is only first
order accurate. A detailed discussion on the calibration procedure
employed in the present study is given in [26].

IV. Processing Procedure

The acquired image pairs were subdivided into smaller
interrogation windows for analysis. Each interrogation window
produces one independent 3-C displacement vector. These
interrogation windows between the image pairs are cross correlated
using a defined algorithm, such as direct correlation or the fast
Fourier transform (FFT) correlation. Once the correlation is com-
plete, the correlation peak is estimated (for subpixel displacements)
based on curvefitting the correlation signal. Variousmethods such as
bilinear curve fit, three-point Gaussian, or parabolic fit and centroid
estimation may be used for estimating the correlation peak.

A simple correlation algorithmuses interrogationwindows in both
the reference and displaced images of the same size and with no
offset, that is, both the windows are placed at the same place in the
fluid. For a typical displacement, as shown in Fig. 4a(i), it can be seen
that this procedure (single iteration) results in a loss of particle image
pairs; only four particle images are used for estimating the correlation
signal. Such a low number of contributing pairs may result in
incorrect estimates of particle displacement, and hence errors in the
measured flow velocity. This can, however, be improved by
offsetting the secondwindow (dotted line) based on the displacement
estimated from the first iteration. This window offsetting process
improves the number of particle images that contribute to the
estimation of the correlation peak—see Fig. 4a(ii). Another alternate
means to improve the number of contributing particle image pairs is
to have the second window larger than the first window, as shown in
Fig. 4a(iii).

For flowfields with very high-velocity gradients such as found
inside a helicopter rotor wake, a new and improved recursive
technique called the iterative deformation grid correlation has been

Fig. 2 Schematic explaining the field of view of the camera optics.

Fig. 3 Calibration target used in the experiment, with side mirror.

Particle position at t = t

New entraining particles

Particle position at t = 0

First window
Second window

(i) (ii)

(iii)

a) Correlation choices

First window

Second window

R1/2

- R1/2

32 X 32

R2

Shear

R0
First window

Second window

R0

Translation

64 X 64

R1
32 X 32

64 X 64

64 X 64

64 X 64
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Fig. 4 Schematic explaining a) the choices of the correlation procedure, and b) the sequence of steps followed in the iterative deformation grid

correlation used in the present study.
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developed by Scarano [27]. Here, the procedure involves both shear
and translation of interrogation windows instead of just the simple
translation—see Fig. 4b. The procedure starts with the correlation of
an interrogationwindowof a defined size (say, 64 � 64), which is the
first iteration. Once the mean displacement of that region is
estimated, the interrogation window of the displaced image is moved
by integer pixel values for better correlation in the second iteration.
This third iteration starts by moving the interrogation window of the
displaced image by subpixel values based on the displacement
estimated from the second iteration. Following this, the interrogation
window is sheared twice (for integer and subpixel values) based on
the velocity magnitudes from the neighboring nodes, before
performing the fourth and fifth iterations, respectively.

Once the velocity is estimated after these five iterations, the
window is split into four equal windows (of size 32 � 32). These
windows are moved by the average displacement estimated from the
final iteration (using a window size of 64 � 64) before starting the
first iteration at this resolution. This procedure can be continued until
the resolution required to resolve theflowfield is reached. The second
interrogation window is deformed until the particles remain at the
same location after the correlation. This technique, especially the
introduction of shear, has been shown in the present work to be very
efficient for measuring the high-velocity gradients inside rotor wake
flows. For a flow with very high-velocity gradients, however, the
average displacement estimated by the largest window (which are
used to move the smaller windows) may not be optimum for the
smaller windows. This means that the smaller windows may have to
bemoved by a larger or smaller distance than is required for optimum
correlation. This can result in a loss of image pairs. A judicious
choice of the initial window size, however, can solve this problem.

In the current study, the recursive deformation grid correlation
technique has been used to estimate the flow velocities inside the
high-velocity gradient tip vortex cores. Various preconditioning
steps may be used to improve the correlation. The average
background noise, estimated from all the acquired images, was
removed before the correlation. An FFT correlation with a three-
point Gaussian fit has been used in this case for the correlation and
peak estimation, respectively.

The signal-to-noise ratio (the ratio of the primary peak to the
secondary peak of the correlation) was set to 1.5. Even though this is
a stringent requirement, such a high value is essential for the accurate
estimation of particle displacements. Once the correlation for the
entire image was performed, spurious vectors were removed based
on the 3� values and a median tolerance of 2 pixels based on a
neighborhood of 5 � 5 points surrounding each vector. Any spurious
vectors were replaced by interpolated vectors from a neighborhood
of 3 � 3 nodes. A 50% overlap has been consistently applied
throughout the entire processing area.

V. Measurement Results

The acquired 100 PIV images were processed and simple phase
averaged to estimate the mean velocity in the region of focus—see
Fig. 5. It should be noted that every eighth vector has been plotted
here to prevent image congestion. Because thesemeasurements were
made near the blade at a young 3 deg of wake age, the aperiodicity of
the tip vortex locations was not significant to require formal
correction procedures [3,28]. The figure has vorticity as its
background, which clearly shows the presence of a concentrated
blade tip vortex. The presence of a turbulent vortex sheet that is
trailed from the inner part of the blade can also be identified.

Figure 6a shows themeasured tangential, radial, and axial velocity
components by making a horizontal cut across the vortex core. By
convention, the velocities and the radial distances were normalized
by the tip speed of the rotor, and the core radius of the tip vortex,
respectively. The core radius was assumed to be half the distance
between the two swirl peaks across the center of the vortex. It can be
seen that the peak swirl and axial velocity components are 30% and
24% of the blade tip velocity, respectively.

Notice that the peak swirl velocities are not symmetrical on either
side of the vortex, mainly because of its nonzero convection velocity

through the flow. The difference between the two peaks on each side
of the core can be assumed to be its average convection velocity,
which is also a measure of the induced velocity inside the slipstream
boundary of the rotor wake. It can be observed that the axial velocity
in the vortex has its peak not at the vortex center, but slightly away
from its axis; this may be because of the slight inclination of the
helical vortex filaments with respect to the measurement plane. It
should be noted that there are more than 20 points present inside the
vortex core boundary, which is a result of the combination of the
reduced region of focus and the higher resolution cameras that were
used in the present study.

Figures 6b and 6c show the measured tangential and axial
velocities across the tip vortex, along with LDV measurements [3].
Good correlation can be seen between bothmeasurement techniques.
In the case of the PIV, every other data point is plotted to prevent
image congestion. It can be seen that the peak swirl velocity
measured by PIV matches the LDV measurements. Very good
agreement can be seen inside the vortex core where the velocity
gradients are high. The velocitiesmeasured by the two techniques are
slightly different outside the vortex core boundary. However, the
values are still within the measurement precision.

Similarly, in the case of the axial velocity, the LDVmeasurements
showed lower velocities when compared to the PIV measurements.
Thismay be because of the lower spatial resolution resulting from the
on-axis data acquisition technique that was used in LDV instead of
the better off-axis mode for axial velocity measurements. This
technique reduces the spatial resolution by an order of magnitude
(from3%of the probe volume to 30% relative to the vortex core size).
Even in the case of PIV, the probe volume (interrogation window
size) is sensitive to the thickness of the laser light sheet.

The measurement of the standard deviation of the normalized
swirl velocity across the tip vortex produced by phase averaging is
shown in Fig. 6d. It is apparent the standard deviation reaches its
maximum value near the vortex core axis. Even though aperiodicity
has been previously assumed to be negligible in this case, such
variations of standard deviation still suggest the presence of some
aperiodicity in the flowfield that spatially alters the phase-resolved
tip vortex locations between each PIV acquisition image.

VI. Error Analysis

The difference between the true value of a parameter and its
measured value is defined conventionally as the total measurement
error, that is,
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Fig. 5 Flowfield surrounding a tip vortex trailing from a rotor blade at
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prevent image congestion).
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� xtrue � xmeasured (3)

There are two sources for the total measurement error: systematic
error and random error. Systematic error is defined as the part of a
measurement error that remains constant in repeated measurements
of the same true value. Multiple elemental systematic errors, such as
the calibration and data acquisition errors, can contribute toward the
total systematic error of the flow measurement.

One particular property of this error is that it follows a consistent
pattern that can be predicted, which allows for methods to be devised
to reduce or, even, remove them. Random error, on the other hand,
will vary with repeated measurements of the same true value. The
uncertainty associated with the random error can be estimated by
inspection of the measurement scatter. The standard deviation � is
generally used to measure the scatter produced by the random error.

VII. Calibration Error

Calibration error has contributions from two sources: 1) the error
associated with improper placement of the calibration target, and

2) the error associated with the development of the mapping
functions. Even though the error associatedwith improper placement
of the calibration target can be removed in stereoscopic PIV through
various techniques [29], the error from the latter source is common to
both 2-C and 3-C PIV.

A. Calibration Target

The largest source of calibration error occurs when the calibration
target is not placed perfectly to the plane of the laser light sheet.
Figure 7a shows the coordinate systemof the laser light sheet �x; y; z�
along with an improperly placed calibration target of dimension
�X; Y; 1� and its projection on the laser light sheet plane. The angles
have been exaggerated to give a better understanding of the
misalignment. An inclination of � about the x axis (see Fig. 7b) alters
the vertical dimensions of the calibration target viewed by the
camera. Similarly, an inclination of � in the y axis (see Fig. 7c) alters
the horizontal dimensions of the calibration target viewed by the
camera. A small displacement along the z axis can alter both the
horizontal and vertical dimensions.

Fig. 6 Variousmeasurements across the tip vortex at �� 3 deg: a) normalized velocity components; b) comparison of swirl velocitymeasured byLDV

andPIV; c) comparison of axial velocitymeasured byLDVandPIV; d) standard deviation of the normalized swirl velocity produced by phase averaging.
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Fig. 7 Schematic showing the possible sources of error in placing the calibration target on the laser light sheet plane.
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Here, it should be noted that the horizontal and vertical angles of
view of the lens are different—see Fig. 2, which would have a
different influence on the magnification along the x and y axes (even
though their aspect ratio is maintained constant). Therefore, the
uncertainty associated with the estimation of the horizontal and
vertical dimensions of the target or their influence on the
magnification are given by the equations

	Mx �

�������������������������������������������������������������
@M

@�

�
2

�	��2 �
�
@M

@z

�
2

x

�	z�2
s

(4)

and

	My �
�������������������������������������������������������������
@M

@�

�
2

�	��2 �
�
@M

@z

�
2

y

�	z�2
s

(5)

Because any vector in theflowfield l can be represented by the x and y
coordinates using

l�
����������������
x2 � y2

p
(6)

their associated uncertainties can be represented as

	M�
�����������������������������
2	Mx � 2	My

q
(7)

In the present study, the calibration target was provided with a
mirror along one of its edges. This mirror is used to reflect the laser
light sheet back to its source. This significantly reduces the
misalignment of the calibration target, however, it does not remove
the error completely [29]. This is because the laser light sheet has a
finite thickness (�0:8 mm at its waist in the present study) and it is
difficult to detect the alignment of theGaussian peak of the laser light
sheet (source) and the reflected light from the calibration target
mirror.

The vertical dimension of the calibration target viewed by the
camera from its inclination about the x axis, �, is given by

Yp � Y cos� (8)

where Yp is the projected length on the laser light sheet as seen by the
camera. This would mean that

1

M

@M

@�
� sec� tan� (9)

This reduction in the actual distance alters the magnification [based
on Eq. (2)] and can, therefore, directly influence the estimation of the
flow velocities. Similarly, an inclination in the y axis by � results in

Xp � X cos� (10)

where Xp is the projected dimension of the calibration target seen by
the camera. As a result, then

1

M

@M

@�
� sec� tan� (11)

As previously mentioned, compared to the rotation about the
x axis (or y axis), a displacement along the z axis will alter the
dimensions viewed by the camera in both the x and y axes. In the
present study, a 100 mm microlense with F-stop 2.8 was used; this
has angles of view of 4.36 and 3.55 deg along the x axis and the
y axis, respectively. As a result, the following relationships hold:

1

M

�
@M

@z

�
x

� 2 tan�4:36 deg�
X � 2z tan�4:36 deg� (12)

and

1

M

�
@M

@z

�
y

� 2 tan�3:55 deg�
Y � 2z tan�3:55 deg� (13)

Because the estimation of �, �, and z is not possible (other than by
knowing their maximum possible values), this would result in
	�� 	�� 	z� 1. Upon substituting the values of �, �, and z, the
total uncertainty inmagnification can be estimated using Eq. (7) to be�

	M

M

�
� 0:3%

Such a low value is partly because of the use of a convex lens at the
end of the optical arm that reduces the thickness of the laser light
sheet at the region of focus. The use of a calibration target mirror that
helps align the target with the laser light sheet plane also played a
significant role in reducing this uncertainty.

This calibration uncertainty can be reduced significantly in the
stereoscopic PIV technique. This is done by measuring the
calibration target location in the laser light sheet coordinate system
using a dewarping process, and cross correlating the flow images.
The process is similar to PIV processing, however, the correlating
flow images correspond to the same instant in time in this case. If the
calibration were to be perfect and the laser light sheet had zero
thickness, then the particle images from the same laser pulse (from
the two camera images) would be at the same pixel location in both of
the dewarped images. A correction based on this principle is given in
detail in [29] and has been used in the present study.

B. Mapping Functions

Marker points from the object plane are related to the calibration
marker points in the image plane through curve fitting using
polynomial equations. However, this curve fitting introduces
residual errors that need to be accounted for. In the present study, it
was found that the bias error and the standard deviation in identifying
a marker point in the image plane to that of the object plane through
the developed polynomial equation were 0.0249 and 0.0491 pixels,
respectively. A total of 19 points were used for developing the
polynomial equation. The total uncertainty would then be

	X�
������������������
X2
b � P2

I

q
(14)

whereXb is the bias error andPI is the precision error that is given by

PI �
t95�����
N
p (15)

A student factor of 95% would result in 	X as 0.032. This would
mean that the uncertainty in identifying a distance in the image plane
is 2	X. A distance in the image plane (along X, in the left camera) is
generally given by
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dXleft
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�yfluid �
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dzfluid
�zfluid (16)

Assuming that there is no uncertainty inmeasuring the distance in the
calibration target (	xfluid � 	yfluid � 	zfluid � 0), the uncertainty is
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�
	X

dyfluid

�
�yfluid �

�
�X

�yfluid

�
	�yfluid

� 2

�
	X

dzfluid

�
�zfluid �

�
�X

�zfluid

�
	�zfluid (17)

Assuming that there is no contribution from y and z on the
uncertainty in x, then Eq. (17) can be rewritten as

	�xfluid
�xfluid

� 1

M

�
2	Xleft

�xfluid
� 2	X

dxfluid

�
(18)

It is apparent from this expression that a larger displacement of a
particle (�xfluid) reduces the uncertainty in the estimation of the in-
plane particle displacement. This would mean that the uncertainty in
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the swirl velocity near a vortex core boundarywill be smaller because
of larger particle displacements for a given pulse separation time than
would be found near the vortex core axis.

The out-of-plane displacement is the difference in displacement
observed in the image plane of the right and left CCD cameras. This
would mean that the uncertainty associated with the out-of-plane
component is twice that of the in-plane components, at least
theoretically. The velocity is calculated using the expression

V ��xfluid
�t

(19)

Because the instrument precision for measuring t is 0.05, this would
mean that the corresponding uncertainty associated with the

estimation of the in-plane velocity is

	V

V
� 	�xfluid

�xfluid
� 	�t

�t
(20)

This clearly suggests that for the regions where larger particle
displacements are observed for a given value of pulse separation
time, the biggest source of error will be from the instrument accuracy
in setting the pulse separation time.

Figure 8 shows the representative uncertainty associated with the
estimation of velocity across the vortex core. Near the vortex axis, it
is known that the absolute velocity is substantially smaller than that at
the core boundary. As a result, the uncertainty from the estimation of
displacement (of particles) is dominant. However, as the velocity
increases away from the vortex axis, the displacement uncertainty
reduces and asymptotes to the uncertainty resulting from the
instrument precision of setting the pulse separation time.

In the present experiments, the measurement bias error across the
vortex resulting from the mapping functions is shown in Fig. 9a.
Combining the bias error and standard deviationmeasured across the
vortex, the total error is given by


�

������������������������

2b �

t95�����
N
p

s �
(21)

where 
b is the bias error, N is the number of samples used to
determine the standard deviation �, and t95 is the 95% confidence
level in the measurements. The total errors from processing the
images for the swirl, radial, and axial velocities are shown in
Figs. 9b–9d, respectively. In the case of the swirl velocity, the total
error is a maximum near the vortex core axis and then gradually
decreases with an increase in radial distance across the vortex. This is
consistent with Eq. (18), which suggests that the larger displacement

Fig. 8 Normalized measurement uncertainty for varying velocities

across the vortex.

Fig. 9 Variation of different errors across the tip vortex: a) measurement bias error across the tip vortex from the calibrating mapping functions; b)–

d) calibration and processing error across the tip vortex for swirl, radial and axial velocity distributions, respectively.
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of seed particles (near the core boundary) reduces the uncertainty
associated with the measurements.

It can be observed that the axial component exhibits a larger
measurement uncertainty than for the tangential velocity. It is known
that the axial velocity suffers themost because of aperiodicity issues.
This results in a larger scatter in the axial velocity measurements and
a larger standard deviation that, in turn, contributes to a higher
measurement uncertainty. In the case of the radial velocity, both the
bias and precision uncertainties are much larger relative to the
magnitude of the normalized radial velocity, even though their
absolute value is comparable to those of the tangential and axial
velocities.

VIII. Acquisition Uncertainties

The elemental uncertainty associated with data acquisition has
multiple sources. These include the bias and random error associated
with the size of the seed particles used in the experiment, random
errors that result from the noise in the image recording and its
subsequent processing, acceleration errors caused by the basic
principle of PIV that approximates the Eulerian velocity components
based on finite particle displacements, velocity gradient errors that
arise because of the difference in velocity across the interrogation
window (both random and bias error) [30], and registration errors
[31] that result from the imperfect matching of two stereoscopic
velocity fields.

Another unique error associated with the PIV technique when
measuring vortical rotor wakes and tip vortices is the loss of
information about flow curvature. Among these errors, acceleration
error and curvature error are dictated by the laser pulse separation
time, and the velocity gradient error is caused by the choice of the
interrogation window size (spatial resolution).

A. Random Error

The acquired images were first divided into small interrogation
windows (generally 32 � 32 or 64 � 64). These windows have
multiple particle images of size d� , which upon correlation yields a
signal peakwhose diameter is of the order ofd� . This clearly suggests
the need for smaller seed particles. Subpixel displacements can be
estimated by various methods that include, but are not limited to,
bilinear fit, curve fits such as Gaussian, parabola, etc., or by
calculating the centroid. However, this subpixel estimation is
influenced by various parameters.

Adrian [32] found that the irregular particle images, imperfections
arising from film grain (in the case of film-based PIV), pixel readout
noise, nonuniform particle size distribution, and the variation of
illumination intensity across the interrogation spot, all contribute
toward random error. These errors also scale with the particle image
diameter d� . Furthermore, the error associated with the random
correlation between particles that do not belong to the same image
pair, as well as the error associated with the loss of in-plane and out-
of-plane image pairs, will contribute to the random error. This
random error is given [33,34] by

�rand � cd� (22)

where c� 0:05–0:07. It is clear from the above expression that the
random error reduces with a reduction in the particle image size.
Also, a reduction in the particle image size increases the intensity of
the reflected light, which can result in improved correlation.
However, this may also introduce pixel locking errors, which will be
discussed in the next section.

B. Particle Size

The size of the seeding particle plays a substantial role in the
experimental errors associated with the measurement of velocity
vector fields using the various types of PIV processing algorithms.
Seed particles are required to meet certain required criteria,
irrespective of the employed measurement technique. Seed particles
should be large enough to reflect the incident laser light, which is the
primary source of themeasurement. However, the particles should be

small enough to have low inertial and aerodynamic response time
and so will follow the fluid motion without any lag or slip. These
contradicting requirements need to be met with a reasonable
compromise [25]. From a PIV perspective, there are further
requirements to bemet for choosing themost suitable size of the seed
particles.

The ratio of the particle image diameter and the pixel size of the
camera have significant influence on the velocity estimates. The
particle image diameter is defined [35,36] as

d� �
�������������������������������
�Mdp�2 � d2diff

q
(23)

whereM is the magnification, dp is the particle size, and ddiff is the
diffraction limited minimum image diameter. Irrespective of the
actual particle size, the image size of the particle seen by the camera is
based on diffraction principles. A detailed explanation on this topic is
given in [36]. This diffraction limited minimum image diameter is
given by

ddiff � 2:44f�M� 1�� (24)

where � is the wavelength of the incident laser light sheet and f is the
F-stop of the lense. In the present study, f� 2:8 and the laser has a
wavelength of 532 nm. An increasing f increases the value of ddiff ;
however, this will also reduce the amount of light entering into the
imaging system.

When the particle image size is too small compared with the pixel
size (i.e., it is underresolved), this will result in significant bias error
because of the finite numerical resolution of the correlation function
[34]. The displacement of the particles resulting from this effect will
appear to be biased toward an integral pixel value. This effect is
called “pixel locking” or “peak locking.” The pixel locking effect
increases with the reduction in the particle image diameter [37]. A
larger value of this ratio increases the random errors that result in
pixel readout noise, etc. [32]. This suggests that optimizing the
particle image size is essential. An optimum value of 2.1 has been
suggested by Prasad et al. [34] based on the random and bias error
minimization for a cross-correlation procedure.

In the present study, the ratio of particle image diameter and the
pixel diameter was measured to be 0.66. Despite having such a
relatively low value for this ratio, the results did not show any peak
locking effects—see the histogram shown in Fig. 10. In this case,
several factors contribute to the successful elimination of the peak
locking effect. These include 1) the increased fill ratio or higher
sampling rate, that is, the presence of more particles inside the
correlation window (higher density) which result in multiple
particles contributing for the peak correlation [29], and 2) improper
focusing of the seed particles, which increases the particle image size
seen by the camera. Even though preconditioning can also be applied
to optimize the particle image diameter with respect to the peak

Fig. 10 Typical particle image displacement histogram showing no

signs of pixel locking effects.
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estimator [36], no such preconditioning has been applied in the
present study.

C. Pulse Separation Time

The laser pulse separation time plays a significant role in
accurately measuring the instantaneous velocity of a flowfield [38].
This is especially true in the case of rotor blade tip vortices, where
significant flow accelerations and flow curvature exists.

The importance of optimizing the pulse separation time can be
understood from Fig. 11, which shows the measured tangential
(swirl) velocity distribution in a tip vortex for two different pulse
separation times, while keeping other variables constant. It is
apparent that the swirl velocity profile, peak swirl velocity, and the
core radius (three basic defining parameters of a tip vortex) all change
with the selected value of�t. Furthermore, in the case of tip vortices,
another unique condition should be satisfied to properlymake phase-
resolved flow measurements, which is a point previously discussed
byMartin et al. [21]. Because the tip vortices in a rotor wake convect
at approximately half the average inflow velocity at the plane of the
rotor disk, care should be made that the vortex core remains the same
position in both the PIV frames. Martin et al. suggested the condition
that

�t

�
�i=c

c

�
� 0:1% (25)

be met so that the vortex core position lies within 1% of its core size
between successive frames. In the present study, care was taken to
ensure this condition is satisfied. A�t value of 1 �s corresponds to
less than 0.01%.

D. Acceleration Error

PIV operates on the principle of correlating images that are
acquired within a time interval �t. In the stereoscopic, single plane
PIV technique, this means that the location of the particles within the
measurement plane at two instants in time X�t� and X�t��t� is the
only stored information used for analysis. Estimating acceleration in
a given flowfield requires multiplane PIV measurements [39,40].
Also, because real rotor wake flows can be unsteady (aperiodic) and
the flow will always be subjected to accelerations, there will be an
error associated with the estimation of velocity based on the particle
displacements. For particles that track the fluid without any lag or
slip, the trajectory can be approximated [33] as

X�t��t� � X�t� � dX

dt
��t� � d2X

dt2

�
�t2

2

�
(26)

This means that the relative error resulting from the acceleration of
the flow is given by


accel �
����dvdt

���� j�Xj2Mv2
(27)

where v is the velocity in terms of pixels per second and M is the
magnification. It is clear from Eq. (27) that a reduction in pulse
separation time, which reduces the particle image displacement,
always reduces the error associated with flow acceleration effects.

In the case of tip vortices, centripetal andCoriolis accelerations act
on the particles that are distributed across the vortex [25]. The
variation of centripetal acceleration across the vortex core (in a 2-
component plane) is shown in Fig. 12. For illustration in this case, the
acceleration has been estimated based on the expression A� V2

� =r.
Because the acceleration increases with radial distance, the
uncertainty associated with the acceleration increases with radial
distance until 75%of the vortex core boundary at r� rc is reached, at
which point the acceleration starts to reduce quickly.

E. Flow Curvature in the Tip Vortices

Another source of error that is significant, and which is lost
information in PIVmeasurements, is flow curvature effects. Because
the locations of particles at two instants of time X�t� and X�t��t�
are the only stored pieces of information, the correlation algorithm
assumes the smallest distance between the two correlated particle
images to be the distance traveled by the particle. Obviously, a
significant error can be introduced as a result of this assumption. This
is especially true near the vortex core axis, where the flow curvature
effects are substantial. This effect can be better understood using the
schematic given in Fig. 13. It is apparent that this error always
reduces with a reduction in the pulse separation time.

This form of bias error can be reduced by introducing a correction
factor obtained using the assumption of an axisymmetric vortex.
Based on the estimation of the displacement of particle images
measured by PIV and the radial position, it is possible to retrieve this
curvature information. From the schematic shown in Fig. 13, it is
apparent the original distance traveled by the particle�S is different
from that assumed by the PIV processing technique. A correction
procedure for axisymmetric vortices has been given in [26], which
helps retrieve at least some of the lost information on flow curvature.

The foregoing approach helps in estimating the acceptable upper
and lower bounds on the laser pulse separation time. It is apparent
that the pulse separation time should be as small as possible (i.e., a
very small particle displacement) to reduce the errors associated with
flow acceleration and curvature effects. However, the displacement
of seed particles should be larger than the minimum displacement
that can be accurately estimated by the correlation technique.

Recent correlation techniques are capable of estimating the
particle displacement within 0.1 pixels. In the present study, the
chosen pulse separation time of 1 �s results in an approximately
1 pixel displacement at the vortex core boundary, which is where the
peak swirl velocity is observed. For a magnification of 35 �m per
pixel and a pulse separation time of 1 �s, this would mean that any
estimated flow velocity that is smaller than 3:5 m=s is not reliable.

Fig. 11 Swirl velocity distribution in a tip vortex estimated for various

laser pulse separation times.

Fig. 12 Centrifugal acceleration across the vortex.
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This can also be defined as the precision of the measurement
technique.

However, the upper bound for the pulse separation time is
typically dictated by the correlation analysis software being used. For
the correlation software used in the present study, the maximum
window size cannot be larger than 128 pixels. To have relatively
good correlation in the first iteration (before shifting the windows in
successive iterations), the displacement of the particles should be less
than one-fourth of the window size (i.e., 32 pixels or 1120 m=s). An
increase in the pulse separation time (that eventually increases the
particle displacement) reduces the measurement precision, while
also reducing the maximum velocity that can be measured
accurately.

F. Velocity Gradient Bias and Spatial Resolution

The effect of the velocity gradient on the mean velocity
measurement is fundamentally different between LDV and PIV. On
one hand, it is known that the average velocity measured within the
interrogation volume for PIV will be biased toward the lower
velocity. This is because of the higher number of low-velocity image
pairs that contribute to the estimation of the correlation peak. LDV
measurements, on the other hand, will be biased toward the higher
velocities. This is because of the larger number of fast moving seed
particles that pass through the measurement volume when compared
with slower particles. It is known that the tip vortices have
significantly high-velocity gradients inside their core boundary. As a
result, any measurement technique that has a larger measurement
volume will suffer from velocity gradient bias errors [41–43].

Chue [41] suggested that the measurement error in the mean
velocity to be a function of the ratio of the spatial resolution of the
instrument and the length scale of the shear layer. This ratio is given
by the equation

�� Lm
rc

(28)

where Lm is the spatial resolution of the instrument and rc is the

length scale of the shear layer. Martin et al. [21] applied the
theoretical method given by Kreid [42] to a self-similar vortex, and
suggested the value of � � 0:1 to resolve a high gradient flowfield
accurately (with an uncertainty of less than 0.1%). This condition
was estimated for a tip vortex trailing a subscale helicopter rotor, and
cannot be applied for tip vortices that have different strengths. For
example, tip vortices trailing from microscale rotors have very low-
velocity gradients, while those of larger-scale rotors are very high.As
a result, the value of this ratio can be larger for very small rotorswhile
more stringent for larger-scale rotors.

It is known that larger windows that contain a larger number of
seed particles are better for achieving statistical consistency in
estimating the correlation signal. However, by plotting the
uncertainty associated with the velocity gradient for two different
window sizes (using the same normalized particle intensity), Raffel
et al. [36] found that the smaller windows tolerate the velocity
gradients better than the larger windows. The uncertainty was higher
for the larger windows. This is because of the wider correlation peak
that occurs when using larger windows, which is directly
proportional to the local dynamic range. It was concluded that
smaller windows are best suited for high-velocity gradient flows.

The interrogation window should be chosen such that the
displacement gradient within the interrogation window (or its
dynamic range) is not more than the size of the particle image. Any
larger dynamic range will result in a larger correlation signal that
introduces errors into the displacement estimates. This clearly
suggests that the interrogation window should be chosen by taking
into account the size of the particle images, as well as the velocity
gradient in the flowfield. For a uniform grid (with constant distance
between adjacent nodes throughout the region of focus) and a
constant particle image size, the requirements become clear for high-
velocity gradient flows, that is,

�Vi;i�1�t � d� (29)

where �Vi;i�1 is the difference in velocity between adjacent nodes,
d� is the particle image size, and�t is the pulse separation time. This
means that for a dynamic range of 35 m=s, as found in the rotor wake

Fig. 13 Displacement estimation error from curvature effects.

Table 1 Pulse separation time and spatial resolution for various PIV measurements made in rotor wakes

Reference CT=�e Vnorm Vtip, ms�1 Core rc=c Chord, m dV�=drc, s
�1 Lm=rc �t, �s

Martin & Leishman [21] 0.087 0.17 89.28 0.15 0.045 2546 1.31 50
Van der Wall et al. [23] 0.057 0.25 218 0.05 0.121 3940 0.51 17
Richard & Raffel [44] 0.064 0.32 210 0.07 0.270 7526 0.47 10
McAlister [4] 0.095 0.40 87.2 0.051 0.104 6735 0.36 5
Ramasamy & Leishman [11] 0.083 0.305 27.1 0.165 0.019 2631 0.14 2
Martin & Leishman [3](LDV) 0.064 0.329 89.28 0.029 0.045 22553 0.03 ——

Present experiments 0.064 0.33 89.28 0.032 0.045 21580 0.08 1

RAMASAMY AND LEISHMAN 2631



flow examined in the present study (0 m=s at the vortex centers and
35 m=s at their core boundary), the maximum difference in velocity
between adjacent nodes for a particle size of 4 �m at 1 �s is 4 m=s.
This suggests that there should be at least nine points from the center
of the vortex (its axis) to its core boundary to measure accurately the
velocity gradients. The presentmeasurements clearly havemore than
sufficient points. The absolute value of the velocity or displacement
(mean value across the window) may not have any influence on the
velocity estimation because the window shifting nature of the
algorithm takes care of the mean flow value.

Table 1 gives an overview of the spatial resolution obtained in the
present study when compared with other PIV measurements of rotor
wakes and tip vortex flows. The importance of optimizing the
interrogation window size in measuring accurately the velocity
gradient is apparent from the last three sets of measurements. It can
be seen that the PIV measurements made in the present study, with a
spatial resolution similar to that of LDV (�80 �m), correlates well
with the LDV measurements when determining the essential
properties of a tip vortex. This includes core size, peak swirl velocity,
and velocity gradient. In the work of [11], measurements were made
on a very small rotor (suitable for a rotating-wing type of micro air
vehicle) that was operated at low tip Reynolds numbers. As a result,
the vortex core sizewas reported to be larger than that expected based
on previously reported subscale measurements. This, in turn,
resulted in lower measured velocity gradients, which is a result of the
physics of the flow at this operating condition and not the
shortcomings of the measurement technique.

Figures 14a and 14b show the measured peak swirl and axial
velocities and the radius of the vortex core that are estimated using
various interrogation windows of different sizes. Here, except for the
window width, all other factors remain the same. It is apparent that
both the velocities, as well as the normalized core radius, asymptote
to constant values as the interrogation window reduces. An increase
in window size increases the chances of having more correlation
image pairs. However, for high-velocity gradient tip vortex flows,
the correlationwill be biased toward the lower velocity, asmentioned
earlier. As a result, the estimated flow velocity values throughout the
vortex are much lower when compared with their higher resolution
counterparts. An interrogation window size of 8 pixels with 50%
overlap (Lm=rc � 0:08) seems to correlate well with the LDV
measurements, suggesting that the current measurements of the rotor
wake flow made with PIV are quantitatively reliable.

IX. Conclusions

An experiment has been conducted to identify and measure the
sources of uncertainty associated with the application of PIV to the
wake flow generated by a subscale helicopter rotor. Various critical
factors have been found to have a significant influence on the
estimation of the flow velocities in the high-velocity gradient,
streamline curvature flows typical of those found inside rotor wakes
and inside the blade tip vortices. The biggest sources of uncertainty

lie in establishing the optimum laser pulse separation time and the
interrogation window size. An inappropriate value of either of these
quantities can completely change the magnitude and length scale of
the measured flow structures.

The following are some specific conclusions that were obtained
from this study:

1) PIV can be successfully employed for measuring the vortical
flows and tip vortices trailing from rotor blades. Comparisons of the
measured flow velocities between PIV and LDVwere found in good
agreement. The application of an iterative deformation grid increased
the spatial resolution of PIV (120 �m) to that comparable to LDV
(80 �m). As a result, the interrogation window size (	 25
measurement velocity vectors inside the vortex core) is sufficient to
resolve the steep velocity gradients present inside the blade tip
vortices.

2) Calibration uncertainty reduces with an increase in the
displacement of the seed particles. On one hand, thiswouldmean that
the swirl velocity measurements are more reliable near the vortex
core boundary than nearer to the vortex axis (where the flow
velocities are small). On the other hand, the axial velocity has its
maximum value at the vortex core axis. However, the calibration
procedure followed in this study was shown to be first order accurate
in the axial flow direction.

3) Optimizing the laser pulse separation time is essential to reduce
the errors associated with flow acceleration and curvature effects in
PIV measurements of rotor wakes. Measurement errors in
displacement estimation increase with an increase in laser pulse
separation time for highly rotational flows such as blade tip vortices.
The pulse separation time should be as small as possible; however, it
should be chosen such that the particle displacement is sufficiently
larger than the minimum measurable displacement.

4) The spatial resolution of the high-velocity gradient tip vortex
flows that can bemeasured strongly depend on the particle image size
(seed particle size). The local dynamic range between adjacent nodes
should not be more than the particle image size, especially within the
vortex core.
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