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Abstract

CrossMark

The use of optical diffusers for the reduction of peak-locking errors in particle image
velocimetry is investigated. The working principle of the optical diffusers is based on

the concept of birefringence, where the incoming rays are subject to different deflections
depending on the light direction and polarization. The performances of the diffusers are
assessed via wind tunnel measurements in uniform flow and wall-bounded turbulence.
Comparison with best-practice image defocusing is also conducted. It is found that the optical
diffusers yield an increase of the particle image diameter up to 10 pm in the sensor plane.
Comparison with reference measurements showed a reduction of both random and systematic
errors by a factor of 3, even at low imaging signal-to-noise ratio.

Keywords: peak locking, particle image velocimetry, optical diffusers, birefringence, random

and bias errors, image defocussing

(Some figures may appear in colour only in the online journal)

1. Introduction

In digital particle image velocimetry (PIV), peak-locking is
the systematic tendency of the measured particle image dis-
placement to be biased towards the closest integer pixel value
(Westerweel 1997). Such error source is mainly caused by
the image digitalization process and occurs when the particle
image diameter is close to the pixel size (Raffel et a/ 2007).
Aside from the particle image size, peak-locking errors are
caused by other parameters of the image analysis, including
image interrogation algorithm (use of window shift or
window deformation, Scarano and Riethmuller (1999), Gui
and Wereley (2002)), image interpolation method (Roesgen
2003, Astarita and Cardone 2005, Nobach et al 2005), particle
images truncation at the edges of the interrogation window
(Nogueira et al 2001) and cross-correlation peak interpolation
algorithm (Westerweel 1993, Christensen 2004, Fore 2010).
Although most sources of peak-locking can be dramatically
reduced by using state-of-the-art interrogation algorithms with
window weighting, window deformation and accurate image
and correlation peak interpolation algorithms (Scarano 2002),
peak-locking errors due to the small particle image diameter
are still common in many PIV measurements. These errors are

1361-6501/18/025202+9$33.00

particularly relevant for high-speed PIV measurements con-
ducted with CMOS cameras, where the large pixel size (11 to
20 micrometres) and small fill factor typically yield a particle
image diameter not exceeding one pixel. Christensen (2004)
showed that peak-locking errors strongly affect the evaluation
of turbulence statistics, especially turbulent velocity fluctua-
tions, Reynolds stresses, vortices and two-point correlation
coefficients, with errors up to 0.3 pixels on the fluctuating
velocities. Theoretical models for the a-priori estimation of
peak-locking errors in turbulence statistics have been intro-
duced by Angele and Muhammad-Klingmann (2005) and by
Cholemari (2007), also with the attempt of reducing the sys-
tematic error.

Several approaches have been proposed to reduce peak-
locking errors. Roth and Katz (2001) attempted to elimi-
nate those by applying histogram equalization to the uneven
distribution of sub-pixel displacements in a vector field.
The approach has been further improved by Hearst and
Ganpathisubramani (2015), who proposed to apply the his-
togram equalization locally along a time sequence of vector
fields, instead of spatially in one vector field. However, the
method is only effective for the specific cases of highly tur-
bulent flows, where all sub-pixel displacements have the

© 2018 IOP Publishing Ltd  Printed in the UK
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same probability of occurrence, and in absence of other
error sources. Chen and Katz (2005) introduced the correla-
tion mapping method, where a virtual correlation function is
built between first exposure and a second exposure obtained
from the first image via bi-cubic interpolation. This virtual
correlation is matched with the actual correlation function to
obtain a peak-locking free displacement field. The approach
is reported to strongly reduce peak-locking errors, although
its performances strongly degrade in presence of out-of-plane
motion, image noise and non-uniform particle distributions.
Nogueira et al (2009, 2011) proposed a multiple A¢ strategy,
where the information obtained at different inter-frame time
intervals is employed to decrease peak-locking errors. This
approach suffers from two main drawbacks: (1) it requires that
the acquisition is conducted at different A#’s, so it cannot be
applied to data already acquired at a single inter-frame time
interval; (2) it is effective only when the average flow is steady
and it is focussed on providing the magnitude of the peak-
locking error rather than correcting it.

In many practical situations, peak-locking errors are
avoided by slightly moving the focal plane with respect to the
measurement plane (i.e. defocusing the images), so to increase
the particle image diameter. Overmars et al (2010) report that
a slight image defocusing is effective in reducing the degree of
peak-locking and in turn the systematic errors on the particle
image displacement. However, excessive defocussing may
lead to increased random errors due to the difficulty to cor-
rectly locate the particle image centroid. Furthermore, image
defocusing cannot be applied in tomographic PIV, where the
entire thickness of the measurement volume must be imaged
in focus.

To overcome the limitations above, Michaelis et al (2016)
introduced the use of optical diffusers to be mounted between
the sensor and the lens of the camera. The diffusers have the
effect of increasing the point spread function of the imaging
system, thus yielding a larger particle image diameter. Results
from measurements on a precision turn table showed an
increase of the particle image diameter up to 50% and peak-
locking error reduction by a factor of 4, similarly to best
practice of image defocusing. However, the authors did not
perform wind tunnel experiments on actual tracer particles.
As a consequence, the question of whether optical diffusers
are effective to reduce peak-locking errors for PIV measure-
ments is still open.

The present work builds upon that of Michaelis et al (2016)
by assessing the capability of the optical diffusers to reduce
peak-locking errors in wind tunnel environment. The effect of
using one or two optical diffusers is investigated via compar-
ison with standard measurements (focused images) and with
best-practice image defocusing.

2. Working principle of the optical diffusers

The optical diffusers are mounted between the lens and the
sensor of the camera in order to increase the diffraction-
limited particle image diameter. The working principle of the
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Figure 1. Ray diagram showing an incident light ray passing
through a birefringent material.
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Figure 2. Schematic diagram showing an incident light ray passing
through two diffusers at a relative angle of 45°.

Test section

P ———

| OV 1
Ueo [m/s] (————
HE mm):

Objective Lensj

Diffusers™ |

Laser
Camera —

/Lenses

A=

Figure 3. Schematic setup for the uniform flow test case.

Test section

Uy [m/s] S 1
| F.O.V :
Zig — zag tape {3mm x 73mm)l
/ 1 :_ Symmetry
______________ J plane
Obijective Lens\’ Lenses LTset
Diffusers /
Camera — A

Figure 4. Schematic setup for the wall-bounded turbulence test
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Figure 5. Bias error as a function of the particle image displacement for 0, 1 and 2 optical diffusers. Left: fx = 4; right: f4 = 8.

diffuser is based on the concept of birefringence, which is the
optical property of a material having a refractive index that
depends on the polarization and propagation direction of light
(Born and Wolf 1999). When the light scattered by the par-
ticles reaches the diffuser, it is split by polarization into two
rays that take slightly different paths. The light whose polar-
ization is orthogonal to the optical axis (OA) of the diffuser
experiences a refractive index n, (ordinary ray): its refraction
is governed by Snell’s law. Instead, the light with polariza-
tion parallel to the OA experiences a higher refractive index
ne (extraordinary ray): a deflection occurs even when the inci-
dent light is orthogonal to the surface of the diffuser. As a
result, the incident light is split into two rays having a small
finite distance as shown in figure 1.

The optical diffuser from LaVision is composed of two
birefringent plates having optical axes orthogonal to each
other; these plates are separated by a glass plate between
them. When using two diffusers, the incident ray is refracted
to multiple spots on the camera sensor within a distance of
10 pm. Figure 2 shows the ray diagram for a coherent unpo-
larised ray of light passing through two diffusers. The optical
axes of plates 2, 3 and 4 are at an angle of 90°, 45° and 135°,
respectively, relative to the OA of plate 1. When the incident
light ray passes through the first plate, it is split into two rays
based on the light polarization, as discussed above. Since the
second plate has OA orthogonal to that of the first plate, the
second plate has the effect of causing the deflection of one of
the two rays, without further splitting the rays. Hence, two
light rays exit from the first diffuser. When these two rays
interact with the plate 3, there is a 45° relative angle between
the polarization of the incident ray and the OA of the plate.
Hence, the incident light breaks down into two linear polar-
ized components: a component parallel to the OA and another
component perpendicular to the OA. Thus, the two incoming
rays refracts into four rays as they come out from plate 3.
Similarly, those rays get refracted into eight rays as they pass
plate 4. Due to the lattice structure of the diffuser, the refracted
rays are within the distance of 10 pm.

For any birefringent material, when the incident ray is at a
polarization angle of 45° with respect to the OA, the intensity
of the incident ray gets equally divided into two linearly polar-
ised components having the same magnitude and oscillating
at exactly the same phase as that of the incident ray (Murphy
et al 2013). Hence, it is beneficial to keep the two diffusers at
a relative angle of 45° as shown in figure 2.
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Figure 6. Image diameter estimation for 0/1/2 diffusers with
standard uncertainty.

A dedicated experiment is conducted to evaluate the trans-
mission efficiency of the optical diffusers. It is found that the
diffusers have transmission efficiency of 99% and 96% for the
green light (532 nm wavelength) and the white light, respec-
tively. Hence, it is concluded that no significant reduction of
the photon counts received by the camera sensor occurs when
using the optical diffusers.

3. Experimental setup

To investigate the performances of the optical diffusers, exper-
iments are conducted in the W-Tunnel of the Aerodynamics
Laboratories of Delft University of Technology. The W-tunnel
is an open jet wind tunnel with a square 0.4 x 0.4 m? test sec-
tion. A maximum velocity of 35 m s~! can be reached with a
turbulence level of the order of 0.5%. The flow is seeded with
Dantec SAFEX seeding generator, which produces water—
glycol droplets of 1 ym median diameter. Images are recorded
with a LaVision HighSpeedStar 6 camera (CMOS sensor,
1024 x 1024 px?, 12 bits, pixel pitch of 20 um, 5.4kHz
acquisitions frequency at full resolution), whose sensor size is
cropped to 512 x 512 px%. Image acquisition and processing
are performed with the LaVision DaVis 8.3 software. In PIV
processing, for reducing the background image, a time filter
is used to subtract the minimum intensity from all images.
A window deformation iterative multi-grid method (WIDIM,
Scarano (2002)) is employed. For the measurement data, the
initial interrogation window size is 64 x 64 px*> with 50%
overlap factor, whereas the final interrogation window size is
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Figure 7. Random error as a function of the particle image displacement for 0, 1 and 2 optical diffusers with uncertainty bars calculated by
standard deviation estimator (Lehmann and Casella 1998). Left: f4 = 4; right: f4 = 8.

16 x 16 px? with 75% overlap factor. For the reference data,
the processing algorithm starts with window size of 256 X
256 px* with 75% overlap and ends with window size of
32 x 32 px2 with 75% overlap. In all cases, a Gaussian
weighting is applied to the interrogation window. For the
image deformation, the interpolation of the pixel intensity at
non-integer pixel locations is conducted by bilinear interpola-
tion for the initial passes, and by B-spline interpolation on
a kernel of 6 x 6 px? for the final passes. Symmetric image
deformation is employed, meaning that both images of a pair
are deformed by half of the calculated displacement.

Two flow cases are considered for the investigation of
peak-locking error reduction by optical diffusers, namely uni-
form flow and wall-bounded turbulence. Details of the exper-
imental setup of the measurements are reported below.

3.1. Uniform flow

The free-stream velocity, U, is set to 15 m s~!. A Quantronix
Darwin-Duo laser (Nd:YLF diode pumped, 2 x 25 mJ pulse
energy at 1000 Hz, wavelength of 527nm) is installed below
the test section. A mirror directs the laser beam upwards toward
the test section. A combination of negative spherical lens and
cylindrical positive lens is used to produce a laser sheet of
I'mm thickness in the measurement region. The camera is
equipped with a Nikon objective of 105 mm focal length. The
field of view (FOV) is 73mm X 73 mm, yielding a magnifica-
tion factor of 0.14. Measurements are repeated for two values
of the f-number, namely f = 4 and f = 8, to investigate the
effect of such parameter on the particle image diameter. At
each f-number, measurements with 0, 1 and 2 optical diffusers
are conducted. The inter-frame time separation (time delay
between the recording of two frames for the double-frame
camera images) is varied between 10 us to 20 us in steps of
2 ps to achieve a range of sub-pixel particle image displace-
ments. A reference measurement is performed with optimal
measurement conditions, namely fx = 11, slightly defocused
images and inter-frame time separation of 340 us; such param-
eters are selected to minimize the relative errors on the displace-
ment due to peak-locking or additional sources (e.g. camera
noise). For each test case, a set of 500 images is acquired.
A sketch of the experimental setup is depicted in figure 3.

In a second experimental campaign, experiments are
conducted at 15 m s~! to investigate the performances of
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Figure 8. Fluctuations RMS velocity profile for uniform flow in an
empty test-section at f = 4.

the diffusers for different intensities of the light source. The
camera mounts a Nikon objective of 60 mm focal length set to
aperture of f» = 4. The camera sensor is cropped to 512 x 512
pixels and images a FOV is 95mm x 95 mm, yielding a mag-
nification factor of 0.11. The image acquisition is carried out
in frame-straddling mode at a frequency of 200 Hz; one every
five image pairs is stored to reduce the disk storage. For each
run, an ensemble of 2000 image pairs is acquired to ensure
statistical convergence of the results. The inter-frame time
separation is set to 19 us. The measurements are conducted
with zero and two diffusers and with increasing the current for
laser light intensity from 15 A to 25 A. The reference meas-
urements are carried out with an inter-frame time separation
of 190 ps and laser light intensity of 27 A.

3.2. Wall-bounded turbulence

The experiment is conducted at free-stream velocity, Uso,
of 20 m s~!. The flow at the bottom wall of the wind tunnel
test section is investigated. A zig-zag strip of 1cm length
and 1 mm height is installed 6.5 cm downstream of the test-
section leading edge to ensure the turbulent regime of the
boundary layer. The illumination is provided by a Mesa
PIV laser (Nd:YAG diode pumped, 2 x 13 mJ pulse energy
at 6000 Hz, wavelength of 532nm). A Nikon objective of
105 mm focal length is mounted on the camera. The FOV
(73mm x 73mm) is positioned on the centre line of the
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Figure 9. Mean velocity (left) and fluctuations RMS (right) for different intensity of the light source.

test-section floor at a distance of 48.5cm from the test-
section leading edge; the resulting magnification factor is
0.14. The experimental setup is shown in figure 4. The inter-
frame time separation is set to 20 ps. The measurements
are repeated for zero and two diffusers, and for f~numbers
f# =4,5.6 and 8. In order to study the effect of image defo-
cusing on the random and bias errors, measurements are also
repeated by shifting the camera position along the direction
of its OA, so to achieve different degrees of image defo-
cusing. The camera position is varied from Omm (sharply
focused images) to 25 mm (strongly defocused images) with
steps of Smm. A low f~number (fx = 4) is chosen to obtain a
small depth of field (6z = 10 mm).

The reference data are acquired with fu» = 5.6 and slightly
defocused images. The time separation is set to 80 us. For
each measurement test case, a set of 2000 images is acquired.

4. Data reduction

The reference measurements are conducted at an inter-
frame time separation Af,,, which is larger than the time
separation At of the standard measurements; the bias
and random errors on the particle image displacement of
the latter need to be evaluated. The reference measurement
yields an average particle image displacement (averaged in
space and time for the uniform flow test case, only in time for
wall-bounded turbulence test case) which is indicated with
Ux. For brevity, only the horizontal velocity component
of the displacement is considered here. The particle image
displacement from standard measurements is indicated with
Umeas- Due to the optimal choice of the imaging parameters,
the relative error on u,,x is negligible with respect to that
0N Upeqs- In order to compare particle image displacements
occurring at different time separation, the displacement uyyx
(occurring in the time separation At,,y) is scaled to the time
separation Afy,s, Obtaining the reference particle image
displacement:

u u Atmeas
ref = Uaux .
Ataux

ey

12 : :
1 -
0.8}
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0 n L L L
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Figure 10. Time-average velocity profile for turbulent boundary
layer test case. In the vertical axis, Y is normalized with respect to
699.

For the uniform flow test case, at each time separation Afpeqs,
the measurement error on the particle image displacement is

equal to
€ = Umeas — Uref-

(@)

From the instantaneous measurement error, the mean bias
and random errors are computed, indicated with ¢, and &,
respectively:

3

“)

The parameter N in the summations of equations (3) and (4) is
the total number of vectors in space and time.

Instead, for the wall-bounded turbulence test case only the
bias error can be computed directly using equation (2), with
Umeas the time-averaged velocity. Information on the random
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Figure 11. Raw PIV images showing the particle image diameter for (a) no diffuser; (b) two diffusers; (c) defocused images (and no
diffuser), i.e. camera position @ 10mm; (d) highly defocused images (and no diffuser), i.e. camera position @ 15mm.
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Figure 12. 1D displacement histogram for turbulent boundary layer profile; results for f4 = 4. (a) No diffuser; (b) two diffusers;
(c) defocused images (and no diffuser); (d) reference images (fy = 5.6, Ataux = 4 Atneas)-

errors is obtained by comparing the velocity fluctuations root-
mean-square (RMS) profile.

5. Results

5.1. Uniform flow

The mean bias error as a function of the reference particle
image displacement for fyx =4 and fi =8 is shown in
figure 5. When no optical diffuser is mounted on the imaging
system, the typical sinusoidal behaviour of the mean bias error
due to peak-locking is retrieved (Cholemari 2007). The errors
are the highest for 0.25 and 0.75 pixels fractional displace-
ments, where they reach 0.13 pixels and 0.25 pixels for fu = 4
and f = 8, respectively. It may seem counterintuitive that the
peak-locking error is larger for fu = 8, where the diffraction
limited particle image diameter is larger (6.2 pm for f = 4;
12.4 pm for f4 = 8). However, one should keep in mind that
the particle image diameter is not only due to diffraction and to
the geometrical projection of the particle image (which in this
case yields a negligible contribution of 0.2 pm), but it is also
due to lens aberration. Since the lens aberration has a larger
effect at lower f, a larger particle image diameter is obtained
at fy = 4 (1.65 pixels for fu = 4; 1.45 pixels for fu = &, see

figure 6), yielding reduced peak-locking errors. Here the
particle image diameter is calculated as the e~2 width of the
auto-correlation peak, according to Adrian and Westerweel
(2011): d, = 2v/20, where o is the standard deviation of the
Gaussian fit applied to the auto-correlation peak. Notice that
this method typically overestimates particle image diameters
below 1 pixel, 1.19 pixels being the minimum diameter that
can be measured. The uncertainty bars here show the standard
deviation of the particle image diameter evaluated throughout
the image.

When one optical diffuser is mounted on the imaging
system, the mean particle image diameter increases to 1.85
pixels for f4 =4 and 1.55 pixels for fu = 8 (figure 6). The
sinusoidal shape of the mean bias error as a function of the
particle image displacement is maintained, but the amplitude
of the peak-locking error is reduced by about a factor of 2
(figure 5) as a result of the increased particle image diameter.
When two diffusers are employed, the particle image diameter
is further increased to 2.15 pixels and 1.85 pixels for fu =4
and 8, respectively. In this case, the mean bias error is reduced
by a factor of 3 with respect to the zero-diffuser case and stays
below 0.05 pixels in the entire range of particle image dis-
placements. Furthermore, the sinusoidal trend of the error is
not visible anymore.
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Figure 14. Fluctuations RMS velocity profiles for the turbulent
boundary layer test case at f» = 4. In the vertical axis, Yis
normalized with respect to dqo.

The random error as a function of the reference particle
image displacement is shown in figure 7 for fx = 4 and fu = 8.
The uncertainty bars represent the standard uncertainty of the
estimated random error, computed according to Lehmann and
Casella (1998). In absence of the optical diffusers, the random
error increases by about a factor of 2 in the considered range
of particle image displacements. As for the mean bias error,
also the random error is higher for the higher fu, which is
attributed to the smaller particle image diameter. The use of
optical diffusers reduces the random errors by a factor of 2
to 3. When two optical diffusers are employed, the highest
reduction of random errors is achieved, with ¢, that stays con-
stant in the entire range of particle image displacements.

The fluctuations RMS velocity profiles in the measure-
ment domain are shown in figure 8. The reference velocity
fluctuations are 0.25% or 0.005 pixels, which are due to the
free-stream turbulence of the wind tunnel. The mean particle
image displacement for the reference data is 35 pixels. When
no diffuser is used, the velocity fluctuations are largely over-
estimated due to peak-locking, reaching values of 0.16 pixels.
The estimated fluctuations drop significantly to 0.13 and 0.06
pixels when mounting one or two diffusers onto the imaging

system, respectively, yielding a reduction of measurement
errors by up to a factor of 3.

The mean velocity and fluctuations RMS are evaluated at
different intensity of the light source to investigate the per-
formance of the diffusers at low image signal-to-noise ratio
(SNR) (figure 9). The laser current is varied between 15 A
and 25 A, corresponding to 55% and 95% of the maximum
intensity. The image SNR ranges between 1.2 and 10 (evalu-
ated by visual inspection of particle and noise intensity). The
results confirm that the two diffusers yield a reduction of both
random and systematic errors by a factor of 2 to 3 also at low
laser power (60% of total power, corresponding to image SNR
of 2). Only at very low image SNR, errors of both no-diffuser
and 2-diffuser configurations are of the order of 0.5 pixels or
above due to the presence of outliers in the measured vector
field.

5.2. Wall-bounded turbulence

The boundary layer properties are characterized from the ref-
erence data. The boundary layer thickness is 69y = 14.8 mm,
whereas displacement thickness and momentum thickness
are 0* = 4.3mm and 6 = 2.9 mm, respectively. The resulting
shape factor is H = 1.5, which confirms the turbulent regime
of the boundary layer (White and Corfield 2006). Figure 10
shows the time-average velocity profile of the reference data
for the turbulent boundary layer.

The particle image diameter is estimated from e~ width of
the auto-correlation peak as 1.5 pixels, 2.1 pixels, 2.2 pixels
and 3.5 pixels for no diffuser, two diffusers, slightly defocused
camera images and largely defocused camera images respec-
tively. Figure 11 shows the raw PIV images for above men-
tioned particle image diameter. The effect of peak-locking
on the 1D displacement histogram is shown in figure 12. The
reference histogram (figure 12(d)) does not exhibit any peak
at integer pixel displacement, meaning that the reference data
contains negligible peak-locking errors. Conversely, high
peaks at integral values of the pixel displacement are visible
for the no diffuser case (figure 12(a)), clearly indicating severe
peak-locking in the images. For the two-diffuser case (figure
12(b)), the peaks height is strongly decreased and the histo-
gram flattens due to the favourable effect of the two diffuser.
Similar results are also obtained by the best optical defocussed
position without any diffuser as shown in figure 12(c).

The mean bias error as a function of reference particle
image displacement for no diffusers, two diffusers and opti-
cally defocused camera position for fx =4 is shown in
figure 13. For no diffusers, the sinusoidal nature of the bias
error is evident, where the mean bias error is minimum close
to integer displacement values and maximum at 2.35 pixels
and 2.75 pixels displacements. The maximum mean bias error
is equal to 0.17 pixels. For two diffusers and best defocusing
(focal plane shifted by 10mm with respect to the measure-
ment plane), the sinusoidal trend of the bias error is not visible
anymore, and the maximum error is reduced to below 0.05
pixels. The performance of the two diffusers is comparable
with that of optimal image defocusing practice. Also when
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the images are largely defocused (focal plane shifted by
15 mm with respect to the measurement plane) the mean bias
error stays below 0.05 pixels in the entire range of sub-pixel
displacements.

The fluctuations RMS velocity profiles for reference
data, no diffusers, two diffusers, slightly defocused camera
images and largely defocused camera images are shown in
figure 14. The velocity fluctuations are the maximum at about
Y/6 = 0.05, reaching a value of 9% U,.. For the no-diffuser
case, the velocity fluctuations are largely misjudged, with
differences up to 0.08 pixels with respect to the reference
fluctuations: they are overestimated in 0.15 < Y/6 < 0.55,
and underestimated in the rest of the profile. This behaviour
is clearly attributed to peak-locking, which has the effect of
underestimating fluctuations with sub-pixel displacement
between 0 and 0.5 pixels, and overestimating fluctuations with
sub-pixel displacement between 0.5 and 1 pixels. For the two-
diffuser case and the optimal defocusing case (camera position
@ 10mm), the discrepancy between measured and reference
fluctuations reduces to below 0.03 pixels, thus yielding a
reduction of measurement errors by almost a factor of 3 with
respect to the no-diffuser case. When the camera images are
largely defocused (15 mm separation between focal plane and
measurement plane), the flow fluctuations are largely overesti-
mated (by up to 0.2 pixels) due to the increased random errors
in the displacement measurements. This result evidences that
care must be taken when defocusing the camera images, so to
ensure that peak-locking errors are reduced without leading to
increased random errors due to blurred particle images.

6. Conclusion

In this paper, the reduction of peak-locking errors by means
of optical diffusers mounted between the camera sensor and
the camera lens has been investigated. Experiments have been
conducted on uniform flow and turbulent flow to quantify the
peak-locking errors reduction. In all cases, a reference velocity
measurement was available from acquisition conducted with
optimal imaging conditions and with larger time separation
between laser pulses. The peak-locking errors with no, one and
two diffusers have been quantified. Additionally, comparisons
have been conducted with image defocusing, which is consid-
ered the standard practice for reduction of peak-locking errors.

It has been shown that the use of optical diffusers yields
an increased particle image diameter; the increase is larger
when two diffusers are applied. Comparison with the refer-
ence measurements showed a reduction of both systematic
and random error components by a factor of 3 with respect
to standard in-focus imaging, where no diffuser is mounted
on the camera. The performances of the diffusers are not
degraded even at imaging SNR as low as 2. The error reduc-
tion obtained with two optical diffusers is comparable with
that achieved by optimal image defocusing. However, it is
shown that excessive image defocusing yields increased
random errors, thus reducing the overall accuracy of the meas-
urements. The use of the diffusers allows more repeatable

error reductions, because always the same increase of particle
image diameter is achieved and no optimal tuning is required,
contrary to image defocusing. Furthermore, their use can be
extended to 3D PIV measurements, where image defocusing
is clearly not applicable.
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