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Abstract

Particle image velocimetry (PIV) is an established velocimetry technique in experimental fluid mechanics that involves
determining a fluid flow velocity field from the motion of tracer particles illuminated by a laser sheet. The necessity of laser
illumination poses challenges in certain applications and is a potential entry barrier due to its high cost and safety considera-
tions. A laser-free alternative to PIV is particle shadow velocimetry (PSV), which uses images of the shadows cast by the
particles on the camera sensor under back-illumination, instead of the Mie scattering signal produced by laser illumination.
This study aims to compare various aspects of PSV such as depth of field, seeding density, type of illumination required,
particle size, image filtering, cost-effectiveness and limitations with those of PIV. PSV and PIV measurements are taken
in the wake of a flow past a cylinder and in a boundary layer developing over a flat plate. It is found that PSV is capable of
achieving equivalent accuracy to PIV and is a viable alternative to PIV in certain applications where light sheet illumination

creates experimental challenges.

1 Introduction

Particle image velocimetry (PIV) uses a sequence of experi-
mental particle image data to determine the velocity fields
of fluid flows and is a standard technique in fluid mechan-
ics. The reader is referred to one of several reference texts,
e.g., Raffel et al. (2018), for more information. In a tradi-
tional planar (2D) PIV setup as depicted in Fig. 1, the flow
is seeded with small (O(1-10 um)) tracer particles, and
a laser sheet is used to illuminate the particles within the
imaging plane. The interaction of the laser sheet with the
particles causes scattering of the laser emission from the
particles, and the resulting intensity signal is captured by
a camera. When a pair of such images is captured within
a short enough inter-frame time, the displacements of the
particles from one frame to the next can be interpreted as the
velocity field. A discussion of the algorithm for determining
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the inter-frame particle displacements is outside the scope
of the present work. For a detailed treatment of this subject
the reader is referred to Refs. Raffel et al. (2018); Schmidt
and Sutton (2020, 2019); Stamhuis and Thielicke (2014),
and Thielicke and Sonntag (2021).

The requirement of laser illumination in PIV introduces
an additional layer of complexity and restrictions in experi-
ments. For instance, the limited repetition rate of lasers of
sufficient pulse energy can be a limiting factor when acquir-
ing time-resolved particle image data. Additionally, the laser
scattering off of solid surfaces poses a challenge when cap-
turing near-wall particle motion in PIV experiments (Paterna
et al. 2013). Finally, the requirement of additional optics to
direct and shape the laser beam and the high cost of lasers
act as entry barriers for taking fluid velocimetry measure-
ments. Therefore, a laser-free alternative to particle imag-
ing is desirable for certain applications. One such method is
particle shadow velocimetry (PSV), proposed by Estevade-
ordal and Goss (2005). PSV has been applied sparingly in
the literature, primarily in experiments involving flows with
small length scales such as micro-channels (Hessenkemper
and Ziegenhein 2018) (referred to as u-PSV) and bubbly
flows (Khodaparast et al. 2013, 2014), but whether it is able
to obtain velocity measurements with the same fidelity as
PIV remains an open question.
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Fig.1 A typical PIV setup
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Fig.2 A typical PSV setup

In PSV, shadows cast on the camera sensor by the tracer
particles are captured instead of recording the intensity
signal produced by laser—particle scattering. Collimated
light from a constant or pulsed LED light source is used
to backlight the seeded flow, making the system laser-free.

Fig.3 Aluminum wall in a flow
imaged using a PIV and b PSV,
and air bubbles in water imaged
using ¢ PIV and d PSV
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The depth of field is controlled solely by the camera, unlike
in PIV where the effective depth of field is limited to the
width of the laser sheet. A schematic of a typical PSV setup
is shown in Fig. 2. The setup typically consists of a light
source, a collimating diffuser to create uniform collimated
illumination and a camera to capture the particle images. The
in-line configuration of the light source, sampling region and
camera has advantages compared to PIV, where the light
sheet must propagate through the test section orthogonally
to the viewing perspective, requiring optical access at 90°
intervals. However, it could be a drawback when consider-
ing extensions to stereoscopic or tomographic imaging. As
long as the collimated light source is large enough, stereo-
scopic PSV could be feasible, but a tomographic arrange-
ment would almost certainly require multiple collimated
light sources, one for each camera.

A major experimental challenge in near-wall and multi-
phase flow particle imaging is unwanted laser scattering and
reflections at surfaces (Paterna et al. 2013). As explored by
Goss et al. (2007), the illumination strategy of PSV there-
fore provides a potential advantage for applications in these
flows. Figure 3 shows an aluminum wall in a flow imaged
using (a) PIV and (b) PSV, and air bubbles in water imaged
using (c) PIV and (d) PSV.

Figure 3b shows that PSV does not lead to any reflec-
tions or scattering from the wall that could be detrimental
to flow velocimetry. The same advantage is observed in bub-
bly flows, where the visibility of the air—water interface is
enhanced, leading to a much more resolved flow phase field,
along with the bubbles. This demonstrates a potential appli-
cation of PSV where traditional particle imaging methods
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such as PIV do not work effectively due to inherent limita-
tions from laser sheet imaging.

Despite its potential advantages, simplicity and cost-
effectiveness, PSV has yet to be adopted in a meaning-
ful way by researchers in the fluid mechanics community,
based on an assessment of the literature. This is perhaps
because its performance compared to PIV has yet to be
fully assessed, and it is unclear whether PSV can obtain
measurements with similar accuracy and spatial resolution
to PIV. Therefore, in this study we aim to characterize
various metrics and characteristics of PSV such as depth
of field, seeding density, type of illumination required,
particle size, image filtering, cost-effectiveness, compat-
ibility with existing PIV processing algorithms and limi-
tations. PIV and PSV experiments are conducted for two
flow configurations: the wake of a flow past a cylinder
and a boundary layer developing over a flat plate. The
resulting measurements are compared to each other quan-
titatively and qualitatively to determine the efficacy of
PSV as an alternative experimental fluid flow velocimetry
measurement.
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Fig.4 A schematic of the depth of field experiment
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2 Static experiments
2.1 Depth of field

In PIV imaging, the depth of field of the system is con-
fined at most to the effective thickness of the laser sheet,
typically a few millimeters. In PSV imaging, however, the
depth of field is instead determined by the camera lens
apparatus. To accurately characterize the effective depth
of field of a PSV system, a glass slide coated with 10 um
glass sphere seeding particles of density 1.05 — 1.11 g/cm?
was imaged at different distances from the focal plane. A
schematic of the experimental setup is provided in Fig. 4.
A Photron Nova S12 equipped with a 105 mm Sigma DG
macro lens with the aperture open to f = 2.8 was used
to capture images at a resolution of 1024 x 1024 pixels
to achieve a scaling of 40 pixels per millimeter. Figure 5
shows PSV images of the same particle (b) at the focal
plane, displaced (a) 6.35 mm beyond the focal plane and
(c) 6.35 mm in front of the focal plane. The in-plane
focused particle casts a stronger shadow, leading to
increased contrast and sharper definition of the particle
image.

A curve of the minimum particle image intensity, i.e.,
the strongest shadow, is shown in Fig. 6a as a function of
the imaging plane location, where a location of 0 mm is
defined to be the location at which the particle appears to
be in sharpest focus. Note that the y-axis is inverted, with
lower intensity at the top. Figure 6a shows the expected
increase in intensity at the particle location as the particle
moves out of the focal plane of the imaging lens, lead-
ing to a weaker shadow. The full width at half maximum
(FWHM) of the intensity curve shown was computed to
characterize the depth of field of the system, and it was
found to be 6.35 mm. This is on the larger end but within
the range of typical depths of field of PIV systems for

(c)

Fig.5 PSV image of a particle captured (a) at a distance of 6.35 mm beyond the focal plane, (b) at the focal plane and (c) —6.35 mm from the

focal plane

@ Springer



21 Page4of 11 Experiments in Fluids (2025) 66:21
Fig.6 a Normalized minimum B x
intensity of the particle, b mean R7) (a) (b) (c) ?
correlation coefficient and ¢ the § 0.2 0.8 80 .8
velocity deviation observed due = 60 .5
to out-of-focus particles vs the z04 0.7 40 &
distance from the focal plane - ' i
< Mean Correlation 20 &

g 0.6 " Coefficient 0.6 8

(<

s 0 5 -10 0 10 -5 0 5 =

similar particle sizes and magnifications, which range
from 2 — 8 mm (Raffel et al. 2018).

2.2 Depth of correlation

To investigate the effect of out-of-focal-plane particles on
the in-plane velocity measurements, the depth of correla-
tion of the system was determined experimentally. Similar
to the depth of field experiments described in Sect. 2.1, a
glass slide coated with seeding particles was imaged at dif-
ferent distances from the focal plane. The glass slide was
then translated by 1 mm parallel to the camera focal plane,
and the imaging of the glass slide was repeated at different
distances from the focal plane.

The particle displacements between the particles images
in the same focal plane were then determined using PIV-
Lab Stamhuis and Thielicke (2014); Thielicke and Sonntag
(2021) with a final interrogation window size of 32 X 32 pix-
els and a 50 % overlap. Figure 6b shows the mean correla-
tion coefficient obtained by processing the particle image
data obtained at different distances from focal plane. It is
observed that as particles move away from the plane, the
magnitude of the correlation coefficients decays rapidly.
Hence, the influence of the particles on the in-plane veloc-
ity measurements diminishes as the particles move out of the
focal plane. However, it should be noted that because all the
imaged particles are in the same plane in this experiment,
it is likely that the magnitude of the correlation coefficient
is artificially higher than what would be observed in real
velocimetry experiments, as the in-plane particle image data
would be dominated by particles closest to the focal plane.
As aresult, very few particles more than a few millimeters
away from the focal plane would be expected to contribute
substantially to the in-plane velocity measurements.

To further investigate the effect of the presence of both in-
focus and out-of-focus particles in a PSV image, the image
set obtained from these experiments was modified to include
the effect of out-of-focus particles. Horizontally inverted
out-of-focus images obtained at different distances from the
focal plane were overlaid on top of the in-focus PSV image
to obtain an image set in which the in-focus particles and
out-of-focus particles move in opposite directions, providing

@ Springer
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a suitable test case in which the out-of-focus particles can
significantly alter the velocity computation in the in-focus
plane. These composite images were then processed using
PIVLab to obtain the resulting velocity fields. The percent
deviation in the velocity field obtained from the compos-
ite particle images from different distances from the focal
plane with respect to the in-focus velocity was computed
and is presented in Fig. 6c¢. It is observed that as the distance
of the plane location from which the particles are added
to the in-focus image increases, the deviation observed in
the velocity field with respect to the in-focus velocity field
decreases. At a distance of approximately +1.5 mm from
the focal plane, the velocity deviation observed is less than
1%. Therefore, if particles are moving in a plane that is at
a distance greater than 1.5 mm from the focal plane, their
contribution to the velocity field computation is less than
1%. Hence, the effective total depth of correlation from this
metric, which is the volume that statistically contributes to
velocity measurements, is about 3 mm, which is close to PIV
laser sheet thickness of 1 — 3 mm.

2.3 Particle size and density

Because PSV images are produced by shadows cast by the
particles on the camera sensor, the apparent particle size in
an image can be smaller than that of PIV images, depend-
ing on the configuration. This is especially true for physi-
cally smaller particles, such as liquid aerosols used in PIV
experiments in gases, which are typically a few hundred
nanometers in diameter. This smaller particle size is cou-
pled with the particle density in the images captured in the
flow field. Figure 7a shows a raw PSV image, along with
the same image preprocessed via background subtraction,
median filtering and inversion as described in Sect. 3.2.1
and a PIV image taken in the same flow at the same focal
plane (c). The images shown were acquired in the experi-
mental run described in Sect. 3.1 , in the wake of a flow past
a cylinder. It is observed that the effective particle density
in the images is about the same between PSV and PIV for
this configuration, and the apparent particle diameters are
also approximately equivalent. This would likely not be the
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Fig.7 a Raw PSV image
(zoomed and contrast-enhanced
for better visualization), b the
same image preprocessed as
described, ¢ PIV image captured
in the same flow at the same
focal plane

case in systems with lower magnification or in measure-
ments of gas flows where the tracer particles are an order of
magnitude smaller.

A counterintuitive result occurs as the physical particle
seeding density, i.e., the number of particles per unit volume,
is increased in the flow in PSV. Beyond a certain particle
density, fewer particles are visible because the light becomes
diffused by the high concentration of tracers in the volume
and is no longer collimated, which prevents sharp shadows
from being formed. A different, but ultimately equivalent
effect occurs in PIV experiments, where overseeding of the
flow field leads to laser speckle due to interference and scat-
tering (Raffel et al. 2018). Figure 8a, b shows PSV images
captured in an appropriately seeded and an overseeded
volume, respectively. The appropriately seeded flow has a
particle seeding density of about 11 g/m? leading to approxi-
mately 12 particles per square millimeter. In Fig. 8b, the
light is too diffuse to produce visible shadows. The seeding
density shown is about 125¢g /m? for 10-pum-diameter hollow
glass spheres of density 1.05 — 1.11 g/cm? in water, and the
number of distinguishable particles is effectively zero.

A series of experiments were conducted where the parti-
cle seeding density was gradually increased in a fixed vol-
ume of water, carefully measuring the mass of additional
particles as they were added incrementally. Experiments
were conducted in a rectangular water tank with a width
along the line of sight of 30 cm. Figure 8c shows the number

Fig.8 a A raw PSV image of
an appropriately seeded flow
(11 g/m?), b an overseeded flow
(130 g/m®) and ¢ number of dis-
tinguishable particles vs particle
seeding density of the flow

(a)

of distinguishable particles per mm? plotted against the par-
ticle concentration. As the concentration is increased, the
number of distinguishable particles decreases after a critical
seeding density is reached due to the scattering and light dif-
fusion caused by the overseeded fluid. The critical seeding
density is expected to depend on the width of fluid along
the line of sight and other configuration-specific parameters.

3 Velocimetry experiments
3.1 Experimental setup

Both PSV and PIV systems were set up in the TRIREME
water tunnel at Case Western Reserve University, which
has a 1-m-long test section with a cross section of 30 cmx
30 cm. PSV and PIV images were acquired downstream
of a flow past a 4.8-mm-diameter cylinder at a free stream
velocity of 0.4 m/s, resulting in a Reynolds number of
1.5 x 10%. Spherical hollow glass particles of diameter of
8—10 um were seeded into the water, and 2000 statistically
independent image pairs were captured at a frequency of
3.33 Hz using a Photron Nova R3-4K camera equipped with
a 105 mm Sigma DG macro lens with the aperture set to
f = 2.8 for both PSV and PIV. The camera resolution was
set to 2048 x 1024 pixels (width X height), corresponding to

(b) (c) 10

(@3
Particles per mm

0 50 100
Seeding Density [g/m?]
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a field of view of 15 mm X 7 mm with an inter-frame time
of 500 ps. For PSV, a continuous red LED light source was
used, and the camera exposure was set to 28.6 us, which was
sufficiently short to avoid particle streaks due to overexpo-
sure. For higher flow speeds, a pulsed LED source can be
used to limit the effective exposure time of the camera as in,
e.g., Refs. Willert et al. (2010, 2012). The schematic of the
experimental setup is shown in Fig. 9.

Both PIV and PSV imaging were performed at the same
focal plane under the same experimental conditions. For
PIV, the particles were illuminated by a dual-head Photon-
ics Nd:YLF 527 nm laser where the laser sheet was formed
by a diverging lens with a focal length of f = —15 mm.

To compare the efficacy of PSV for near-wall particle
imaging, PIV and PSV were used to study the development
of the boundary layer over a flat plate. The leading and trail-
ing edges of the model are made of aluminum, whereas the
flat portion of the plate is made of clear acrylic to allow the
laser to transmit through the model. This has been shown to
mitigate near-wall scattering in PIV (Paterna et al. 2013).
The boundary layer PSV and PIV particle images were
captured at a resolution of 2048 x 512 pixels with an inter-
frame time of 166.7 ps, resulting in a field of view of about
13 mm X 3.5 mm. A schematic of the experimental setup is
shown in Fig. 10. The particle images were captured at a
distance of 45 cm from the tip of the leading edge with a free
stream velocity of 0.4 m/s. The boundary layer was tripped
using a rough cylindrical rod of diameter 3.125 mm placed
at a distance of 7.6 cm from the leading edge, to enhance the
turbulence in the near-wall flow field. The relaxation time
for the particles is = 5.8 us according to the formula given

Fig.9 Schematic of the experi-
mental setup for flow past a

by Raffel et al. (2018), leading to Stk, =~ 0.1 for the flow
past a cylinder and Stk, ~ 0.09 for the BL flow. Therefore,
the Stokes number for both the flows is small enough to
conclude that the particles are faithfully following the fluid
motion (Pope 2001).

3.2 Velocimetry results
3.2.1 Flow past A cylinder

As described in Sect. 3.1, PSV and PIV imaging were per-
formed in the wake of a flow past a cylinder at a Reynolds
number of Rej, = 1.5 x 10°. To preprocess the PSV images,
a median filter is applied on a background-subtracted raw
image, which is then inverted to obtain a PIV-like image
with high-intensity signals representing particles in the flow
field. The median filtering of the images aids in mitigating
any noise that may get amplified due to background sub-
traction. Particle density of about 7—8 particles in a 32 x 32
-pixel interrogation window was observed in the data
acquired. PIV and PSV data were acquired consecutively
without turning off the flow in the water tunnel to avoid
errors associated with slightly different flow speeds between
different operations of the tunnel.

The data acquired by both PIV and PSV were pro-
cessed using PIVLab (Stamhuis and Thielicke 2014;
Thielicke and Sonntag 2021) with the interrogation win-
dow size starting from 128 x 128 to a final window size
of 64 x 64 pixels with 50% overlap. The algorithm uses
window deformation, multiple passes and recursive outlier
removal and replacement. After processing the images,

Q

— Cylindrical Trip: D~ 3.125mm

42D Field of View ~ 1.5D
~ 4D
D =0.19" = 4.8mm
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View
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Fig. 10 Schematic of the experi-
mental setup for boundary layer
developing over a flat plate. The
field of view is not to scale
—
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=~ 7.62cm
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Fig. 11 Magnitude of the mean velocity field obtained from a PIV
imaging and b PSV imaging. ¢ and d Streamwise and stream-normal
velocity distributions for PIV and PSV over the normalized vertical
coordinate at x/D ~ 44

the flow statistics were computed using 2000 independent
velocity fields. Figure 11 shows the mean velocity mag-
nitude computed using (a) PIV and (b) PSV, along with
mean (c) streamwise and (d) stream-normal flow velocity
profiles at x/D =~ 44 plotted against the vertical coordinate,
normalized with the cylinder diameter. The profiles in (c)
and (d) are the ensemble averaged velocities obtained
at the location x/D =~ 44. The dashed lines indicate the
statistical uncertainty associated with the velocity meas-
urements defined according to Sciacchitano and Wieneke
(2016) as follows.

Gu O-V
A= and A; =

W o

A; and A; are the statistical uncertainties associated with
u and v, respectively, o, and o, are the standard deviations
of u and v, respectively, and N is the number of samples. It
should be noted that these uncertainties do not account for
systematic errors due to spatial modulation, pre- and post-
processing, peak locking, etc. that may lead to bias in the
data.

It is evident from the results shown that the preproc-
essed PSV images obtained work well with the cross-cor-
relation algorithm to determine velocity fields. The PSV
and PIV velocity magnitudes results are essentially iden-
tical, and the streamwise velocity shows close agreement
and demonstrates the expected flow behavior with a deficit
at the top of the field of view close to the wake centerline.
The stream-normal velocity profiles show a small discrep-
ancy in the magnitude, however, about 0.1 pixels on aver-
age. This disagreement between the PIV and PSV results
could be due to small systematic errors in the velocity
field measurements, as the difference is just outside the
statistical uncertainty bounds on the measurements. The

005 V< u” > [m/s]

0.03 0.035 0.04

—PSV %
—PIV

(d)
425 43 435 44 445 45 0.035 0.04 0.045 0.05 0.055
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Fig. 12 Magnitude of the mean streamwise RMS field obtained from
a PIV imaging and b PSV imaging. ¢ and d Streamwise and stream-
normal RMS distributions for PIV and PSV at x/D ~ 44 over the
normalized vertical coordinate

stream-normal velocity is nearly two orders of magnitude
smaller than the streamwise velocity and hence is difficult
to determine accurately with cross-correlation. The dis-
crepancy is consistent across repeated experiments at the
same conditions.

Second-order velocity statistics were also computed from
the velocity fields obtained from PIV and PSV. Figure 12
shows the magnitude of the streamwise RMS velocity com-
puted using (a) PIV and (b) PSV, along with (c) streamwise
and (d) stream-normal RMS velocity profiles at x/D =~ 44
traced against the stream-normal coordinate normalized by
the diameter of the cylinder. The statistical uncertainty is
plotted as dashed lines and is defined as follows according
to Sciacchitano and Wieneke (2016).

2
Au,z =u

]%, and Ay =72 % @

AF and AVT are the statistical uncertainties associated with
the streamwise and stream-normal RMS velocities, ;2 and

2, respectively, and N is the number of samples. While the
general trend in RMS agrees between PIV and PSV, there is
a discrepancy in the magnitude of the RMS velocity of 0.35
and 0.32 pixels for the streamwise and stream-normal com-
ponents, respectively, with PSV producing lower-magnitude
fluctuations.

The cause of this discrepancy is not immediately clear,
and it may be the result of several factors. While it cannot
be ruled that part or all of the discrepancy is due to an effect
inherent to PSV, such as depth of field effects, it is entirely
possible that the processing algorithm and preprocessing of
the images play a significant role. It is known that different
preprocessing routines on image data can have a strong effect

@ Springer
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on higher-order statistics. To demonstrate this, both the PSV
and PIV images were preprocessed through a Gaussian fil-
ter of 3 X 3 pixels in size, and were then processed using
the same algorithms to obtain the velocity fields. The RMS
velocity results are shown in Fig. 13.

Figure 13 shows the (a) streamwise and (b) stream-nor-
mal RMS velocity profiles computed using PIV and PSV
images, processed with and without preprocessing through a
Gaussian filter. Preprocessing the images through a Gaussian
filter changes the magnitude of the RMS for the same set of
images, illustrating the sensitivity of higher-order statistics
to preprocessing. The RMS magnitude is consistently higher
for PIV compared to PSV, however, indicating that there is
likely at least a small effect present inherent to the imaging
setups. The correlation coefficients were calculated using
PIVLab to explore this further (Thielicke and Sonntag 2021;
Raffel et al. 2018). Figure 14 shows a histogram of the cor-
relation coefficients obtained for 2000 velocity vectors for all
2048 interrogation windows, for both PSV and PIV, with and
without Gaussian filtering of the images. As expected, the
quality of correlation is enhanced by the use of a Gaussian
filter to preprocess the images. More importantly, the results
show that PSV is capable of achieving correlation quality
equivalent to that of PIV. However, this increase in correla-
tion quality might not necessarily translate to an increased
accuracy in velocity measurements. Hence, whether the
discrepancy in RMS represents additional noise in the PIV
data compared to PSV or a reduction in sensitivity of PSV to
real velocity fluctuations cannot be determined definitively
without a ground truth to compare against.

3.2.2 Boundary layer

PSV and PIV imaging were also performed in a boundary
layer developing over a flat plate at a Reynolds number of
Re(399 = 6.1 x 10? with 099 = 2 cm. Frames (a), (b) and (c)
of Fig. 15 show, respectively, a raw PSV image, the same

Fig. 13 a Streamwise and b
stream-normal RMS veloc-
ity distributions obtained by

PIV: Gaussian Filtered mPIV: Unfiltered
PSV: Gaussian Filtered mPSV: Unfiltererd

106

Counts

10*

-0.5 0 0.5
Correlation Coefficient

Fig. 14 Correlation coefficient for PIV and PSV results obtained with
and without preprocessing through a Gaussian filter

image after applying preprocessing and a PIV image cap-
tured at the same focal plane in the same flow during the
same experimental run as PSV. Only the portion closest to
y = 0 is shown to highlight scattering from the wall. As in
Sect. 3.2.1, PSV captures approximately the same particle
seeding density as PIV of about 7-8 particles in a 32 x 32
-pixel interrogation window. The wall is located at y = 0,
and a small amount of light scattering is visible there in
the PIV image shown in Fig. 15¢ even after wall intensity
subtraction (i.e., subtracting the mean of the wall scattering
from individual frames) and the use of a physically transpar-
ent wall, whereas the PSV data shown in Fig. 15b exhibit
no such artifacts.

The particle images acquired by both PIV and PSV were
again processed using PIVLab (Stamhuis and Thielicke
2014; Thielicke and Sonntag 2021) with the interrogation
window size starting from 128 X 128 to a final window
size of 32 x 32 pixels with 50% overlap. After processing
the images, the flow statistics were computed using 2000

—PIV: Gaussian Filtered —PIV: Unfiltered
—PSV: Gaussian Filtered —PSV: Unfiltererd

L~
<

PSV and PIV with and without
preprocessing through a Gauss-
ian filter

(b)
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Fig. 15 a Raw PSV image
(contrast-enhanced for better
visualization), b the same image
after preprocessing applied, ¢
PIV image captured in the same
flow at the same focal plane

0.2

Fig. 16 Magnitude of the mean
velocity field obtained from u [m/ S]
a PIV imaging and b PSV \u\ [m/s] 0.1 0.2 0.3 20
imaging. ¢ and d Streamwise 0.6
and wall-normal velocity (:a) 0.5 (C) 102
distributions for PIV and PSV 0.35 ; ’
at x/8¢9 = 22.5 over the normal- p 104 S
ized vertical coordinate. e and f P 10.3 +@
Magnitude of the mean stream- 0.3 : 0.2 10!
wise and wall-normal velocity 0 '
field in viscous units 0.25 P | 0.1
0.6
(:b 0.5 102
0.2 :
104 o
: 3
g o =+
0.15 i 103 =
i 102 10!
0.1 i: 0.1
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independent velocity fields. Figure 16 shows the mean
velocity magnitude computed using (a) PIV and (b) PSV,
along with mean (c) streamwise and (d) wall-normal flow
velocity profiles at x/6yg = 22.5 plotted against the vertical
coordinate normalized with the boundary layer thickness,
099, Where the dashed lines indicate the statistical uncer-
tainty associated with the velocity measurements defined in
Eq. 1. The mean PSV and PIV velocity magnitudes results
agree well with each other, and both the streamwise and
wall-normal components obtained from PSV show excel-
lent agreement with PIV measurements within the expected
uncertainty interval. It is noted that the streamwise veloc-
ity goes to zero near the wall as expected for PSV, while it
does not for PIV data, likely due to interference from the
wall reflections. The result for the wall-normal component is
similar, and the profile for PSV appears to be better resolved.

Figure 16e and f shows the mean streamwise and wall-
normal velocity profiles obtained from PSV and PIV in vis-
cous units. As the PSV results appear to be better resolved
in Fig. 16, they were used to determine the friction velocity
u, and the viscous length scale 6, for the normalization of
the velocity profiles. The friction velocity was found to be
0.0169 m/s and one viscous unit was found to be 60 um,
which is equivalent to about 9 pixels per viscous wall unit.
The law of the wall for the mean streamwise velocity is plot-
ted as the dashed black curve, showing excellent agreement
with the PSV results in the viscous sublayer y* < 5.

The constant C* in the law of the wall (Eq.) 3 was found
to be 4, which is lower than the theoretical value of 5 for
smooth walls (Pope 2001; Marusic et al. 2010).
ut = % Iny* + C*, where k = 0.41

3
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Fig. 17 Magnitude of the mean streamwise RMS field obtained from
a PIV imaging and b PSV imaging for a turbulent boundary layer.
¢ and d Streamwise and wall-normal RMS distributions for PIV and
PSV at x/649 = 22.5 over the normalized vertical coordinate

To further compare the two techniques, second-order veloc-
ity statistics were also computed from the velocity fields
obtained from PIV and PSV. Figure 17 shows the magnitude
of the streamwise RMS velocity computed using (a) PIV
and (b) PSV, along with (c) streamwise and (d) wall-nor-
mal RMS velocity profiles plotted against the wall-normal
coordinate, normalized by 6y9. The statistical uncertainty
is plotted as dashed lines as defined in Eq. 2. As observed
in Sect. 3.2.1, while the trends agree, there is a discrep-
ancy in the magnitude of the RMS velocity, and the RMS
is again higher for the PIV measurements. The discrepancy
is about 0.1 pixels and 0.07 pixels for the streamwise and
wall-normal components, respectively, in terms of the dis-
placements of the flow tracers. Analysis of the data with
Gaussian filtering applied to the images and examining the
correlation coefficients yields essentially identical findings
as those discussed for the cylinder wake and presented in
Figs. 13 and 14.

4 Conclusions

Particle shadow velocimetry (PSV) is explored as a laser-
free alternative to particle image velocimetry (PIV). PSV
provides several potential advantages over PIV such as bet-
ter near-wall and near-interface particle imaging, laser-free
operation and cost-effectiveness, but its performance com-
pared to PIV was not well studied. Section 2 shows that PSV

@ Springer

is capable of achieving similar seeding density as PIV in
the same experimental setup, and that the depth of field of
a PSV system, while larger than what is possible with PIV,
still falls within the range of typical values encountered in
PIV. PSV and PIV were compared in two experimental con-
figurations: flow past a cylinder and boundary layer over a
flat plate in a water tunnel. Both PIV and PSV experiments
were conducted at the same plane in the same experimental
run. The flow statistics obtained from PSV under both the
experiments show close agreement with PIV results in the
mean, while the RMS velocity is slightly lower with PSV
compared to PIV in both experiments. It may be possible to
resolve the discrepancy by modifying the preprocessing rou-
tine or processing parameters in the velocimetry algorithm,
but it is not clear which measurement (or neither) is correct
because there is no ground truth to compare against. It is
possible that the slightly larger depth of field of PSV plays
into this discrepancy. The larger depth of field may play a
significant role in flows with appreciable three-dimensional
motion as it can potentially lead to undesired averaging of
the spatial scales.

PSV is not without its limitations, however. Because
PSV requires collimated light, the maximum field of view
is limited to the size of the collimated light beam, which is
typically much smaller than the field of view possible in a
PIV setup. In addition, the apparent particle image size is
highly dependent on the physical size of the tracer particles
and the magnification of the system. This would likely cause
difficulties in applications in gases, where the particles are
typically more than an order of magnitude smaller than those
used in liquids, or where the field of view is large. In those
cases, the particle images would likely not be large enough
to be processed effectively.
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