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Abstract A detailed statistical assessment of seedless
velocity measurement using Schlieren Image Velocime-
try (SIV) was explored using open source Robust Phase
Correlation (RPC) algorithm. A well-known flow field,
an axisymmetric turbulent helium jet, was analyzed near
and intermediate region (0 < x/d < 20) for two different
Reynolds numbers, Rey=11,000 and Re;=22,000 using
schlieren with horizontal knife-edge, schlieren with verti-
cal knife-edge and shadowgraph technique, and the resulted
velocity fields from SIV techniques were compared to tra-
ditional Particle Image Velocimetry (PIV) measurements.
A novel, inexpensive, easy to setup two-camera SIV tech-
nique had been demonstrated to measure high-velocity tur-
bulent jet, with jet exit velocities 304 m/s (Mach=0.3) and
611 m/s (Mach=0.6), respectively. Several image restora-
tion and enhancement techniques were tested to improve
signal to noise ratio (SNR) in schlieren and shadowgraph
images. Processing and post-processing parameters for
SIV techniques were examined in detail. A quantitative
comparison between self-seeded SIV techniques and tra-
ditional PIV had been made using correlation statistics.
While the resulted flow field from schlieren with horizontal
knife-edge and shadowgraph showed excellent agreement
with PIV measurements, schlieren with vertical knife-edge
performed poorly. The performance of spatial cross-cor-
relations at different jet locations using SIV techniques
and PIV was evaluated. Turbulence quantities like turbu-
lence intensity, mean velocity fields, Reynolds shear stress
influenced spatial correlations and correlation plane SNR
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heavily. Several performance metrics such as primary peak
ratio (PPR), peak to correlation energy (PCE), the probabil-
ity distribution of signal and noise were used to compare
capability and potential of different SIV techniques.

Abbreviations
BOS  Background-oriented schlieren

CWO Continuous window offset
PCE  Peak to correlation energy
PDF  Probability distribution function

PIV  Particle image velocimetry
PPR  Primary peak ratio

RMS Root mean square

ROI  Region of interest

RPC  Robust phase correlation
SIV  Schlieren image velocimetry

SNR  Signal to noise ratio

UOD  Universal outlier detector

d Nozzle diameter

d, Particle image size, pixel

D, Tracer particle diameter in PIV
i Intensity

n, Number of particles in interrogation window
Re, Reynolds number

U, Centerline jet velocity

X, r Jet coordinate

N Sample size

1 Introduction

Particle image velocimetry (PIV) is a quantitative optical
method used in experimental fluid dynamics that captures
entire 2D/3D velocity field by measuring the displacements
of numerous small particles that follow the motion of the
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fluid. In its simplest form, PIV acquires two consecutive
images (with a very small time delay) of flow field seeded
by these tracer particles, and the particle images are then
cross-correlated to yield the instantaneous fluid velocity
field. Nature of PIV measurement is rather indirect as it
determines the particle velocity instead of the fluid velocity.
It is assumed in PIV that tracer particles “faithfully” fol-
low the flow field without changing the flow dynamics. To
achieve this, the particle response time should be faster than
the smallest time scale in the flow. The flow tracer fidel-
ity in PIV is characterized using Stokes number, S, where
a smaller Stokes number (Sk < 0.1) represents excellent
tracking accuracy. Conversely, schlieren and shadowgraph
are truly non-intrusive techniques which rely on the fact
that the change in the refractive index causes light to devi-
ate due to optical inhomogeneities present in the medium.
Schlieren methods can be used for a broad range of high-
speed turbulent flows containing refractive index gradients
in the form of identifiable and distinguishable flow struc-
tures. In schlieren image velocimetry (SIV) techniques, the
eddies in a turbulent flow field serve as PIV “particles”.
Unlike PIV, there are no seeding particles in SIV. To avoid
confusion, a quotation mark is used for “particles” when
describing the SIV techniques. As the eddy length scale
decreases with the increasing Reynolds number, the length
scales of the turbulent eddies become exceptionally impor-
tant. These self-seeded successive schlieren images with
a small time delay between them can be correlated to find
velocity field information. Thus, the analysis of schlieren
and shadowgraph images is of great importance in the field
of fluid mechanics since this system enables the visualiza-
tion and flow field calculation of unseeded flow.

Papamoschou (1989) showed the possibility of using
schlieren technique to measure the velocity of very high-
velocity flows. A schlieren system with a pulsed light
source and a very short (~20 ns) camera exposure time was
utilized to measure a supersonic shear layer. However, due
to the lack of processing power, only a global convective
velocity of the turbulent shear layer was captured using pat-
tern matching technique between two consecutive schlieren
images. (Fu and Wu 2001; Li et al. 2009; Fu et al. 2000)
was among the first to use high-speed (~100 kHz) imag-
ing to extract velocity field from sequences of schlieren
images. All previous works used application-specific image
processing algorithm, until the substantial development of
digital PIV (DPIV) towards the end of the twentieth cen-
tury, when the digital PIV processing algorithm was com-
monly and commercially available.

Elsinga et al. (2003, 2004); Raffel et al. (2000a, b); Raf-
fel (2015); Scarano et al. (1999) computed flow field infor-
mation using background-oriented schlieren (BOS) tech-
nique using the evaluation algorithms proposed by Rafael
and Goldhahn (Kindler et al. 2007; Goldhahn and Seume
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2007). Kegerise and Settles performed image correlation
velocimetry on an axisymmetric turbulent-free convec-
tion plume (Kegerise and Settles 2000). Garg and Settles
performed turbulence measurements of the supersonic
turbulent boundary layer by focusing schlieren deflectom-
etry technique (Garg and Settles 1998). Jonassen and Set-
tles (2006) explored the possibility of using commercial
PIV equipment combined with schlieren optics to measure
the velocity field of an axisymmetric helium jet and a 2D
supersonic turbulent boundary layer. A laminar jet structure
at the exit prevented them from capturing the tip and near-
field velocities of helium jet. However, Jonassen compared
different schlieren and shadowgraph sensitivity settings to
find an optimum sensitivity value. Later, (Hargather et al.
2011; Hargather and Settles 2012) compared three quanti-
tative schlieren techniques, Schardin’s calibrated schlieren,
rainbow schlieren and background-oriented schlieren
(BOS) using a 2D turbulent boundary layer. Most recently,
Mauger et al. (2014) performed velocity measurements
in a cavitating microchannel two-phase flow configura-
tion using shadowgraph image correlations. Zelenak et al.
(2015) conducted an experiment to test the applicability of
the laser shadowgraph technique combined with commer-
cial PIV processing algorithms to visualize the pulsating
water jet structure and to analyze the velocity field.

All the aforementioned schlieren or schlieren-like
velocimetry techniques used either application specific,
home-grown image processing algorithms or commer-
cial digital PIV software to obtain flow field information.
Since commercial PIV software had been developed keep-
ing digital PIV in mind, processing parameters are not opti-
mized for SIV. Until now all studies on schlieren velocime-
try techniques were accentuated how well SIV techniques
agree compared to a well-established velocity measurement
technique such as hot wire, LDV or PIV. No such detailed
study was conducted on the performance of different image
correlation algorithms and the effect of various preprocess-
ing and post-processing techniques for SIV. Additionally,
very few past studies used SIV to resolve high Reynolds
number flows except Hargather’s work (Hargather et al.
2011) in which the mean velocity profile of a Mach 3 tur-
bulent boundary layer was measured. The challenge for
high-speed flows lies in the fact that SIV requires extremely
expensive digital cameras—either a very high-speed cam-
era (100 kHz or up) or a multi-exposure camera is needed
to resolve a high-speed velocity field using SIV.

Motivated by this, the present study provides a com-
prehensive statistical assessment of three different SIV
techniques, schlieren with horizontal knife-edge cutoff,
schlieren with vertical knife-edge cutoff and shadow-
graph, for a high velocity (0.3 < Mach < 0.6) helium jet
using an open source robust phase correlation (RPC)
(Eckstein and Vlachos 2009) code. RPC shows enhanced
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measurement capabilities regarding better signal to noise
(SNR) ratio, reduction of bias error and peak locking.
This paper is one of the very first to apply SIV tech-
niques to measuring high-speed flows. Experimental
measurement of high-speed flows is extremely chal-
lenging. At high speeds, the chances that PIV tracer
particles will not “faithfully” follow the flow increase.
Thus, it becomes increasingly difficult to apply PIV to
high-speed flows. Since SIV techniques do not require
seeding particles, they provide an alternate solution.
However, to date very few studies measured velocities
of high-speed flows using SIV techniques due to two
reasons. The first reason is hardware limitations of the
camera and the second is due to the absence of a well-
established post-processing routine. In the present paper,
we proposed a novel, inexpensive two-camera approach
to solving this problem. Using two high-speed cam-
eras side by side to capture schlieren images effectively
forms a double-exposure high-speed camera. This two-
camera approach has never been explored and can be
very helpful to resolve high-speed axisymmetric or 2D
flows. A highly resolved temporal and spatial veloc-
ity field was obtained using two cameras in parallel.
Unlike PIV, image pre-processing, conditioning, filter-
ing, image processing and post-processing are all differ-
ent for SIV. Optimization of SIV processing parameters,
various types of image filtering, image restoration and
noise reduction techniques useful for SIV techniques
were discussed in detail. Because the ratio of the time-
scales of the smallest and largest eddies (z, and 7, var-
ies with Reynolds number, T,I/T0~Re_l/ 2 (Pope 2000),
the size ratio of the biggest and smallest windows in SIV
methods also depends on the Reynold number. Although
previous studies compared their SIV results to PIV, LDV
or hot wire measurements, none statistically explained
the performance of SIV. A comprehensive analysis of
different SIV techniques was carried out using the cor-
relation planes statistics. Correlation plane statistics for
various SIV techniques depended primarily on turbu-
lence parameters such as turbulence intensity. Quantita-
tive comparison of correlation planes at different spatial
locations of high-speed axisymmetric helium jet was
performed. Several performance metrics such as primary
peak ratio (PPR), peak to correlation energy (PCE), and
the probability distribution of SNR were used to com-
pare capabilities of different SIV techniques. This paper
combined an open source PIV processing algorithm with
a novel two-camera, easy to setup SIV technique with a
detailed description of image preprocessing, flow field
post-processing, and their statistical assessment, there-
fore, presented a solution to resolve velocity fields of a
wide range of turbulent flows.

2 Experimental method

The experimental setup is schematically shown in Fig. la.
A steady helium jet was issued from a nozzle at velocity
U, into a quiescent ambient. The nozzle had a diameter
of 4 mm and a length to diameter ratio, L/d, of 2. Sche-
matic of the axisymmetric jet coordinates (x, r) is shown in
Fig. 1b. The jet centerline velocity, U,(x) decayed as the jet
spread, 6(x) in the streamwise direction. The upstream noz-
zle pressure was carefully controlled using Kulite (XTEL-
190) pressure transducers combined with NI-9237 signal
conditioning module to create two different flow condi-
tions at the nozzle exit: Re,;=11,000 and Re,=22,000,
respectively. The jet Reynolds number, Re,, is defined as,
Re, = Uyd/v, where U, is the jet exit velocity, d is the noz-
zle diameter, and v is the kinematic viscosity at the nozzle
exit. For Reynolds number 11,000 and 22,000, the jet cen-
terline velocity at the nozzle exit was 304 m/s (Mach=0.3)
and 611 m/s (Mach=0.6), respectively, based on the PIV
measurements. The theoretical jet exit velocity calculated
from experimentally measured pressure drop across the
nozzle using plug flow assumptions was 297 and 601 m/s,
respectively, which agreed well with the PIV data.

2.1 High-speed schlieren and shadowgraph imaging

A z-type Herschellian high-speed schlieren system was
used to visualize the axisymmetric turbulent helium jet.
The schlieren system consisted of a 100 W mercury arc
lamp (Q series, 60064-100MC-Q1, Newport Corporation,
Model 6281) light source with a condensing lens assembly
(Q Series, F/1, Fused Silica, Collimated, 2002500 nm),
two concave parabolic mirrors (6” diameter, aperture /8,
effective focal length 1219.2 mm), a knife-edge, an ach-
romatic lens (f=300 mm) to collimate the light, a beam
splitter (1" cube, Thorlabs PBS251) and two identical high-
speed CCD cameras (Phantom v711, Vision Research). The
inter-frame delay, At, between the two high-speed cameras
was accurately controlled by a low jitter digital delay gen-
erator (Stanford Research, DG535). The inter-frame delay
needed to be small enough to resolve high jet velocity. The
same setup as shown in Fig. 1a was used for shadowgraph
with minor modifications. No knife-edge was used as shad-
owgraph does not require any cutoff of refracted light.

The jet velocity at the nozzle exit U, was within the
range of 300-600 m/s (0.3 < Mach < 0.6) and the length
scale of the turbulent structures within the jet was typically
in the order of millimeters. To capture such flow details and
to extract a meaningful correlation between consecutive
images, an extremely high framing rate was required. For
example, to observe a 10x 10 cm? ROl in a flow field flow-
ing at a velocity of 500 m/s, it requires a minimum 80 kHz
frame rate for an optimum 10-12 pixels shift between
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consecutive images with a 1000 x 1000 pixels camera reso-
Iution. Moreover, to reduce integration effect, camera expo-
sure time should be less than frame-to-frame time delay,
At. To solve this problem, two identical black and white
Phantom high-speed digital cameras with an identical lens
system (105 mm Nikon {/2.8G macro lens) were used to
capture schlieren visualization, with a time delay, Az, in
between the two cameras (master and slave). This time
delay, At, was precisely controlled by the delay generator
DG535 and could go as small as 0.1 ps. For Re; = 11,000
and Re,; = 22,000 the time delay, At between the two cam-
eras were set 0.4 and 0.2 ps, respectively. Both cameras
were synchronized with a master trigger to start the record-
ing. Each frame of the slave camera was synchronized with
the corresponding frame of the master camera by the time
delay Az. Schlieren images were captured with a resolution
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of 1024x800 pixels with a framing rate up to 10,000
frames per second. As for the spatial resolution, the size of
the evaluated area was 84 x 64 mm?. Using two high-speed
cameras side by side to capture schlieren images was an
effective way to form a double exposure high-speed cam-
era. During image processing, each frame from the master
camera was correlated with the corresponding frame from
slave camera. Thus, corresponding image pairs from mas-
ter and slave cameras were correlated. So, the user-defined
time delay, Az,was the delay between these two images. The
framing rate for both cameras was identical, and it merely
dictated the number of image pairs acquired over a period.
Figure lc describes the orientation of the knife-edge for
schlieren. For both the knife-edge orientations, 40% cutoff
of refracted light was used since 40% was the optimum cut-
off that provided the best SNR. The contrast of the schlieren

(o)
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images would had increased with the higher percentage of
light cutoff, but that would have had also decreased “par-
ticle” image size. This is discussed in detail in the data
preprocessing section. In Fig. 1c, the helium jet on the left
represents horizontal knife-edge. It detected changes only
in the vertical component of the refractive index, on/dx
of the jet. The middle image of the helium jet shows the
result using a vertical knife-edge where only changes in the
horizontal component of the refraction index, on/dr, were
detected. Shadowgraph, the right most image of Fig. 1c, did
not require knife-edge.

It was essential to characterize the shadowgraph and
schlieren system. Shadowgraph intensity is defined as the
ratio g/h, where g is the focus offset between schlieren and
the focal plane and £ is the distance between the collimating
lens/mirror and the focal plane (Settles 2001). A g/h value
of 0.31 was used for shadowgraphy. The schlieren sensitiv-
ity or the contrast sensitivity can be written as the rate of
change of image contrast with respect to refraction angle,
S =dC/de. Contrast, C in the schlieren images can be
expressed as the ratio of differential luminance, AE to the
general background level, E. C = AE/E = Aa/a, where a
is the unobstructed height of the source image in the cutoff
plane, and Aa represents the change in a due to refraction.
The refraction angle is e. The schlieren sensitivity can be
further simplified to S = f,/a, where f, is the focal length
of the second parabolic mirror. This simple yet sufficient
geometric-optical relation for sensitivity adequately char-
acterizes the schlieren system. For both schlieren settings
(horizontal knife-edge and vertical knife-edge), f, = 1.2 m
and a = 500 pm produced a schlieren sensitivity, S of 2400.

2.2 PIV imaging

To validate the flow field results from SIV techniques,
traditional 2D PIV was carried out on this axisymmetric
helium jet under identical experimental conditions. A dou-
ble oscillator 532 nm Nd:YAG laser was used, which deliv-
ers an energy of 50 mJ per pulse with a pulse duration of
6 ns and at a sampling frequency of 15 Hz. The laser beam
was converted into a laser sheet of 1 mm thickness. The jet
was seeded with titanium dioxide (TiO,) tracer particles
with a nominal diameter, Dp of 0.4 pm. Particle Stokes
number, S, was 0.035 and 0.07 for Re, = 11,000 and
Re,; = 22,000, respectively. A digital CCD camera from
TSI Inc. (4MP-HS) with a 105 mm Nikon f/2.8G micro-
lens was used to capture a field of view (FOV) of approxi-
mately 84.5x64.5 mm?. Multiple sets of 500 images were
taken for each Reynolds number. PIV data acquisition was
made using the TSI Inc. software. Since PIV and SIV were
executed on identical experimental settings, the same PIV
camera could have been used for schlieren measurements
as well. However, the intention of SIV was to get a highly

time-resolved measurement of the steady helium jet (and
ultimately for other unsteady, transient jets), which is why
two high-speed cameras were used for schlieren and shad-
owgraph measurements. Two high-speed cameras side by
side, each at 10,000 frames per second, effectively created a
double exposure 10 kHz system. This was not possible with
the PIV camera which was a double exposure 32 fps maxi-
mum with a pixel resolution of 20482048 pixels, even
after sacrificing some of its spatial resolutions.

2.3 Calibration

The standard PIV calibration approach was applied to SIV
as well. A planar target with a regularly spaced (0.5 mm)
grid of markers was placed on the light path at the posi-
tion of the schlieren object (the helium jet). It was moved
by a specified distance in the out-of-plane direction to two
or more positions to ensure alignment and to minimize
any distortion in the two-camera system. At each position,
a calibration polynomial mapping function with sufficient
degrees of freedom mapped the global x—r plane to camera
planes.

3 Data analysis techniques

Data analysis procedures are composed of three major seg-
ments. Data pre-processing techniques including image
filtering, inverse Abel transform, and particle size limita-
tions are discussed in first part, followed by data process-
ing parameters such as correlation algorithm, grid size,
window size, overlapping parameter, etc. The final section
discusses post-processing methods.

3.1 Data preprocessing parameters
3.1.1 “Particle” image size and “Particle” density

In PIV, two critical parameters that control bias and root-
mean-square (RMS) error are particle image size, d,, the
size of the particle image in pixels and particle density, n,,
the number of particle images per interrogation window.
A particle image size less than 1 pixel creates peak lock-
ing and higher than 3 pixels brings bias error (Fincham and
Spedding 1997). Likewise, a lower particle density, n, < 8
incurs mean bias and root-mean-square (RMS) error. To
minimize errors in PIV, researchers have found a particle
image size in the range of 2 < d, < 3pixels and a particle
density in the range of 8<n, <22 work best for cross-
correlation-based PIV processing algorithms (Huang et al.
1997). In PIV experiment, this particle image size is metic-
ulously controlled by the projected pixel resolution factor
(pm/pixels) during the calibration process.
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An edge detection method was implemented in SIV to
ensure the minimum “particle” density requirement. Marr
and Hildreth (1980) edge detection algorithm that combines
Gaussian filtering with the Laplacian was used to detect
“particle” edges. A typical SIV “particles” map is shown
in Fig. 2 using Marr and Hildreth edge detection method.
Two different interrogation windows, ‘window A’ (rectan-
gular) and ‘window B’ (square), are shown on this “parti-
cles” map. A quick overview to generate a “particles” map
using Marr and Hildreth algorithm is outlined here. First, a

Window B

Window A

Fig. 2 Typical SIV “particles” using Marr and Hildreth edge detec-
tion method

Fig. 3 Unfiltered 40 x40 pixels
image segments from a PIV and
b schlieren showing particle
image size, d,, (approximately
marked by a red circle). The
“particle” image size lies
between, 2 < d,, < 3 pixels

@ Springer

Gaussian filter was applied to the entire image. Then, zero
crossings were detected in the filtered image to obtain the
edges. Zero-crossing occurs when the brightness changes
over a threshold gray scale value. This threshold gray
value is user-defined, and we used the average gray value
of the respective images. Marr and Hildreth edge detection
method is particularly suitable when there are substantial
and rapid variations in image brightness. Although Canny
edge detection method (Canny 1986) generally does a bet-
ter job in detecting edges, the edge contours can be sub-
stantially fragmented. On the contrary, Marr and Hildreth
edge detection algorithm always forms connected closed
contours that help easy detection of SIV “particles”.

However, in SIV techniques, there are no real particles.
Rather turbulent eddies are considered as seeding “parti-
cles”. Since we were using an open source processing code
designed for PIV, we chose to follow these error minimiz-
ing guidelines for SIV techniques as well. Figure 3 shows
the “particle” image size, d, for schlieren and PIV, respec-
tively. For both cases, the intensity-weighted “particle”
image size lied within the range of 2.6 < d, < 2.9 pixels.
However, the eddy size changes with the change in integral
length scale along the axial direction of the jet. Figure 4
shows the variation of “particle” image sizes, d,, along the
jet in SIV. “Particle” size increases in a monotonic fash-
ion from d, = 1.7 pixels at the jet exit to d, = 3.2 pixels
at x/d = 20. Nevertheless, “particle” sizes fall in the range
of 2 < d, <3 pixelsfor most of the near and intermediate
regions, 4 < x/d < 16. This was achieved by precisely con-
trolling the projected pixel resolution factor in SIV meas-
urements. A projected pixel resolution of 80 pm/pixel was
used for the current experiment.

“Particle” density, n,, dictates the window sizes during
post-processing, for both PIV and SIV techniques. Window
sizes for multiple passes were chosen carefully to reduce

Schlieren
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Fig. 4 Variation of “particle” image size, d, along the jet in SIV
techniques

errors. The first pass was dictated by the maximum velocity
of the flow field. In other words, the largest window size
was required in the first pass to resolve the highest velocity.
This window size automatically included enough “parti-
cles”. However, for the successive passes, the window size
was reduced in a manner so that the interrogation window
held just enough “particles”, n, to reduce the bias error.
Window sizes of 32X 128 pixels and 16X 16 pixels were
selected for the first pass and the final pass, respectively.

3.1.2 Inverse Abel transformation

Contrary to 2D PIV where the probe volume is made of a
laser sheet with a thickness of 1 mm or less, schlieren and

Fig. 5 The effect of Abel inver-
sion on a a typical schlieren
image of the turbulent round
jet, and b the line intensity at an
axial location of z = 200 pixels

shadowgraph produce path integrated volumetric signals.
Thus, a reverse Abel transform (Jonassen et al. 2006; Abel
1826; Arfken et al. 2012) was necessary. For an axisym-
metric jet, the local intensity i can be evaluated using the
inverse Abel transformation of the line of sight intensity,
I which is obtained from the intensity measurement as a
result of change in refractive index from schlieren images.
The relationship between the local intensity, i and the line
of sight intensity, / under axisymmetric assumption can be
expressed as:

[~

l' — _l / ﬂ—dy (1)
zJ dy (2 =2

where r is the radial distance as shown in Fig. 1b, and Zy is
the distance from the jet centerline perpendicular to the line
of sight direction. Then, the local intensity i can be calcu-
lated using Eq. 1. Figure 5a shows the Abel inversion of a
typical schlieren image of the turbulent round jet. Figure 5b
compares the line intensity at an axial location z = 200 pix-
els before and after the Abel inversion.

Abel transformation requires an axial symmetry of the
velocity field. The temporally and spatially averaged mean
flow field fulfilled this assumption. However, the instanta-
neous flow field extracted from the consecutive schlieren
images did not fulfill this assumption of symmetry. Thus,
to apply Abel inversion on instantaneous schlieren images,
it was essential to study the behavior of time averaged
Abel inversion under varying sample size i.e., the number
of SIV images. As shown in Fig. 5 that for a 2D inten-
sity map of schlieren images, Abel inversion affected the
intensity values of the jet. However, at times numerical
error could propagate while solving the inverse Abel trans-
form equation. Thus, an ensemble time averaging of a set
of five, ten and 50 schlieren images for each test condition
was compared to examine the noise in the Abel inversion

220
200
180 200 ___ Intensity of raw image
1801 at z =200 pixels
160 Intensity after inverse Abel
1601 transform at z = 200 pixels

Intensity

2 i 20 . Jet boun/dary centerline
Ad v ) 20¢ 1
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raw Schlieren image

(a)

invserse Abel Transform

Radial direction, Pixels
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and is shown in Fig. 6. We studied the variation of the
Abel transformed quantity (image intensity) for three dif-
ferent sample sizes, N=35, 10 and 50. As we increased
the number of images to N=50, the inversion attained a
mean value. However, as we decreased the sample size to
N=35, nominal scatter was observed around the mean, but
overall the variation was relatively small as evident from
Fig. 6. Since the Abel inversion only negates the effect of
volumetric path integration nature of schlieren images,
once we achieved a steady inversion, unless we changed the
experimental conditions such as light intensity, knife-edge
cutoff, camera settings, the variation in Abel transformed
quantity (image intensity) was negligible. Previous studies
(Coppalle and Joyeux 1994; Mayrhofer and Woisetschldger
2001; Yildirim and Agrawal 2005; Joshi and Schreiber
2006) showed the potential of using Abel inversion to
transform an instantaneous axisymmetric measurement into
the planar measurement.

3.1.3 Image filtering

Image restoration and enhancement play a significant role
in both traditional PIV as well as for SIV techniques. Tra-
ditional PIV has proven preconditioning techniques to
attenuate or completely remove undesired effects via image
reconstruction (e.g., background subtraction) or image
enhancement (e.g., min—-max contrast normalization).
Since the physical processes behind schlieren and shadow-
graph techniques are completely different than PIV, not all
image reconditioning methods commonly used for PIV can
be implemented on schlieren images. A variety of image

220

2004{’5;;:: : Sample size, N |
E j o N=50
6 180' N - 10 .
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> 160F N=5 |
5 140+
3
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= 120}
3]
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8 100
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5 S0r
>
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2
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201 ]
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Fig. 6 Abel inversion of schlieren intensity counts for different sam-
ple sizes

@ Springer

filtering techniques were tested, and some of them are dis-
cussed in the following.

The quality of the present PIV images suffered due to
pulse to pulse variation of the light intensity from the Nd:
YAG laser. Intensity normalization fixed this issue. PIV
images also contained dark current and thermal noise of
a CCD sensor. Due to homogeneous statistical properties
of this noise, a background subtraction greatly reduced it.
Background subtraction also reduced the effects of laser
flare and other stationary image features. Lastly, to smooth
out small-scale intensity fluctuations a uniform filter, which
is a linear low-pass filter, was used to replace each pixel
by the average gray value over a 3 X3 pixels subdomain.
After applying the uniform filter, the resulting image was
subtracted from the original image. Resulted improvements
are shown in Fig. 7a along with the gray value histograms
for a PIV image segment. The left image of Fig. 7a shows a
noisy PIV image segment with random noise fluctuations as
evident from the widely distributed gray value histogram.
After an intensity normalization, background subtraction,
and uniform filtering, the gray value histogram reduced in
width, as shown in the right side of Fig. 7a. Similar image
improvements were obtained using a Gaussian filter instead
of the uniform filter as well.

PIV image intensity field involved bright particle images
on a darker background, whereas the schlieren and shadow-
graph images contained turbulent structures on a gray color
background. It was impossible to use background subtrac-
tion on schlieren images without removing some of the
actual signals. That is why image enhancement or amplifi-
cation served best rather than image reconstruction for STV
techniques. For all SIV images, first, a narrow-width, low-
pass filter was applied to remove high-frequency noises
(e.g., camera shot noise, pixel anomalies, and digitization
artifacts) from the images. This also allowed the sub-pixel
peak fitting algorithm to perform better by widening the
correlation peaks. Contrast enhancement increased signal
content in SIV images and helped to find the definite cor-
relation between successive images. In other words, opti-
mization of image contrast was necessary for SIV. A non-
linear min/max filter approach as suggested by Westerweel
(1993) was used to normalize the image contrast. Lastly, to
enhance the edges of the turbulent structures, Laplace filter
(Rosenfeld and Kak 1982) was applied. Due to the highest
velocity near the jet tip, there was always a chance that a
longer camera exposure time could blur turbulent structures
and could create an under-sampled image segment. This
could lead to the so-called peak-locking effect. However,
a high-pass Laplace filter reduced this adverse effect. The
combined effects of all these filters are shown in Fig. 7b—d
for schlieren with a horizontal knife-edge, schlieren with
vertical knife-edge and shadowgraph, respectively. Gray
value histograms behave fairly similarly for schlieren with
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Fig. 7 Improvement of image segmentation and gray value histograms for a PIV, b schlieren with horizontal knife-edge, ¢ schlieren with verti-

cal knife-edge, and d shadowgraph

horizontal cutoff and shadowgraph as gray levels nar-
row down between 60 and 150 for filtered images com-
pared to their original counterparts spreading across entire
0-255 Gy value range.

While the gray value histograms of filtered image seg-
ments for schlieren with horizontal knife-edge and shad-
owgraph demonstrated improvements over the original
image, schlieren with vertical knife-edge failed to do
so. Vertical knife-edge produced an uneven illumination
on left and right sides of the schlieren image as shown
in Fig. lc. Thus, double-peaked gray value histogram
appeared as depicted in Fig. 7c. Even with this limitation,

vertical knife-edge schlieren was investigated in this
paper for the comparison purposes between different SIV
techniques.

For white-light schlieren, the darkness of the gray
background increased with increase in knife-edge cut-
off. An increasing cutoff also enhanced image contrast.
However, this increase in the contrast came at the cost of
lower “particle” size with higher cutoff (Jonassen et al.
2006). This was the prime reason why 40% cutoff for
both the horizontal and vertical knife-edge schlieren was
chosen in the first place.
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3.2 Data processing parameters

The data were post-processed using an open source GUI-
driven Matlab code, quantitative imaging (QI) or Prana
(35) originally developed at the AEThER Laboratory of
Virginia Tech. Robust phase correlation (RPC) (Eckstein
and Vlachos 2009) algorithm was used, which essentially
uses the phase of the Fourier transform-based cross-corre-
lation plane and applies a Gaussian spectral filter to opti-
mize the SNR. The use of RPC algorithm becomes justi-
fied from Fig. 3b that showed the intensity distribution of
turbulent structures from schlieren images. Intensity map
of turbulent eddies in schlieren images looked approxi-
mately Gaussian. A higher order multi-grid continuous
window offset (CWO) iterative image deformation method
was applied throughout, for which the image window was
deformed to diminish the loss of information due to shear
and/or rotation of the image windows. Additionally, bi-
cubic interpolation for velocity field interpolation and the
cardinal function with Blackman filter for image interpola-
tion were employed. To obtain a converged velocity field,
a total of 4-5 iterations with varying processing param-
eters such as grid size, window size, resolution, and vec-
tor validation were used. To resolve higher velocities at the
jet exit, a rectangular window of 1:4 ratio (32 128 pix-
els, 16 x64 pixels) where the long side of the window
aligned streamwise (or in the x direction) was used on the
first pass. This generated 50% overlap in the radial direc-
tion and 87.5% overlap in the streamwise direction. A 1:1
16 x 16 pixels interrogation window size with 50% over-
lap at the final pass was applied, leading to a vector spac-
ing of 0.4 mm for the time-resolved measurements. Grid
resolution of 8 X8 pixels and a particle image diameter of
2.8 pixels were used. The three-point Gaussian estimator
was employed for the subpixel correlation peak location for
interpolating the correlation peak location (and hence dis-
placement) below the specified pixel resolution.

3.3 Data post-processing parameters
3.3.1 Validation of velocity field

Post-processing parameters were set up separately for each
pass for all measurement techniques. Two essential valida-
tion techniques, velocity thresholding and universal outlier
detection (UOD), were implemented to obtain the final
velocity field for all passes except the final pass. To remove
high-frequency noise signals, a Gaussian smoothing filter
was applied to each vector field by taking an average value
of the neighborhood grid points.

4 Results and discussion

The velocity fields of the helium jet obtained from PIV and
SIV techniques are discussed in Sect. 4.1. Section 4.2 com-
pares the spatial variation of correlation planes from dif-
ferent SIV methods with PIV. Lastly, a statistical survey of
different methods is conducted in Sect. 4.3.

4.1 Helium jet results

An Abel inversion was applied during SIV data process-
ing to find the true velocity field. Figure 8a shows that an
Abel inversion was necessary for the SIV to yield compa-
rable results to the PIV data. The effect of Abel inversion
is maximum at the jet centerline, r = 0 since the effect of
path integration reaches highest at the centerline. The Abel
inversion was applied on schlieren images in the begin-
ning of the data processing, even before applying any
image enhancement/restoration technique. Several past
studies (Jonassen et al. 2006; Watt et al. 2000) performed
this step, an inverse Abel transform, during the post-pro-
cessing of SIV data. Thus, we wanted to understand and
validate the effect of Abel inversion at two different stages

Fig. 8 a Comparison of SIV

results with PIV before and 500 o' V. 600

after Abel inversion, b Abel OB o Schlleren i 5 u, Abeluwersicn
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of data processing, (1) at the beginning of the pre-process-
ing, before applying image filters, (2) after the processing
(cross-correlation) and data validation, at the very last step.
Figure 8b compares Abel inversion of a schlieren velocity
profile of Re, = 22,000 jet at two different stages of data
processing. It shows that both velocity profiles agreed well.
However, the Abel inversion before image pre-processing
showed a slightly better agreement with PIV measurements.

Figure 9 compares the instantaneous and mean velocity
fields of the helium jet of Re;, = 11,000 and Re, = 22,000
obtained from PIV, schlieren with a horizontal knife-edge,
schlieren with vertical knife-edge and shadowgraph, respec-
tively. The sizes of the velocity vectors are proportional to
their corresponding magnitudes, and the vectors are plotted
on a velocity magnitude contour map. For every measure-
ment technique, 500 image pairs had been used to calculate
the mean flow field. Schlieren with horizontal knife-edge
and shadowgraph showed excellent agreement with the PIV
results. However, schlieren with vertical knife-edge failed
to provide a meaningful velocity field. As mentioned ear-
lier, the schlieren with vertical knife-edge detects only the
horizontal components, on/dr of the refractive index. This
produced asymmetric illumination in the transverse direc-
tion of the jet. Due to asymmetric illumination, the “parti-
cle” size increases from the dark to the bright region in ver-
tical knife-edge schlieren. The larger size “particles” incur
bias error in the calculated velocity field. Even though sev-
eral image filters were tested, they failed to restore any use-
able signals from vertical knife-edge schlieren images. A
detailed analysis of the poor performance of vertical knife-
edge schlieren is presented using the correlation plane sta-
tistics in subsequent sections.

For a better quantitative comparison, velocity magni-
tude iso-lines were plotted on the mean flow contour for
Re,; = 22,000 as shown in Fig. 10. PIV, schlieren with hori-
zontal knife-edge and shadowgraph all yielded comparable
results. Time average jet centerline velocities at the noz-
zle exit were 611, 609, and 608 m/s for schlieren with a
horizontal knife-edge, shadowgraph and PIV, respectively.
The length of the potential core was approximately 3.7 cm
for both PIV and horizontal knife-edge schlieren. Shadow-
graph, however, showed a potential core length of 3 cm,
shorter than PIV or schlieren. But all three measurement
techniques agreed very well at the downstream of the jet.

The jet centerline velocity at the nozzle exit was 304 m/s
(Mach=0.3) and 611 m/s (Mach=0.6), respectively, for
Re; = 11,000 and Re; = 22,000. The mean axial velocity,
U normalized by the centerline jet velocity, U, is plotted in
Fig. 11a, b for both the Reynolds numbers. The near-field
velocity profiles obtained from PIV, horizontal knife-edge
schlieren, and shadowgraph were compared to flying, and
stationary hot-wire measurements by Fellouah et al. (2009)
for the Reynolds number ranging from 6000 to 30,000 on

the near and intermediate region (0 < x/d < 25) of a round
free jet. The comparison showed that the centerline veloc-
ity data of the turbulent helium jet obtained by horizontal
knife-edge schlieren and shadowgraph agreed very well
with the PIV measurements as well as with Fellouah et al.
(2009). The axial jet velocity profiles appeared symmetric
within experimental uncertainty. The jet tip velocity profile
closely resembled the plug flow assumption. The velocity
distribution retained a top-hat shape at 1.5-3d downstream
of the nozzle exit for Re, = 11,000 and Re,; = 22,000. The
axial mean velocity profile at x/d =5, Re; = 11,000 was
not as developed as seen for Re,; = 22,000, as it retained
remnants of the initial conditions. This observation is con-
sistent with the widely known fact that the length of the
potential core decreases with increasing Reynolds number
(Weisgraber and Liepmann 1998).

Figure 12 compares the mean centerline velocity
decay of PIV and SIV techniques for Re;, = 11,000 and
Re, =22,000. Schlieren with a horizontal knife-edge,
shadowgraph agreed well with PIV. Figure 13a, b show
the streamwise turbulence intensity, u’ /U, at several axial
locations for both the Reynolds numbers using various PIV
and SIV techniques. Turbulence intensity was less inside
the potential core and increased towards the jet boundary
near the developing region. As the jet developed, the cen-
terline turbulence intensity started growing. At any given
axial location, the centerline turbulence intensity was lower
for Re; = 22,000 as compared to Re; = 11,000. Reynolds
shear stress, < u/v' > is shown in Fig. 14, normalized by
the square of the centerline velocity, Ué. The highest per-
centage of momentum exchange, which involves large-
scale vortices, occurred in the jet shear layer. The location
of maximum Reynolds stress got shifted away from the jet
centerline with increased downstream distance. Reynolds
stress calculated from SIV techniques agreed well with PIV
measurements.

4.2 Correlation planes

Figure 15 shows the spatial correlations of the jet
with Re; =22,000 obtained from PIV and SIV
techniques at x/d = 10for three radial locations
r/d= 0, 0.5, 1and 1.5, respectively. It is evident from
the Fig. 15 that PIV showed excellent spatial correlation
at the near field region of the jet (r/d = 0, 0.5), but the
spatial correlations became noisy at r/d = 1 and 1.5. For
schlieren with horizontal knife-edge and shadowgraph, the
spatial correlations showed similar behavior. These correla-
tions appeared noisier than PIV. However, the presence of a
single clear peak was prominent for all the radial locations.
Spatial correlations from all the SIV techniques exhibited
increasing noise in the correlation information at r/d = 1.
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Fig. 9 Instantaneous and mean flow field colored by velocity magnitude from PIV, schlieren with horizontal knife-edge, schlieren with vertical
knife-edge and shadowgraph for two different flow conditions, Re, = 11,000 and Re,; = 22,000
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Fig. 10 Iso-lines of velocity magnitude on the mean flow field for Re; = 22,000
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Fig. 11 Normalized streamwise mean velocity, U/ U, at different axial positions for a Re, = 11,000 and b Re,; = 22,000

This observation can be explained by looking at the turbu-
lence intensity atr/d = 1.

Figure 16a plots the variation of the streamwise tur-
bulence intensity, u'/U along the radial direction at
x/d = 10, where /' is the streamwise velocity fluctuation
and (U) is the mean velocity at that location. Since the

contribution of the transverse turbulence intensity, v/ /{U)
to the overall turbulence intensity at any given location was
an order of magnitude smaller (Bogey and Bailly 2006),
only the effect of streamwise turbulence intensity was plot-
ted and discussed here. In the developing region of the jet
x/d = 10, the streamwise turbulence intensity maximized
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Fig. 13 Streamwise turbulence intensity, u’ /U at different axial locations for a Re, = 11,000 and b Re, = 22,000

within the region of 0.7 < r/d < 0.8. Thus, the spatial cor-
relations near r/d = 1 became noisy due to the presence
of strong turbulence. Turbulence intensity dropped quickly
after r/d = 1.3 and reached 10% of its maximum value at
r/d = 1.42. However, this did not explain the correlation
noises at r/d = 1.5. The noises atr/d = 1.5 were primar-
ily due to lower seeding density. Perhaps a sophisticated
scheme such as adaptive windowing and multi-frame was
required to adapt this high gradient region to reduce noise.
Bias error and RMS error increased with a lesser number of
“particles.” As the number of “particles” decreased towards
the jet edge (or in the mixing layer), spatial correlations

@ Springer

got noisy. This held true for both horizontal knife-edge
schlieren and shadowgraph.

Figure 17 shows spatial correlations for the same experi-
mental conditions and image velocimetry techniques at
the jet centerline (r/d = 0) for four different streamwise
locations, x/d = 0.04, 5, 10 and 20, respectively. Fig-
ure 17 exhibits the presence of clear, unambiguous peaks
in the correlation planes near the jet centerline (r/d = 0)
for PIV, horizontal knife-edge schlieren, and shadowgraph.
Spatial correlations behaved in excellent fashion inside the
potential core, 0.04 < x/d < 10. However, SNR gradually
went down for x/d > 10. This happened because as the
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Fig. 14 Reynolds shear stress at different axial locations for a
Re; = 11,000 and b Re,; = 22,000

jet entered the developing region from the potential core,
the streamwise turbulence intensity increased. Figure 16b
shows the streamwise turbulence intensity variation along
the jet centerline. The turbulence intensity increased nearly
linearly with x/d. Turbulence intensity increased slowly

r/d =0

PIV

Schlieren
(horizontal knife-
edge)

Schlieren (vertical
knife-edge)

Shadowgraph

r/d =

between 0.04 < x/d <10, and it grew rapidly afterward.
An increase in turbulence intensity for x/d > 10 induced
noise in the spatial correlations.

As seen in the earlier sections, schlieren with vertical
knife-edge failed to provide accurate velocity information.
Correlation statistics discussed above could explain it from
a statistical standpoint. Figures 15 and 17 show schlieren
with vertical knife-edge had ambiguity in displacement
correlation, the presence of multiple peaks of the same
order, lower peak to peak ratio, higher background noise,
and lower SNR.

4.3 Primary peak ratio (PPR), peak to correlation
energy (PCE), and PDF of signal-noise

Cross-correlation SNR can be expressed as the ratio
between the primary (the tallest) peak, |C,,,,| and the sec-
ond (next tallest) peak, |C,| in the correlation plane. This
can be written as:

C
PPR = [Cona| 2)

This ratio is termed as the primary peak ratio (PPR)
and is used as a measure of the detectability of the true

0.5 r/d = 1 r/d = 1.5

[
\

Fig. 15 Comparison of the spatial correlations of Re,; = 22,000 jet from PIV, schlieren with horizontal knife-edge, schlieren with vertical knife-

edge and shadowgraph at x/d = 10 for various radial locations
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displacement (Keane and Adrian 1990, 1991). Often a user-
defined threshold (such as 1.2 or 1.3) for PPR is consid-
ered to validate the correlation. To remove the effect of any
unwanted background noise in calculating PPR, the cor-
relation planes were separated from the background noise.
A typical cross-correlation plane separated from its back-
ground noise is represented in Fig. 18. The corresponding
cross-correlation planes of the two image sets, with and
without background noise, were subtracted one from the

@ Springer

another to obtain the background noise. PPR for all image
velocimetry techniques was compared along the radial
direction at x/d = 10. PPR was found to be high, between
8.2 and 10.5 near the centerline atr/d = O for all measure-
ment techniques except schlieren with a vertical knife-edge,
as shown in Fig. 19a. Due to lower turbulent fluctuations at
the jet centerline, spatial correlations detected unambigu-
ous displacements of the turbulent structures or tracer “par-
ticles,” hence PPR increased near the centerline. However,
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Fig. 18 Separation of
cross-correlation plane from
background noise. a Cross-cor-
relation plane with background
noise, b the correlation plane
related to background noise, ¢
cross-correlation plane without
background noise
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as we walked away from the centerline, PPR decreased
almost linearly and reached a value of PPR ~ 2 near the
jet boundary, r/d = 1.5. This is in good agreement with
Hain (Hain and Kéhler 2007) who suggested that a thresh-
old PPR, PPR > 2 can reliably avoid the spurious vectors.
Figure 19a shows that the highest PPR was found in PIV,
although schlieren with horizontal knife-edge and shadow-
graph showed good quality PPR as well. Another impor-
tant observation was that PPR in shadowgraph was lower
than horizontal knife-edge schlieren for 0 < r/d < 1. These
observations can be attributed to the fact that schlieren
produced higher contrast images, which in turn helped to
obtain best correlations. However, after r/d > 1 PPR for
both these measurement techniques attained similar values.
PPR is an ad-hoc representation for SNR and the corre-
lation plane statistics. It does not include information of the
entire correlation plane. A better way to quantify the corre-
lation SNR is to use the Peak signal to Correlation Energy
(PCE) defined as the ratio between the magnitude of the
cross-correlation plane and the correlation energy as,

2
PCE = M 3)
EC
The magnitude of the correlation plane |C,,| is the

signal part representing the tallest peak in the correlation

15 0 0.5 1 15
r/d
(b

plane. Alternatively, the correlation energy which defines
the noise part can be expressed as:

E, = / |C |l )

However, the correlation plane has a finite size. Thus,
the correlation energy of a finite size correlation plane can
be calculated as:

_ 1 2
Ec - W ; |Cmax| (5)

where W is the size of the correlation plane. Figure 19b
plots the radial variation of PCE for the similar settings
as used to find PPR. PCE shows similar behavior for all
measurement techniques except schlieren with a verti-
cal knife-edge. PCE was found higher near the jet center-
line and at the boundary/mixing layer but PCE reached a
minimum for 0.6 < r/d < 1. This occurred as the stream-
wise turbulence intensity affected PCE in a similar fashion
as PPR, as shown in Fig. 16a. The streamwise turbulence
intensity increased by 20-25% between 0.6 < r/d <1,
which affected correlation plane statistics and in turn peak
delectability.

To identify the correct velocity vector, the ampli-
tude of the displacement correlation peak (signal) must
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be larger than the amplitude of the tallest random peak
(noise), SNR > 1. To evaluate the probability of SNR > 1
, normalized probability density functions (PDF) of sig-
nal and noise peak amplitudes from the entire correlation
plane are plotted in Fig. 20 for PIV and SIV techniques.
The peak amplitude of the signal was much wider than
the noise. Also, the mean signal peak amplitude shifted
significantly for different measurement techniques. Both
signal and noise peak amplitude PDFs for Schlieren with
horizontal knife-edge and shadowgraph showed simi-
lar behavior. Signal peak amplitude shifting to far right
for PIV indicated higher signal density compared to SIV
techniques. Like the signal, noise peak amplitude also
increased for PIV and shifted towards right and became
wider, as compared to SIV techniques. However, this
increase in noise level was insignificant relative to the
increase in signal intensity for PIV. A lesser overlap
between signal and noise peaks signified the better pos-
sibility of correlation (or in other words, increasing the
probability for identification of the tallest displacement
peak). An excess overlap of signal and noise peaks for
schlieren with vertical knife-edge was responsible for
producing spurious displacement peaks during spatial
correlation as shown in Figs. 15 and 17.

5 Conclusions

This paper demonstrated a novel, inexpensive, easy to
setup two-camera SIV technique that could resolve excep-
tionally high flow velocities. Statistical assessment of SIV
techniques was performed for a high-velocity helium jet
at two different Reynolds numbers, Re, = 11,000, and
Re; =22,000. The velocity field obtained by horizontal
knife-edge schlieren with 40% cutoff and shadowgraph
agreed well with the PIV results. Vertical knife-edge
schlieren with 40% cutoff performed poorly due to incon-
sistent signal content.

Three filters were applied that improved the SNR of
schlieren images, (a) a narrow-width, low-pass filter such
as a uniform filter to remove high-frequency noise, (b) a
nonlinear min/max filter to normalize the image contrast
and (c) a Laplace filter to enhance and sharpen the turbu-
lent structures. A “particle” image size, dp between 2 and 3
pixels proved to work best.

The performance of the spatial correlations was quan-
titatively evaluated using PPR and PCE. A high value of
PPR was observed near the jet centerline for schlieren with
horizontal knife-edge and shadowgraph. PPR decreased
linearly from jet centerline towards shear/mixing layer but
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retained PPR > 1. Due to higher turbulence intensity, the
value of PCE dropped between 0.6 < r/d < 1. PDF of sig-
nal and noise showed that PIV included higher noise than
schlieren. However, the signal content in PIV was 2-3 folds
higher than schlieren measurements.

SIV demonstrated promising results toward seedless
velocity measurements, although it has some limitations.
Due to the path integrated nature of current schlieren/shad-
owgraph techniques, it works best for axisymmetric or 2D
flows but not for complex 3-D flows. It does not work for
laminar flows because of the lack of turbulent structures.
However, a focusing schlieren system can potentially be
used to measure a three-dimensional flow field.
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