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Abstract In this study, we describe a multi-camera large field-ofw{€OV) planar-PIV experiment to
capture the wide range of scales that coexist in high Regnuldnber turbulent boundary layers. The pro-
posed measurements are designed to capture spatial flawefeater a greater range than current common
practices, and at significantly lower cost. With this goahimd, specialist PIV cameras are substituted
with modern consumer full-frame digital cameras, which tggacally available at a fraction of the cost,
with higher resolution sensors. These cameras are configoreapture single-frame double-exposed im-
ages (DE-PI1V), but at a much higher spatial resolution thhatvs available from specialist PIV cameras
that capture double-frame single-exposure images (SB-Hhs work discusses a set of simulations and
experiments to quantitatively assess the quality of the WiMcity fields from these two approaches for
large field-of-view measurements. Our findings confirm tlestpite the known loss-of-accuracy associated
with DE-PIV, the use of high-resolution cosffective consumer cameras provides an economically fea-
sible PIV solution with the necessary performance and aogufor high spatial range measurements in
wall-bounded turbulent flows.

Keywords Particle Image VelocimetryDouble ExposureWall Turbulence DSLR Camera

1 Introduction

Over the last two decades, particle image velocimetry (PI&§ become increasingly popular for carry-
ing out accurate, multi-component, multi-dimensionaltsppaneasurements in turbulent flows [Adrian
and Westerweel, 2011, Ral et al., 2017]. Although one can obtain higher signal-tise ratios and

longer time-averaged signals from single point measuréteehniques (e.g. hot-wire anemometry [Bruun,
1995]), PIV provides spatial derivatives, flow visualisa and spatial correlations without disturbing the
flow or fluid properties. To date, PIV remains one of the fevhteques that fier such spatial information

in rapidly evolving flows, and at a level of detail that was ermonsidered achievable only in numerical
simulations. Among the many applications of PIV, the stuflyuobulent flows still stands as one of the
most demanding due to the wide range of length and time sti@&soexist. A characteristic measure of
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this length-scale range in turbulent boundary layers idfiilsdon Reynolds number, or &man number,
Re, = 6U./v, whereU, is the friction velocity,s is the boundary layer thickness ands the kinematic
viscosity.Re; is proportional to the ratio of the largest and smallestiesgales in the flow. Consequently,
the scale separation between the largest and smalleshlsogles increases witRe,. Presently, PIV ex-
periments seeking to resolve a wide range of scales reaqarge infrastructure expenditure for specialist
equipment and typically demand the use of large multi-camaerays (for recent works in boundary layers
see de Silva et al. [2014], Knopp et al. [2014], Reuther €28l15], Buchmann et al. [2016]). Therefore,
high Reynolds number P1V is often limited by the availabl@ayic spatial range (DSR), a measure of the
ratio between the maximum and minimum resolvable leng#lesdAdrian, 1997].

One early attempt that demonstrated the significance of BI§R PIV measurements in turbulent
boundary layer research is the seminal work of Adrian e28I00]. To achieve a high DSR, they utilised a
rather laborious process of digitising and post-procesdinuble-exposed large-format photographic film.
This approach limited the number of frames that could be iaedubut provided a high DSR to resolve the
range of scales that coexist at the moderate Reynolds nustidied. A decade after the work of Adrian
et al. [2000], PIV has been applied extensively in turbuldows. However, as summarised in a review
article by Westerweel et al. [2013] (see alsdigket al. [2017]), although modern PIV techniques have led
to considerable advancements in experimental capabilighér acquisition rates and volumetric informa-
tion), these modern techniques are yet to match the DSR fratogue photographic film PIV acquired
over two decades ago.

This paper outlines the development and testing of a dbsttée/e imaging system by substituting spe-
cialist PIV cameras with modern consumer cameras, whicicallp are a fraction of the cost(1/10 th)
of a specialist PIV camera per megapixel. These camerageisrally provide a higher number of pixels
per camera but are not capable of achieving the interframiimg and shutter speeds necessary for single-
exposure PIV (SE-PIV), where two successive exposurescapg@rad on separate frames. It is possible,
however, to use standard consumer cameras for single-fdmmele-exposure PIV (DE-PIV, where two
exposures are captured on a single frame) techniques tm ated-resolved, large FOV experiments with
a high DSR. There are known drawbacks of DE-PIV, such astitiread ambiguity (for two-pulse PIV) and
an increased noise floor (necessitating larger interrogatindows to maintain accuracy). However, in the
present application (wall-bounded flows), flow reversaésaarare event and are confined to locations very
close to the wall, in the viscous layer §Kler et al., 2012a]. Therefore, the issue of directionabigmity
is not critical in this study. It is worth noting that past Wwerimpacted by directional ambiguity have at-
tempted to overcome this drawback by conducting colour Pitti light sources of dferent wavelengths
so that two frames can be separated from a single exposunatini et al., 2013, Wang et al., 2017]. Other
solutions include using image shifting techniquesffBlaand Kompenhans, 1995] and double pulse laser
systems with polarisation sensitive optics [Adrian, 19%6jesolve direction ambiguity in DE-PIV.

The dficacy of DE-PIV techniques and their corresponding noiseaatteristics have been extensively
examined against SE-PIV methods by Keane and Adrian (seaeKaad Adrian [1990, 1992]). In the
present work, we focus our attention on the feasibility obsteffective imaging system using DE-PIV for
large-FQV, high DSR measurement in a high Reynolds numbbkulient boundary layer. Accordingly, we
examine a set of simulations and experiments tailored fgel&OV PIV measurements in wall-bounded
turbulence. Through this analysis, we also quantify theiemy of DE-PIV and SE-PIV using recent PIV
processing algorithms [Adrian and Westerweel, 201HdRat al., 2017], which have been developed after
most PIV practitioners had fully adopted SE-PIV.

Throughout this paper, the coordinate systeny andz refer to the streamwise, spanwise and wall-
normal directions, respectively. Corresponding instaebais streamwise, spanwise and wall-normal veloc-
ities are represented Hy, V andW, respectively, with the corresponding velocity fluctuatiagiven by
lower case letters. Overbars indicate averaged quantresthe superscript refers to normalisation by
inner scales. For example, we use= |U,/v for length andU* = U/U, for velocity, whereU. is the
friction velocity andv is the kinematic viscosity of the fluid.



Caseg/ Symbol  Processing  Sensor resolution  Interrogation windee s Particle image size

megapixels (MP) pixels wall units ~pixels
Caselwv SE-PIV 11 32x 32 50x 50 3
Case2 & DE-PIV 11 32%x 32 50x 50 3
Case 3 -A DE-PIV 44 64% 64 50x 50 6

Table 1 Parameters for single-exposure (SE) and double-expostieRD/ simulations. All simulations are run on a wall-parallel
(xy) plane using a DNS databaseR&; ~ 2500 to displace the synthetic particles.

2 Simulation study

In order to examine the feasibility of using DE-PIV in highyRelds number wall-bounded flows, an
assessment of the technique’s performance is undertakemwinerical simulations of PIV experiments.
The use of numerical simulations enables control over alsneement parameters, while still considering
experimentally realistic turbulent flows fler et al., 2016]. Following prior works (see Worth et 2010],

de Silva et al. [2012a], Grayson et al. [2018]), we use a tlinemerical simulation (DNS) database of a
turbulent boundary layer &e. ~ 2500 [Sillero et al., 2013] to provide realistic velocitylfls to displace
the synthetic particle images. For the present purposéntipendent volumetric velocity fields from the
DNS database are employed to generate synthetic planap&title images on a wall-parallel plane in
the logarithmic region#/6 ~ 0.1). Processing of the synthetic PIV images is performed bindmuse
PIV package [de Silva et al., 2012a, Grayson et al., 2018jchvhses a cross-correlation algorithm with
multi-grid [Willert, 1997] and window deformation applig¢d each pass [Scarano, 2001]. Key parameters
of the simulations are summarised in table 1, which include gensor resolution (in megapixels) and
the final interrogation window size. In the present work,ecass used as a baseline SE-PIV reference,
with comparable conditions to prior large field-of-view Piveasurements [de Silva et al., 2015]. While
these parameters are not necessarily optimal, they areseqative of typical PIV measurements tailored
to capture large fields-of-view. The DE-PIV simulation pagders for case 2 are matched to the SE-PIV
simulations in case 1, while parameters for case 3 are choseatch an experimental DE-PIV database to
be detailed in section 3.

To visualise the accuracy of the velocity fields from the DE-Bimulations, figure 1(a) presents colour
contours of instantaneous streamwise velocity from a sgpative SE-PIV and DE-PIV simulation (case
1 and 2) as compared to the original DNS data. Qualitativedtf simulations show good agreement with
the reference DNS velocity field (left column) and they appeade visually indistinguishable from each
other. In a similar fashion, to visualise the accuracy ofwbcity gradients, figure 1(b) presents colour
contours of wall-normal vorticity«,), where good agreement between the SE- and DE-PIV simofatio
are exhibited. Collectively, these observations sugdesdtthe use of DE-PIV has, in the present case, not
introduced a substantial penalty in accuracy for both thecity magnitude and its spatial gradients.

In order to quantify the inaccuracy associated with eacloEsimulations, we compute a probability
density function (p.d.f.) of the dierence in velocity components between the PIV simulatioh&/j and
the DNS UDNS,VDNS) velocity fields. We note that for all subsequent compasgsdhe DNS velocity
fields are spatially filtered to account for the spatial attgion of the interrogation window size and laser
sheet thickness [Lee et al., 2016]. The results are showgunefi2, which confirms that at matched sensor
resolution and interrogation window size (pixels), SE-PWsymbols) provides superior accuracy (a higher
peak about zero) than DE-PI\M(symbols). However, applying DE-PIV to images with more fsx@
symbols) that reflect the sensor resolutions of currentaligingle-lens reflex (DSLR) cameras, while
maintaining the same field-of-view and interrogation wiwdgize in viscous unitg physical dimensions,
improves accuracy toward that obtained by the lower replUE-PIV simulations. Although the high-
resolution DE-PIV cannot totally match SE-PIV in error pemance, the double-exposure approach allows
the use of consumer cameras that are a fraction of the cgseoiaist PIV cameras, without any significant
penalties in accuracy.

We note that even though certain consumer cameras are eagfadthieving even higher sensor res-
olution (higher number of pixels), further increases ingbidensity do not result in significant gains (at a
fixed FOV), since the particle image size is alreadffisient to resolve the particle locations (see Adrian
and Westerweel [2011], &hler et al. [2012b]). However, the increased number oflpigehich is readily
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Fig. 1 (a) Colour contours of streamwise velocity from the (lefference DNS database, (middle) Case 1: SE-PIV and (righ® Cas
2: DE-PIV simulations. Results are presented on a streanfsp@ewise plane in the logarithmic region of a turbulent beupdayer
atRe; ~ 2500. (b) wall-normal vorticity field corresponding to (a).
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Fig. 2 Probability density function (p.d.f.) of the error of (ayeamwise _(7* - Ugys) and (b) spanwiseM* - Vo) velocity
components from the PIV simulations. Results are normalise@égous units, whera, B and A symbols correspond to simulation
cases 1 to 3Upns andVpns correspond to the velocity fields from the DNS database uséisplace the synthetic particles, which
are spatially filtered to match the spatial resolution of thé $imulations.

available from consumer cameras) enables us to capturer IR@Vs with the same number of cameras,
while still maintaining an equivalent spatial resolutian ihterrogation window size in viscous units). Such
a scenario is of particular benefit for high Reynolds numbgeaments, where a large FOV is essential
to capture the larger-scale-motions that@(é), while maintaining adequate fidelity to resolve the snralle
scales that also coexist.

The absolute error of the velocity components (see figurse &giood diagnostic to assess the quality of
the PIV simulations, however, this comparison cannot bdéiegpo experimental data. Therefore, to further



---DNS v Casel: SE-PIV (11 MP) M Case 2: DE-PIV (11 MP) A Case 3: DE-PIV (44 MP)

8
(@) 1071 )
¢ 8 e
“ LH: *x ¥
T 4 ] 6 / \
o o
4 ¥ X
2 /4 ¥\
2 P x
0
0.4 0.6 0.8 1 -0.2 -0.1 0 0.1 0.2
U/Us V/Us

Fig. 3 P.d.f. of the (a) streamwisdJ} and (b) spanwise\) velocity components from the simulations. Results are pteseat

Re: ~ 2500 in the logarithmic region of the boundary layer.l and A symbols correspond to simulation cases 1 to 3, which are
summarised in table 1. The reference profile shown by the reteddse corresponds to results computed from the DNS databas
used to displace the synthetic particles.

investigate these trends we have considered a p.d.f. ofitelcomponents from the PIV simulation® (
andV) and the DNS velocity fieldsUpns andVpns) used to displace the synthetic particles. Results are
plotted in figure 3, where encouraging agreement is obsdr@deen the SE- and DE-PIV simulatiors (

W and A symbols) and reference results from the DNS velocity fiedd @ashed line). Consequently, good
agreement is also observed for the flow statistics of eaatitglcomponent to statistics computed directly
from the DNS database. For example, th@adence in the mean flow and turbulence intensities are within
0.1% and 0.5% respectively for both velocity componentessall simulation cases.

3 Experimental work
3.1 Description of experiments

Based on our findings from the synthetic PIV simulations,teo§experiments are conducted in order to
capture single-exposed (SE-PIV) and double-exposed (DEinages from specialist-PIV and consumer
cameras, respectively. The experiments are performe&iHidih Reynolds Number Boundary Layer Wind
Tunnel (HRNBLWT) at the University of Melbourne. The tunnehsists of a large development length of
approximately 27m, fbering the capability of achieving higRe; at relatively low free stream velocities.
This provides a uniquely thick smooth-wall boundary layeRe, of up to 25,000, resulting in a larger
measurable viscous length scale (and less acute spataltien issues).

Unlike most PIV experimental campaigns in the HRNBLWT (seeksdy [de Silva et al., 2014, Squire
et al., 2014]), which are configured to achieve hiRgy planar PIV databases, the present experiments are
tailored to obtain snapshots of the large-scale motions tirlaulent boundary layer with high fidelity.
Hence, the present experiments are conducted near theapsénd of the test sectior & 5 m), where
the boundary layer thickness is small (a thicknes$ef90 mm — still large relative to many boundary layer
facilities, but small compared to what is achieved furtre@srdstream in the HRNBLWT). This enables us to
capture well resolved instantaneous snapshots at modegields number flows with a streamwise extent
of ~ 10 6. We note the boundary layer thickness described in the gimgaliscussiong, corresponds to
the wall distance where the mean streamwise velocity is 998tedreestream velocity.

Two sets of experiments are utilised in this work, namely,EaPF3V experiment using an array of
specialist PIV cameras, and a DE-PIV experiment using aayaf consumer DSLR cameras. The SE-
PIV measurements consist of stitched images from eight Idapirel PCO4000 PIV cameras (see figure
4a), which provides velocity fields on a large streamygiganwise — hereaftery — plane. The solid
red lines in figure 4(a) show the combined field of view, whiparss 13 m x 0.25 m. The measurements
are conducted at two freestream velocities (10 and &),with corresponding Reynolds numbers ranges
across the extent of the FOV BE, ~ 2400- 2900 and 4800 5400, respectively. We note the experiments
are configured to capturey planes in the wake region of the flow/§ ~ 0.8) to facilitate the study of
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Fig. 4 Experimental setup used to conduct large field of view platidreRperiments in the HRNBLWT over a streamwisganwise
(xy) plane. The top (a) and bottom (b) panes show the configurased for the SE-PIV and DE-PIV experiments respectivelg Th
red solid line corresponds to the total field of view capturgdhe imaging system.

large-scale motions in the outer region of a turbulent bampthyer (results of this investigation are to be
detailed in future works). A summary of the experimental 8od parameters are given in tables 2 and
3, respectively. Further details on the SE-PIV measuresnean also be found in de Silva et al. [2015]. It
should be noted that for consistenéy, (~ Re;) andU, are computed by applying the composite velocity
profile of Chauhan et al. [2009] for all datasets. Additidyahs there is a slow growth i across the
streamwise extent of the FOV, the laser sheet is tilted atlasth angle to maintain a constapts ratio
across the entire FOV. Further, to maintain a constant-bfeet thickness along the full FOV a long focal
length lens is combined with large distances between tihe digeet optics [Reuther et al., 2015].

In order to facilitate direct comparisons, the DE-PIV exymemts are configured to capture the same
xy plane examined by the SE-PIV experiments, and at equivitegholds numbers. The experiments
employ eight 36 megapixel Nikon D810 DSLR cameras (see figbyewhich provide a combined spatial
resolution of~ 0.3 gigapixels. Additionally, to capitalise on the higherglidensity available, a larger FOV
is captured, while still maintaining comparable spatiaotation (interrogation window size in viscous
units).

Seeding for each experiment is injected into the wind tuimiétween the blower fan and the facility’s
flow conditioning section, which is then circulated throaghthe whole laboratory to obtain a homoge-
neous seeding density across the test section. The illtimingor the SE-PIV experiments was provided
by a Spectra-Physics PIV-400 Nd:YAG laser, while the DE-Ri¥asurements used an Innolas Spitlight
Compact 400 Nd:YAG system. In both measurement configursitib was necessary to project the laser
sheet upstream through the working section to ensure atéedluenination across the large streamwise
and spanwise extent of the FO¥ (L m). Further details on the illumination configuration canfbund in
de Silva et al. [2015].



SE-PIV DE-PIV

Flow medium Air

Seeding Polyamide particles

Particle size ~1-2um

Acquisition frequency 1Hz

Laser sheet thickness ~1mm

Number of images 1000 800

Total sensor resolution ~ 90x 1CP pixels ~ ~ 290x 10° pixels

Image pixel size ~ 65 um/pixel ~ 35 um/pixel

Field of view (X x y) ~135mx025m =~0.75mx0.55m

Table 2 Summary of parameters for the PIV experiments
Symbol  Processing U, (M/S) Re; v/Uz (um) Axx 4y
pixels wall units

v SE-PIV 32x32 50x 50
A DE-PIV 10 2400-2900 42 64x64  50x 50
< SE-PIV 32x 32 95x 95
° DE-PIV 20 4800- 5400 22 64x 64 95x 95

Table 3 Flow and processing parameters for the PIV experiments. Alsorements are conducted at a wall-normal heighy &t
0.8. The friction velocityU; is estimated using the composite velocity profile of Chauhah. €2009].

3.2 Image pre-processing and triggering of DSLR cameraBIifér

The colour cameras deployed in the DE-PIV experiments aotaBayer colour filter, and as a conse-
qguence, only 50% of the sensor’s pixels are sensitive to 8#rin wavelength emitted from the laser.
When processing digital colour images, a demosaicing dhgaris routinely used to interpolate colour
channel information across every pixel and utilise theregiolution of the sensor. Under the 532 nm green
laser light of our PIV experiments, the intensities of psxeénsitive to red and blue light are enhanced dur-
ing the demosaicing process. We observed best resultsthafgVAZE demosaicing algorithm [Martinec
and Lee, 2010], which contained no significant artefacthénRIV images. However, good performance of
the algorithm requires average particle image sizes to least a few pixels in diameter.

External multi-camera synchronisation and triggering raoe typically standard features of the con-
sumer cameras used in the present DE-PIV experiments, ansuthiect therefore warrants some discus-
sion. In the present case, due to the modest acquisitioiflr&te), each camera is equipped with a wireless
remote shutter adapter (SMDV RFN-4s). These adapters dnoaaaera are then simultaneously triggered
via a single wireless transmitter, which is interfaced (s@me relatively simple custom electronics) to a
standard delay generator box to synchronise the camerhsivéitpulsed laser operation. The aforemen-
tioned trigger mechanism, coupled with a long exposure {rieseconds) and high-speed CompactFlash
card for storage, enabled reliable continuous capture obldoexposed images at 1 Hz. We note that,
although not pursued in the present work, higher captues i@te also possible.

3.3 Calibration and PIV evaluation

Because multiple cameras are used in the present expesitieecdnstruct a large FOV, a calibration pro-
cedure is essential to stitch the velocity fields from eaaghara together and also to account for image
distortions. In the present experiments, we employ a laadjpration target that spans the entire extent of
the FOV, which has been proven to work well for similar laf@V experiments in the same facility (see
de Silva et al. [2012b, 2014]). The target enables us to applixel-to-real space conversion by mapping
the pixel positions from each camera to real space cooeingithin the wind tunnel. Additionally, we are
able to precisely locate each camera’s FOV relative to o¢han which is necessary when stitching the
individual vector fields from each camera together.

Similar to the simulation work presented in section 2, thgesknental PIV images are processed using
an in-house PIV package developed at the University of Methe [de Silva et al., 2014, Squire et al.,
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Fig. 5 P.d.f. of the (a and c) streamwisg) and (b and d) spanwis&Y velocity components from the experimental databases at
z/§ ~ 0.8. The top pane (a-b) corresponds to resulRet~ 2500 and the bottom pane (c-d) corresponds to resuRe.at- 5000.
Thev, « symbols correspond to SE-PIV, ande symbols correspond to DE-PIV experiments. (dgymbols correspond to results
computed from a DNS database at matcRe@nd wall-normal location.

2014]. Further, the velocity vectors are evaluated usiegfme cross-correlation algorithm, with multi-grid
[Willert, 1997] and window deformation [Scarano, 2001].eTthatabases are processed with 50% overlap
and the final interrogation window sizes for each datasetleta@led in table 3. It should be noted that we
utilise a low magnification level, therefore the particleaige sizes are typically 2 pixels (in particular for

the SE-PIV databases). This size is less than that typicatiymmended for PIV experiments [fRd et al.,
2017], and therefore can lead to some degree of pixel-lgckirthe velocity fields (a bias error towards
integer values) [Westerweel, 1997]. To minimise this stmrting, a Gaussian kernel filter is applied to the
raw images [Adrian and Westerweel, 2011]. Additionallg thindow deformation technique used during
vector evaluation is also known to further reduce the infbgenf pixel-locking [Scarano, 2001].

3.4 Experimental validation

In order to assess the quality of the DE-PIV measurementsiiecapfrom the DSLR camera array, flow
statistics are compared to prior well-resolved SE-PIV meaments, and to a DNS database in a turbu-
lent boundary layer at matchdRe,. Accordingly, figure 5(a) presents a p.d.f. of the strearav(i$) and
spanwise Y) velocity components from the large FOV SE-PI¥ 6ymbols) and DE-PIV £ symbols)
measurements. Results are presentdRbats 2500, at a fixed wall-normal location afs ~ 0.8. Further,
statistics computed from a DNS database at maté¢kecare also includedl® symbols). To facilitate a
direct comparison, results from the DNS database are pgezbana wall-normal location where the ratio
U/U., is equivalent to those from the experiments. Thereforerebalts from the DNS databases can be
used to benchmark the quality of the experiments, isolaimgexperimental uncertainties which are not
presentin DNS. The p.d.f.s &f andV plotted in 5(a) shows good agreement between the expersraent
the reference DNS database. More specifically, tifie@ince in the mean flow and turbulence intensities
between the experiments (SE- and DE-PIV) and DNS resultsdibr velocity components are within 0.2%
and 2%, respectively. Therefore, similar to our findingsrfrithe PIV simulations in section 2 (see figure
3) the experiments also reveal that velocity fields with caraple accuracy (within the uncertainty of the
measurement) can be obtained from a cdigetive, high-resolution consumer camera array operated to
perform DE-PIV.



Fig. 6 Instantaneous velocity fields from the PIV datasets from(#he) SE-PIV and (c-d) DE-PIV experiments. Results are shown
atRe; ~ 2500 on axy plane located in the wake region of the flogfq ~ 0.8). Colour contours represent the instantaneous velocity
components captured for each configuration, where (a,c)shtreamwise velocity, and (b,d) shows spanwise velocigtisiextents

are normalised by, computed at the middle of each field of view.

Figures 5(c-d) present the same flow statistics as in 5(a-Bga~ 5000 U, ~ 20 nys), measured
at a wall-normal location of/§ ~ 0.8. Due to the lack of DNS databases at higRer, comparisons are
only shown between the SE- and DE-PIV measurements. Théseafiow good agreement between the
SE- and DE-PIV databases to those obtained from the datmbasmwverRe.. It is important to note that
both theRe, ~ 2500 andRe, ~ 5000 datasets are processed using the same interrogatidowvsize in
pixels. Therefore we expect larger spatial attenuatioffider statistics at), ~ 20 m/s compared to results
presented dtl,, ~ 10 mys.

3.5 Instantaneous velocity fields and spectra

The large spatial extent of the current measurements entidevisualisation of large coherent motions
known to exist in boundary layers at modeyhigh Reynolds numbers. To illustrate the value of this flow
visualisation, sample instantaneous velocity fields aesgmted in figure 6, where (a-b) and (c-d) show
xy planar velocity fields captured using SE- and DE-PIV, respely. Colour contours correspond to the

streamwise and spanwise velocity components. Visual oigpeof these velocity fields reveals spatial

structures over a wide range of length scales, emphastsingiportance of large-FOV PIV measurements
with good spatial resolution. For example, the velocitydgeshow several characteristic features of the
wake region in boundary layer flows. These include patchagbéilent bulges (see figure 6a,c), which have



10

——DNS  —— SE-PIV experiment = —— DE-PIV experiment
x 10" x 10"
6 : : : 4
() (®)
3t
«g4r ks
S <o
< <
<& 27 <&
1t
0 -2 -1 0 1 2 0 -2 -1 0 1 2
10 10 10 10 10 10 10 10 10 10
A/ )

Fig. 7 Comparison of the pre-multiplied energy spectra between itieiperiments aRe, ~ 2500 and DNS databases. Results are
shown as a function of streamwise wavelenggHor the (a) streamwise and (b) spanwise velocity fluctuatidihe solid blue and
green lines correspond to results from the SE-PIV and DEdXerimental databases, respectively. The solid red lioeshesults
computed from a DNS database at matcRe@nd wall-normal location.

lengths on the order of the boundary layer thickness. Themwdlocity fields (larger spanwise domain)
captured using the DE-PIV (see figure 6d) also clearly shdigab patterns in the spanwise coherence that
are oriented at approximatey45°, dependent on the sign ®f[Sillero et al., 2014].

Another notable advantage of high-resolution PIV datababéained using a multi-camera array is the
large dynamic spatial range that can be captured [Adria®7 1@/esterweel et al., 2013], which is critical
to the measurement of high Reynolds number flows. Consdgutiteise databases can be used to directly
compute the energy spectra of the turbulent fluctuatiortssifoundary layer. Results from the experimental
databases &e, ~ 2500 are shown in figure 7, where (a) and (b) correspond toraenpltiplied energy
spectra of the streamwise and spanwise velocity fluctusiti@spectively. No discernibleftirences are
observed between the SE-, DE-PIV, and the reference DN®akga, indicating that both experiments
have accurately captured the turbulent scales that coexisie flow. Moreover, no significant increase
in energy at the smaller wavelengths is observed (even frenDE-PIV measurements). Therefore, the
additional measurement noise present by employing dee#pesed images does not appear to significantly
contaminate the turbulent scales present in the flow, anllelylto only manifest at smaller wavelengths
(see Atkinson et al. [2014]).

4 Conclusions

In this study, we describe large-scale multi-camera pl&termeasurements, tailored to capture the wide
range of scales prevalent in high Reynolds numBej furbulent boundary layers. To this end, specialist
PIV cameras are substituted with modern consumer full-&&8LR cameras, which are typically avail-
able at a fraction of the cost(1/10 th the cost per megapixel). These cameras are configuieptare
double-exposed PIV images (DE-PIV), which are shown to biesugted to perform high-resolution PIV
measurements in turbulent boundary layers, where dirgtambiguity is negligible.

Through a simulation study of P1V, it is shown that despitesstof-accuracy from DE-PIV when com-
pared to SE-PIV (see also Keane and Adrian [1992]) at matcbeditions, the greater resolution available
by using consumer-cameras provides more comparable agdiaréhose obtained from limited-resolution
SE-PIV. Based on these findings, a set of DE-PIV experimasts@ducted with anfiective total sensor
resolution of~ 0.3 gigapixels. Comparison of flow statistics with large FOE-PIV measurements using
specialist PIV cameras, and to DNS databases at maRdyetkvealed that velocity fields with comparable
accuracy can be captured using a caitetive high-resolution DSLR camera array with DE-PIV. More
over, comparing the pre-multiplied energy spectra of theashwise and spanwise velocity fluctuations
from the experiments with the reference numerical databEseshowed good agreement. These observa-



11

tions confirm that a significant proportion of the spatiallssahat coexist in the studied boundary layer
have been accurately captured.

Ultimately, the present work provides a foundation forisitlg DE-PIV in large-scale PIV measure-
ments of high Reynolds number boundary layers, where wsthved PIV measurements would otherwise
be considered economically infeasible. Such experimeitb&able to capture direct spatial information
of the largest coherent motions prevalent in boundary kged to unravel their dynamics and associated
Reynolds number trends. The enhanced cfistsBveness of the use of a consumer DSLR camera array,
with further refinement, also has far-reaching potentiairfdustrial applications. In using these techniques,
spatial resolution may not need to be sacrificed in order limnoa economic feasibility and quantitative re-
sults.
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