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Abstract This paper investigates the use of high-power
light-emitting diode (LED) illumination for tomographic
particle image velocimetry (PIV) as an alternative to tra-
ditional laser-based illumination. Modern solid-state LED
devices can provide averaged radiant power in excess of
10 W and by operating the LED with short high current
pulses theoretical pulse energies up to several tens of mJ
can be achieved. In the present work, a custom-built drive
circuit is used to drive a Luminus PT-120 high-power LED
at pulsed currents of up to 150 A and 1 ps duration. Vol-
umetric illumination is achieved by directly projecting the
LED into the flow to produce a measurement volume of
~3—4 times the size of the LED die. The feasibility of the
volumetric LED illumination is assessed by performing
tomographic PIV of homogenous, grid-generated turbu-
lence. Two types of LEDs are investigated, and the results
are compared with measurements of the same flow using
pulsed Nd:YAG laser illumination and DNS data of
homogeneous isotropic turbulence. The quality of the
results is similar for both investigated LEDs with no sig-
nificant difference between the LED and Nd:YAG illumi-
nation. Compared with the DNS, some differences are
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observed in the power spectra and the probability distri-
butions of the fluctuating velocity and velocity gradients.
These differences are attributed to the limited spatial res-
olution of the experiments and noise introduced during the
tomographic reconstruction (i.e. ghost particles). The
uncertainty in the velocity measurements associated with
the LED illumination is estimated to approximately 0.2-0.3
pixel for both LEDs, which compares favourably with
similar tomographic PIV measurements of turbulent flows.
In conclusion, the proposed high-power, pulsed LED vol-
ume illumination provides accurate and reliable tomo-
graphic PIV measurements in water and presents a
promising technique for flow diagnostics and velocimetry.

1 Introduction

Recent developments in solid-state illumination have led to
the rapid availability of high-power light-emitting diodes
(LED) whose light output rivals that of conventional light
sources. Modern high-power LEDs used in the illumination
and automotive industry provide radiometric power in
excess of 10 W and are available over a broad range of
wavelengths.

For flow diagnostics such as particle image velocimetry
(PIV), LEDs offer a number of advantages compared to
traditional laser illumination and deserve a closer investi-
gation. For example, Estevadeordal and Goss (2005) use
LED illumination for particle shadow velocimetry mea-
surements of micron-sized particles in air and provide
some discussions on the pulsed operation of the LED.
Similarly, Lindken and Merzkirch (2002) and Broeder and
Sommerfeld (2007) use a combination of laser sheet and
LED background illumination to study two-phase bubbly
flows by means of shadow imaging, PIV and particle
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tracking. More recently, Klinner and Willert (2012) use a
pulsed inline LED illumination for 3D tomographic shad-
owgraphy to study liquid droplet formation and breakup in
fuel spray injection. Hagsaeter et al. (2008) use a continues
LED illumination in forward scatter for micro-PIV, and
Chetelat and Kim (2002) develop a low-cost miniature PIV
system with LED illumination in a forward and backward
scattering mode. Pulsed LED illumination is also used for
schlieren imaging of supersonic turbulent boundary layers
(Hargather et al. 2002) and underexpanded, impinging
supersonic jets (Buchmann et al. 2011b; Willert et al.
2012).

While in most previous studies, LEDs were used in
backlighting or forward scatter mode, PIV commonly
requires side-scatter illumination, which demands consid-
erably higher light intensities. Willert et al. (2010) dem-
onstrate that this can be achieved by operating high-power
LEDs in pulsed mode and at high currents to produce short
light pulses of sufficient energy and duration suitable for
planar PIV measurements in water. More recently, LED
illumination was already successfully implemented for
tomographic PIV applications such as in Kiihn et al. (2011)
who use an array of 225 LEDs for large-scale illumination
of helium-filled soap bubbles and in Buchmann et al.
(2010b) where a single high-power LED is used for
tomographic PIV measurements of homogeneous turbu-
lence and cylinder wake flow. By briefly overdriving the
LEDs with drive currents significantly above their rated
threshold level (i.e. 100-200 A), it is possible, depending
on the LED, to increase the luminous flux by a factor of
5-8 without damaging the LEDs.

LEDs are mass-produced and are available at very low
costs. Compared to traditional laser illumination, LEDs
provide an extremely stable pulse-to-pulse light output,
both in intensity and spatial intensity distribution. Due to
their incoherent light emission and rather wide wavelength
range (i.e. 515-535 nm, see Willert et al. (2010) for more
details), speckle artefacts and other issues related to laser
base illumination are virtually non-existing. The relatively
large numerical aperture and uncollimated light emission
makes it rather difficult to establish a quality light sheet
illumination for planar PIV (Willert et al. 2009), but is less
of a restriction for volumetric illumination. Based on this
background, the current work investigates the use of vol-
umetric, high-power pulsed LED illumination for tomo-
graphic PIV and related 3D particle velocimetry methods,
which commonly rely on side-scatter illumination.

Table 1 Specification of selected high-power LEDs (Luminus 2009)

The following paper is divided into two parts. The first
part describes the pulsed operation of modern high-power
LEDs and their performance characteristics when subjected
to drive currents of variable magnitude and duration. The
second part then investigates the possibility of LED vol-
ume illumination by conducting tomographic PIV experi-
ments in homogeneous, grid-generated turbulence. The
viability of the proposed LED illumination is assessed by
considering turbulent flow statistics and by comparison
with similar measurements conducted with pulsed laser
illumination as well as DNS data of homogeneous isotropic
turbulence.

2 Operation of pulsed high-power LEDs

In this paper, two different high-power LEDs of the type
PT-120 available from Luminus Device Inc. (Luminus
2009) are investigated and detailed in Table 1. The LEDs
are originally designed for projector systems, are available
in a range of wavelengths and are amongst the largest
colour LEDs currently available. Particularly the red and
green PT-120 LEDs are of interest here since modern
imaging CCD and CMOS sensors exhibit peak quantum
efficiency in the yellow to green range (530 nm <
4 <550 nm). The red LED is selected because of its
higher power output compared to the green LED. Contrary
to most commonly available LEDs, these devices are sur-
face emitters with a nearly constant light distribution per
unit area and are therefore particularly attractive for
applications requiring volume illumination due to their
large light-emitting area (A, = 12 mm?). Operating the
PT-120 LEDs in continuos mode at the recommended drive
current of /rcw = 18 A produces an averaged radiometric
flux of ®gx = 5.8 and 4.7 W for the red and green LED,
respectively. In pulsed operation, the maximum recom-
mended current can be increased to Ir,ue = 30 A at which
the red and green LED emit a respective luminus flux of
®y, = 1,800 and 3,500 Im. This is equivalent to a radio-
metric flux of ®r =10.4 and 7.7 W at 25 % (red) and
50 % (green) duty cycle. The absolute maximum rated
drive current for both LEDs is Iz max = 36 A.

2.1 LED drive circuitry

In this study, the high-power LEDs are operated with short-
duration high current pulses by an electronic circuitry

Emitter Ircw (A) o (nm) Irputse (A) @y (Im) D (W) DC (%) Trmax (A) Al (mm?)
PT-120 (green) 18 525 30 3,500 73 50 36 4.6 x 2.6
PT-120 (red) 18 623 30 1,800 10.4 25 36 4.6 x 2.6
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shown in Fig. 1. The operation of the circuitry is relative
straightforward and resembles that of a switched constant-
current driver. Initially, a bank of capacitors are charged
through a power supply before releasing the charge to the
LED via a TTL-triggered MOSFET power transistor. High
pulsed currents and constant operation of the circuitry are
achieved by adjusting the resistance between the LED
cathode and ground as well as choosing large capacitors
with low internal resistance (ESR). A more detailed
description of the circuitry including specifications of the
individual electrical components is given in Willert et al.
(2010). The circuitry is capable of providing pulsed cur-
rents of up to I;= 150 A at pulse durations between
1 ps < 1, < 250 ps at kHz repetition rates.

2.2 LED characteristics in pulsed operation

The response of the LED to a current pulse is shown in
Fig. 2 for a pulse width of 7, = 10 ps and 7, = 150 ps.
The lower trace corresponds to the TTL input pulse, the
middle trace to the LED forward current and the upper
trace to the emitted light recorded by a fast-response
photodiode (Thorlabs, PDA10A). The duration of the LED
light emission is directly proportional to the input drive
current and can be controlled precisely by the width of the
TTL signal. While the rise time of the drive current is
almost immediate (745 = 500 ns), the LED lags behind
somewhat and reaches a steady light output after approxi-
mately 4 ps. After that, the LED light emission closely
follows the drive current, which exhibits an exponential
decay due to the discharge of the capacitors. At the end
of the pulse, a electroluminescence decay time of

Vs
C1 =1pF poly.
C2 =2200pF elec.
D1 = BYT01-400 R1
LD1 = LED
R1 ~1..2Q
R2 =0.02Q |C1 |CZ

T1 =IRFB3206GPbF
U1l =UCC37322P

H

(a)

approximately < 2 us exists (Fig. 2b), which results from
the recombination of the remaining charge carriers and
depends on the LED type and scales with the size of the
luminescent area. Compared with other illumination sour-
ces (i.e. flashlight, laser, etc.), the delay between the input
TTL signal and the start of the light emission is very small
(Tdelay & 200 ns) making the LED a very flexible illumi-
nation source.

The achievable light emission of the high-power LEDs
when driven with short-duration current pulses is illustrated
in Fig. 3. Figure 3a shows the increase in mean luminosity
versus mean drive current (i.e. the area under the curves in
Fig. 2) for the green PT-120 LED and for different pulse
durations 7, =1, 5, 10 and 150 ps at 10 Hz. The mean
light emission is proportional to the drive current for
7, > 5 ps irrespective of the drive current. Also plotted in
Fig. 3a are data points obtained from the manufacturer
(Luminus 2009) for 7, =2 x 10 s and 50 % duty cycle,
which agree reasonable with the current measurements. In
practice, this means that a LED pulsed at 5 ps can be
driven up to a maximum current of 160 A, which is more
than 5 times its rated forward current Iyp,e. At these
operating conditions, the light emission increases by
approximately 3.2 times compared to the rated specifica-
tions. In fact, previous test by Willert et al. (2010) with a
similar LED (Luminous, CBT-120) has shown that the
forward drive current may even be further increased up to
Iy = 250 A without causing noticeable damage to the LED.
However, at higher currents, the luminescent efficiency
decreases due to saturation effects, which can be seen by
comparing the red and green PT-120 LED in Fig. 3b.
While at lower currents (/r < 80 A), the red LED exhibits a

(b)

Fig. 1 Pulsed LED drive circuitry: a circuitry diagram; b assembled system with PT-120 LED and light focusing optics
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Fig. 2 LED light emission as detected by a photodiode for a high-
power LED (PT-120, green) in response to a current pulse and TTL
trigger signal: a 7, = 10 ps, b 7, = 150 ps; (/) TTL signal, (II),
current pulse, (//]) photodiode

CH1. -

higher luminescent efficiency (steeper slope), its efficiency
decreases above Ir> 80 A compared to the green LED,
which exhibits a nearly linear increase in light emission
between 50 A < I, < 150 A.

When subjected to high drive currents, the LEDs emit light
at shorter wavelength, and it should be noted that the above
data are not corrected for the wavelength-dependent response
of the photodiode. The photodiode’s responsivity decreases
towards the blue-green spectral range and therefore the rela-
tive luminous flux of the green LED may in fact be higher than
reported in Fig. 3. However, most CCD and CMOS also have
a decreasing responsivity in this spectral range, which suggest
that the above measurements are representative of the relative
signal gain at the image sensor.

From the above measurements, the luminus flux (or
pulse energy) at a function of drive current can be
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approximated. The data sheet for the red PT-120 quotes a
radiometric flux of ®r = 10.4W for Irpyee = 30 A and
25 % duty cycle (see Table 1). The effective power over
the duration of the current pulse is then 41.6 W. According
to Fig. 3b, an increase in drive current to 150 A results in a
3.4 times increase in light emission yielding an effective
pulse power of nearly 140 W. This corresponds to a pulse
energy of approximately 1.4 mJ assuming a 10 ps pulse.
The reason the LEDs can sustain such high drive currents is
due to the very short duty cycles <1 %, which allows
sufficient cooling of the LED die during pulses.

A more general description of the high-power LED light
emission can be obtained by approximating the results in
Fig. 3 with the following power law expression:

D st = D - (Iy)" (1)

where @p.y is the estimated radiometric flux and a the
power law coefficients obtained via least-squares fit
(R2 = (0.994) of expression (1) to the data points in Fig. 3b.
The coefficient @} is the effective pulse power per unit
current and is obtained using the radiometric flux quoted
in Table 1 at 30 A and adjusted to 100 % duty cycle.
The respective coefficients for the red and green LED
are  areq = 0.76, dgreen = 0.73, @y .y = 3.14W/A  and
(o) = 1.22W/A. While both LEDs have nearly the

R,green
same power law coefficient, the red PT-120 has an
approximately 2.5 times higher pulse power, indicating a
considerable gain in pulse energy for the red LED.

2.3 Damage threshold

The LED damage threshold for a similar high-power LED
(Luminous, CBT-120) has previously been established
experimentally by Willert et al. (2010) and is again
reported in Fig. 4 for completeness. The envelope of ‘safe’
operation is indicated by the dashed-dotted line and can be
divided into three regions that limit the maximum drive
current for a given pulse duration. For 7, <5 us the
maximum current is limited to /; & 250 A and decreases
log-linear for 5 ps < 7, < 150 ps, while for 7, > 150 ps
the damage threshold approaches the maximum rated for-
ward current of I; nax = 36 A as given by the manufac-
turer. For pulse currents above this threshold, the LED will
fail rather immediately due to overheating of the bonding
wires and the LED die itself.

Knowing the damage threshold of the LED allows an
estimation of the maximum achievable pulse energy as a
function of 7,. This is also reported in Fig. 4 by calcu-
lating the expected pulse energy (Eeq = ®gest - 7p) for the
red PT-120 LED at 85 % of its damage threshold via
Eq. (1). As can be seen, the pulse energy increases log-
linear for increasing t, with a slightly lower increase
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Fig. 3 Increase in luminosity of a high-power LED: a Green LED
(PT-120) driven with short-duration current pulses of 7, =1, 5, 10
and 150 ps at 10 Hz. Green symbols indicate data given by the
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Fig. 4 Experimentally obtained damage threshold (filled square) and
maximal achievable pulse energy (open diamond). The dashed line
indicates the drive current at 85 % of the damage threshold used to
estimate the pulse energy for the red PT-120

between 5 us < 1, < 150 pus. While pulse energies in
excess of several tens of mJ are theoretical possible (i.e.
T, > 103us), restrictions on the maximum flow velocity
typical limit the pulse width to less than a few hundred
micro-seconds.

3 Tomographic PIV using LED volume illumination

Motivated by the previous measurements, the present
investigation uses a single, pulsed high-power LED for
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manufacturer (t, =2 x 10> ps, 50 % duty cycle). b Comparison
between the red and green PT-120 LED at 7, = 5 ps, 10 Hz and
corresponding power law fit

volume illumination of micron-sized particles. This con-
cept is demonstrated in the following by measuring the
velocity fluctuations and velocity gradients in a homoge-
neous, grid-generated turbulent flow by applying homo-
graphic PIV.

3.1 Experimental setup

The experiments are conducted in a water channel with
cross-section of 100 x 100 mm? and a length of 1.2 m.
The turbulent flow is generated via a rectangular grid
located 65 mesh units upstream of the test section. The
mesh size is M = 8.25 mm with a solidity of ¢ = 0.426
yielding a mesh size-based Reynolds number (Re,, =
U M/v) of 900. The tomographic PIV system consists
of four digital CCD cameras (PCO PixelFly, 1,240
pixel x 1,024 pixel), equipped with 55 mm focal length
lenses (Micro-Nikkor) and arranged in angles of
30°, =+ 45° and 90° as shown in Fig. 5. The cameras are
focused onto an area of approximately 32.5 mm x 27 mm
with the lens apertures set to f* = 5.6 for the first three
cameras and f* = 8 for the fourth camera. This yields an
optical magnification of M,y = 0.18, a particle image
diameter of approximately d, = 2.3 pixel. Depending on
the lens aperture and wavelength of the LED illumination
(Table 1), the depth of focus varies between J, = 3.5-8
mmx. The cameras are calibrated using the method pro-
posed by Soloff et al. (1997). A transparent calibration
plate containing black dots is traversed through the mea-
surement volume over the interval —5 mm < z < 5 mm in
steps of 1 mm with an accuracy of +5 um. A volume self-
calibration analogous to that of Wieneke (2008) is used
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Fig. 5 a Schematic of the
experimental setup showing
camera and LED arrangement;
b Photograph showing the water
tunnel facility and camera setup;
¢ Details of the LED
illumination located below the
water tunnel. A condenser lens
is used to focus the emitted light
at the centre of the test section

turbulence
grid

Cc2

45°

prisms

volume
illumination

'
1
'
'
'
'
'
'
l
'

At

nn

pulsed high
power LED

subsequently to correct the calibration to within 1 pixel
accuracy. The relevant experimental parameters are sum-
marised in Table 2.

To provide volume illumination, the luminescent area of
the LED is directly projected into the flow field as shown in
Fig. 5c. An additional condenser lens is placed in front of
the LED to focus the divergent light into the middle of the
test section. The flow is seeded with 36 pm polyamid
particles (p = 1.06 g/cm?) at an equivalent source density
of approximately 0.06 particles per pixel (ppp). The LED is
operated with 7, = 150 us current pulses at [;= 24 A
emitting a single pulse energy of approximately 5.3 and
1.9 mJ for the red and green PT-120 LED, respectively.
Consecutive image pairs are recorded at a frame rate of
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1Hz with the time separation At between two pulses
adjusted to 5 ms to obtain a maximum particle image
displacement of ~24 px.

3.2 Volume reconstruction and analysis

Prior to the tomographic reconstruction, the recorded
images are pre-processed involving a minimum image
subtraction followed by dynamic histogram filtering and
Gaussian smoothing with a 3 x 3 kernel. An example of
the recorded images before and after processing is given in
Fig. 6.

Figure 7 shows the pdf of the recorded raw image
intensities for the LED and the Nd:YAG illumination. The
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Table 2 Overview of relevant experimental parameters

Flow

Pulsed, high-power
LED

Camera

Seeding

Image properties

Mesh size
Solidity

Rey,

Pulse width

max. pulse current

approx. pulse
energy

Pulse separation
Type
Resolution

Pixel size
Acquisition rate
Type

Diameter
Density

Lens focal length
Viewing angles
Aperture (f#)
Diffraction limit

Image
magnification

Particle image dia.
Field of view

max. particle
displ.
Seeding density

8.25 mm
0.426

900

150 ps
24A
1.9-53 m]

5 ms
CCD

1,280 x 1,024 pixel,
12bit

4.65 x 4.65 pm

1 Hz

polyamid spheres
36 pm

1.06 g/cm®

55 mm

30°, =+ 45° and 90°
5.6—8

8.3 um

0.18

2.3 pixel
26 x 28 x mm?

24 pixel

0.06 ppp

intensity distribution can be divided into a particle image
contribution (/,) and a background intensity contribution
(Ip) (see “Appendix”). The red and green LED illumina-
tion produces nearly identical intensity distributions with a
mean particle intensity of 226 and 217 counts, respectively.
The intensity distribution for the Nd:YAG illumination is
broader with a higher mean particle intensity of 491 counts.
The dependency of the particle images intensity on the
LED forward current is demonstrated in Fig. 8a for the
green LED at current pulses of 7, = 20, 50, 100 and

Fig. 6 Detail of an overlaid
PIV recording (256 x 256 pxz):
a original image; b pre-
processed image

150 ps. High image intensities are obtained for long light
pulses (100—150 ps) and large forward currents. The
observed increase in particle image intensity can be
expressed by a signal-to-noise ratio (SNR) defined as the
difference between the particle and background intensity
over the noise level of the camera (see “Appendix”). When
plotted against the average pulse energy, the curves in
Fig. 8a collapse and the SNR follows a power law as
shown in Fig. 8b. The power law coefficient of the distri-
bution in Fig. 8b is approximately 0.7 and is close to the
coefficient of 0.73 estimated from Fig. 3 for the green
LED. The SNR for the red and green LED at the current
settings (7, = 150 pus, Iy =24 A) are approximately 3.6
and 3.2 compared to SNR = 69 for the Nd:YAG
illumination.

Tomographic volume reconstruction is performed using
the multiplicative line-of-sight simultaneous correction
reconstruction technique (MLOS-SMART) with an initial
solution of unity and 10 iterative corrections of the voxel
intensities. A detailed description of this technique is given
in Atkinson and Soria (2009), and the interested reader may
also refer to the pertinent literature on tomographic volume
reconstruction (Atkinson et al. 2011; Elsinga et al. 2006;
Kiihn et al. 2012; Worth and Nickels 2008) for further
details. For the present case, the recorded particle intensi-
ties are reconstructed in a volume of size 1,040 x
1,120 x 560 px® using a pixel-to-voxel ratio of approxi-
mately 1 and a discretisation of 40 voxels/mm. The corre-
sponding physical dimensions of the reconstructed volume are
26 x 28 x 14 mm’ (orx/M ~ 3.2 x 3.5 x 1.7).

From the reconstructed particle volumes, the spatial
variations of the emitted light intensity are evaluated by
plotting the mean intensities (averaged over the volume
and 90 realizations) along the x— and z— direction in Fig. 9.
The volume illumination is approximately circular with the
intensity decreasing towards the edges of the measurement
volume due to the high divergence of the LED (i.e. large
numerical aperture N.A.). At the edge of the light vol-
ume, the SNR reduces and out-of-focus effects become

(a) . (b)
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Fig. 7 Image intensity histogram of the raw images using LED and
Nd:YAG illumination. The histograms are normalised to unit area

dominant. The cross-correlation analysis is therefore con-
fined to a domain for which the intensity is larger than
50 % of the peak intensity. This results in an effective
measurement volume with approximate cross-section of
8 x 8 mm? which is roughly 2-3 times the luminescent
area of the LED.

After cropping the reconstructed particle volumes to the
above size, the velocity fields are calculated with a multi-
grid, multi-pass FFT-based cross-correlation algorithm
detailed in Soria (1996) and Atkinson and Soria (2009).
Interrogation volumes of 32° voxels with 75 % overlap are
used to provide fields of 57 x 117 x 43 vectors at a spatial
resolution of 0.8 mm and 0.2 mm grid spacing. The cal-
culated vector fields are validated with a normalised
median filter and a maximum displacement limit. Invalid
vectors are replaced by means of linear interpolation and
account for less than 2 % of the total number of vectors.

4 Results

In the following, the performance of the high-power LED
illumination is assessed by considering some one-point
turbulent statistics and comparison with previous mea-
surements performed with pulsed Nd:YAG laser illumi-
nation (Buchmann et al. 2010a) and DNS data of
homogeneous isotropic turbulence (Re, = 433, Li et al.
2008).

4.1 Turbulent flow statistics

The mean flow in the facility exhibits a flat and homoge-
neous velocity profile in the centre of the test section with a
slight increase in the centreline velocity of approximately
4 % over the length of the tunnel due to the growth of the
boundary layer and a variation of less than 1 % in the
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Fig. 8 a Mean particle image intensity versus forward current;
b Signal-to-noise ratio (SNR) as a function of pulse energy. Date are
shown for the green LED (PT-120) operated at 10 Hz with current
pulses of 7, = 20, 50, 100 and 150 ps

cross-stream components. Within the measurement vol-
ume, the flow can be assumed nearly constant in the
streamwise direction and homogenous in the y— and
z— directions. The mean velocity profile and turbulent
fluctuations in the test section are characterised in detail by
Buchmann et al. (2010a); therefore, the following discus-
sion only focuses on the performance of the LED illumi-
nation. The turbulent statistics, computed from 90
instantaneous realisations (>3 x 10° independent sam-
ples), are reported in Table 3 and are compared with the
previous tomographic PIV measurements of Buchmann
et al. (2010a) under similar conditions. The integral length
scale A and Taylor micro-scale A, are determined from the
longitudinal autocorrelation function, which is averaged in
the homogeneous directions y and z. The instantaneous
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Fig. 9 Volume averaged particle intensity along the streamwise (x-)
and spanwise (z-) direction. The extend of the effective volume is
estimated at 50 % of the peak intensity

dissipation rate is calculated via & = 2v X §;S;;, which is
used to determine the Kolomogorov length scales. The
data reported in Table 3 for the LED and Nd:YAG
experiments are in reasonable agreement. The small tun-
nel dimension and relatively low streamwise velocity
produces a non-isotropic flow behaviour (u'/V ~
0.66 — 0.84, ' /w' ~ 0.77 — 0.92) and limits the turbulent
Reynolds number (Re;, =u'A/v) to approximately
Re;~11. Between the two experiments, there are some
notable differences in the root-mean-square velocity fluc-
tuation u’, turbulence intensity 77 and dissipation rate.
Theses differences are linked to the fact that the LED and
Nd:YAG experiments were carried out several months
apart, and changes to the facility during this time are likely
to have influenced the background turbulence level. In the
following, the different experimental and numerical data
sets are therefore compared on the basis of their spectral
and probability distributions. In this, the DNS data provide
a high-resolution, low uncertainty estimate of the turbulent
flow characteristics, while the Nd:YAG data are included
to provide an example of the more commonly used
coherent illumination.

4.2 Velocity field characteristics

Figure 10a shows the longitudinal velocity power spectrum
Eyy(ky) for the LED-illuminated flows compared with the
Nd:YAG and DNS spectra. At high wavenumbers, the LED
spectra become flat and deviate from the true turbulent flow
spectrum, represented by DNS , due to a combination of
the PIV transfer function effect and experimental noise (see
Foucaut et al. (2004) for more details). The smallest
resolvable wavenumber is given by the size of the mea-
surement volume, while the largest or cut-off wavenumber

Table 3 Turbulent statistics for the LED illumination compared to
conventional Nd:YAG illumination (Buchmann et al. 2010a)

LED Nd:YAG
Red Green

U [mm/s] 121.4 1223 121.8
u [mm/s] 3.38 3.25 2.65
u' v -] 0.66 0.71 0.84
' Jw -] 0.92 0.94 0.77
TI [%] 29 2.7 22
A [mm)] 248 2.51 277
¢ [107° m%/s*] 18.53 17.13 7.83
m [mm)] 0.34 0.36 0.43
Jig [mm)] 272 272 3.28
Re; -1 11.49 11.05 10.87

is determined by the interrogation window size (k. = 2.8/
IW). The effect of noise often means that the effective cut-
off (knax) 1s smaller than k., which can be defined as the
wavenumber at which the SNR between the measured and
true spectrum approaches unity. In the present case, ky.x1
is approximately 0.7 for both LEDs. The pre-multiplied
spectra k_%E 11(ky), which correspond to the velocity gradient
spectra (Ganapathisubramani et al. 2007), are shown in
Fig. 10b. At low wavenumbers, the spectra are consistent
with the gradient spectrum (or dissipation spectrum)
computed from DNS. There is some underestimation of the
green LED in this range, but overall the measurements
compare favourably for small wavenumbers. At high
wavenumbers, the noise influence results in a rapid energy
amplification. This means that the mean kinetic energy
dissipation estimated from the area under the curve
kﬁE“(ky) includes a large noise contribution at these
wavenumbers.

A common procedure to remove high wavenumber
noise is a spatial filtering of the measured velocity fields
(Worth et al. 2010). Here, a Gaussian shaped convolution
filter with a kernel size of 3 # x 31 x 3 5 is applied to the
fluctuating component of the velocity field. The size of the
filter is chosen to match the size of the interrogation win-
dow (IW =~ 3#) and according to Agui and Jimenes (1987)
has a spread (i.e. standard deviation) of V26 = 1.24A,
where A is the vector spacing. The filtered spectra Ey,(k,)
and k3E;(k,) are shown in Fig. 10c, d. In comparison with
the raw data, Gaussian filtering reduces the effect of noise
in the high wavenumber region, resulting in a better
agreement between the LED and DNS spectra with
kmax/1 = 1. The magnitude of the transfer function |[H(kn)| of
the Gaussian filter kernel is shown in Fig. 12 and is seen to
act as a low-pass filter with an exponential decay at high
wavenumbers (similar to the true turbulent flow spectrum)
and a —3dB cut-off at knx 2.2. This filter smoothes the
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high wavenumbers, which results in a spectrum that more
closely follows the DNS and true turbulent flow spectrum.
However, filtering cannot ‘improve’ the spectrum, it sim-
ply attenuates both noise and true signal indiscriminately
over a given wavenumber range determined by the filter.
As a result, the energy content of the signal is altered, and
the signal can still only be considered accurate up to the
cut-off k.1~ 1 where SNR = 1 (i.e. ‘peel-oft’). Beyond
this, the experimental spectra significantly deviate from
that of the DNS. A comparison between the LED and
Nd:YAG illumination shows that both LEDs exhibit a
similar noise level before and after filtering.

An example of the instantaneous fluctuating velocity
field is shown in Fig. 11a for a volume of size
30 1 x 65 n x 24 5. The instantaneous field consists of a
range of vortical scales distributed throughout the mea-
surement volume. Figure 11b illustrates contours of nor-
malised vorticity magnitude Qn/U, which is determined
from the filtered volume data via a second-order central
differencing scheme. A region of intense vorticity can be
seen at y/n=~ 10.

@ Springer

The probability density function (pdf) of the velocity
fluctuations u# normalised by the rms-value is shown in
Fig. 13. The experimental data sets are normalised by their
respective values reported in Table 3, while the DNS data
are normalised by the values given in Li et al. (2008). The
distributions for both LEDs are nearly Gaussian, but are
slightly positive skewed compared to the Nd:YAG mea-
surement. The respective skewness () are S = 0.18,
S =0.29 and § = —0.05 for the green and red LED and
the Nd: YAG data (see Table 4). For the fluctuating velocity
components in the respective y— and z— directions, a similar
behaviour is observed. According to Jimenez (1998), the
pdf of the velocity fluctuations is slightly sub-Gaussian (i.e.
F < 3) as can be seen from the DNS data in Table 4.
However, the experimental data exhibit a flatness greater
than that of a normal distribution (F > 3) due to experi-
mental noise.

The pdf of the longitudinal velocity gradients (du/dx)
normalised by the Taylor micro-scale, 4, and the rms of the
velocity fluctuations, u’ are shown in Fig. 14a. The ratio

Ao/t = (15v/ ¢)/? characterises the small eddy time-scale
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Fig. 11 a Instantaneous fluctuating velocity field; b contours of vorticity magnitude normalised by the Kolmogorov length scale

and relates the probability distribution to the smallest
resolvable scales (i.e. o). The distributions for both LEDs
are nearly identical, but suffer from spatial resolution
effects at very large gradients (i.e. small scale structures).
This is consistent with the cut-off in the gradient spectra
(Fig. 10d) and can be seen as the ‘peel-off’ from the DNS
beyond 6/,/u’. Nevertheless, for small to medium gradi-
ents, the agreement with the DNS data is good. Figure 14b
shows the pdfs of the transversal velocity gradients
(du;/dx;), which exhibit a similar trend, but have longer
tails than the longitudinal derivatives.

Higher-order moments (S and F) of the above distribu-
tions are given in Table 4. The pdf of the longitudinal
velocity gradients is non-Gaussian and negatively skewed,
which is in good agreement with the DNS. However, the
flatness is much higher due to the lack of spatial resolution
and increased noise due to ghost particle motion (Elsinga
et al. 2011). Similar trends apply to the longitudinal
velocity gradients, which are nearly symmetric, but again
exhibit a higher flatness than the DNS. Overall, the dis-
tributions for the green and red LED are in good agreement
with some differences in skewness and flatness, but these
are smaller than the deviation from the DNS data.

4.3 Measurement accuracy

The measurement uncertainty is estimated by considering the
continuity equation (i.e. zero divergence) for incompressible
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Fig. 12 Transfer function of the Gaussian filter procedure and
corresponding raw and filtered longitudinal velocity spectra (red
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flows, where the difference between the calculated diver-
gence V -u and the zero divergence condition is used to
represent the measurement error. Figure 15a shows contours
of the joint probability distribution between Ou/Ox and —(0v/
Oy + Ow/0z) normalised by A,/u’. Both LEDs exhibit a
nearly identical error distribution, which is symmetric and
similar to that of the Nd:YAG illumination. The spread of
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Table 4 Higher-order moments of the streamwise velocity fluctua-
tion u and its longitudinal and transverse gradients Ou/Ox and Ou/Oy

u Ou/0Ox Ou/dy

S F ) F S F
Green LED 029 524 022 11.78  0.09 13.35
Red LED 0.18 456 036 1125  0.02 8.87
Nd:YAG —-0.05 4.17 — -
DNS 0.01 272 035 478 —0.01 6.52
Normal 0 3

the data around the 45° diagonal (i.e. zero divergence)
indicates the divergence error. This error expressed by the
rms-value of the distribution is 1.68 A,/u’ for the green
LED, 1.19,/u’ for the red LED and 1.26 4,/u’ for the
Nd:YAG illumination, respectively. Figure 15b plots the
dimensional local divergence error distributions V - u for
both LEDs, which closely match that of the Nd:YAG
experiment. The respective rms-values of the divergency are
0.011 pixel/pixel, 0.017 pixel/pixel and 0.012 pixel/pixel for
the red LED, green LED and Nd:YAG illumination.
When normalised by the norm of the velocity gradient
tensor, the rms-values of the local divergence distribution
(i.e. V-u/||Vul|) are 0.47, 0.46 and 0.51 for the green
LED, red LED and Nd:YAG illumination, respectively.
These values compare favourably with a similar study by
Worth et al. (2010), who performed tomographic PIV
measurement in homogenous isotropic turbulence and
reported normalised divergence errors between 0.46 and
0.55. However, it should be pointed out that this normali-
sation by the velocity gradient tensor norm is inaccurate as
it suffers from errors in the velocity gradient tensor itself.
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Fig. 14 One-dimensional pdf for a the longitudinal and b the
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Here, a second-order central difference scheme is used
to calculate the velocity gradients. Assuming that both the
vector spacing A and random velocity error ¢(u) are uni-
form in all three directions, it can be shown that the error in
the divergence is related to the random velocity error as
follows (see Atkinson et al. (2011) for more details):

o(52) =50 @
where a(%) is the rms-value of the divergence (non-
normalised)l plotted in Fig. 15b. Table 5 lists the random
velocity errors estimated from the unfiltered data and
for different spatial resolutions. The divergence error
depending on the spatial resolution varies between the
0.017 and 0.049 pixel/pixel, which is consistent with
errors reported by Scarano et al. (2006) (0.02 pixel/
pixel) and Atkinson et al. (2011) (0.05 pixel/pixel). The
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Table 5 Divergency error and estimated measurement uncertainty
for the unfiltered velocity fields

3

IW [px’] A [px] o‘(%) [px/px] o (u) [px]
Green LED 32 8 0.049 0.32

32 16 0.023 0.30

64 32 0.017 0.22
Red LED 32 8 0.031 0.20

32 16 0.017 0.22

64 32 0.011 0.15
Nd:YAG 64 32 0.012 0.30

corresponding estimated velocity error is 0.2-0.3 pixel and
agrees well with the results of Wieneke and Taylor (2006)
(0.2 pixel), Worth et al. (2010) (0.2-0.3 pixel) and Buch-
mann et al. (2011a) (0.1-0.3 pixel).

5 Discussion
5.1 Pulsed, high-power LED illumination

The described experiment clearly demonstrated the feasi-
bility of pulsed, high-power LED illumination for tomo-
graphic PIV in water. The large numerical aperture of the
LED results in a highly uncollimated light source, which is
problematic for conventional planar PIV illumination
(Willert et al. 2010), but volume illumination can be
established relatively simple by projection of the light-
emitting surface into the test section or directly onto the
image sensor. The large LED aperture makes this approach

rather unique and collimation of the light can be achieved to
some extend by including additional lenses. The resulting
volume illumination is of good quality with virtually no loss
in light intensity due to light shaping optics. This makes the
LEDs not only an ideal illumination source for tomographic
PIV, but also microscopic PIV (Hagsaeter et al. 2008) and
volumetric Shadowgraphy (Klinner and Willert 2012).
The amount of light emitted by the LED is proportional
to the drive current and pulse duration, which allows the
generation of considerable light pulses with pulse energies
in excess of 10 mJ for a single LED. Operating the LEDs at
high currents and large pulse durations leads to overheating
and potentially irreversible damage of the LED. The cur-
rent measurements are performed at a 3 % duty cycle with
current pulses of 24 A and 150 ps duration, resulting in
light pulses of approximately 5.3 and 1.9 mJ for the red
and green PT-120 LED, respectively. According to Fig. 4,
this is within the safe operation of the LED, and in fact, no
damage to the LEDs was observed during the experiments.
The pulse width must not only be selected to prevent
damage to the LED, but also to properly match the flow
conditions to avoid streaking of the particle images. Here, a
maximum streamwise displacement of 24 pixel is used for
which particle streaking corresponds to approximately 0.72
pixel (150 ps pulses with 5 ms separation). This is smaller
than the particle images diameter (d, = 2.3 pixel), and the
resulting elongation of the correlation peak can be
neglected. Previous planar high-speed PIV measurements
with a similar type LED (Willert et al. 2010) in water used
20 ps pulses at 50 A producing light pulses of approxi-
mately 400 pJ. The current volumetric LED illumination is
only suitable for measurements in water where larger
seeding particles can be used due to a better density
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matching. In the present case, relatively large particles with
a mean diameter of 36 um and a particle relaxation time of
72 ps are used. These particles scatter approximately twice
as much light as the 28 pum particles used in the compari-
son Nd:YAG measurements in Buchmann et al. (2010a). This
needs to be taken into account when interpreting the results in
Figs. 7 and 8 where the image SNR is not only proportional to
the illumination energy but also the particle size.

The LED illumination can be assembled at very low
costs, and multiple LEDs can be bundled together into
larger compact arrays to increase the light output and/or the
size of the illuminated volume. Due to the uncollimated
nature of the LED light, LEDs are less hazardous, but not
necessarily eye-safe. They also require a considerably
lower supply power than pulsed Nd:YAG lasers. In com-
parison with pulsed lasers, no pumping of the medium is
required meaning that the LEDs can be fired nearly
instantly (Tgelay < 200 ns). Furthermore, the pulse repeti-
tion rate can be varied freely and does not depend upon a
specific pulsing frequency. The LEDs have a broad spectral
intensity distribution preventing the formation of speckle
patterns and because only one LED emitter is used, pulse-
to-pulse intensity variations are practically non-existing.
This results in an almost identical illumination of both
exposures with good image contrast, which is particularly
desirable for tomographic PIV.

5.2 LED illumination for tomographic PIV

The tomographic PIV measurements with LED illumina-
tion provide very similar results to those obtained by tra-
ditional pulsed Nd:YAG laser illumination. The pdfs of the
velocity fluctuations obtained from the LED measurements
are slightly skewed, but agree reasonable well in flatness
with the DNS data. The pdfs of the velocity gradients are
also in good agreement with the DNS for small to medium
gradients. The distribution of the longitudinal velocity
gradients is negatively skewed while the distribution of the
transversal gradients is symmetric. The higher flatness
results from the limited spatial resolution, the inability to
resolve the very large velocity gradients and the contribu-
tion of ghost particle motion. As discussed by Elsinga et al.
(2011), ghost particles bias the velocity towards the mean
(i.e. zero) and reduce the sensitivity of the measurement to
turbulent fluctuations. This results in a tighter clustering
around the zero mean, which corresponds to the increase in
flatness observed in the measurements. This effect is
slightly less pronounced for the red PT-120 LED; however,
the flatness is significantly greater compared to the DNS in
all measurements. The agreement between the LED and
Nd:YAG measurements is good with no noticeable dif-
ference in ghost particle correlation for either illumination
method.
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Measurement noise has a significant effect on the esti-
mated velocity gradients as evidenced in the energy spectra
by the ‘peel-off’ at high wavenumbers (Fig. 10a, b). A
similar behaviour is also observed by Worth et al. (2010) in
their tomographic PIV measurements of homogeneous
isotropic turbulence, who used Gaussian filtering to shift
the ‘peel-off’ to higher wavenumbers. A similar behaviour
can be observed in the current data with a shift of the
maximum wavenumber, k., and a reduction in spectral
energy to higher wavenumbers. This produces a spectrum
that more closely follows the DNS spectrum up to higher
wavenumbers; however, the signal can still only be con-
sidered accurate up to approximately kn = 1. Beyond this,
filtering reduces both noise and turbulent fluctuations,
indiscriminately. Despite different seeding densities (LED:
0.06ppp; Nd:YAG: 0.02ppp), which affect the reconstruc-
tion quality, the LED and Nd:YAG measurements show a
similar level of spectral noise before and after filtering and
suggest that the LED illumination method enables tomo-
graphic PIV measurements in water of similar quality.

The random velocity error, estimated from the fluctu-
ating divergence, is approximately 0.15-0.3 pixel and is
consistent with the Nd:YAG measurement and values
reported in the literature (Buchmann et al. 2011a; Scarano
et al. 2006; Wieneke and Taylor 2006; Worth et al. 2010).
In fact, the lowest error of 0.15 pixel is obtained for the red
LED with interrogation windows of 64 pixel and 50 %
overlap. This is slightly lower than the 0.22 pixel for the
green LED and 0.3 pixel for the Nd:YAG measurement at
the same resolution.

6 Conclusion

High-power light-emitting diode illumination is an attrac-
tive and viable alternative to traditional laser-based illu-
mination for flow diagnostics and velocimetry. Particularly
for tomographic PIV, where volume illumination is of
essence, pulsed LED illumination provides a reliable,
scalable and easy to implement alternative. Based on this
background, the present paper investigated the use of a
single high-power pulsed LED illumination system for
tomographic PIV measurements of homogeneous, grid-
generated turbulence.

Light pulses of significant intensity (1-10 mJ) were
obtained by briefly operating the LED at high drive cur-
rents and short pulse durations (Ir = 24 A, 1, = 150 ps).
Two LEDs of different wavelength (green, A = 525 nm;
red, 2 = 623 nm) were investigated with both LEDs pro-
viding sufficient pulse energy and image quality to perform
reliable tomographic PIV measurements in water. The
uncertainty in the velocity measurements associated with
the LED illumination is proximately 0.15-0.3 pixel.
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Overall, tomographic PIV with LED illumination provides
similar measurement characteristics to those observed in
the Nd:YAG experiments, with the results of the statistical
analysis being in good agreement with each other. Some
larger differences are observed in the turbulent fluctuations,
which are caused by the lack of repeatability of the
experiment. With further improvements in LED technology
occurring quite rapidly, future increases in light output per unit
area are very likely within the next few years, which would
make pulsed high-power LED illumination a very viable
alternative for flow diagnostics and PIV in particular.
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Appendix

The intensity / of the recorded particle images shown in
Figs. 7 and 16 can be expressed as follows

I=1,+I+1, (3)

where I, is the noise level of the CCD sensor, I the
intensity contribution due to flair, reflections and out-of-
focus particles and I, the particle image intensity. The
noise level I, can be determined by recording a black
image or from the camera specifications. The background
intensity I, = I, + Iy is assumed to follow a normal dis-
tribution and is obtained by fitting a Gaussian model to the
left-hand side of the intensity pdf. The particle image
contribution is then obtained as [, = I — I,

From Eq. 3, the following signal-to-noise ratios can be
defined.

{£p) {Ip)

SNR; = —; SNR; = —— 4
) 7 (4)
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Fig. 16 Pdf of the image intensity / (dot dashed line) and its
component I, (solid line) and I, (dashed line)

where () denotes mean intensities. As the strength of the
illumination increases both Irand /I, increase proportionally
and SNR; remains nearly constant. The definition of SNR; is
equivalent to that of image contrast in Adrian and
Westerweel (2010), which is independent of the
illumination and promotional to the inverse of the seeding
density. For the present case, SNR; ~ 2 irrespective of
pulse width or drive current. The definition of SNR; is more
suitable to characterise the effect of the illumination
quality; however, it ignores the contribution of the
background intensity. By combining the two definitions,
the signal-to-noise ratio expressed as the difference
between the particle and background intensity over the
noise level is defined as

1
SNR = SNR;{ 1 — —— 5
< SNRs) ®)

Note, in the extreme where the particle image intensity
tends to zero (i.e. low light conditions), the SNR also
approaches zero.
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