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Abstract

A novel velocimetry method is proposed for point velocity measurement, which is based on tracking a laser-induced plasma
in a flow. The plasma’s behaviour is first analysed spatially, temporally and spectrally in quiescent air. The dependence of
this technique on the delay time between subsequent plasma images and the processing methods are described. It is found
that, for optimized operation of the technique in a turbulent air jet (exit diameter 10.0 mm from a 480 mm long pipe; with an
averaged velocity of 50 m/s at the jet exit resulting in Reynolds number of 34,000) with 100 us time delay between plasma
images, the systematic and random components of the velocity uncertainty are —0.51 m/s and + 3.6 m/s along the laser beam
direction, and 1.25 m/s and +0.86 m/s along other directions perpendicular to the laser beam. These uncertainties are mainly
caused by the asymmetric laser energy deposition during the formation of plasma, and the associated spatial resolution (in this
realisation of the instrument) of 5 mm. The mean velocity measurements in the turbulent air jet flow are consistent with the
reported flow behaviour in the literature for mean velocity: the turbulent intensity of axial velocity fluctuations is comparable
to those in the literature but difference arises due to the limited spatial resolution. This velocimetry method is an alternative
to traditional tracer-based velocimetry methods, because it does not require ‘seeding’ of particles or other substances in the
flow. It also has the ability to measure local gas mixture composition, using laser-induced breakdown spectroscopy approach,
simultaneously with flow velocity, but this aspect is not explored in the current study.

Graphical abstract Concept of Laser-Induced Plasma Image Velocimetry (LIPIV) applied to a turbulent jet flow. The LIPIV
technique measures the flow velocity vector by using the temporal displacement of the laser-induced plasma in a flowing
fluid. For this reason, two sequential images of the plasma with time delay Ar are used.
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1 Introduction

54 Zhengjie Shi The measurement of the local flow velocity characteristics
z.shil4@imperial.ac.uk frequently enhances the understanding of the physics of
many flows, be these of technical or of research interest.
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techniques are widely used because of their non-intrusive
nature, of their ability to withstand harsh environments,
their excellent accuracy and precision, and good spatial
resolution. Some of these optical techniques are based on
the tracking of either solid or liquid ‘seeding’ particles
introduced into the flow, such as particle image velocimetry
(PIV) (Stevens et al. 1998; Willert and Jarius 2002; Kiuchi
et al. 2005; Troiani et al. 2009; Hong et al. 2013; Peterson
et al. 2013) or laser Doppler velocimetry (LDV) (Sislian
et al. 1988; Edwards and Rudoff 1990; Van Maaren and De
Goey 1994; Van Maaren et al. 1994; Lyn et al. 1995; Tropea
1995). In some cases, the introduction of seeding particles
with sufficiently low inertia to follow the flow faithfully, and
at adequate concentration, is feasible. In contrast, in other
cases the introduction of seeding particles is either undesir-
able (because the particles may damage the flow under con-
sideration, e.g., settling screens in wind tunnels, gas turbine
combustors, the liners of internal combustion engines) or
not possible (because, for example, in some confined flows,
the particles may deposit too heavily on the surfaces of the
windows that may be necessary for optical access or because
of the large flow rates involved).

Thus, several laser-based non-intrusive velocimetry tech-
niques have been developed. For example, filtered Rayleigh
scattering (FRS) measures the Doppler shift of molecularly
scattered light to determine the gas flow velocity (Forkey
et al. 1996). The technique is best applied to relatively
high-speed flows, where the Doppler shift is large enough
to measure accurately. In molecular tagging velocimetry
(MTYV), a specific molecular marker is written into the gas
and the velocity is measured by computing the marker’s
displacement over a known delay time (Stier and Kooches-
fahani 1999; Lempert et al. 2002; Hu and Koochesfahani
2006). Some of the MTV methods also add tracer molecules
into gas flows, which is similar to the concept of particle-
based methods. Examples are the phosphorescence of bia-
cetyl (Stier and Koochesfahani 1999) or acetone (Lempert
et al. 2002) added into nitrogen flows. In other MTV meth-
ods, available gas species in the flow are used as tracers or
markers. For example, ozone tagging velocimetry (OTV)
produces ozone from oxygen via the photodissociation pro-
cess; hydroxyl tagging velocimetry (HTV) produces OH via
dissociation of water vapour (Pitz et al. 2000; Ribarov et al.
2004). Similarly, Raman excitation combined with laser-
induced electronic fluorescence (RELIEF) uses a nonlinear
stimulated Raman process to produce a tag line of vibra-
tionally excited oxygen (O,), whose enhanced fluorescence
excitation strength (over that of ground-state O,) reveals the
displacement of the tag when the flow field is subsequently
irradiated by an ultraviolet (UV) laser (Miles et al. 1987).
Air photolysis and recombination tracking (APART) is
based on laser-induced fluorescence of NO molecules from
dissociation of oxygen (Sijtsema et al. 2002). These MTV
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methods rely on the presence of large signal intensities and
a sufficiently long lifetime of the tagged molecules. A high
power UV laser is generally necessary for MTV and the
lifetime of the tracers depends on the quenching caused by
certain species or pressure (Pitz et al. 2000). Other veloci-
metry techniques, such as laser-induced thermal acoustics
(Hart et al. 2000) or magnetic resonance velocimetry (Elkins
et al. 2003; Elkins and Alley 2007), have high experimental
complexity. In this work, we investigate another technique
which does not require the introduction of seeding particles.

Laser-induced breakdown spectroscopy (LIBS: Stavro-
poulos et al. 2005; Majd et al. 2011; Lee et al. 2016; Shi
et al. 2016) is based on a pulsed laser beam, of sufficiently
high energy, focused to a small volume of a gas to generate
a local laser-induced plasma in the flow. The light emitted
from the laser-induced excited atoms during their relaxation
process is recorded and analysed to determine the elemental
compositions of the sampled substances qualitatively and
quantitatively (Molina et al. 2005; Ferioli and Buckley 2006;
Yaroshchyk et al. 2006; Joshi et al. 2009; Kotzagianni et al.
2014; McGann et al. 2015). Kawahara et al. (2006) have
reported on the spatial, spectral and temporal behaviour of
laser-induced plasma in air; and Dors and Parigger (2003)
have simulated the fluid dynamic behaviour of the laser-
induced plasma in air, which agreed well with experimental
investigations. The emitted light from the LIBS plasma can
also be recorded by a camera to identify its location at suc-
cessive times and this information can be used to evaluate
the velocity field.

A novel measurement technique for velocimetry in fluid
flows is proposed and developed in the current paper, which
is based on LIBS and hence does not require the introduc-
tion of either ‘seeding’ particles or substances in the flow.
Instead of tracking the velocity of ‘seeding’ particles, the
convected laser-induced plasma by the flow is tracked as a
function of time. The method does not depend on the pres-
ence of any species, such as tracers or markers, in the gas
before measurements, since the laser-induced plasma can be
initiated in all gases with appropriate laser energy. The flow
velocity vector is estimated from the displacement of the
plasma within a time At, as shown in Fig. 1. To the extent
that a plasma is created in the flow with a finite lifetime,
of order millimeter dimensions together with an associ-
ated localised velocity field associated with the plasma, this
method is intrusive.

The paper is structured as follows. The behaviour of
laser-induced plasma in air is first investigated and analysed.
The laser-induced plasma image velocimetry (LIPIV) tech-
nique is then evaluated and optimized in quiescent air, SO
that the uncertainties can be quantified. The influences of
the delay time between recorded plasma images and pro-
cessing methods are evaluated. Then, LIPIV is applied to
measure the velocity in a turbulent round jet flow, which
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Fig.1 Concept of laser-induced plasma image velocimetry (LIPIV)
applied to a turbulent jet flow. The LIPIV technique measures the
flow velocity vector using the temporal displacement of the laser-
induced plasma in a flowing fluid. For this reason, two sequential
images of the plasma with time delay At are used

has a well-known velocity field (Mi et al. 2007; Aziz et al.
2008; Uchiyama et al. 2013). The measured flow velocity
development along the jet centreline, the self-similar mean
velocity radial profiles and the radial profiles of turbulent
intensity are used to evaluate the accuracy of the technique.
The advantages and limitations of the LIPIV technique are
finally summarized.

2 Velocimetry method

The local fluid velocity vector convects the induced plasma
during its lifetime. If the plasma is recorded at two instants
separated by a delay Ay, its displacement due to the flow
field can be quantified and, as a consequence, an estimate
of the flow velocity is obtained. For the LIPIV method, the
measured velocity u,,(x, t) can be decomposed as a linear
model:

Uy (x, 1) = u(x, 1) + u*(x, 1) (1)

In Eq. (1), u is the velocity component of the flow field
and u* is a velocity component originated by the laser-
induced plasma, which represents an uncertainty. The lin-
ear model of Eq. (1) assumes that the uncertainty of the
LIPIV is independent of the flow and additional studies in
swirl-stabilised flows (Chap. 7 of Shi 2018), so far support
this assumption. This study will form the subject of a future
publication and provide evaluation of additional uncertain-
ties. The contributions to u* in Eq. (1) include:

(a) The effects of the asymmetric pressure wave in the flow
in directions perpendicular to the laser beam’s axis,

generated by the laser-induced plasma, which may dis-
turb the local flow field.

(b) The fluctuations of the laser beam shape, camera sensi-
tivity and buoyancy effects on the measurement of the
plasma’s displacement.

Therefore, the underlying mean flow velocity and the
time-averaged root mean square of the velocity fluctuations
about the mean, u,,,, can be calculated according to Eqgs. (2)

and (3), after removing the corresponding laser-induced
components.

=1, —u* 2)

— 2 2
Ums = um,rms - u:ms (3)

In a turbulent flow, these moments are estimated by
ensemble averaging measurements over a number of laser-
induced plasma realisations. It is noted that the current work
investigates the performance of the LIPIV technique in a
simple jet air flow. In more complex fluid flows, where high
out-of-plane motions and non-uniform temperature and pres-
sure fields are present, the feasibility of the LIPIV requires
further investigation. An evaluation of the uncertainties of
the LIPIV technique in non-reacting and reacting swirling
flows is available in Chap. 7 of Shi (2018).

3 Experimental details

Figure 1 shows the investigated flow configuration, an air
jet air exhausting from a 480 mm long straight pipe with
10.0 mm internal diameter. In this way, the pipe flow devel-
ops over 48 diameters, which ensures fully developed pipe
flow at the exit. The pulsed laser beam was generated by
the Surelite III Q-switched Nd:YAG laser, delivering pulses
of 532 nm light with a nominal 3-5 ns pulse width at a
10 Hz frequency. The pulse energy was kept at 125 mJ. For
the measurement of the plasma image and spectra tempo-
ral evolution, Fig. 2a shows the optical arrangement of the
LIBS system, which comprised a 35 mm focal length UV
fused silica plano-convex lens to collect the emitted light
from the plasma at right angles and direct it to an optical
fibre (Edmund 1000 pm diameter, 180—1150 nm). The fibre
transmitted the light to a spectrograph (Mechelle 5000
with a 50X 25 pum input slit) and an ICCD camera (Andor
DH534-18F-03). Together, the combination of the ICCD
and the spectrograph measured over wavelengths from
200 to 850 nm with spectral continuity (Spectral resolu-
tion: 0.125 nm at 500 nm). A second ICCD camera (Andor
DH534-18F-03, field of view 11.5x11.5 mm?, resolu-
tion =25.3 pum/pixel) was used to record the image of the
plasma. The delay time relative to the trigger signal, and
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Fig.2 Schematic diagram of the LIBS (a) and LIPIV (b) experiment
setup

the aperture time of the ICCD and spectrometer were con-
trolled through a multi-channel digital delay pulse generator
(NI PCI-6602) that controlled the pulsed laser and ICCDs.
A Newport 6035 Mercury spectral lamp and a Hamamatsu
L7810 Xenon lamp were used to calibrate the wavelengths
and the relative intensity, respectively.

Figure 2b shows the optical arrangement of the LIPIV
system, with differences from that of the LIBS arrange-
ment as follows. Two cameras were used to record the two
plasma images, one immediately after the initiation of the
plasma and the other after the plasma has been convected
by the flow after the chosen time delay. The set-up of the
first camera, in particular, is designed to counteract uncer-
tainties due to variation of the initial location of the plasma
in the flow, which can be affected by factors such as beam
steering and influences caused by the flow, material proper-
ties, and the spatio-temporal profile of each laser pulse. Both
ICCD cameras (Andor DH534-18F-03) with Nikon Micro-
NIKKOR AI 105 mm f/4 lenses had a field of view 26 X26
mm? with resolution of 25.3 um/pixel. An uncoated pellicle
acted as a beam splitter with reflection-to-transmission ratio
of 8:92 for wavelengths between 400 nm and 2400 nm. Due
to the high intensity of the plasma emissions at early times
after the laser pulse, reflected light was used to record the
first image of the plasma while the transmitted light as used
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Fig.3 LIBS spectra from air as a function of time delay after the
laser pulse a 0.1-1 pus and b 1-100 ps

for the second, low intensity image of the plasma. In the
experiment, the temperature of the air supply was at room
temperature (15 °C). The air mass flow rate was controlled
using Bronkhorst digital mass flow controllers (accuracy:
+0.5% reading, +0.1% full scale).

4 Results and discussion

4.1 Spatial, temporal and spectral evolution
of plasma in air

For a Q-switched Nd: YAG laser with nanosecond pulse
width, the plasma spectra were initially dominated by
continuous light caused by the Bremsstrahlung effect and
recombination radiation (Miziolek et al. 2008). Figure 3a
shows that during time delays of 01 s after the laser pulse,
the plasma was created with strong continuous background
light. These spectrally continuous emissions contained little
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information about the plasma composition. During this pro-
cess, the high energy level ionic emissions, such as N II at
463.0 nm and N II at 500.5 nm, co-existed with the continu-
ous emissions which decayed within about 1 ps. Low energy
level, neutral atomic emission lines, such as N I (746 nm)
and O I (777 nm), emerged as the continuum emission weak-
ened gradually in this period. Figure 3b shows that, 1 ps
after the laser pulse, the spectral intensity decreased and the
continuum emission vanished for time delays between 1 and
10 ps. The neutral atomic emissions dominated the spectra
until 10 ps. Subsequently, as the plasma continued to cool
down, the atoms recombined to form new molecules. After
around 10 ps, the spectrometer was not sensitive enough to
capture the spectra and only the ICCD (at high intensifier
level) was able to record the plasma image. Theoretically, at
this time, the plasma was already cool and only molecules
existed with weak emissions. Then, the plasma evolved from
a hot spot into some scattered parts and dispersed widely in
the field. The spectral evolution of the plasma of Fig. 3 is
important for the selection of the spectral characteristics of
the camera for LIPIV measurements. The spectra, before 1
us, were broadband and, after 1 ps, the spectral emission
was mainly in the infrared region. Since the plasma image
was recorded after 1 ps, it was better to capture the plasma
image with a camera that was sensitive to infrared light. In
addition, the spectral emission can also be used to detect the
local chemical composition of the gas, based on the LIBS
technique. In this way, LIBS gas composition measurements
can be obtained simultaneously with the plasma displace-
ment measurements to provide flow velocity using LIPIV.
LIPIV and LIBS measurements of flow velocity and local
gas composition have been demonstrated in a swirl-stabi-
lised flame under atmospheric conditions, with and without
reaction (Chap. 7 of Shi 2018), although additional equip-
ment to that presented here is required to do so.

The laser-induced plasma decay process in a gas has been
studied both experimentally and numerically by several
researchers (Kravchik and Sher 1994; Akram 1996; Morsy
and Chung 2002; Prager et al. 2003; Bradley et al. 2004).
The measured temporal evolution process of the laser-
induced plasma is shown in Fig. 4 with a schematic of the
same in Fig. 5. When the plasma is created in a gas, a shock
wave moves outwards, while the temperature and pressure
of the inner gas region begin to decrease with time. The
plasma’s size increases over the first 5 us after its creation.
As shown in Fig. 6, the rarefaction wave produces a pres-
sure gradient towards the plasma centre. The gas with lower
density is accelerated more by the pressure gradient than
the gas of higher density due to Taylor instability (Taylor
1950). As a consequence, the hot gas on the right in Fig. 6
moves more persistently inwards than the gas on the left
(which is less dense) and subsequently the gas on the right
reaches a higher velocity, which decays rapidly. This velocity
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Fig.4 Measured sequences of the temporal development of laser-
induced plasma, generated by a laser pulse of 125 mJ in air
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Fig.5 Typical temporal evolution process of nanosecond laser-
induced plasma (Dors and Parigger 2003; Bradley et al. 2004)

difference between the laser-induced plasma gases results in
vortex generation, which is more persistent at the front of the
laser beam rather than at the region behind the focal point.
The subsequent collapse of the two opposed jet-like fronts
generates vortices that form a toroidal shape around the opti-
cal axis of the laser beam after about 5 ps after the laser
pulse (Morsy and Chung 2002). This toroidal flow structure
deforms the ellipsoidal shape of the plasma, so that its prin-
cipal axis eventually becomes orthogonal to the laser beam
with time (see Fig. 5b, ¢). Because the toroidal structure
is not symmetric, the laser-induced flow velocity along the
laser beam axis is, at a later times, towards the laser source
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Fig. 6 Relative position of shock and rarefaction waves and initiating
plasma kernel at a time of around 5 ps after the laser pulse (Bradley
et al. 2004)

and generates a new, ‘third’, lobe in that direction, as shown
in Fig. 5d. Therefore, due to the asymmetric energy dis-
tribution in the gas and subsequent asymmetric expansion,
the asymmetric collapse of the plasma leads to the collaps-
ing front moving towards the laser beam direction. (some
researchers attribute the generation of the third lobe to the
gas movement ‘upstream’ from the focal point due to the
ionized front of the plasma propagating towards the laser at
the early stages of the laser-induced plasma (Raizer 1977).
However, this movement is not expected to last for a long
time after the end of the laser pulse. Therefore, most of the
studies attribute this process to the over-expanded region,
explained above). Since these plasma kernel structures
are developed due to the vertical motions generated by the
interaction of the pressure field and the flow, caused by the
asymmetric deposition of laser energy along the laser beam
direction, the behaviour of the plasma is sensitive to the
initial pressure field and, therefore, the laser pulse energy.
Variations of the laser pulse energy can lead to variations of
the temporal evolution of the plasma that leads to the varia-
tion of the velocity measured in quiescent flow, reported in
Sect. 4.2. These processes have been analysed by different
researchers using various techniques, including LIF, shad-
owgraphy and imaging (Dors and Parigger 2003; Bradley
et al. 2004; Mulla et al. 2016) and are similar to the observed
flow for plasmas induced by electrical sparks (Kono et al.
1989).

Therefore, the asymmetric laser energy deposition and the
ionization effects determine the local fluid properties in the
post-breakdown period and the flow pattern is characteristic
of the laser-induced plasma decay. This induced flow will
be considered in the subsequent development of the LIPIV
technique.

Figure 7 shows the plasma size temporal evolution in
air. Both the horizontal length L, and the vertical diameter
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Fig.7 Plasma length L, (triangles) and diameter L, (squares) as a
function of time after a laser pulse with 125 mJ pulse energy in air.
x and z coordinates are along and normal to the direction of the laser
beam, respectively. L, and L, represent the dimensions along the x
axis (horizontally) and z axis (vertically)

L, increased with time after the laser pulse and began to
decrease after around 1-2 ps but, after 20 ps, both the L, and
L_began to grow continuously again until the plasma disap-
peared due to the void collapse in the plasma. The lengths
of L, and L_ jointly determine the size of the probe volume
at different times. For a laser pulse with energy of 125 mJ in
air, the probe volume grew to around 2.5 mm X5 mm X5 mm
at time 100 ps after the laser pulse initiation, which is an
important consideration for the spatial resolution of the
laser-induced plasma velocimetry technique. Although
larger size plasma has the advantage that it leads to higher
signal-to-noise ratio (SNR) of the detected spectral intensi-
ties, which means that temporal tracking of the plasma for
velocimetry measurements is easier, at the same time larger
size plasma reduces the spatial resolution of the velocity
measurement in a flow. Therefore, there is a need for a com-
promise between the SNR of LIBS spectral intensity and
spatial resolution of the LIPIV technique. Figure 7 shows
that, for time delay between 50 and 100 ps, the dimensions
of the plasma volume are fairly constant and, therefore,
this appears to be an appropriate compromise for plasma
displacement measurements for LIPIV. It is noted that this
information is for air at atmospheric and therefore, for differ-
ent gases and pressures, a similar optimisation is required to
ensure the best selection of the time delay between the two
plasma images.

4.2 LIPIV: accuracy and precision due
to laser-induced velocity in a quiescent gas

In quiescent air, the flow velocity is zero and the result-
ing velocity uncertainty u* of Eq. (1) can be evaluated.
The effects of three image processing methods and timing
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settings for the plasma recordings are evaluated and opti-
mized below.

4.2.1 Processing method I: bounding box centre

The first image processing method for tracking the location
of the laser-induced plasma as a function of time after the
laser pulse is based on a “bounding box centre” approach
(The Mathworks Inc. 2014).

The pair of recorded plasma images was first converted
into binary format. The smallest rectangle containing the
plasma was identified on the image using custom code
(developed in MATLAB®). The concept underlying this
approach is that the smallest rectangle containing the plasma
may be insensitive to plasma shape and noise present on the
image. When using this method, the first image was obtained
1 ps after the laser pulse initiation, which helped locate the
plasma kernel. Then, after a delay time ranging from 25 to
300 ps, the second image was recorded. A moderate delay
time (typically 50-100 ps) between the two plasma images
allowed a plasma displacement of the order of 1 mm, which
was large enough to reduce the uncertainty and ensure
proper temporal and spatial resolution. The centre of the
bounding rectangle can be identified directly from the inter-
section of the two diagonals of the rectangle (green spot in
Fig. 8a). The centroid was then tracked over the time delay
between the two images, the displacement was quantified
and the two-dimensional velocity vector was calculated in
the “horizontal” component, which was along the laser beam
axis, and the “vertical” component, which was normal to
the axis of the laser beam. The deviation of the measured
velocities from the expected value of zero in the ambient
represents the contribution of the flow induced by the laser-
induced plasma and uncertainties related to the image pro-
cessing method.

The size of the bounding boxes in the images of Fig. 8a
are 5 mm X2 mm and 3 mm X 5 mm for times after the laser
pulse initiation of 1-2 us and 50-60 us, respectively, and
this sets the spatial resolution of the LIPIV. It can be seen
that, during the time windows 25-300 ps for LIPIV, both the
width and height of the plasma continued to grow with the
time delay. The spatial resolutions of the geometric centre
and weighted centroid processing methods, described below,
are the same as the bounding box method. A compromise
between plasma displacement (affecting the accuracy of the
velocity measurement) and spatial resolution of the LIPIV
technique should be considered.

4.2.2 Processing method Il: geometric centre
The second method is based on evaluating the geometric

centre of the plasma. Figure 8b shows the geometric cen-
tre of the plasma (red spot) at the two time delays relative

Time= 0lus Time= 50us

r

-
1
1
1
]
1
1
1

o

Time= 01lus Time= 5Qus

(b)

Time= 01us Time= 50us

Fig.8 Image processing methods for the identification of the centre
of the recorded plasma at times 1 ps and 500 ps after the laser pulse.
a Bounding box centre; b geometric centre; ¢ weighted centroid. The
laser beam was incident from the left hand side and all the images
span 11.5 mm horizontally and 11.5 mm vertically. The identified
plasma centre is green for the bounding box centre method, red for
the geometric centroid method and blue for the weighted centroid

to the laser pulse initiation. This is determined following
similar processing procedures as for the bounding box centre
method, except for the determination of the location of the
centre of mass (intensity) of the binary plasma on the image.

4.2.3 Processing method lll: weighted centroid

The third method was based on a weighted plasma centroid
approach: the approach differs from the two previous pro-
cessing methods in that it calculates the weighted centre of
the plasma directly from the greyscale images of the plasma
intensity, rather than binarised images. In this way, the spa-
tial distribution of the intensity emitted by the plasma influ-
ences more directly the identified centre rather than the other
two methods. In Fig. 8c, the weighted centroid results are
shown in blue symbols.

Figure 9 shows the standard deviation of the velocity
fluctuations of the laser-induced plasma as a function of the
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Fig.9 Standard deviation of velocity fluctuations in quiescent air as a
function of time delay between the two plasma images based on 300
laser shots using the three processing methods of Fig. 8. Note that
the first plasma image is always recorded at time 1-2 ps after the ini-
tiation of the laser pulse (circles denote horizontal rms velocity and
squares the vertical rms velocity)

delay time between the recorded plasma images in quies-
cent air. The optimum time delay is the one that leads to the
minimum standard deviation of velocity fluctuations for both
velocity components: delay times 50 ps and 100 ps between
the two plasma images (note that the first plasma image is
recorded always at time 1-2 s after the initiation of the laser
pulse) represent this optimum. The horizontal and vertical
velocity fluctuations measured with all the processing meth-
ods were less than 5 m/s and 1.0 m/s, respectively, for 100
us delay time. Because the weighted centroid method has
smaller velocity uncertainty than the other methods in the
quiescent field, this method was used for the following flow
velocity measurements.

Figure 10 presents the histograms of the instantane-
ous velocity measurements for horizontal (along the laser
beam direction) and vertical (normal to laser beam direc-
tion) components with time delays of 50 us and 100 ps
using the weighted centroid image processing method. In
quiescent air, the true flow velocity was zero so that the
only existing component of Eq. (1) was u*. Therefore,
laser-induced motion results in systematic (‘accuracy’)
and random (‘precision’) components to the uncertainty.
The results for 100 ps time delay between the two plasma
images show that the horizontal direction measurement
had + 3.6 m/s random uncertainty and the vertical direc-
tion had 0.86 m/s random uncertainty. The 100 ps sys-
tematic uncertainty u* was —0.51 m/s horizontally and
1.25 m/s vertically, which can be removed from the actual
flow velocity measurements using Eq. (1). In the turbu-
lent jet flow experiments, presented in the next section,
the velocity component of the jet flow was negligible
in the direction normal to the jet axis compared to the
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Fig. 10 Scatterplot of 300 instantaneous LIPIV measurements in
quiescent air for 50 ps and 100 ps delay times between the recorded
plasma images using the weighted centroid method (squares for 50
us and circles for 100 us time delays). The vertical and the horizontal
velocity components are normal to, and along, the laser beam axis,
respectively. The upper left and bottom right graphs are histograms of
the vertical and horizontal velocity, respectively

velocity along the jet axis. In terms of the spatial resolu-
tion of the technique, Fellouah and Pollard (2009), for
example, have estimated that the smallest (Kolmogorov)
length scale of the flow in a turbulent jet with Reynolds
number 6000-10,000 is of the order of 10~' mm within
the downstream locations that we are considering here.
Without considering differences between their experiment
and ours too deeply, it is certain that the plasma size is at
least one order of magnitude larger than the Kolmogorov
scale. This indicates that LIPIV velocity measurement has
limited spatial and temporal resolution in the jet flow pre-
sented below. It may be possible to reduce the size of the
plasma by optimising the delivered laser energy.

A note is required on the dynamic range of LIPIV
velocity measurement, which mainly depends on the field
of view of each camera. In this work, the field of view was
26 mm X 26 mm with a camera resolution of 1024 x 1024
pixels and, therefore, the minimum displacement that the
camera could measure was about 25 um. For 50 and 100
us time delays, the corresponding velocity resolutions
are 0.5 m/s and 0.25 m/s, respectively. If the size of the
recorded plasma is taken into account, and assuming that
the plasma is induced at the centre of the field of view, the
movement of plasma could be up to 10 mm in each of the
directions. Therefore, the dynamic ranges for the velocity
were ~200 m/s and ~ 100 m/s for 50 us and 100 ps time
delay, respectively, along each direction for the current
experiment. The dynamic range of LIPIV can be adjusted
by changing the field of view and the camera resolution.
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4.3 Turbulent jet axial velocity measurements

The streamwise (x direction) mean velocity distribution
along the jet axis is measured for an averaged velocity of
50 m/s at the jet exit with diameter D, resulting in Reyn-
olds number of 34,000. Figure 11 shows that the mean flow
velocity for 50 us and 100 ps time delays between plasma
images along the centreline axial direction is in good agree-
ment with theoretical expectations. The mean differences
between the experimental velocity results and theoreti-
cal curve were —2.0 m/s and —0.1 m/s for 50 ps and 100
us delay times, respectively. A “potential core like” (the
inverted commas denoting that a true potential core does
not exist for a fully developed flow) region was observed
up to x/D < 3. This centreline velocity was proportional to
x93 distance from nozzle exit. Compared to jet flows gener-
ated downstream of either a contraction or sharp-edge ori-
fice pipes, the jet flow from long pipes, as used here, has
the lowest velocity decay rate along the centreline (Mi et al.
2001). After x/D =10, the decay rate for time delay of 50 us
was lower than the theoretical curve. Compared with 100 ps
time delay, the 50 ps time delay measurement resulted in a
smaller plasma displacement, leading to larger uncertainty
especially for the low centreline velocity at such large values
of x/D. The difference also indicated the imperfection of the
linear model in Eq. (1) for low velocity, which needs further
assessment. The measured mean velocity for 100 us time
delay is in better agreement with the theory.
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Fig. 11 Mean axial velocity for different time delays (squares for 50
us and circles for 100 us time delays) between the recorded plasma
images along the jet centreline averaged over 300 instantaneous
velocity measurements at each point. The theoretical curves were
plotted using the simple expression (Alexander et al. 1953):
ﬁc_(x) i 2

,(0)

is 0.075 in this study, U, is the mean axial velocity along the jet cen-
treline at distance x from the jet exit and D is the jet exit diameter

D
1- ef(ﬁ) , where C,, is the spreading coefficient, which

The distribution of the fluctuating velocity along the
jet centreline normalized by the centreline mean velocity
is presented in Fig. 12 for 50 us and 100 ps delay times
between the two recorded plasma images. Figure 12 pre-
sents the ‘raw’ measured turbulent intensity, the fluctuation
intensity induced to the flow by the plasma of the LIPIV
technique and the corrected turbulent intensity of the jet
flow along the centreline. The comparison is with the jet
flow from a round pipe with 86,000 Reynolds number (Xu
and Antonia 2002) and the flow from a contoured jet exit
with Reynolds number of 1.84 X 10° (Quinn 2006). Accord-
ing to Eq. (1), the ‘raw’ turbulence consists of the true flow

0.5F |-@-Raw Intensity wem ms(x)/tic(z) é
-@=LIPIV u},, (z)/d.(x) i
=@ Corrected Intensity . pms(x)/:(z) ,I'."'
04 -A-Xu and Antonia 2002 ,':". 4
-&-Quinn 2006 &

(a) 4=50 ps
0.35 T T T
=x =Raw Intensity ., ms(x) /()
-@=LIPIV u/,, . (x)/t.(x)
0.3 @ Corrected Intensity ums(x)/t.(x)
=A~-Xu and Antonia 2002
-¢--Quinn 2006

(b) 4=100 ps

Fig. 12 Normalized rms of axial velocity fluctuations along the cen-
treline of the jet using time delay of 50 us (a) and 100 ps (b) between
the two plasma images (crosses for measured raw rms results, circles
for uncertainty of the rms, squares for corrected rms results, triangles
for Xu and Antonia, and diamonds for Quinn). The first plasma image
was always at time delay of 1 us after the laser pulse initiation. Nor-
malisation is based on the local centreline axial mean velocity u (x)
for each axial location
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field turbulence and the uncertainty due to the induced flow
introduced by the plasma. If this uncertainty u* is inde-
pendent of the flow field, the u} (x)/u (x) curve [where
local centreline axial mean velocity is u (x)] becomes an
increasingly dominant source of uncertainty, as the mean
velocity u (x) of the jet flow decays. After the subtraction
of the u (x)/u.(x) component from the ‘raw’ intensity,
(Eq. (3)), the corrected turbulent intensity can be obtained.
The measured velocity fluctuations are lower than those
in the literature (Xu and Antonia 2002; Quinn 2006) after
x/D > 8. This difference may be the result of the different
geometrical configurations upstream of the jet exits used
in the three studies as well as of the relatively poor spatial
resolution of the LIPIV (about 5 mm) as compared to the
jet emanating from the 10 mm diameter jet exit. The pre-
sent study utilized a pipe of length equal to 48 diameters
upstream from the jet exit. In contrast, Xu and Antonia
(2002) used a pipe with length equal to 118 inner diam-
eters upstream of the jet exit and found an initial turbulent
intensity of about 0.5% in the central region. Quinn (2006)
employed a flow conditioning facility consisting of a large
settling chamber fitted with honey-comb and mesh-wire
screens and a three-dimensional contraction leading to
0.4% turbulent intensity at the exit plane. For the 50 s
time delay in Fig. 12a, the corrected turbulent intensity
becomes inconsistent with the measured values, especially
at x/D=25-30, since the influence of the relatively large u*
component on the measurement of the low local mean flow
velocities was difficult to remove completely. The results
for time delay of 100 us between the plasma images in
Fig. 12b provide the corrected turbulent intensity for the
jet flow. Compared to turbulent intensity results of jet flows
initiated from contraction and sharp-edged orifices (Quinn
2006), a jet flow initiated from a fully developed pipe flow
has lower turbulent intensity, which has a magnitude of
about 0.2 at x/D =30. This can be explained by the dif-
ferences of the exit velocity profiles for different nozzles.
Figure 13 presents radial profiles of the mean and nor-
malized mean axial velocity at different axial distances
from the jet exit. The left side of each graph of Fig. 13
shows the results for 50 ps delay time between the plasma
images and the corresponding right-hand side for 100 ps
delay time. The normalized radial profiles collapse well
and can be approximated well by a Gaussian distribution.
The normalisation of the radial profiles of the mean axial
velocity is based on the centreline velocity at each axial
location for the velocity and with the radius of the half
width of the jet at each axial distance. (The half width of
the jet is defined as the radial distance from the centreline
of the jet, where the local mean velocity is equal to half of
the local centreline mean velocity.). As shown by numer-
ous studies (Namer and Otﬁgen 1988; Hu et al. 2000;
Sorbe 2014), this normalisation also leads to self-similar
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Fig. 13 Radial profiles of the mean (a) and normalized mean (b)
axial velocity obtained at different axial locations from the jet exit
[x/D=1 (crosses), 5 (circles), 8 (squares), 10 (pentagrams) and 12
(stars)]. The results are averaged over 300 instantaneous LIPIV veloc-
ity measurements at each point. The left and right sides of the figure
show results for 50 ps and 100 ps delay times, respectively, between
the recorded plasma images. The theoretical curve was plotted using
a Gaussian profile normalized by the centreline velocity and the half
jet width for each axial location

axial velocity profiles. This is confirmed from the findings
of Fig. 13b, which provides some measure of confidence
in the ability of the proposed LIPIV method to measure
the flow velocity.

Figure 14 shows the rms of the axial velocity fluctua-
tions as a function of the radial distance normalized by
the jet exit diameter. Compared with hot-wire anemom-
etry results at x/D=3.0 (Xu and Antonia 2002), the nor-
malized rms profiles, measured by LIPIV, appear to be
wider. This is mainly attributed to the low resolution of
LIPIV compared with the jet dimensions, leading to spatial
averaging of the rms profiles. Nevertheless, the shape of
the radial profiles for the rms of the axial velocity fluc-
tuations is consistent with Xu and Antonia (2002), which
again provides some measure of confidence in the ability
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Fig. 14 Radial profiles of the rms (a) and normalized rms (b) of the
axial velocity fluctuations obtained at different axial locations from
the jet exit [x/D=1 (crosses), 3 (triangles), 5 (circles), 8 (squares), 10
(pentagrams) and 12 (stars)] averaged over 300 instantaneous veloc-
ity measurements at each point. The left and right hand sides of the
graph show the results for 50 ps and 100 ps delay times between the
recorded plasma images, respectively. Normalisation is based on the
local centreline axial mean velocity u (x) for each axial location

of the proposed LIPIV method to obtain flow velocity
measurements.

It is noted that in more complex flows than the currently
reported jet flow, which have significant velocity compo-
nent in the direction along the line of sight of the camera
system, the displacement of the plasma due to the convec-
tion of the flow in this direction will introduce additional
uncertainties. As is common with other existing velocity
measurement techniques, e.g., particle image velocimetry,
this issue can be addressed by introducing a second view
that can observe the plasma temporal evolution from another
direction. In this way, plasma tracking can be performed in
three dimensions and provide measurements of three veloc-
ity components simultaneously. In addition, in flows where
laser beam-stirring effects may occur, e.g., due to gas tem-
perature gradients, the addition of a second view can also
identify potential uncertainties. Such future extension of the
LIPIV technique is possible.

5 Conclusions

In this paper, we presented a novel approach for point flow
velocity measurements using the displacement of laser-
induced plasma, which does not require the introduction
of either ‘seeding’ particles or any other substances in
the fluid. The laser-induced plasma was first investigated
spatially, temporally and spectrally. The details of the
image processing and the associated data processing for
the measurement of the flow velocity using images of
the temporal evolution of the laser-induced plasma were
presented. An evaluation was performed of the accuracy
of the velocity measurements and its dependence on the
image processing method and on the selected delay time
between the subsequent plasma images. The accuracy
was evaluated in quiescent air surroundings. It was found
that, using 100 ps time delay, LIPIV has a uncertainty
of —0.51+3.6 m/s along the direction of the laser beam
axis and 1.25 +0.86 m/s along the direction perpendicular
to the laser beam axis. This uncertainty does not depend
on the flow velocity, but on the behaviour of the induced
plasma. The LIPIV was shown to be effective in quantify-
ing the turbulent properties of a jet flow, although limita-
tions exist. It should be noted that the method does not
attempt to replace the currently available PIV or MTV
methods that have higher spatial resolution and can meas-
ure more accurately and precisely the velocity character-
istics when appropriate optical access is available. The
properties of this technique can be summarized as follows.

LIPIV is based on widely available pulsed laser tech-
nology, without need of specific wavelength: two cameras
are required. It is a calibration-free velocimetry technique,
similar to the approach used for time of flight methods, like
MTV. The method has the potential to be applied in harsh
environments, such as combustion chambers, where it may
be undesirable or difficult to introduce ‘seeding’ particles.
It does not rely on any special molecule or atom species
being present in the gas flows before the measurement,
as most of the MTV methods do. In addition, it requires
relatively small optical access, since the laser beam can be
delivered and the induced plasma can be imaged through
the same optical window. This is also an advantage for
measurements in supersonic flows. The image process-
ing is straightforward, compared to the spatial correlation
algorithms of PIV or MTV approaches. The spectrum of
the emitted light, presented in Fig. 3, from the plasma can
also be used to measure local gas mixture composition,
using the LIBS approach, simultaneously with flow veloc-
ity, using LIPIV.

This work is a preliminary investigation into the LIPIV
technique and needs further investigations: for instance,
the LIPIV technique generates a reactive plasma, a gas
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flow, and pressure waves, so that the technique is intrusive
to a degree which depends on the flow under considera-
tion. To this extent, LIPIV generates different and, argu-
ably, greater intrusion than other ‘seedless’ techniques:
whether the intrusion is acceptable depends on the cir-
cumstances of the flow. The demonstrated spatial resolu-
tion of the velocity measurements is about 5 mm and is a
limitation owing to the size of the laser-induced plasma.
However, higher resolution might be possible by reduc-
ing the plasma size to around 1 mm, using lower laser
pulse energy with lower signal-to-noise ratio. In contrast
to particle image velocimetry, which is a planar technique,
LIPIV is typically applied to obtain point measurements.
However, it is possible to envisage an optical arrangement
for simultaneous, multiple point measurements. In low
speed flows (less than 10 m/s), the uncertainty of LIPIV is
relatively large compared to the local flow speed. Finally,
the interaction between the plasma and the flow should be
further studied. In the complex environment of combus-
tors and supersonic flows, the non-uniform distribution of
temperature or pressure may deform the induced plasma,
which may increase the uncertainty of LIPIV. Such appli-
cations require additional assessment.
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