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Preface
The 9th Australian Conference on Laser Diagnostics (9th ACLD) was held at The University of
Adelaide, Adelaide, Australia, between 2nd–4th December 2019. The 9th ACLD follows on a
series of successful conferences since the first Sydney conference in 1996 under the name of
Australian Conference on Laser Diagnostics in Fluid Mechanics and Combustion. The steering
committee agreed on a new name, it is now: Australian Conference on Laser Diagnostics.
The conference consisted of 22 contributed papers, three invited keynote abstracts and seven
invited technical abstracts. The contributed papers and the invited abstracts covered the
development and application of laser and optical diagnostics in many areas, including
medical, defence, energy and engineering. We would like to thank the reviewers and the
conference standing committee for their assistant in maintaining the high conference
technical standard.
The standing committee members are:
Professor Tracie Barber, Professor Julio Soria, Professor Gus Nathan, Professor Assaad Masri,
A/Professor Ramesh Narayanaswamy, A/Professor Tim McIntyre, Professor Bassam Dally,
A/Professor Zeyad Alawhabi and Professor Damon Honnery (Chair).
We would like to thank the presenters for their time in producing papers for the conference
and for the attendees for participating in the discussion, which is necessary for the conference
success. We would like to thank all the invited speakers for sharing their technical expertise:
Dr Matthew Dunn, University of Sydney, Sydney, Australia
Associate Professor Sean O’Byrne, Australian Defence Force Academy, Canberra, Australia
Professor Epaminondas Mastorakos, University of Cambridge, Cambridge, UK
Dr Callum Atkinson, Monash University, Australia
Professor Sheng Dai, Brunel University, London, UK
Dr Hans Stauffer, Spectral Energies, Ohio, USA
Associate Professor Aamir Farooq, KAUST, Jeddah, Saudi Arabia
Dr Abel Santos, The University of Adelaide, Adelaide, Australia
Dr Elias Kristensson, Lund University, Lund, Sweden
Dr Zhiwei Sun, University of Adelaide, Adelaide, Australia
We would like to thank the local organising committee for their commitment and contribution
to the organisation of the conference: Dr Michael Evan, Dr Abel Santos, Professor Gus Nathan,
Associate Professor Paul Medwell and Associate Professor Zeyad Alwahabi.
Finally, we thank the sponsors and exhibitors for their kind support to the conference:
Newspec, Lastek, Coherent Scientific, Scitech, IRSweep, INNOLAS, Kenelec Scientific, and the
School of Chemical Engineering and Advanced Materials, The University of Adelaide.

Conference Chair and co-Chair
Associate Professor Zeyad T. Alwahabi
Associate Professor Paul R. Medwell
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Invited Keynote

Laser diagnostics to understand the formation of soot and the
evolution of soot precursors
M. J. Dunn, S.A. Steinmetz, D. Bartos and A.R. Masri
The School of Aeronautical, Mechanical and Mechatronic Engineering Engineering,
The University of Sydney, N.S.W. 2006, AUSTRALIA
matthew.dunn@sydney.edu.au
ABSTRACT
Understanding and predicting the transition from gas-phase fuel species through to the
formation of solid-phase soot is a significant challenge that despite many decades of research
and significant progress, is still an active and growing research area. While significant progress
has been made with ex-situ techniques, laser diagnostics offer the unique insights as well as
the ability to make spatially and time-resolved measurements which are required to understand
soot formation in turbulent systems. Laser-based techniques including scattering, fluorescence,
laser-induced incandescence will be discussed to examine the transition from the fuel to soot
precursors to solid-phase soot. Results will be discussed from both laminar flames and
turbulent flames. The accurate measurement of temperature is also an important parameter in
understanding the evolution of soot and soot precursors, however such measurements are
particularly challenging given the wide temperature ranges encountered and the presence of
solid-phase soot particles with a high scattering propensity in the flow in sooting flames.
Temperature measurements utilising coherent anti-Stokes Raman spectroscopy with a
picosecond dual pump approach to determine temperature and Raman active species
concentration ratios will be discussed together with the advantages of this approach over other
approaches in sooting flames.
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Invited Keynote

Diode Lasers for Quantitative Fluid Diagnostics
Sean O’Byrne
School of Engineering and IT, UNSW Canberra, A.C.T. 2600, AUSTRALIA
s.obyrne@adfa.edu.au
ABSTRACT
Lasers have been used for more than fifty years to investigate fluid behaviour, because of their
many quantifiable characteristics, which makes them versatile enough to measure a number of
state variables. In the author’s research field of hypersonic flows, the ability to change the
laser properties rapidly is of paramount importance, because the flow conditions change rapidly
and the flows are of very limited duration. Diode lasers have very narrow linewidth combined
with the ability to wavelength tune rapidly with few or no moving parts, making them both
cost-effective for tunnel testing and effective in flight testing. Tuneable diode laser absorption
spectroscopy is a well-proven measurement technique, and diode laser fluorescence provides
very interesting opportunities in these flows. The talk will cover the use in our laboratory of
these very flexible measurement systems in investigating high-speed flows, short-duration
plasmas, electric discharge breakdown of fuels and determining viscosities of gases on a micro
scale. Efforts to overcome the line-of-sight and wavelength limitations of these systems will
also be discussed.
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Invited Keynote

Recent developments in turbulent combustion modelling and
laser-based experiments and their relevance to practical systems
Epaminondas Mastorakos
Department of Engineering, University of Cambridge, Cambridge, UK
em257@eng.cam.ac.uk
ABSTRACT
The prediction, at the design stage, of pollutants emitted from combustion devices such as
reciprocating engines and gas turbines, would be advantageous from the perspective of
allowing innovation and savings in development costs. However, designers are at present
limited by the lack of fundamental knowledge and accurate enough simulations tools. The
explosive growth of high-repetition rate imaging and of computing power that allows LargeEddy Simulation for realistic devices the last few years has changed drastically both
experiments and numerical research in this field, and in particular has offered validation of
theoretical models in ways that were not available before. The time-resolved behaviour of the
flame is discussed through its relevance to thermoacoustics, a very important phenomenon for
gas turbine combustors, and to lean blow-out, which is of vital importance for operability of
low-NOx concepts. The need for simultanous multi-scalar imaging is emphasized. The
limitations and strengths of present modelling approaches are also discussed from the
perspective of usefulness to industry and the future use of CFD for combustors.
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Invited Technical

Volumetric Density Field Measurements in Turbulent Flows
Callum Atkinson
Laboratory for Turbulence Research in Aerospace and Combustion, Department of
Mechanical and Aerospace Engineering, Monash University, VIC 3800, AUSTRALIA
callum.atkinson@monash.edu
ABSTRACT
Engineers are confronted by a wide array of flows which exhibit and in many cases are either
solely or partially driven by density gradients. The past 20 years have seen significant
advancement in our ability to experimentally measure instantaneous velocity fields to the
extent that time-resolved volumetric velocity fields measurements are now possible. However,
quantifying instantaneous density fields remains a challenge. The impact of density gradients
on the refraction of light has been exploited to enable qualitative visualisations of density
gradients via the use of schlieren systems in a path integrated sense. As an extension to this,
the present talk will detail how we can compute an instantaneous fluctuating density field from
a distributed array of simultaneous background oriented schlieren measurements of a flow
utilising tomographic reconstruction. Examples with be taken from analytical models, direct
numerical simulations and experimental measurements of a heated axisymmetric subsonic
turbulent jet with an inlet Mach number on the order of 0.5 with a nozzle exit temperature
approximately 100 K above ambient. This case will be used to demonstrate the factors that
influence the resolution and accuracy of such measurements, the practical experimental
requirements and the sort of performance we can expect in turbulent flows.
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Invited Technical

Advanced Engineering of Nanoporous Photonic Crystals for
Environmental Diagnosis
Abel Santos
School of Chemical Engineering and Advanced Materials, The University of
Adelaide, S.A. 5005, AUSTRALIA
abel.santos@adelaide.edu.au
ABSTRACT
Heavy metal ions are extremely persistent contaminants that cannot be degraded by
conventional treatments, and bioaccumulate in humans and wildlife. Exposure to heavy metal
ions is a critical threat to our environment and health. Conventional analytical techniques have
limitations (low selectivity, long processing times, high costs, cross-contamination, low
throughput) that severely constrain our ability for efficient detection of heavy metals in the
environment. We urgently need advanced diagnostic technologies to guide and maximise
heavy metal remediation efforts. Current progress in nanotechnology is enabling development
of analytical tools for quantitative and qualitative on-site screening of heavy metals. The
rational design and precise engineering of highly selective surface chemistries and materials at
the nanoscale will be a major advance in addressing this urgent need. But bench-to-bedside
translation of fundamental proof-of-concept studies will require micro- and nanomanufacturing
approaches that are fully scalable, cost-competitive and compatible with or complementary to
existing analytical technologies – to minimise technological translation costs and create
comprehensive environmental profiles of heavy metal ions. Here I will introduce different
combinations of chemically modified photonic crystal structures and their on-chip integration
to engineer analytical tools for reliable on-site analysis of heavy metal ions.
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Invited Technical

Spatially resolved surface enhanced Raman scattering for
multiplex identification of antibody-antigen interaction
S. Dai
Department of Chemical Engineering, Brunel University London, Uxbridge, UB8
3PH, United Kingdom
sheng.dai@brunel.ac.uk
ABSTRACT
Accurate diagnosis of human diseases at an early stage is crucial for efficient medical treatment
and human health. Most complicated diseases such as cancer need high-throughput multiplex
analysis to provide an overall profile, but traditional fluorescence technique undergoes various
limitation in modern bioanalysis. Raman scattering and surface enhanced Raman scattering
(SERS) have shown technical advantages in multiplex analysis associated with their narrow
vibrational spectrum. Over the last couples of years, we have explored the development of
Raman and SERS techniques for bead-based multiplex analysis. A series of monodisperse and
surface functionalized Raman and/or SERS active polymer microbeads have been developed.
These beads have distinguished Raman signatures and can be readout through Raman
measurements, and the surface functional groups render it possible for bioconjugation. On the
other hand, SERS tags can be easily prepared in the presence of gold nanoparticles. Bead-based
Raman immunoassays can be established by mixing polymer microbeads, SERS tags and
analyte samples for label-free multiplex analysis. Raman and SERS pave a potential direction
for future high-sensitive and high-throughput diagnosis of complex human diseases.
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Invited Technical

The development and application of structured laser illumination
planar imaging
E. Kristensson
Division of Combustion Physics, Lund University, Lund, SWEDEN
elias.kristensson@forbrf.lth.se
ABSTRACT
Imaging through optically turbid media such as atomizing spray systems is challenging due to
multiple light scattering inside the object. Such multiply scattered light deteriorates the desired
signal, often by generating a diffuse background. To address this, we at the Division of
Combustion Physics at Lund University have developed a laser-based imaging technique called
Structured Laser Illumination Planar Imaging (SLIPI) that is capable of separating the sought
signal component (either unperturbed or singly scattered light) from the contribution arising
due to multiple light scattering. To enable this separation, SLIPI adds an intensity modulation
to the incident light. When photons are multiply scattered inside the object, they lose this
modulation structure whereas the unperturbed or singly scattered light maintains it. By shifting
this modulated structure in space, the undesired light component can then be removed digitally.
In this presentation, I will explain the principles behind the SLIPI technique and describe
different optical configurations that we have developed over the years. I will also briefly
mention how modulated imaging can be used for other purposes besides imaging through
turbid media, such as ultrafast femtosecond videography and instantaneous multispectral
imaging.
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Invited Technical

QCL-based sensors for chemical kinetic applications
Aamir Farooq
Clean Combustion Research Center, King Abdullah University of Science and
Technology, Jeddah, Saudi Arabia
aamir.farooq@kaust.edu.sa
ABSTRACT
Quantum cascade lasers (QCL) have revolutionized the spectroscopic investigations due to
their unique capability of providing access to the fingerprint mid-infrared wavelength region.
Laser absorption diagnostics based on QCLs thus enable quantitative, time-resolved species
concentration and temperature measurements in complex chemically reactive systems. This
talk will discuss some of the recent applications of QCLs to chemical kinetic studies.
First, a pair of pulsed QCLs, targeting the fundamental vibrational band of carbon monoxide,
were implemented on an RCM to measure gas temperature during the two-stage ignition
process. The down-chirp phenomenon resulted in large spectral tuning (~ 3 cm-1) within a
single pulse of each laser at a high pulse repetition frequency (100 kHz). The wide tuning range
allowed the application of two-line thermometry technique, thus making the sensor quantitative
and calibration-free.
Second, a diagnostic was developed for measuring trace concentration of CO using a pulsed
QCL and an off-axis cavity. The duty cycle and pulse repetition rate of the laser were optimized
for increased tuning range, high chirp rate and increased line-width to achieve effective lasercavity coupling. This enabled spectrally resolved CO line-shape measurements at high
pressures (P ~10 bar) and moderate temperatures (600 - 1000 K). A gain factor of 133 and time
resolution of 10 μs were demonstrated. This represents the first application of a cavityenhanced absorption diagnostic in an RCM.
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Invited Technical

Laser diagnostics in turbulent sooting flames
Zhiwei Sun
Centre for Energy Technology and School of Mechanical engineering, The University
of Adelaide, S.A. 5005, AUSTRALIA
zhiwei.sun@adelaide.edu.au
ABSTRACT
Over past few years, several laser diagnostic techniques used for the measurements of lab-scale
turbulent sooting flames have been developed and applied in the combustion group of the
University of Adelaide. In this talk, the details of these unique technique will be reviewed,
particularly focusing on the technical details. In addition, this talk will highlight the novel, but
relatively simple, methods we used to overcome the challenges in the application of laser
techniques in turbulent sooting flames due to the presence of nano-carbon particles and high
radiation. The laser techniques include those used for the measurements of several key
parameters, e.g., flame temperature, soot volume fraction, primary particle diameter, velocity
and polycyclic aromatic hydrocarbons. In this talk, I will also introduce a new optical method
to diagnose larger scale sooting flames, e.g. big fire, to understand the formation of black
carbon particles (i.e. smoke) with a long residence time.
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Invited Technical

Recent Advances in Coherent Anti-Stokes Raman Scattering and
High-Speed Burst-Mode Diagnostics: Characterization of
Combustion Environments
Hans U. Stauffer
Spectral Energies, LLC, 4065 Executive Dr., Beavercreek, OH, USA
hans.stauffer@spectralenergies.com
ABSTRACT
Revolutionary advances in both ultrashort-pulse (femtosecond) and high-repetition-rate (burstmode) lasers are driving the advancement of existing diagnostic techniques and enabling the
development of new measurement approaches for the detailed study of the chemistry and
physics of reacting flows and plasmas. The high pulse-repetition rates of femtosecond- (fs-)
duration amplifiers as well as nanosecond- (ns-) and picosecond- (ps-) pulse burst-mode lasers
allow previously unachievable data-acquisition bandwidths for the study of turbulent time
series and combustion instabilities. Ultrashort pulses afforded by fs laser systems also provide
both tremendous peak powers—allowing nonlinear signal generation with broad spectral
coverage—and unprecedented temporal resolution that provides freedom from collisionalquenching effects for studies of chemical kinetics and dynamics. Recent developments in fs
time-resolved thermometric approaches, including coherent anti-Stokes Raman scattering
(CARS), will be discussed, emphasizing advancements toward simultaneous detection of local
temperature and concentration of minor, combustion-relevant species as well as extension
toward high-pressure measurements. Such advances, when coupled with recent developments
in burst-mode laser technology, will pave the way toward high-dimensional measurement
capabilities at dynamic rates of hundreds of kHz and potentially into the MHz regime.
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Using Spatial Light Modulators to improve the technique of Focusing
Laser Differential Interferometry
C. J. Hart, R. M. Kelly and T. J. McIntyre,
School of Mathematics and Physics, The University of Queensland, QLD 4072, AUSTRALIA
t.mcintyre@uq.edu.au
a medium’s density gradient. Usually for these instruments, a
coherent laser beam is split using a Wollaston prism to create
the two arms of the differential interferometer.

ABSTRACT
A promising, non-intrusive laser diagnostic technique for
analysing hypersonic gas flow structures is the Focusing Laser
Diﬀerential Interferometer (FLDI). The instrument determines
density gradients of test flows by using changes in phase
between two spatially separated focused beams. This paper
demonstrates an improvement to the traditional FLDI
instrument design by replacing its Wollaston prism beam
splitter with a more versatile digital counterpart - a spatial light
modulator (SLM). Small scale versions of both the Wollaston
prism based FLDI and the SLM based FLDI were
independently constructed and used to measure the same test
flow. The two optical arrangements are compared qualitatively
and quantitatively in order to establish if the new technique can
maintain a similar level of measurement quality to the
traditional method whilst providing an added versatility to
beam positioning and orientation. All measurements were of
high quality and agree on the physical phenomena present in the
flow, indicating that the SLM makes for a viable upgrade to the
Wollaston prism in this context.

Wollaston prisms are optical beam splitters which convert one
beam of light into two orthogonally polarised beams [3]. Two
prisms with orthogonal optical axes are glued together. As light
containing polarisations of both axes interacts with the interface
inside the prism, one polarisation will experience an increase in
refractive index and be deflected towards the normal, whilst the
orthogonal polarisation will experience a decrease in refractive
index and be deflected away from the normal. This causes the
initial unpolarised beam to be split into two at some fixed
separation angle.
In FLDI, these two beams, are then directed to pass through the
test gas such that they follow a very similar optical path but
focus to two spatially separated points. After interacting with
the sample, these beams are recombined using another
Wollaston prism in order to create interference. The light is then
filtered through a polariser before being measured by a photo
diode. The density differences between the two beams can be
related to the change in phase indicated by the interference
signal measured. As such, this technique provides a method to
quantitatively determine density characteristics in transparent
mediums with great spatial selectivity.

1. INTRODUCTION
One of the more novel instruments for local flow density
gradient investigation is the focusing laser differential
interferometer (FLDI). First proposed by Smeets and George
[1] in the 1970s, the technique involves focusing two laser
beams to two spatially separated points in a flow. Once
recombined, these beams will produce interference patterns that
are related to the density profile of the medium they passed
through. The focused nature of these beams allows for precise
point-like time-resolved measurements of transparent flows
which are ideal for studying flow structures with complicated
local density profiles.

Several papers by the Parziale group [4], [5], [6] have
demonstrated the instrument’s ability to accurately measure
instabilities in a hypersonic boundary layer on a slender body
as well as make measurements of the freestream environment.
FLDI is also recommended for its ability to discern particular
frequency fluctuations in flow due to its non-intrusive nature.
Parziale et al. [6], Fulghum [7] and Ceruzzi et al. [8] have all
documented use of FLDI in the context of analysing power
spectra of density changes.

This research aims to demonstrate a new FLDI approach by
implementing a programmable optical device known as a
spatial light modulator (SLM) which is a liquid crystal display
with high resolution [2]. The programmable nature of this
device allows for a more flexible control of certain parameters
which, in more traditional optical arrangements, would
otherwise remain fixed. This helps improve the accuracy and
versatility of the FLDI technique.

Despite these successes, FLDI in its original form still had some
limitations. The Wollaston prism splits its incoming beam at a
fixed angle, thus also fixing the separation of the two beams at
the focal plane. Small changes can be made to the beam position
and separation by physically altering the focusing lenses and
position of the prism, but Wollaston prisms are typically
designed to split incident beams at a set angle. This beam
separation is one of the primary variables for determining the
instrument’s sensitivity as well as dictating the region of
interest in the flow field being analysed. If multiple regions of
interest exist in the flow and the beams need to be repositioned
or rotated, then multiple pairs of Wollaston prisms (one to split
and one to recombine) with varying beam divergence angles
would need to be available. This prism library and need to
constantly alter the focusing lenses would be inefficient and
expensive and is one of the main motivations for improving the
versatility of the FLDI.

A newly proposed design of the FLDI’s optical arrangement
that uses these SLMs as beam splitters is compared to the
traditional FLDI arrangement that relies on Wollaston prisms.
Both systems are characterised in order to establish whether this
user-friendly digital update to the standard method should be
encouraged.

2. BACKGROUND
2.1 Traditional Focusing Laser Differential Interferometry
The focusing laser differential interferometer is a common path
interferometry technique that excels at determining changes in

A major update to the traditional technique came from the
Sanderson prism [9] which increased the flexibility of the focal
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laser points’ positioning. These prisms alter the separation
angle based on changes in stress applied to the prism. This
provides a limited range of beam separation angles yet has
already been used to great effect in a number of studies
involving complicated flow geometry [10], [11].

improved by Moreau who tested a method to reduce the
electronic noise of the signal [15]. Moreau used a second
photodiode to measure one of the spare diﬀracted beams of the
system. This beam would not include the interference signal,
but would still carry the latent noise produced by the refresh
rate of the SLM beam splitters amongst other sources. This
noise measurement could then be used to optimise the quality
of the SLM-FLDI signal by being used as a baseline in final
calculations. Moreau also praised the SLM for its increased
versatility when compared to the Wollaston prism, indicating
the promise that they held for the instrument as a whole.

4.2 The Spatial Light Modulator Beam Splitting Technique
This research aims to further improve upon the versatility of the
FLDI instrument by increasing the range of beam splitting
angles and orientations through a digital beam splitting
technique. Instead of the prisms used traditionaly, a spatial light
modulator (SLM) can be remotely controlled such that its
optical mask displays a periodic pattern similar to a diffraction
grating. These patterns are created by code and allow for a great
level of flexibility otherwise unobtainable using fixed prisms,
and limited only by the resolution and refresh rate of the SLM.

Despite these previous investigations, no quantitative
comparison between the traditional system using Wollaston
prisms and this improved SLM-FLDI has been made. As such,
there is no conclusive deduction on whether the improved SLM
system can meet the quality of current FLDI signals whilst
introducing the flexibility oﬀered by a programmable beam
splitter. This paper uses experimental data to establish this
comparison in order to provide a recommendation to future
FLDI diagnostic techniques.

Since two beams are required for the FLDI method, the pattern
used is a statistical average of two diffraction gratings that
consist of differing parameters. It is based on the random
encoding technique of Davis and Cottrell [12] which has
already been shown to produce two beams that can be placed at
any desired angle and distance from each other [13]. The SLM
phase mask is created by constructing two pixel arrays with the
size and shape of the SLM mask resolution. These two pixel
arrays will each represent a diﬀraction grating. A third pixel
array is then constructed, where each pixel is randomly selected
from an equivalent pixel in either source array - pattern 1, or
pattern 2. This random selection for each and every pixel
creates a statistical average of the two source images, creating
a superposition of the two gratings. Figure 1 is an example of
one of these superposed gratings based on work from Kelly [14]
and Moreau [15] that helped demonstrate the beam splitting
capabilities of the SLM in the context of FLDI use.

3. EXPERIMENTAL METHOD
The FLDI’s key features are its spatial selectivity, its ability to
determine density gradients in flow structures, and, as a result,
its ability to identify turbulent structures. Since the project goal
is to perform a comparison between the two FLDI techniques,
both the Wollaston prism based FLDI and the SLM-FLDI were
individually characterised on a small benchtop scale. These key
features of the traditional Wollaston prism based FLDI are
quantified in order to create a benchmark level of measurement
quality. By moving the position of a controlled flow along the
beam path, and measuring the relative signal strength as the
flow passes out of focus, the instrument’s spatial selectivity is
demonstrated.
3.1 Traditional FLDI
The Wollaston prism based FLDI was originally set up by
Anathapadmanaban (2019) [16] as a part of his PhD studies.
Since the traditional FLDI is a well-established method of flow
diagnostic [4] [7] [8], the system as developed was also suitable
for the scope of this paper.

Figure 1. An example of an SLM mask used as a beam
splitter. Produced with code based on the work of Moreau
[15].
Varying properties such as the spatial frequency of the lines in
each source pattern or their angle allows for programmable
control of the first order beams produced by the combined
diffraction pattern in near real time. The same SLM mask can
be displayed on a different SLM in order to recombine the two
beams once they have passed through the phase object being
measured. This would produce four first order beams – two first
orders for each of the two incident beams. By using the second
programmable SLM, the position of these four first order beams
can be explicitly determined, and two can be forced to overlap.
This creates the interference beam that would measure the
phenomena needed for the FLDI to function.

Figure 2. Diagram of the general layout for the optical
arrangement of a traditional FLDI using Wollaston prisms
as beam splitters. Incident light (red) is split by the prism
into two beams (red and blue) which pass through the
focusing optics before being recombined into an
interference beam (purple) [2].
Figure 2 shows the design of the Wollaston prism based FLDI.
As described previously, Wollaston prisms are transmissive
optical elements and so the instrument’s design is particularly
simple. A 532 nm green diode laser is expanded and collimated.
The beam then passes through a linear polariser aligned at 45o
to the prism’s optical axis. The prism splits this incident light
into two beams - one with vertical polarisation (0o) and one with
horizontal polarisation (90o). If the incident light is polarised to
an angle half way between, then this equal distribution of
vertical and horizontal components of polarisation allows the
two beams produced by the prism to be of equal intensity. If

2.3 Past Work with the SLM-FLDI
Pilot studies of the SLM beam splitters in application to FLDI
have been conducted at The University of Queensland. In 2015,
Kelly conducted an initial study of this improved optical setup
and created initial designs for a FLDI that used SLM beam
splitters [14]. The results of this project showed great promise
for the use of SLMs in regards to the increased flexibility of the
system as well as its future applications for hypersonic
turbulence measurements. In early 2018, Kelly’s system was
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one of the beams is more intense than the other than the
interference signal will have a reduced amplitude.

pattern created by this second SLM has three beams of interest
- four first order beams with two overlapping to create
interference as described previously. Two of these beams are
then focused onto photodetectors and their intensities are
measured with an oscilloscope. The interference beam (purple)
is measured in order to detect the change in relative phase
between the two beams caused by test flow. This is the primary
beam that determines density gradient measurements.

After the beams are split, they are focused down using a pair of
lenses to two spatially separated points. Test flow (in this case
a GMC HP1600 model heat gun) is directed to pass through this
focal plane perpendicular to the direction of the beams. The
beams are then focused onto a Wollaston prism which is aligned
such that its interface combines the two beams of diﬀering
polarisations into one beam with the same polarisation. This
creates a beam with interference fringes sensitive to relative
phase changes between the two beams [3]. This interference
beam passes through a second polariser with an orientation of
45o whose purpose is to isolate the interference in the original
polarisation axis from background light. The final interference
signal can then be detected by a photodiode and recorded on an
oscilloscope to infer density gradients of flow across the focal
plane

One of the first order beams not involved in creating
interference is also measured in order to be used as a baseline
that characterises the background noise of the entire system.
Subtracting this background noisy signal from a signal
containing both interference and noise helps to extract a
meaningful measurement. This ability to detect ‘spare’ beams
that have passed through the system but avoided interference is
unique to the SLM-FLDI design and its use in signal postprocessing is a point in its favour when compared to the
Wollaston prism style FLDI.

3.2 Updated SLM-FLDI
Figure 3 shows a generalised diagram of the SLM based FLDI
instrument constructed for this project. The same 532 nm green
diode laser was used as the coherent light source. Initially, the
light passes through a pair of polarisers. This acts as both a
safety measure and intensity booster. Since the two polarisers
could be arbitrarily set to nearly orthogonal to each other, they
were used to minimise light intensity whilst aligning the device.
Due to the diﬀractive nature of the beam, the output intensity of
the instrument is relatively low. After alignment, the polarisers
can then be set to have parallel optical axes in order to increase
the input laser intensity and boost the low amplitude signals
recorded.

3.3 Data analysis
In order to convert recorded intensity fluctuations (as voltage
measurements) due to interference effects to density gradients,
the expression developed by Parziale in his PhD Thesis [4], will
be used. This is
"#
"$

&'

3

(
= )*+,"$
-./01 23 − 17
4

(1)

where ρ is the density, x is the beam separation between the two
FLDI arms, nc is the refractive index of the controlled
environment, λ is the wavelength of the laser, K is the
Gladstone-Dale constant, L is the integration length along the
test volume and V is the voltage recorded by the photodetector
normalised by V0, the starting voltage before density gradients
are induced in the phase object. These density gradients are
used to estimate temperature fluctuations in the test flow based
on the ideal gas law and the beam separation of each FLDI
instrument. This is a useful indication of how reasonable the
measurements are and, in turn, how successful the new SLMFLDI technique is.

After passing through these components, the light is then
directed onto the first SLM which acts as a beam splitter. A
beam expander is used to ensure that light falls upon the entirety
of the SLM’s sensitive surface. Since the superposed diﬀractive
mask produces a number of second and third order beams which
are not necessary for the operation of the instrument, only the
two relevant first order diﬀracted beams are isolated using an
iris and allowed to pass through the test section. The first order
beams are chosen since they are the brightest independently
controllable beams produced by the splitting technique.

4. COMPARISON OF
CHARACTERISATIONS

OPTICAL

SYSTEM

During experiments, it was noted that the spatial light
modulator beam splitting technique was considerably easier to
use when aligning the optical system, as expected. The digital
and programmable nature of the beam splitter allowed for a near
arbitrary level of laser beam orientation and positioning when
compared to its traditional Wollaston prism counterpart [2].
This arbitrary beam positioning also assists with altering the
beam separation, a major factor involved in instrument
sensitivity. By increasing the spatial frequency of the mask
pattern, the beams are brought closer together - limited only by
the resolution of the SLM. However, the liquid crystal nature of
the SLM means that there is a limit on the light intensity that
can be used.

Figure 3. Diagram of the general layout of the SLM based
FLDI system. Incident light (red) is split by the SLM into
two beams (red and blue) which pass through the
focusing optics before being recombined into an
interference beam (purple). One of the ‘spare’ beams is
used to characterise background noise [2].

Measurements were conducted in which the flow field was
moved along the beam path. This was to demonstrate the spatial
selectivity of each system. Ideally the systems should be most
sensitive when the flow field is placed at the point of maximum
beam separation at the focal plane, dropping rapidly as the flow
is moved away from this point. Figure 4 shows the normalised
standard deviations of the measured intensities (a measure of
signal strength) as a function of flow displacement from the

These two beams (represented as red and blue in Figure 3)
follow mostly the same path similar to the traditional system.
They both pass through a pair of lenses which focus them down
to two spatially separated points. This is the focal region of the
instrument where flow would travel perpendicularly across the
beam path. The two beams are then aligned onto the second
SLM, which fills the role of beam recombiner. The diﬀraction

13

focal plane. The Wollaston prism based FLDI drops to
approximately 30% of its focal plane value and the SLM-FLDI
drops to approximately 40% of its focal plane value in moving
200 mm from the focal plane. Both instruments manage to have
a similar order of magnitude of signal drop-off despite the more
complicated arrangement of the updated SLM-FLDI technique.
Both of these spatial selectivity limits can further be improved
by altering the focusing optics which would improve how
sharply the beams focus down to their points. Improving the
surrounding optics and not just the beam splitter is a noteworthy
example that other elements of the FLDI arrangement can be
altered to help account for any limitations that changes to
traditional methods may introduce.

[3] Montarou C. C. and Gaylord, T. K. (1999), Analysis and
design of modified Wollaston prisms, Appl. Opt. 38(31),
6604.
[4] Parziale, N. J. (2013) Slender-body hypervelocity
boundary-layer instability, Ph.D Thesis, California Institute
of Technology
[5] Parziale, N. J., Shepherd, J. E. & Hornung, H. G. (2012),
Differential interferometric measurement of instability in a
hypervelocity boundary layer, AIAA Journal 51(3).
[6] Parziale, N., Shepherd, J. & Hornung, H (2014), Freestream density perturbations in a reflected-shock tunnel,
Experiments in Fluids 55(2), 1.
[7] Fulghum, M. R. (2014), Turbulence Measurements in HighSpeed Wind Tunnels using Focusing-laser Differential
Interferometry, Ph.D Thesis, Pensylvania State University.
[8] Ceruzzi, A. P. & Cadou, C. P. (2019), Simultaneous velocity
and density gradient measurements using two-point focused
laser differential interferometry, in AIAA Scitech Forum,
(AIAA 2019-2295).

Figure 4. Spatial selectivity demonstrations for both FLDI
systems. Wollaston Prism based FLDI (Left); SLM based
FLDI (Right) [2]. Normalised standard deviation of voltage
recordings (y-axis) indicate signal strength decreasing as
distance increases from focal plane (in mm).

[9] Sanderson, S. R. (2005), Simple, adjustable beam splitting
element for differential interferometers based on
photoelastic birefringence of a prismatic bar, Review of
Scientific Instruments 76, 113703.

Using the density gradients measured in the focal plane, the
ideal gas law can be used to estimate equivalent temperature
fluctuations. For the newer SLM-FLDI, these fluctuations were
0.28±0.04 K and for the traditional Wollaston prism FLDI they
were 1.13±0.12 K with both measurements around an average
of 420K. Uncertainty is propagated [17] from the standard error
in the density gradient measurements. The major difference is
from the SLM-FLDI beam separation being slightly larger than
that of the Wollaston prism FLDI. This would lead to different
temperature fluctuation measurements. However, both of these
measurements are reasonable predictions of relative
temperature fluctuations between two points greater than
0.5 mm apart in a heat gun flow.

[10] Lu, M. F. (2016), The focusing laser differential
interferometer, an instrument for localized turbulence
measurements in refractive flows, Journal of Fluids
Engineering 138(10), 101402.
[11] Houpt, A.W. & Leonov, S. B. (2018), Focused laser
differential interferometer for supersonic boundary layer
measurements on flat plate geometries, Review of Scientific
Instruments 76, 113703.
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encoding of multiplexed phase-only and binary phase-only
filters, Opt. Lett. 19(7), 496.
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[13] McIntyre, T., Maurer, C., Bernet, S., Ritsch-Marte, M.
(2009), Differential interference contrast imaging using a
spatial light modulator, Opt. Lett. 34(19), 2988.

Based on the experiments in this study, the new SLM-FLDI
behaves similarly to the traditional technique. The digital beam
splitter introduces a near arbitrary real-time remote control of
the beam orientation, separation, phase difference and position
with no major loss of measurement information. The technique
has been successfully demonstrated using a simple flow, and
provides a viable option to the Wollaston prism-based system.

[14] Kelly, R. (2015), Differential Interferometry of
Hypersonic Flow. B. Sci. Thesis, The University of
Queensland.
[15] Moreau, F. (2018), Focused Laser Differential
Interferometry using Spatial Light Modulators, Internship
Report, ENSICAEN and The University of Queensland.
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ABSTRACT
Three-dimensional (3D) Lagrangian Particle Tracking (LPT)
was performed using the Shake-The-Box (STB) algorithm
on a subsonic round jet flow at Mach 0.845. The STB
technique for four-pulse data was employed to reconstruct
particle tracks along the four-pulse sequences providing highly
resolved 3D flow velocity and material acceleration data. A
description of the experimental methodology is given followed
by instantaneous accelerations and averaged flow statistics.

Figure 1: Laser illumination set-up consisting of four dual

cavity lasers (A-D). TFP: Thin Film Polariser. JVertically
polarised light (l) and horizontally polarised light ( ).

1. INTRODUCTION
Dual-plane or four-pulse Particle Image Velocimetry (PIV)
methods provide increased accuracy and dynamic range as
well as out-of-plane velocity gradients and accelerations to be
determined. Kähler and Kompenhans [2] used this approach
with the flow field illuminated by orthogonally opposed
polarised light from four lasers to avoid multiple exposed
particle images. This study was followed by Perret et al.
[5], who measured the 3 components of acceleration using
dual-plane Stereo-PIV. More recently the approach was
extended to 3D with four-pulse Tomographic-PIV using
two independent imaging systems (each with 4 cameras)
[7].
In this paper a similar approach was used with
four-pulse Shake-The-Box (STB). STB for time-resolved (TR)
applications is described in Schanz et al. [6] and allows for
accurate 3D LPT of densely seeded (>0.05 particles per pixel,
ppp) flows however due to current limitations of camera and
illumination hardware it is typically limited to low speed flows
<10-20 m/s in air. Novara et al. [4] showed that a short
time sequence (or multi-pulse) implementation of STB was
able to retrieve most particle tracks with dynamic velocity and
acceleration ranges comparable to those obtained with TR-STB,
and they suggested the method can be used to measure the
material acceleration for high-speed flows.

particle trajectories. The accuracy from PIV and STB for both
time-resolved (TR) and multi-pulse input data was assessed.
The TR-STB showed the lowest global error, the next best
was four-pulse STB (1.6×larger error) followed by TR PIV
and two-pulse PIV which showed higher errors (2× and 4×,
respectively). This positive outcome for four-pulse STB has
provided further motivation in the current study to measure the
material acceleration with this method.
2. EXPERIMENTAL SET-UP
The experiment was carried out in the anechoic aeroacoustics
test facility at the German Aerospace Center (DLR) Göttingen.
A jet flow with Mach number (M) of 0.845, issued from a round
nozzle with a diameter, D j , of 15 mm and nozzle lip thickness
of 3 mm was investigated. The nozzle pressure and temperature
ratios were 1.72 and 0.98, respectively.
A four-pulse set-up was obtained by the combination of two
dual-frame acquisition systems used to record particle images
within a volume of 90×70×8 mm3 along the jet axial (x), radial
(y) and out-of-plane (z) directions, respectively. The four-pulse
acquisition strategy described by Novara et al. [3] is applied
here, where the use of two different states of polarisation for
the laser separates pulses on the camera frames. Illumination is
provided by two dual-cavity Quantel Evergreen Nd:YAG lasers
and two dual-cavity Big Sky Nd:YAG lasers (each with 200 mJ
pulse energy at 10 Hz). Each laser pulse was combined with
another resulting in a total energy per pulse of 400 mJ. The
laser sheet was back reflected with a flat mirror to increase the
illumination intensity of particles and to provide a more even
particle imaging for both camera systems. The layout of the
four dual-cavity lasers is shown in Fig. 1, as well as the optical
arrangement used to produce the volumetric light sheet at the
nozzle.
For the four-pulse sequence, the time separation between pulses
1 and 2, and that between pulses 3 and 4, is kept the same
(1.25µs) and a longer time separates pulses 2 and 3 (3.75µs).
The motivation for this pulse separation is to increase the
velocity and acceleration dynamic range. The two imaging
systems consisting each of four sCMOS PCO-Edge cameras,
are equipped with polarisation filters to separate the four pulses
onto the image sensor, and are shown in Fig. 2. One imaging
system (odd camera numbers in Fig. 2) records pulses 1 and 2

Jet flows and their radiated noise are classical fluid mechanics
and aeroacoustic research topics that remain of high interest.
The application of STB in jet aeroacoustics provides an accurate
means of establishing a direct correlation between the flow
dynamics in the jet near field and the acoustics pressure
fluctuations in the far field. Ultimately, the pressure in the
near field is the desired quantity to determine the sources of
aeroacoustic noise and was a prime motivation for this study.
The pressure field can be indirectly obtained via non-intrusive
optical flow measurements of the material acceleration by
PIV [9]. The pressure is obtained by spatial integration
of the momentum equation and for turbulent flows at high
Reynolds number, the viscous term has been shown to be
negligible leaving the material acceleration to dominate and
thus the most important measurement quantity [9]. In a
more recent paper by van Gent et al. [8], a comparison of a
range of techniques for pressure reconstruction showed that the
accuracy can be significantly improved by using STB where
the material acceleration is obtained directly from individual
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Figure 2: Left: in-line camera STB set-up with two imaging systems separated by two states of polarisation (indicated by the odd and

even camera numbers). Top right: particle tracking strategy for uneven pulse separation. Bottom right: jet flow measurement volume.
and the other (even camera numbers), pulses 3 and 4. Cameras,
in Scheimpflug condition, are equipped with lenses having a
focal lengths of f = 200 and 180 mm. The digital resolution
was 33.63 pixel/mm. The maximum displacement of particle
tracers was 13 pixel and 39 pixel for the shorter and longer time
interval respectively, resulting in a total particle shift of 65 px.

their value is kept constant across the measurement domain. If
an estimate of the velocity fluctuation components is available,
the global search radii can be locally adapted according to the
standard deviation of the velocity to obtain the local radii:
δ∗2p = δ2p + fσ,2p × σ, δ∗4p = δ4p + fσ,4p × σ,
(1)
where σ indicates the standard deviation of the velocity in
pixels and fσ,2p and fσ,4p are multiplicative factors that can be
freely adjusted. Adaptive search radii enables an increase of the
search area in regions where high flow dynamics are expected,
therefore allowing the capture of high acceleration events.

An aerosol generator was used to provide seeding of
Di-Ethyl-Hexyl-Sebacat (DEHS) with a nominal particle
diameter of 1 µm. The seeding was introduced upstream
of the nozzle and the ambient air was also seeded enabling
near homogeneous distribution across the measurement. The
seeding resulted in a particle image density of approximately
0.015-0.04 ppp. The 3D imaging systems are calibrated using
a LaVision two-plane target; volume self-calibration is used
to compensate for calibration errors and to obtain the Optical
Transfer Function of the particle images [3]. A total of 60,000
four-pulse sequences were recorded at 10 Hz.

After evaluation of the 4-pulse tracks is completed, a quadratic
polynomial is used to fit the particle positions along the track
and the average deviation from the fit is computed. If the
deviation for a track is larger than a threshold value, the track
candidate is discarded. Particles that could not be tracked over
the complete four-pulse sequence are also rejected. This ensures
that spurious ghost particles arising from the reconstruction
process, typically not coherent with the flow motion, are
discarded [4]. The chance of producing ghost tracks is further
reduced by the use of two independent imaging systems [4].
After these steps, the retained particles are back-projected onto
the image plane to form projected images; these are subtracted
from the original recordings to obtain residual images. These
steps constitute a single STB iteration; the images of particles
which have not been reconstructed by IPR (e.g. due to particle
image overlap) or failed to be matched during tracking (e.g.
inadequate search radius) remain in the residual images. These
residual images are then used to perform further STB iterations.
The residual images have a lower particle image density,
therefore offering a less complex reconstruction and tracking
problem enabling the recovery of previously undetected tracks.
For the first STB iteration lower values of the search radii and
allowed deviation from fit are used to ensure that only the most
reliable tracks are identified. After these particles have been
subtracted from the recorded images, more challenging tracks
(e.g. exhibiting higher noise or higher accelerations) can be
identified by slowly relaxing the partner search and allowed
deviation from fit. The particle velocity and acceleration are
determined analytically from the quadratic fit, hence the double
integration results in a constant acceleration over the four-pulse
sequence. The midpoint position of the sequence is chosen for
the evaluation from the fit as it provides the best accuracy.

2.1 Lagrangian Particle Tracking with Shake-The-Box
An adapted version of the STB 3D LPT algorithm, initially
proposed by Schanz et al. [6] for time-resolved recordings,
is applied here to four-pulse sequences. An iterative STB
processing strategy is employed to compensate for the lack of
a long observation time. The Iterative Particle Reconstruction
technique (IPR, [10]) and the particle tracking procedure is
briefly summarised in this section. A detailed description of
the reconstruction and tracking strategy can be found in [4, 3].
Initially, the recorded images are reconstructed in 3D via IPR
to triangulate and correct (‘shake’) particles for each of the
four pulses. Next the particle matching procedure employed
for the tracking phase is divided into two stages (with reference
to Fig. 2 top right). At first, two-pulse tracks between pulses
1-2 and 3-4 are identified; around each particle in the first
time step (pulse 1 and 3) a radius (δ2p ) is established to define
a search area where matching particles from the second step
(pulse 2 and 4) are identified. This step is aided by the
use of instantaneous velocity predictors obtained by means of
Particle Space Correlation (PSC, [4]) performed between IPR
reconstructed particle fields ( #
v p in Fig. 2). The use of such a
predictor allows for the reduction of the search radius thereby
improving the identification of valid particle tracks [4]. The
second stage of the tracking process is to obtain four-pulse
tracks by connecting two-pulse tracks that have been identified.
This is done by determining the position of the particles at
the mid-point of the four-pulse sequence by extrapolating the
two-pulse tracks from pulses 1-2 forward and 3-4 backward in
time respectively ( #
x m12 and #
x m34 in Fig. 2). A search radius
δ4p is established to define the area within which the predicted
mid-points need to be found for the two-pulse tracks belonging
to pulses 1-2 and 3-4 to be connected into four-pulse tracks.
The search radii δ2p and δ4p are referred to as global radii; and

For the present case, initially a batch of 200 four-pulse
sequences were evaluated using the PSC method [4]. Then a
batch of 10,000 were evaluated using STB and aided by a PSC
mean field, as a predictor. The first STB averaged flow field
results are then obtained by bin-averaging of the scattered 3D
particle tracks into small volumetric bins as in [3]. The resulting
bin-average was then used as a high fidelity predictor for the
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Figure 3: M 0.845 jet flow, instantaneous velocity and acceleration scatter plots of the axial and radial components.

STB evaluation of the total 60,000 sequences. For each of
the four STB iterations the adaptive factors were progressively
increased ( fσ,2p = 2, 3, 4, 4 px and fσ,4p = 4, 5, 6, 6 px) ensuring
that by the final (fourth) pass, events up to four times the local
expected displacement standard deviation could be captured.
As a result, an average of 30,000−50,000 tracks, depending on
the seeding density and individual camera image quality, could
be tracked for each sequence.
3. RESULTS
Experimental results are presented for the jet flow at M 0.845.
Fig. 3 shows scatter plots of instantaneous four-pulse tracks
colour-coded by the flow velocity and acceleration components.
The number of tracked particles is approximately 35,000. The
potential core region is clearly evident and extends past the
measurement field. The jet shear layer is evident as regions
of high radial velocity and acceleration. The layer is very thin
near the nozzle exit, but quickly widens with increasing axial
distance. Instantaneous accelerations greater than 7×106 m/s2
are measured in the shear layer of the jet.
The mean acceleration flow field results are shown in Fig. 4 and
are obtained by bin-averaging the scattered 3D particle track
data into small bins. The bin size chosen here was 30 px,
10 px and 10 px (0.3 mm or 0.02 · D j ) in the axial (X), radial
(Y) and out-of-plane (Z) directions, respectively. In order to
resolve the high radial gradients in the shear layer smaller bin
lengths were chosen whereas the lower velocity gradients in the
axial direction allows the use of a larger bin length, thereby
enabling more particle tracks to be collected. In Fig. 4 (top)
the outer shear layer near the jet exit lip line (y/D j = 0.5)
shows the highest levels of acceleration, which represents the
ambient flow that is entrained and accelerated by the fast jet
core. Whereas, the highest levels of deceleration are in the
inner shear layer as the jet flow in the core is decelerated
within a very thin region at the nozzle exit, which broadens
radially downstream. By x/D j ≈ 3, the axial acceleration
levels subside to that of the ambient and jet core. The radial
accelerations, Fig. 4 (middle) show in the inner shear layer,
accelerations away from the potential core whereas the outer
shear layer show accelerations towards the core that are broader
and more diffuse. The fluctuations (standard deviation) of the
particle axial accelerations are presented in Fig. 4 (bottom).
Fluctuations in acceleration of up to 40 times greater than the
maximum averaged values are evident.

Figure 4: M 0.845 jet flow, (top) mean axial acceleration (ax ),

(middle) radial acceleration (ay ) and (bottom) fluctuations of
axial acceleration (a0x ). Streamwise slice at z/D j = 0 and
cross-stream slices at x/D j = 0.2, 1, 2, 3, 4.
the particle tracking approach over PIV (where the finite size
of the cross-correlation windows results in a spatial averaging
and modulation [6]) is highlighted by STBs ability in capturing
the thin shear layer and the steep velocity gradients. The large
sequence of recordings and the axial symmetry of the flow
allowed cylindrical bins down to 0.75 px (23 µm or 0.0015 · D j )
in the radial direction and 20 px in the axial direction. In
Fig. 5 (left), the axial velocity profile is shown at 0.2 · D j
for 0.75 px and 10 px resolution. The step profile of the
axial velocity is well captured with the 10 px resolution but
is better resolved with 0.75 px bin size. The shear layer at
this location is extremely thin as evident by the steep delta

Fig. 5 shows radial profiles of the normalised axial velocity
(u/U j ) and fluctuations in the axial velocity (u0 /U j ) and
acceleration (a0x /U j2 ) at x/D j = 0.2, 1, 4. At locations, 1 · D j
and 4 · D j the velocity profiles are compared with available
data from [1] (M 0.9). Despite different flow conditions, the
profiles of axial velocity compare well. At 1 · D j the benefit of
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profile in the fluctuations (Fig. 5-right), and appear to be well
resolved by STB. For a comparison, the size of a typical PIV
correlation window of 32 px is indicated. The fluctuations in
Fig. 5 (right) are scaled to match peak value at 0.2 · D j . The
profile shapes at 0.2 · D j compare well, however downstream
the acceleration fluctuations decrease quicker compared to the
velocity fluctuations.
Profiles of the dimensional bin-averaged axial and radial,
velocity and acceleration components are shown in Fig. 6
at x/D j = 0.2.
The bin size here is 5 px (0.01D j )
and was selected to resolve the local flow features while
ensuring statistical convergence. The velocity and subsequent
acceleration response is shown with the number of samples
(tracks) per bin on the left axis. Greater seeding was available
in the jet core resulting in over 8,000 samples, however at the
lip line where the accelerations are greatest there is a significant
drop in the track count, down to 2,000. This drop was also
observed in the bin-averaging of the IPR triangulated (without
tracking) particles, indicating it is not due to a limitation of
the tracking strategy. This behaviour was not observed in the
downstream locations and therefore may be due to the local flow
effects over the lip thickness or the particle lag of the tracer in
regions of very high accelerations.

Figure 6:

Axial (top) and radial (bottom), velocities and
accelerations with the number of samples at x/D j = 0.2.

Fig. 7 shows the probability density function (PDF) of
the non-dimensional axial, radial and out-of-plane particle
accelerations. The PDFs are obtained from cylindrical bin
averaging with 5 px width in both the radial and axial directions.
The PDFs are ordered such that the lowest profile corresponds
to x/D j = 0.2 and the other profiles are shifted by a factor of
10 for better clarity. Also presented is the Gaussian fit for
zero mean and the corresponding standard deviation. Mostly
symmetric distributions are shown with wide tails, however
the axial acceleration on the lip line near the jet exit shows
asymmetry. At x/D j = 4 for the radial locations y/D j = 0 and 1,
the distributions of acceleration are fairly isotropic, symmetric
and match the Gaussian fit well over the centre peak but have
wide tails. At the lip line the distributions deviate from the
Gaussian fit, with a higher peak and a wider tail, that widens
with axial distance. The radial location of y/D j = 1 is in the
quiescent region for the first two axial locations, and follows
the Gaussian fit closely, however at x/D j = 4, which is located
in the outer shear layer, the PDF shows a wider tail.

Figure 7: PDFs of the mean axial, ax (red), radial, ay (blue),

out-of-plane, az (green) accelerations at radial locations.
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from the similar application for high pressure fuel injection
spray in combustion field of study where hole number plays
distinct role in the spray behaviours, e.g. [9,10].

ABSTRACT
This paper reports on the study of the effect of nozzle hole
number and mixture formulation on the spray from a device
designed to simulate the pressurised metered dose inhaler. Two
techniques used are backlit high-speed imaging and droplet
sizing laser diffraction. The nozzles investigated are single-hole
and twin-hole nozzles. Two non-drug mixtures investigated are
HFA134a (as propellant) mixed with 5% and 15% of ethanol
(as co-solvent) by weight (w/w). It was found for investigated
conditions that while hole number plays some role on the spray
structure with the droplet sizes being slightly larger for twinhole nozzle, more ethanol mixed manifests the spray as being
denser with larger droplets for both nozzles.

Drug distribution in the aerosol spray depends very much on the
flow pattern inside the device and the atomisation process
outside [5,8]. For external spray that comes out of the nozzle,
our region of interest is of millimetres from the nozzle as the
atomisation has been known to start from very close vicinity of
the nozzle exit. X-ray fluorescence and X-ray radiography have
been shown to be great diagnostic tools for near field in depth
analysis due to the high penetrating capacity, which can
overcome many barriers to other techniques. These complicated
techniques are available at the Argonne Laboratory [4,5,8]. The
disadvantage, however, is that access to these techniques is very
limited as these are tightly scheduled for many research groups
worldwide.

1. INTRODUCTION
Efficiency of pressurised metered dose inhalers in the treatment
of pulmonary diseases has been the focus of many studies. It
has been well known that these inhalers suffer from poor drug
delivery capability deep down to the lung area of the user [11].
Besides the human and environmental factors [11] that should
be raised in education needed for the patients, researchers have
investigated the influence of other parameters to understand the
response of the aerosol sprays. These parameters can be
classified into two groups, one relates to the mixture
formulation and the other relates to the design of the unit. While
many have focused on the effect of the mixture variables such
as solution based or suspension based, pure propellant or with
co-solvents, different propellants, different drugs, e.g. [2,4,5];
some others have investigated the design effects, e.g. [1,13].
Design related factors could involve modifications to metering
chamber/valve, actuators, expansion chamber or nozzle. The
nozzle, which is supposed to play a very important role, has its
parameters investigated in only a few examples such as [13],
which often made use of simple analysis or not in very detailed
manner. Understanding more about the spray behavior as the
consequence of any change in the nozzle features might lead to
more direct and efficient ways to improve the spray quality and
to provide data for validation of the simulation/modelling of the
processes happening inside and outside of the nozzle. These
processes are very complicated due to the short and transient
nature and because of the complex properties of the working
fluid [8].

The first three options are simpler and currently of our focus.
While the study using inertial impactor often involves slow
analysis process, high-speed imaging and laser diffraction
options offer fast examination of sprays and thus more suitable
for many varying conditions. The scope of this paper covers the
use of these two techniques to investigate the sprays from our
special devices built to resemble the real inhalers. Based on Mie
scattering theory, Malvern Spraytec instrument has been proved
versatile to distinguish the effect of different parameters [2].
This technique has been selected here to analyse the droplet size
distribution (PSD) from aerosol sprays. Even though we are
interested in region very near the nozzle exit but due to the
constraints on our devices, this is currently limited, the region
investigated is more representative of the spray shortly pass the
mouthpiece of the inhaler. Results from two types of
measurement however help to explain each other and thus
reinforce the validity of the data. Our work has placed, for the
first time, the systematic focus on the effect of nozzle design.
Although without the active ingredient, the distribution of the
droplet sizes is an indication of how the drug would be present
in the spray plume as it was found to be homogeneously mixed
in typical solution based mixture [4]. For this paper, we present
the preliminary results for single-hole (SH) and twin-hole (TH)
nozzles for two mixtures of HFA134a/ethanol. As will be seen,
the hole number plays some role for investigated conditions
whereas the effect of ethanol is more obvious with distribution
of larger fraction of fine droplets.

Investigation of aerosol spray have often been made via highspeed optical imaging [3,13], laser diffraction [2,6], inertial
impactor [7,14] and more recently via costly tools involved
with such use of X-ray radiography [4,5,8]. To have detailed
investigations on a broad range of influencing factors, our
research groups make use of all these techniques and we have
been focusing on both the formulation and design effects.
Whereas for the former form of study we focus on different
propellants and different proportion of ethanol mixed as cosolvent, for latter form of study we place the focus on the nozzle
design which covers different profiles for the inlet and outlet
sides as well as different number of holes drilled in the nozzle
central region. The idea for different hole numbers originates

2. METHODOLOGY
2.1 Nozzle block and nozzles
To model the inhaler, we built up the nozzle block in aluminium
via CNC milling which mainly comprises of the middle body
and two covers on each sides. Figure 1a shows a 3D exploded
image of the nozzle block with the nozzle to be secured at the
front side of the block by use of two small clamps. Silicone
grease is used to seal between the aluminium body and the
nozzle. Figure 1b shows two real blocks assembled. The parts
form up a sump with sizes similar to that of the expansion
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the canister and are directed horizontally. They are backlit by a
green LED which can be synchronized with the recording
camera which is a Photron Fastcam BC2 HD (12 bit dynamic
range with 10 µm pixel size). The camera setting details are
controlled via the Photron Fastcam Viewer software on the
computer. The LED light in a form of 2.1 µs pulses, after
passing through an expansion optical lens and a light diffuser,
projects the spray images onto the camera through Hoya 55 mm
lens + a 20 mm spacer. Lens’ f-stop is set at 8 and the sprays
are recorded at 5 kHz with image resolution set to be 42.86
µm/px. A combination of a triggering beagle-bone box and a
pulse generator handles all the settings for the signal delay and
duration to the solenoid/camera/LED. The images from the
camera are then transferred to the computer for analysis.

chamber of the inhaler. On top of the middle body is a screw
hole feature where a screw is used to compress an O-ring to seal
the stem of the canister just like in the inhaler (Fig. 1b). With
this design concept, we can also explore the role of the sump
size by varying the height of the protruding trapezoidal feature
on the side covers which are tight fit with the sump on the main
body. Readers can notice a ring groove for accommodating a
sealing ring surrounding this feature.

a)

LED

Silicone grease
sealant applied

Solenoid
Nozzle Block
with Adapter

Clamps

Trigger Box
Computer

b)

Camera

Figure 3. High-speed imaging setup

Figure 1. a) A nozzle block in exploded view, b) Two
nozzle blocks assembled in reality.

The canisters we use have a 50 µl metering valve. Figure 4 is
an example showing an instantaneous image of a spray from SH
nozzle (Fig. 2b). The viewing area is 9.4x44 mm2. The green
lines are where the data are sampled along which are 4.5 & 15.2
mm from the nozzle exit. To isolate the spray from the
background and to invert the signal (darker pixels at denser
spray area end up being brighter), all the spray images in a
sequence are inversely divided by the background image. This
operation is sensitive to image noise. To alleviate this issue, the
background image is taken as the average of 6-8 background
images immediately before the spray enters the field of view
and that each individual spray image goes through a noise filter.
Other step of improvement made is to apply local averaging for
the line data with a moving bin of 5x5 px2. To reduce the
uncertainty due to shot-to-shot variation typical of turbulent
sprays, data presented are the average of 50-55 sprays. The
dwell time is 1 min to avoid the cooling effect (c.f. [8]).

The nozzles are made of polycarbonate via hot injection
moulding. Figure 2a shows the nozzle blank in cross-sectional
3D view with the plane cut vertically across at the nozzle centre.
Figure 2b and 2c, respectively, shows cross-sectional view of
the sing-hole and twin-hole nozzles with dimensions given in
millimetre. The single hole has diameter of 0.33 mm, similar to
that in real inhaler nozzle while that of each of the twin hole is
0.22 mm; this is to approximate the flow area between nozzles.

a)

Pulse Generator

b)

c)

Figure 4. An instantaneous spray image. Green lines at
4.5 and 15.2 mm from the nozzle exit represent where the
visualisation data will be presented along.

Figure 2. a) Nozzle blank in cross-sectional 3D view, b)
SH nozzle, c) TH nozzle. Dimensions are in millimetre.

2.3 Droplet size distribution measurement
2.2 Hi-speed imaging measurement

To measure the PSD in the aerosol sprays, a Spraytec Malvern
facility is used. As this facility has been well known and used
elsewhere [2,6], the arrangement is not shown here but just a
brief description. A laser beam runs across between two optical
heads, from the emitter optics, passing through the spray placed

High-speed imaging measurements are carried out at the
laboratory for turbulence research in aerospace and combustion
(LTRAC) with the system setup shown in Fig. 3. The sprays are
actuated by a linearly controlled solenoid unit fitted on top of
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the bottom is for line 15.2 mm from the nozzle exit. It can be
clearly seen that the spray spreads out between two lines. For
both nozzles, higher ethanol concentration manifests a denser
spray. One would relate the spray core near the nozzle to the
liquid jet but our interpretation is a denser core with multitude
of fine droplets. Evidence of large vapour fraction with very
little liquid fraction in the spray core even very near to the exit
has been found in such aerosol sprays [5,8]. The spray also
appears to be steadier with more ethanol. However, by closer
look, the E15 spray enters a second stage with stronger signal
from around 40 ms. This is a consistent feature that is reflected
in the size distribution measurement presented later. There are
differences between two nozzles but the significant one is the
wider spread of the TH nozzle in general than the SH nozzle.

in the middle, to the receiver optics. Data record setting can be
controlled via the RTSizer software on the computer.
Measurements are done in the region around the farther green
line in Fig. 4. The recording rate is set at 1 kHz. For this type of
measurement, the data are averaged over 40 repeats to reduce
the uncertainty. Note in our setup that we do not use gas coflow with the spray, the inclusion of which will influence the
droplets velocity and evaporation rates.

3. RESULTS
A limited set of results from our investigations are presented.
We will provide here the measurements for SH and TH nozzles
(Fig. 2) operated with two mixtures of HFA134a/ethanol of
95/5 and 85/15 (w/w) which will be briefly named E05 and E15.

3.2 Droplet size distribution

3.1 Hi-speed visualisation

Figures 6a & 6b respectively present PSD evolution for SH
nozzle operating with E05 and E15, while 6c & 6d similarly
present that for TH nozzle. Time zero is set at point where the
transmission signal falls below a certain threshold value. For
both nozzles, it is evident that E15 has different behaviour
compared to E05 and once approaching 40 ms, E15 shows a
phase of larger droplet sizes and the PSD becomes smoothed
out, not in patchy pattern as the first phase as well as the E05
data. The second phase starts earlier for TH nozzle. This
behavior correlates to the second phase seen in earlier section
and these may reflect the flow bubbling structures in the
expansion chamber as found in [8] for the effect of ethanol
addition. Also around this time, it was found that the spray
projected mass reaches maximum values [8].

a)

b)

a)

c)

b)
d)
c)
Figure 5. Data for SH nozzle operating on a) E05 & b)
E15; TH nozzle on c) E05 & d) E15. In each figure, top is
intensity at 4.5 mm while bottom at 15.2 mm from exit.

d)

Figure 5 shows the time history of the intensity along two green
lines in Fig. 4. The ordinate is the bin position with the abscissas
being time relative to when the spray first appears in the
viewing area. The intensity is presented in arbitrary unit in
colour. Figures 5a and 5b are for SH nozzle operating on E05
and E15, respectively. Similarly, Figures 5c and 5d are for TH
nozzle. In each figure, the top is data along line 4.5 mm while

Figure 6. Time history of PSD for SH nozzle operating on
a) E05 & b) E15; TH nozzle on c) E05 & d) E15.
Different flow behaviours before, in and after the nozzle are the
cause for differences in PSD between E05 and E15, and
between two nozzles. These relate to flow dynamics and the
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[2] Dayal, P., Shaik M.S. & Singh M. (2004) Evaluation of
different parameters that affect droplet‐size distribution
from nasal sprays using the Malvern Spraytec. Journal of
Pharmaceutical Sciences, 93, 1725–1742.

transport in the expansion chamber, the cavitation in the nozzle
and the atomisation after the nozzle exit [12]. For more detailed
analysis, the Sauter Mean Diameter (SMD) calculated from
PSDs shown in Fig. 6 are presented in Fig. 7 with error bars at
95% confidence level. Here we can see that E15 has larger SMD
than E05. Nevertheless, the effect of hole number for these
conditions is not that distinct, TH nozzle appears to provide
larger droplet sizes although the differences are small. For this
plot, E15 presents the second phase with SMD increasing when
time approaches 40 ms. In processing the data, we notice that
bigger droplets are also present in these sprays and if the PSD
is plotted inclusive of bigger sizes, it could be different. This
will be further investigated. For the scope of this paper, we only
focus on fine droplet fraction (i.e. sizes <10 µm) which is often
of most interest. Droplets/particles sizes around 5 µm or less are
expected for deep delivery to lung area [11]. Note that the
region investigated here is very near the mouthpiece exit of the
inhaler. In Fig. 7, we can see the droplets’ mean sizes are
initially around 6.2 µm for E05 and 6.5 µm for E15, and after a
decrease for a short duration, they increase to around 6.4 and
6.7 µm, accordingly. As the spray moves further, these droplets
are expected to become smaller due to evaporation.

[3] Dhand. R., Malik. S.K., Balakrishnan M. & Verma S.R.
(1988) High speed photographic analysis of aerosols
produced by metered dose inhalers. J Pharm Pharamcol,
40, 429‒430.
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& Honnery D. (2016) Temporally and spatially resolved xray fluorescence measurements of in-situ drug
concentration in metered-dose inhaler sprays. Pharm Res,
33, 816–825.
[5] Duke, D.J., Scott, H.N., Kusangaya, A.J., Kastengren, A.L.,
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Drug distribution transients in solution and suspensionbased pressurised metered dose inhaler sprays.
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Evaluation of the Malvern spraytec (R) with inhalation cell
for the measurement of particle size distribution from
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Med, 16, 283‒299.
[8] Mason-Smith, N., Duke, D.J., Kastengren, A.L., Traini, D.,
Young, P.M., Chen, Y., Lewis, D.A., Edgington-Mitchell
D. & Honnery D. (2017) Revealing pMDI spray initial
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Figure 7. Variation of Sauter Mean Diameter with time for
both nozzles operating on both mixtures.

[9] Nguyen, D., Duke, D., Kastengren, A., Matusik, K.,
Swantek, A., Powell C.F. & Honnery D. (2017) Spray flow
structure from twin-hole diesel injector nozzles.
Experimental Thermal and Fluid Science, 86, 235-247.

4. CONCLUSIONS
In this paper, we have applied a combination of high-speed
imaging and laser diffraction techniques to study the
pressurised metered dose aerosol sprays from a device
simulating real inhaler for single-hole and twin-hole nozzles for
the very first time using HFA134a/ethanol mixtures. The better
signals for 15% ethanol spray compared to 5% ethanol spray
represent denser sprays with larger droplet sizes. The 15%
ethanol mixture also presents the spray consistently in two
stages. While not very discrepant, twin-hole nozzle appears to
produce slightly larger droplet sizes than the single-hole nozzle
for both mixtures for conditions investigated.

[10] Nguyen D. & Honnery D. (2019) The influence of
cylindrical spray chamber geometry on the evolution of
high pressure diesel sprays. J Fluids Eng, 141(10).
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delivery by pressurized metered-dose inhalers. Respir
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& Vehring R. (2015) Onset of flash atomization in a
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hardware and optical setup with minimal calibration required.
It employs a low power laser (laser power required is less than
0.1% of that for other 3D PIV techniques due to the
implementation of forward scattering of the tracer particles),
collimating optics, a microscope objective and single camera.
Most importantly, DHM provides superior spatial resolution
compared to other 3D whole field measurement techniques. The
typical spatial resolution for TPIV and defocusing PIV are 0.69
mm [4] and 1 mm [5] in all directions, respective. In
comparison, DHM has been reported to achieve a velocity
spatial resolution of 51 µm ´ 17 µm ´ 136 µm in streamwise,
spanwise and wall-normal directions, respectively [6].
Nevertheless, DHM-PIV has its shortcoming too, such as
extended depth-of-focus (DOF) problem where elongation of
the tracer particles in the depth direction causes poor
longitudinal resolution, and the virtual image effect which
causes artefacts in the intensity reconstruction volume. The
noise generated from these artefacts puts a limitation on seeding
density, which in turn limits the spatial resolution of the
velocity field.

ABSTRACT
Digital holographic microscopic particle image velocimetry
(DHM-PIV) provides 3-component 3-dimensional (3C-3D)
flow velocity information which is the most comprehensive
way to investigate a wide range of fluid phenomenon in both
micro and macro fluidics. DHM-PIV offers 3D flow
measurement with high spatio-temporal resolution, minimal
optical setup and easy calibration compared to other 3D PIV
techniques such as tomographic PIV, defocusing PIV, etc.
Despite these advantages, some of the major limitations of
DHM-PIV are the extended depth-of-focus (DOF) problem and
the virtual image effect which causes artefacts in the
reconstruction volume and puts a limitation on tracer
concentration, which in turn limits the achievable velocity
spatial resolution. In this study, we present a simple, model-free
but robust particle extraction method to overcome these
limitations. The capability of the proposed method is
demonstrated through its application to laminar micro-channel
flow, where 3C-3D velocity fields are measured within
sampling volume of 1.8 mm ´ 1.5 mm ´ 50 µm with 44.8 µm
´ 44.8 µm ´ 5.6 µm velocity spatial resolution in streamwise,
spanwise and wall-normal directions, respectively. The results
show that the bias error and the uncertainty of the ensembled
mean velocity are 1.6% and 4% of maximum streamwise
velocity when compared to the analytical plane Poiseuille
solution.

In the present study, we use a model-free particle extraction
technique based on a well-known physical principle, the Gouy
phase shift [7], to localize the centre of the tracer particles,
which allows us to perform efficient image segmentation of the
reconstruction volume. Therefore, an accurate scattering
modelling for the tracer particles is not necessary, which is
crucial to other techniques such as deconvolution and hologram
fitting. The image segmentation process mitigates the artefacts
associated with the above-mentioned limitations of DHM-PIV.
We then use the segmented volume, instead of the noisy
reconstructed volume generated from direct reconstruction, for
the cross-correlation based 3D PIV analysis. The proposed
methodology has been experimentally demonstrated to measure
the laminar flow in a microchannel and the velocity profile
obtained is compared against the analytical results.
Furthermore, with the proposed technique other irregular
shaped extended weak scattering objects (phase objects), such
as most biological samples and colloidal microspheres, can be
tracked in 3D with high spatio-temporal resolution.

1. INTRODUCTION
Most environmental and industrial flows are inherently threedimensional (3D), containing a broad range of flow structures,
turbulent length scales and dynamic range. All these features
necessitate a whole field measurement technique which is able
to quantify and investigate these flow structures and their
interaction by measuring the instantaneous 3C-3D velocity
fields with high spatial and temporal resolution. To address
these challenges, a number of whole field techniques have been
developed and employed to yield 3D information of turbulent
flow field, such as tomographic PIV (TPIV), defocusing PIV,
light-field PIV (LFPIV), digital in-line holographic PIV, etc.

2. THEORY AND METHODOLOGY

Both tomographic PIV (TPIV) and defocusing PIV are
multicamera based techniques which require complex hardware
setup and volumetric calibration, moreover, they suffer from
severe limitations in spatial resolution [1]. A more recent
technique called light-field PIV (LFPIV) implements compact
hardware setup similar as 2D-PIV and eliminates the
cumbersome camera spatial calibration process, however, its
performance in measuring full volumetric 3C-3D velocity fields
is limited by the pixel-to-microlens ratio (PMR) [2, 3].

There are several different optical arrangements that have been
proposed for DHM [8], however, the in-line version, which is
fundamentally similar to the original holographic setup
proposed by Gabor [9], is still favoured in digital holography
due to its simplicity and the limited pixel size, which does not
permit off-axis reference beam holography. In this study, we
use the in-line optical setup shown in Figure 1. In this work we
restrict our discussion to only weakly scattering objects whose
refractive index is close to its surroundings. They behave like
phase objects and show little to no contrast when located in the
focal plane of bright field imaging system. However, a small

Comparatively, digital holographic microscopy (DHM)
technique has the benefit of very simple, compact and low-cost
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amount of defocus increases their contrast and makes them
visible again. To be specific, the particle appears brighter than
its surrounding when the focal plane is just above the particle
position. However, when the focal plane is below the particle
position, the contrast inverses and the particle appears darker
than its surrounding. This contrast inversion phenomenon is
known as Gouy phase anomaly and is observed when the
converging spherical wavefronts are retarded by a net phase of
p radians compared to the surrounding plane waves while
passing through the geometrical focus of the tracer particles [7].
This phase anomaly phenomenon has been observed by
previous researchers, but has not been exploited for DHM-PIV
applications [10, 11].

in the imaging path such as light scattered off the dust and
scratches on optical elements result in a nonuniform
background. For moving samples, a mean or median of the
recorded holograms over a particular time interval can be used
to estimate the background, and thereby, remove the
background in a process called ‘normalisation’. This involves
dividing each hologram by the background image. Figure 2
demonstrates the effect of normalising an inline hologram by a
reference image.
The other part of the holography process is the ‘reconstruction’
in which the three-dimensional nature of the object is
recovered. This is done by numerically propagating the
hologram 𝐼" (𝑥, 𝑦, 0) in any plane, which is at distance z, normal
to the hologram plane, by the Rayleigh–Sommerfeld diffraction
formula [12, 13] to yield the complex amplitude distribution
𝑈(𝑥3 , 𝑦3 ; 𝑧).

Camera
Zoomed view
inside the MC
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Laser

M

MO
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where, 𝜆 and 𝑘 = K are the wavelength and wavenumber,
respectively, of the illumination used during the recording of
the digital hologram, 𝑟3? = L(𝑥3 − 𝑥)) + (𝑦3 − 𝑦)) + 𝑧 is the
distance from a point on the hologram (𝑥, 𝑦, 0) to any point on
the reconstruction image (𝑥3 , 𝑦3 ; 𝑧). For practical cases, the
𝑟3? , can be approximated by 1. Overall,
obliquity factor, cos(𝑛G⃗, GGGGG⃗)
the equation 2 can be simplified in the following convolution
form,

L3

M

M

Figure 1. Experimental setup for digital in-line holographic
microscopy, M = mirror, L1 = diverging spherical lens, L2, L3=
converging lens, ND = neutral density filter, MO = microscope
objective, MC = microchannel.

𝑈(𝑥3 , 𝑦3 ; 𝑧) = 𝐼" (𝑥, 𝑦, 0) ⨂ ℎ(𝑥3 , 𝑦3 , 𝑧; 𝑥, 𝑦)

Holography is a coherent imaging technique and generally
consists of two steps, namely recording and reconstruction. In
the recording step, the sample object is illuminated by coherent
light. A part of the illuminating light gets scattered by the object
(known as ‘object wave’) and interfere with the mutually
coherent undiffracted light (known as ‘reference wave’),
resulting in an interference pattern (known as ‘hologram’)
consisting both the amplitude and phase of the object and
reference wave. In case of DHM, the hologram is magnified by
using a microscope objective lens and the intensity 𝐼"
(amplitude-squared) of the magnified hologram is recorded by
the imaging sensor.
𝐼" = |𝑅 + 𝑂|) = |𝑅|) + |𝑂|) + 𝑅𝑂∗ + 𝑅∗ 𝑂

(3)

where, ℎ is wave propagation kernel and ⨂ represents the
convolution operator. This convolution operation of equation 3
can be efficiently performed by multiplication in Fourier space.
Thus, the reconstruction image can be numerically propagated
as
𝑈(𝑥3 , 𝑦3 ; 𝑧) = ℱ Q? RℱS𝐼" (𝑥, 𝑦, 0)T
× 𝐻S𝑓W , 𝑓X , 𝑧TY

(4)

where, ℱ() represents the Fourier transform, and 𝐻S𝑓W , 𝑓X , 𝑧T is
the propagation kernel in Fourier space given by

(1)
𝐻S𝑓W , 𝑓X , 𝑧T = 𝑒

where, the subscript H represents the hologram plane, 𝑅 and 𝑂
are the reference and the object waves, respectively, and the
asterisk indicates the complex conjugate. In equation 1, the first
term |𝑅|) represents the undiffracted reference wave which
corresponds to the background and is used for hologram
normalisation.

[

\)J]
^?QK_` a QK_b a c
K

(5)

To demonstrate this, a hologram of a 1 µm diameter polystyrene
particle in water was recorded and reconstructed from hologram
plane (𝑧 = 0 µ𝑚) to (𝑧 = 100 µ𝑚) using the above-mentioned
Rayleigh–Sommerfeld diffraction formula, and an image stack
is produced which represents the reconstruction volume. Figure
3(a) shows the numerically refocused (𝑥, 𝑦) planes at different
𝑧 distance (as mentioned in the figure) from the hologram plane.
The first image (𝑧 = 0µ𝑚) on the top-left is the raw hologram
divided by the background image, i.e. the normalised hologram.
(Note: All the images were recorded in 16-bit grey level,
however, some of figures are represented in colour for visual
clarity). Figure 3(b) presents the (𝑥, 𝑧) slice through the image
stack, which clearly shows the effect of the virtual out-of-focus
particle resulting from direct reconstruction. From both these
images, it can be noted that with increasing 𝑧 distance, first the
particle appears bright, then becomes invisible and then finally
appears dark compared to its surrounding. Also, the point of

Figure 2. Effect of hologram normalisation.
Ideally, there should be a uniform background across the whole
image, however, in practice, uneven illumination and artefacts
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contrast inversion can be clearly seen from both of these
images. In order to find the particle centre position, a simple
gradient filter is then applied to the reconstruction volume along
the 𝑧 direction which yields the gradient volume (Fig. 3(c)),
which highlights the location of strong contrast inversion.
Furthermore, to remove much of the noise in the gradient
volume, we set all the negative gradient values to zero which
yields the gradient-filtered volume (Fig. 3(d)). Figure 3(e)
shows the (𝑥, 𝑦) planes at different 𝑧 distances of the gradientfiltered volume, from which the location of the particle can be
clearly identified.

hybrid cross-correlation PIV - PTV at the particle spatial
resolution level to reveal the 3C-3D fluid velocity field [15].

3. APPLICATION TO MICRO-CHANNEL FLOW
To demonstrate the proposed methodology, an experiment was
carried out to quantify the 3C-3D velocity field in a microchannel flow, using the same experimental setup as shown in
Figure 1. A 350 mW CW laser with a wavelength of 532 nm
was used as the source of coherent illumination. In addition,
neutral density filters and a beam expander lens arrangement
was used to reduce the beam intensity and to achieve the desired
beam diameter, respectively. Then, a spatial filter arrangement
was used to produce a clean Gaussian beam profile, followed
by a collimating lens to obtain a plane reference wave which
illuminated a single channel of a multi-channel glass
microfluidic chip (Micronit flow cell). The channel used for this
study was 50 μm high, 1.5 mm wide and 40 mm long.
Polystyrene microspheres (Polysciences Inc.) of nominal
diameter of 1 µm were used to seed the flow and an off-chip
syringe pump (KD Scientific) was employed to provide the
continuous flow in the microchannel. The flow seeding
concentration was approximately 7 ´ 107 particles/mm3. In
order to magnify the hologram (or to reduce the effective pixel
size of the camera sensor) an infinitely-corrected microscope
objective with numerical aperture of 0.2 and working
magnification of 9.3x was used. The camera
(ILA.PIV.sCMOS) sensor used for the recording of holograms
has a resolution of 2560 ´ 2160 pixel2 with physical pixel size
of 6.5 μm, which resulted in an effective pixel size of 0.7 μm
after magnified by the microscope objective.

Figure 3. (a) Numerically refocused (𝑥, 𝑦) planes at different 𝑧
locations (as indicated in the figure) from the hologram plane,
(b) the (𝑥, 𝑧) slice through the image stack representing the
reconstruction volume, (c) the gradient volume, calculated by
taking the gradient of the reconstruction volume along 𝑧
direction, (d) gradient-filtered volume, produced from gradient
volume by setting all the negative gradients to zero, (e) (𝑥, 𝑦)
planes of the gradient-filtered volume corresponding to the
same locations of (a). The vertical red lines in (b), (c) and (e)
represents the different 𝑧 locations as indicated in the figure.

With this experimental setup, 100 holograms were recorded at
15 fps. The holograms were processed according to the
proposed method to obtain the segmented volumes, which were
then used for cross-correlation based 3D PIV analysis with inhouse developed software to get the 3C-3D instantaneous
velocity field. The sample measurement volume was 1.8 mm ´
1.5 mm ´ 50 µm in the streamwise, spanwise and wall-normal
directions, respectively. For the PIV analysis, interrogation
volume was chosen to be 128 px ´ 128 px ´ 16 px with 50%
overlap, which yielded velocity spatial resolution of 44.8 µm ´
44.8 µm ´ 5.6 µm in streamwise, spanwise and wall-normal
directions, respectively. The mean velocity field was calculated
using all the instantaneous 3C-3D velocity field. A sample
(𝑥, 𝑧) slice of the mean velocity field is presented in Figure 5
which shows the laminar nature of the microchannel flow.

Figure 4. Contour evaluated for the image segmentation. The
background image represents the gradient-filtered volume and
the blue contour line represents the region to be used for image
segmentation.
In addition to this, we apply the random walker image
segmentation algorithm [14] for further reduction of the noise
in the gradient-filtered volume. The contour evaluated for
image segmentation is shown in Figure 4, where the
background image represents the previously calculated
gradient-filtered volume and the blue contour line in the middle
indicates the region to be segmented. Therefore, only the 3D
region inside the blue contour remains in the segmented volume
and rest of the volume outside the contour is set zero. In this
way, the artefacts in the original reconstructed volume, caused
by the virtual image effect and depth-of-focus problem, gets
deleted and a clean segmented volume containing only the
particles is obtained. Once a sequential pair of 3D segmented
volumes has been reconstructed from the recorded holograms,
these can be analysed using 3D cross-correlation analysis or a

Figure 5. A sample (𝑥, 𝑧) slice of 3C-3D mean velocity field.
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Since the flow is fully developed within the microchannel and
the width of the microchannel is 30 times of its height, the
velocity fields are expected to follow the parabolic profile of
the plane Poiseuille flow. In order to compare the measured
experimental results with the analytical solution of plane
Poiseuille flow, ensembled mean of the streamwise velocity
field was taken along the streamwise and spanwise direction
and is graphed against the analytical solution as shown in
Figure 6. The bias error and the standard uncertainty of the
mean velocity across the channel height were found to be 1.6%
and 4% of the maximum streamwise velocity, respectively.
These can be attributed to both the velocity measurement
uncertainty and the flow condition discrepancy between the
experimental and analytical case. From Figure 6, it can be seen
that the maximum deviations occur near the walls, which can
be associated with the comparatively inadequate spatial
resolution (5.6 µm) along the wall normal direction compared
to the channel height (50 µm).

the maximum streamwise velocity, respectively. Overall, the
presented technique highlights the potential of DHM-PIV to
obtain 3C-3D flow measurements with high spatio-temporal
resolution using a low-cost optical setup with easy calibration
and no optical distortion.
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Figure 6. A comparison of mean streamwise velocity profile
along the channel height between proposed DHM-PIV
experiment and plane Poiseuille profile in the microchannel. (h
is the channel height)

4. CONCLUSIONS
This paper presents an improved in-line DHM-PIV
methodology, which in addition to including the standard
digital hologram reconstruction, incorporates a simple, modelfree but robust particle extraction method to mitigate the major
limitations, such as the depth-of-focus problem, the virtual
image effect and limited tracer concentration, associated with
standard DHM-PIV technique. The proposed particle extraction
technique takes benefit of the contrast inversion property of the
weakly scattering tracer particles for accurate 3D localization
and image segmentation. This results in spatially well localised
particles within the segmented volume free from artefacts. In
addition, the applicability of the proposed technique has been
tested using a laminar micro-channel flow experiment. From a
sample measurement volume of 1.8 mm ´ 1.5 mm ´ 50 µm,
velocity spatial resolution of 44.8 µm ´ 44.8 µm ´ 5.6 µm has
been achieved in the streamwise, spanwise and wall-normal
directions, respectively. A comparison of the ensembled mean
streamwise velocity profile along the channel height between
the measurement and the analytical plane Poiseuille flow
solution shows reasonably good agreement. The bias error and
uncertainty of the mean velocity is found to be 1.6% and 4% of
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ABSTRACT

2. RELATED WORK

The detection of ethylene (ethene) gas at parts-per-million
concentrations is important for agricultural product
transportation, storage and retailing, since ethylene affects the
ripening behaviour of many fruit species. In-situ detection
at these levels is a difficult problem, and there is a need for
a portable and self-calibrating instrument at reasonable cost.
Present solutions are too bulky and expensive for widespread
use in the food industry. The laser-induced photoacoustic
approach is promising for very low concentrations, but the
determination of appropriate operating wavelength remains
problematic for ethylene. Furthermore, the signal-to-noise
ratio of the recovered photoacoustic signal is poor when
room-temperature low-power diode lasers are employed. We
present experimental results which indicate that the phase
of the recovered photoacoustic signal is able to perform a
discriminant function at 200 parts per million, whereas the
magnitude does not appear to provide adequate discrimination
at the power levels employed.

Some current methods for ethylene gas sensing are discussed
at length in [4], defining three categories of sensor:
gas chromatography, electrochemical sensing and optical
sensing. Gas chromatography (GC) and related methods
such as Flame Ionization Detection (FID) and Photoionization
Detection (PID) [1] are useful at very low concentrations,
but not considered suitable for portable and time-critical
measurements.
Infrared sensors are often employed in gas detection because of
the advantages they can bring. Nondispersive Infrared (NDIR)
approaches are suitable where absorption is relatively large and
can be measured at convenient optical wavelengths, typically
in the mid-infrared for hydrocarbons. Absorption at very low
concentrations implies the need for longer path lengths and/or
higher powered IR sources.
Wavelengths around 10.6 µm are potential sensing regions,
however available infrared (IR) sources for this wavelength
range are either expensive or have low intensity, and in some
cases low-temperature cooling is required. Carbon dioxide
lasers with mechanical choppers have been reported, however
for the most part, high powers have been required.

1. PROBLEM OUTLINE
Gas detection may be performed by one of a number of means,
each of which has advantages and disadvantages. The relative
gas concentration, operator expertise, instrument cost, and
immediate availability of results are all significant factors.

The use of mechanical choppers is not entirely satisfactory
in industrial environments, due to reliability concerns. Other
methods such as cavity ringdown (time-based) pulsed-lasers are
possible [13], as well as White cells with long path lengths
for multiple reflections [5]. These methods generally require
mirrors of high finesse and gold reflective coatings, which
are expensive. Furthermore, initial alignment and maintaining
alignment are significant issues.

The class of fruits known as climacteric fruits are known
to have their ripening process hastened by the presence of
small quantities of ethylene gas C2 H4 [17]. The role of
ethylene has been known, and the corresponding biochemical
processes studied, for some time [3], and is still relevant
today [7]. The need for a portable and relatively inexpensive
ethylene measurement/detection was clearly defined in [8],
which identifies photoacoustic spectroscopy as one possible
candidate.

Semiconductor sensors based on resistivity changes have also
been reported, however [6] found that obtaining consistent
results was problematic. In addition, the nonspecific nature of
such sensors may make them unsuitable in this application, as
they have cross-sensitivity to other gases such as water vapour,
methane and carbon dioxide.

In this paper we propose the use of a near-infrared Fabry-Perot
laser employed in a novel photoacoustic (PA) arrangement.
Appropriate lasing wavelengths are determined, and it is shown
that laser-based methods employed for methane detection
are not suitable.
A low-cost room-temperature laser is
employed at a slightly different wavelength, and a pulsed
direction-absorption approach is put forward, with verification
against cross-species interference. The setup is described and
the detection of ethylene is experimentally evaluated.

A laser-based approach using a mechanical chopper is
described in [9], over the broad range 1610 nm–1657 nm.
Temperature-current tunable diode lasers typically do not have
such a range. The photoacoustic (PA) effect was used in [2]
where an external cavity laser operating at 1630 nm was
utilized. An external cavity with chopper was also reported
in [16].

It is shown experimentally that the phase of the recovered
photoacoustic signal performs a discriminant function at 200
parts per million (ppm), whereas the magnitude, which is
normally used in PA applications, does not provide sufficient
information to enable reliable discrimination at the power levels
employed. The use of phase in PA applications is seldom
reported in the literature, but may provide the key to using
low-cost laser sources in this application.

A simpler temperature-based approach at 10.6 µm was reported
in [10], where a low-cost thermopile was reported to be
insufficiently accurate, and a silicon temperature sensor was
utilized instead. This measurement approach is nonspecific
to the gas species, and very precise temperature compensation
would likely be required in practice.
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3. PROPOSED APPROACH
Optical Power dB

The authors have employed the photoacoustic approach for
methane [12], and initially this setup was tested for ethylene
using a narrow-linewidth laser [15],[14] at 1654 nm which was
successful for CH4 .
Although excellent results for CH4 were demonstrated, C2 H4
does not have discrete absorption lines with sufficient spectral
separation, and so the derivative-spectroscopic approach was
found to be unsuitable. The PNNL gas database [19] sheds light
on this problem. The data from this source over the intended
wavelength range is shown in Fig. 1. Methane exhibits narrow
absorption lines, and lends itself to derivative spectroscopy
using narrow laser linewidths.
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Figure 1: PNNL absorption spectrum for methane and ethylene

carbon dioxide (raw data from [19]).

(raw data from [19]).

scale is an order of magnitude lower than the methane-ethylene

Note that the vertical

absorption lines shown in Fig. 1.

A Fabry-Perot laser at 1654 nm operating at this wavelength
(Fig. 2) produces more power than a narrow Discrete-Mode
(DM) laser, however the absorption lines of C2 H4 make
detection difficult, since the integrated power-absorption
product is exceedingly small. Comparing the absorption
spectrum of Fig. 1 to the diode laser emission spectrum Fig. 2 at
a nominal 1625 nm wavelength indicates considerable overlap.
This choice of band is significant, as it is at the upper end of the
telecommunications L band.

at the resonant acoustic frequency of the PA cell. Two lockin
amplifiers performed synchronous detection on the PA pressure
signal and the optical power signal. Both employed a time
constant of 10 s and a 24 dB/octave filter. This is shown
diagrammatically in Fig. 5, with the entire setup enclosed in an
optical enclosure and mounted on an optical bench to minimize
vibrations.
Absorption Cell

Possible interfering species are water vapour and carbon
dioxide. As shown in Fig. 3, the absorption from these
species is at least an order of magnitude lower for the same
concentrations.

Fiber Coupling

Photodetector

Gas Out

Gas In

Fiber

4. EXPERIMENTAL SETUP
Fig. 4 shows annotated experimental setup. Not shown are the
lockin amplifiers, laser temperature and current controllers, and
other supporting apparatus. Calibrated ethylene at 200 ppm was
employed in a synthetic air buffer, comprising nitrogen 79.08 %
and oxygen 20.9 %. Nitrogen was used as a purge gas to obtain
the non-ethylene measurements.

Resonator
Mic Preamps

Laser
Module

Figure 4: Experimental setup for ethylene detection using a

The laser operating regime was at a temperature of 16 ◦C with
injection current 150 mA. The laser was modulated at 3.3 kHz,

photoacoustic resonator.
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5. RESULTS
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Phase degrees

Results were processed in real-time using two lockin amplifiers.
Both were locked to the acoustic modulation frequency.
One measured the amplified microphone signal, giving the
photoacoustic signal.
The second lockin measured the
photodiode signal, and its derivative at the second harmonic.
The photodiode signal exhibited relatively little change as
expected, due to the small absorption at this path length
and gas concentration. The derivative was unstable, due to
the aforementioned reasons, and also the absence of single
absorption lines.

65

60

55

50
1

The photoacoustic magnitude is shown in Fig. 6. Of note is
the fact that the magnitude reduces in the presence of ethylene
gas. We attribute this to the background signal comprising
predominantly window noise being larger than the PA signal
itself. This produces an altered resonance in the cavity, as there
are now effectively two acoustic sources (the window and the
gas itself).
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Figure 7: Experimental results for the recovered photoacoustic
phase.

6. CONCLUSIONS

The photoacoustic phase is shown in Fig. 7. Of particular
note here is that the phase provides a reliable and consistent
discrimination of the presence of ethylene. The change of phase
also supports the hypothesis that window noise reflection plays
a significant role in altering the cavity resonance modes.

We have proposed an approach to ethylene detection using a
telecommunications-band laser at 1625 nm. The PA magnitude
exhibited variations inconsistent with absorption alone, and
it is hypothesized that the window noise interacts with the
absorption of the gas.

As noted in [11], the availability of isolated absorption lines
without significant background is essential, and that for simple
molecules with less than 5 atoms this is often satisfied. For
ethylene, the number of lines and line broadening present
results in a continuous non-zero baseline spectrum. The
photoacoustic phase lag is determined by

The phase of the PA signal was shown to consistently
demonstrate the presence of ethylene gas, and this is likely
to be due to molecular relaxation phenomena at the physical
level, in conjunction with interaction due to window resonance.
The relatively low cost of the diode laser, and low power
levels employed, make this an attractive avenue to investigate
calibrated gas measurements.

tan θ

=

ωτ

Ctr
C0

(1)
Although discrimination of the presence or absence of ethylene
seems clear, further work is required to confirm the impact
of interfering species in a non-synthetic-air environment.
Importantly, the quantification of ethylene concentration
requires further investigation to determine whether this can be
calibrated against the photoacoustic phase lag.

where θ is the phase lag, τ is the V–T relaxation time, Ctr is the
translational-rotational heat capacity at constant volume, and C0
is the total heat capacity at constant volume. The relaxation
rate is dependent on the gas concentration, and also exhibits a
linear variation with the gas concentration due to the increasing
amount of energy absorbed in the sample [18].
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sets. Application of analysis techniques like the
dynamic mode decomposition (DMD) on the acquired
velocity data set can then provide valuable information
about the dynamics of the shear layer.

ABSTRACT
Experimental study of the flow instabilities in
supersonic impinging jets using laser diagnostics
requires velocity field data acquisition which can
provide some information about the time derivatives. As
time resolved data acquisition has its own challenges in
the case of supersonic flows, an alternate approach
using double PIV measurements has been presented in
the current study which involves large ensembles of
data acquisition by two parallel PIV systems, offset by a
very small time-step. The resulting data is not time
resolved but gives additional information of the
instantaneous time derivatives of velocity field. The
optical setup and the experimental parameters for such
measurements is shown in the current work.

Figure 1. Data set required for the measurement of the
growth rates and phase of the shear layer instabilities.

2. MEASUREMENT TECHNIQUE
The velocity measurements using particle image
velocimetry (PIV) is an established measurement
technique which has been used for a long time by
researchers and the details can be found in Raffel [4]. A
2C-2D (two component and two dimensional) PIV
measurement basically requires a laser system having
two laser cavities (A and B), a CCD camera and a
timing control unit to synchronize the two. The flow is
seeded with tracer particles and the optics are finely
adjusted such that the laser sheet illuminates the desired
measurement plane. As shown in figure 2, the timing is
synchronized such that after the camera trigger pulse,
laser A is fired within the first exposure time (t1) which
is followed by a very small sensor reset time (tR) where
the acquired pixel data is transferred to a buffer and the
sensor is rest to zero for acquiring the next image. Laser
B is fired in the second exposure time (t2) which is
governed by the frame rate of the camera, as shown in
equation 1. The tracer particle displacement is computed
by cross correlation between the two images which
gives the velocity by diving the displacement by the
time separation between the two laser pulses (δt).

1. INTRODUCTION
Supersonic impinging jets have diverse practical
applications like VTOL aircraft exhaust jet noise,
ground erosion during rocket launch and surface finish
in cold gas spray additive manufacturing processes. The
turbulent flow dynamics in this configuration is marked
by the presence of an aero-acoustic feedback loop,
generating strong resonance tones. Many researchers
have addressed the different fluid mechanics aspects of
the feedback loop in supersonic jets using both
experimental as well as numerical methods
(summarized by Mitchell [2] and Tam [5]). One of the
important features driving the phenomenon is the shear
layer instabilities leading to the propagation and growth
of vortical structures. However, the experimental
investigation of flow instabilities using laser diagnostics
is highly limited in the literature due to the practical
limitation of acquiring a time resolved data with large
ensembles.
The key parameters for the study of flow instabilities
are the instantaneous growth rates (gain) in the velocity
field and their phase.
The measurement of these
quantities does not essentially require a time resolved
velocity data set. As shown in the figure 1, large
ensembles of two data sets acquired in parallel with a
small time-shift (Δt) in the acquisition of the second
data set can provide the information of the instantaneous
derivatives. This can be achieved by the method of
double particle image velocimetry (PIV) where two
parallel PIV systems are used to acquire the two data

𝑡2 =

1
𝐹𝑟𝑎𝑚𝑒 𝑟𝑎𝑡𝑒

− (𝑡1 + 𝑡𝑅 )

(1)

Double PIV technique involves the usage of two such
identical systems in parallel. As shown in figure 3, the
trigger time of the second system is delayed by a small
time (Δt) with respect to the first. Thus, the velocity
fields obtained from the two systems has a small timeseparation between them, as shown in equation 2. The
ensembles of velocity fields from the two systems
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laser is being used for the experiments. The technical details
of the laser as per the manufacturer have been tabulated in
table 2. Two Imperx B4820 CCD cameras are used for PIV
whose technical details have been tabulated in table 2.

represent the type of data set shown in figure 1 and this
can be used to investigate the flow instabilities.
𝐿𝑎𝑠𝑒𝑟 1𝐴 + 𝐿𝑎𝑠𝑒𝑟 1𝐵 → 𝑉1 (𝑡)
𝐿𝑎𝑠𝑒𝑟 2𝐴 + 𝐿𝑎𝑠𝑒𝑟 2𝐵 → 𝑉2 (𝑡 + ∆𝑡)

(2)

Figure 2. Camera pulse timing during PIV

Figure 4. Schematic of the PIV jet rig in LTRAC,
Monash University

Max repetition rate
Max energy
Beam diameter
Pulse width
Beam divergence
Jitter

15 Hz
200 mJ
6 mm
3-5 ns
< 4 mrad
1 ns

Table 1. New wave SOLO PIV - 200XT specifications.
Resolution
Sensor
Pixel size
Sensor dimensions
Minimum interframe time

Figure 3. Pulse timing diagram for the two cameras
during simultaneous acquisition of data for PIV.

The practical implementation of this system is not
straightforward as it is to be ensured that camera 2 does
not capture the light scattered by laser 1 and camera 1
does not capture the light scattered by laser 2. It
involves some innovative use of optics, which is
discussed in the next section.

4872 x 3248
KAI-16000, CCD
7.4 μm
24 mm x 36 mm
200 ns

Table 2. Imperx B4820 CCD camera specifications.

The schematic of the basic optical arrangement has been
shown in figure 5. The initial thickness of the laser beam
(position 1) was measured to be about 5 mm with a divergence
of around 0.25 mrad. A 1000 mm converging cylindrical lens
has been used to reduce the sheet thickness to about 1 mm at
the measurement location. The time delay (δt) between an
image pair to obtain the velocity vectors depends on the upper
and the lower characteristic velocities in the flow. Though the
camera settings allow the interframe time to be as low as 200
ns, the selection is a compromise between accuracy and
dynamic range. Hence, an interframe time of 0.9 μs has been
selected for the PIV measurements.

3. EXPERIMENTAL SETUP
The supersonic jet rig facility in LTRAC, Monash University,
has already been established and published in the literature
([3], [6] and [7]), whose schematic is shown in figure 4. The
flow is seeded using an in-house made "Laskin particle
assembly generator". The region between the nozzle exit and
the impingement plate is the region of interest for the PIV
measurements (test section). New wave SOLO PIV - 200XT

The schematic of the optical setup has been shown in figure 5.
The main principle of the setup is using the difference in
polarization of the beams from the two laser systems. As
shown in the figure, a polarizing beam splitter is used before
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it is essential to determine the time shift (Δt) to be used for the
experiments. The time shift effectively indicates the sampling
frequency for the measurement of the instability parameters –
growth rates and phase. The knowledge of the feedback loop
frequency (impingement tone) can indicate the kind of
sampling frequency required for the analysis. Figure 8 shows
the impingement tones measured using microphone for a
range of parameters of interest. The frequencies are of the
order of 10 kHz with the maximum frequency of 13 kHz.
Hence, a sampling frequency of about 100 times the
impingement tone would be suitable for the analysis of
instabilities. This corresponds to a time shift of about 1 μs. As
shown in table 1, the laser pulse jitter is just 1 ns (0.1% of Δt)
and thus, the selection of this time shift is practically feasible.

the cylindrical lenses. It is designed to transmit the p-polarized
light and reflect the s-polarized light, as shown in the figure. A
half-wave plate is placed in the beam path (position A) of the
second laser system to invert the polarization of the beam. In
case the laser beams are p-polarized instead of s, the half wave
plate will be positioned at B. It is important to note that the
polarization is inverted at each reflection. The optics used in
the setup have been procured from Thorlabs and have a very
high reflection and transmission efficiency of greater than
90%.

Figure 5. Optical configuration for PIV measurements in
the jet rig.

Figure 7. Region of interest for measurement (test
section).

Figure 6. Complete optical setup for double PIV
arrangement
The images are captured using two cameras, mounted on a Tshaped plate. Both the cameras are connected to a beam
splitter which is attached to the lens. The beam splitter
transmits the s-polarized light and reflects the p-polarized
light. The arrangement ensures that camera 1 acquires images
corresponding to laser 1 and camera acquires for laser 2. The
timing is synchronized using BBB (Beagel Bone Black)
controller. The arrangement poses some challenges. As the
lens and the camera are at a distance now, the effective fnumber and magnification was found to be different from that
specified using calculations. Secondly, the intensity of light in
the test section was found to be somewhat diminished as only
a single polarization state passes through the optics.

Figure 8. Impingement tones measured over a range of
configurations using microphone.

9. CONCLUSIONS
The double PIV technique for the experimental investigation
of the flow instability analysis in supersonic impinging jets
can be a valuable tool as it does not require an acquisition of
time resolved data. As shown in figure 1, this kind of data can
be used to employ analytical tools like DMD (Dawson et al.
[1]) to get some insights in to the flow instabilities. However,
there are some challenges to take care with the optical setup.
The camera magnification settings and the aperture must be
played with to get the best settings as the presence of beam
splitter between the camera and the lens changes the optical
path. Moreover, as only a single polarization state passes
through at a time, the effective intensity of illumination
captured by the camera reduces. To compensate for it to
maintain the quality of PIV, the researcher must experiment
with the seeding concentration as well as the sheet size to get

8. EXPERIMENTAL PARAMETERS
The region of interest for measurements for the current study
on supersonic impinging jets has been shown in figure 7. The
two parameters of study are the nozzle pressure ratio (NPR)
and the nozzle to plate distance, made non-dimensional with
the nozzle exit diameter (h/d). It is desired to study the
variation of the flow instability characteristics with these
parameters which influence the impingement tone of the
feedback loop. To acquire the double PIV data for this study,
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more illumination by light scattering. The time-shift (Δt) to be
used for the experiments should be significantly greater than
the laser pulse jitter but at the same time, small enough to
capture the flow dynamics. Hence, a sensitivity analysis might
also be required to ensure the correct time-shift settings.
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recent advances in PLIF techniques include the imaging of the
entire length of a quartz combustor [15] and rapid OH PLIF
imaging of a flame at 50 kHz [16].

ABSTRACT
The distribution of OH radicals has been visualised within a
hypersonic shock tunnel. Unexpected fluorescence was
observed in the flow that passed around a supersonic combustor
model. This fluorescence was independent of model fuelling
configuration, but was dependent on oxygen being present in
the test gas. The authors believe the mostly likely cause of this
fluorescence is due to OH radicals being produced within the
high temperature facility nozzle supply region.

This paper presents PLIF images at the rear of an axisymmetric
combustor model [17]. Fluorescence from outside the core flow
from the nozzle facility was observed, and possible causes of
this fluorescence are discussed.

2. Methodology
2.1 Experimental model
An axisymmetric combustor model was examined, shown in
Figure 1, consisting of contoured diffuser, constant area
isolator, cavity and diverging combustor sections. The model
was designed to test combustor conditions equivalent to those
found in a vehicle flying at Mach 8 [17]. In these ground
experiments, the diffusor decreased the flow speed from Mach
4 at the facility nozzle exit to Mach 3 in the isolator.

1. INTRODUCTION
Advances in hypersonic flight (faster than five times the speed
of sound, or more than 1.7 km/s) have become a research
priority around the world. In particular, the supersonic
combustion ramjet, or scramjet, engine is seen as a primary
candidate for propulsion of hypersonic cruise vehicles or for the
second stage in access-to-space launch systems [1]. This is due
to the scramjet's ability to ingest oxygen from the atmosphere
as it flies, leading to higher specific impulse than a similar
rocket-based system. A scramjet-propelled vehicle may also
have other operational benefits when compared to rockets, such
as reusability and more convenient aircraft-like flight
procedures [2].
Due to the high stagnation enthalpies and pressures at
hypersonic flight conditions, it is beneficial to perform groundtesting in short-duration impulse facilities such as the freepiston shock tunnel [3], with test times of the order of 1–10 ms.
One such facility is the T4 shock tunnel at The University of
Queensland [4]. Flight equivalent conditions typically
examined include Mach 4-12 at dynamic pressures of
50–150 kPa.

Figure 1. Axisymmetric experimental model, from [17].
The isolator acts to stabilise the flow if dual-mode combustion
occurs, such that subsonic flow does not spill upstream into the
inlet and unstart the model. The cavity is intended to produce a
recirculation of hot air-fuel mixture that bleeds combustion
radicals into the core flow, acting as a stable ignition zone and
flameholder. Finally, the diverging combustor region acts to
relieve pressure increase due to combustion, ensuring the
pressure does not reach a critical level that causes separation of
the boundary layer and unstart the combustor model.

Experimental measurements of scramjet technology in these
facilities (and in flight) typically take the form of pressure, heat
transfer and/or temperature data at the surface of test models
[6-8]. One notable exception was the first measurement of a
scramjet that produced more thrust than drag, which relied
primarily on the use of a stress wave force balance [9].
However, these experimental methods only provide
information at the model surface, or global variables such as
thrust and drag. To gain insight of the properties within the core
flow in these experiments, non-intrusive optical diagnostic
techniques are required. Examples of such techniques include
Schlieren photography [10,11], chemiluminescence [11,12],
and planar laser-induced fluorescence (PLIF) [12–17].

Ethylene fuel was injected through 8 cylindrical injectors with
1.4 mm diameter angled at 45° to the local surface. Fuel was
varied between fuel-air equivalence ratios of ER = 0–1.0, with
interesting PLIF phenomena being observed for ER = 0.14,
0.30, 0.40 and 0.60. The resultant pressure distributions can be
found in [17].
2.2 Experimental Facility
Experiments were conducted in the T4 shock tunnel at The
University of Queensland, shown in Figure 2. During a test,
high pressure air in the reservoir accelerates a 90 kg piston
along the compression tube, which is filled with argon. The
piston compresses the argon in a near-isentropic manner,
raising it to high pressure and temperature.

PLIF is of particular interest to the current research. This
technique involves directing a laser sheet through the test flow
to excite a particular species, which de-excites and emits
photons that are detected by a camera. By filtering background
(and laser) signal, PLIF produces a two-dimensional snapshot
of the distribution of the selected species over a time scale of
50-100 ns, during which the flow is effectively stationary.
Illumination from the laser produces high signal to noise ratios
compared with similar short time scale emission. Examples of
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Figure 2. Schematic of the T4 Shock Tunnel from [5].

a) Side view (optical shielding removed for clarity)

b) Front view

Figure 3. Optical components directing the laser sheet into a test model from [12] (not to scale).
This pressure bursts a 1 mm thick steel diaphragm that initially
separated the argon from the air test gas in the shock tube. A
discontinuity in pressure and temperature forms between the
two gases, sending a shock along the shock tube. The shock
processes the air test gas, and then reflects off the far end to
reprocess and stagnate the air. This air is now at very high
pressure and temperature, approximately 5 MPa and 2700 K,
respectively, which acts as a supply region for the facility Mach
4 nozzle. Air is then accelerated through the Mach 4 nozzle to
test conditions, passing through the test section and model,
producing the test conditions shown in Table 1.
Quantity
Shot number
Static Pressure
Static Temperature
Velocity
Effective Flight Mach number
Effective Flight Dynamic Pressure

Value
12033
32.8 ± 4.3
832 ± 66
2170 ± 65
7.90 ± 0.27
96 ± 11

bandpass filter and then observed on an intensified CCD
camera. A beam splitter reflects a small portion of the laser
intensity onto a dye cell to account for shot-to-shot variations
in laser intensity and profile as shown in Figure 3b.
For the present research, the laser sheet was located behind the
test model, as shown in Figure 4. The laser sheet was either
aligned normal to the flow with the ICCD camera at an angle,
as in Figure 4, or aligned with the flow with the ICCD camera
normal to the laser sheet, as in Figure 3b.

Unit
–
kPa
K
m/s
–
kPa

Table 1. Flow properties at the exit of the facility nozzle
for a typical test.
2.2 Visualisation Arrangement
The PLIF setup is shown in Figure 3, with a previous test model
from [12]. A laser is directed through a cylindrical lens,
producing a diverging laser sheet that is collimated by a planoconvex lens, as shown in Figure 3a. The laser sheet is directed
into the test section where it excites OH molecules in the test
flow, producing fluorescence that is filtered by a 310 ± 11 nm

Figure 4. Laser sheet arranged normal to the test flow,
from [18].
The laser was set to a wavelength of 283.9 nm in order to excite
OH radicals using the Q1(J”=9.5), Q2(J”=7.5) doublet in the
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(v’,v”) = (1,0) vibrational excitation band. These excitations
were used due to their relatively high strength and lack of
sensitivity to temperature [12].

OH, combined with the narrow bandpass filter to detect OH
emission, it is unlikely (but not impossible) that this
fluorescence is from another species.

3. Results and Discussion
Example PLIF results from [17], normal to the flow, are shown
in Figure 5. These images have been processed to account for
the angle of the viewing camera, and normalised for variation
of laser intensity along the laser sheet.

a) Fuel on.

b) Fuel off.
Figure 6. Raw PLIF images with laser aligned with the
flow. Intensity of b) has been doubled to allow
comparison. Flow direction is from right to left.
The exhaust of the model is shown as the expanding dark region
in Figure 6b, with the expected OH-rich region in the centre of
Figure 6a. The laser sheet plane for the PLIF images in Figure
5 would be located normal to the images in Figure 6, and
slightly further upstream (to the right of the sheet in Figure 6).
Figure 5. Processed OH PLIF images normal to the
model exhaust from [17].

There is still fluorescence even in the absence of injected fuel,
as in Figure 6b. This implies that the cause may be upstream of
the experimental model, perhaps in the production of some OH
within the nozzle supply region, from oxidation of tunnel
grease, etc. It is believed that the higher temperatures and lower
densities outside the core flow act to keep OH radicals in
chemical non-equilibrium. Additionally, a test was conducted
with nitrogen test gas that did not produce fluorescence,
indicating that oxygen must be present in the freestream of the
fluorescence to occur. This implies that the species must be
either OH or another oxide such as NO, NO2, FeO, FeO2, etc.

The white outlines in Figure 5 show the circular exhaust of the
model, as well as the inner and outer edges of the OH-rich zone.
Within the centre of the image is a dark region of fuel-lean air
flow, and an outer dark region that is believed to indicate nearcomplete combustion products (i.e. minimal OH radicals.)
Outside the white ring indicating the combustor exit is a region
of fluorescence due to an, as yet, unknown cause. This
fluorescence was investigated, with the laser sheet aligned
along the flow, and the camera normal to the laser sheet. Raw
PLIF images (not corrected for laser profile) from this
arrangement are shown in Figure 6. Note that Figure 6a is
significantly more intense than Figure 6b, due primarily to an
increase in laser intensity for this shot. Flow in Figure 6 is from
right to left, with fluorescence only occurring within the laser
sheet. Note that there is no significant natural emission outside
the region of the laser sheet. Since the laser is tuned to excite

Given that the experimental model is not directly connected to
the facility nozzle, there is some mass flow of gas passing
around the experimental model. The boundary layer of the
facility nozzle has previously been observed to produce high
intensity natural emission in the UV, thus it is possible that
there are OH radicals in this region. An example of such natural
emission with 300 ns, filtered by a UG-5 filter and observed on
a UV intensified CCD camera, is shown in Figure 7. The
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authors therefore conclude that the most likely cause of this
fluorescence is from OH produced through reactions with the
oxygen in the test gas upstream of the facility test section.

Mach 10 flight condition, Ph.D. Thesis, School of
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School of Mechanical and Electrical Engineering, The University of Southern Queensland, QLD. 4350, AUSTRALIA
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A FLDI instrument has been designed for the investigation of
the freestream density fluctuations that are present in ‘TUSQ’,
the hypersonic wind tunnel at the University of Southern
Queensland. TUSQ produces quasi-steady cold flows of Mach
6 air for approximately 200 ms. This is achieved by accelerating
stagnated air (𝑃𝑃0 = 1 MPa, 𝑇𝑇0 = 576 K) through a convergingdiverging nozzle with an exit diameter of 217.5 mm. The static
density of the hypersonic flow is approximately 34 g/m3. The
TUSQ facility is described in more detail elsewhere [5].

ABSTRACT
A focused laser differential interferometer has been designed
for the investigation of freestream and boundary layer flows
produced in the University of Southern Queensland’s
hypersonic wind tunnel. The instrument has been shown to have
sufficiently high frequency resolution and signal-to-noise ratio
such that the inertial subrange of the low density (𝜌𝜌̅ ≈ 34 g/m3)
freestream nozzle flow can be resolved. Measurements of the
boundary layer flow on a conical-nosed (7∘ half angle) cylinder
show that the instrument can resolve the second mode
instability present in the high speed transitional boundary
layers.

2. BACKGROUND
A general schematic of the FLDI layout implemented in TUSQ
is shown in Figure 1. A linearly polarised laser beam is
expanded, then passed through a prism placed at the focus of a
converging lens. This prism has the effect of splitting the beam
into two orthogonally polarised beams (shown in green and blue
in Figure 1) separated by a small angle (𝜎𝜎). The converging lens
fixes the beam separation to a finite distance (∆𝑥𝑥) and focuses
the beams to a point in the test section. The system is symmetric
about the focus so the beams can be recombined by means of a
second polariser and the interference signal measured by a
change in intensity on a photodetector. The focusing technique
causes a spatial filtering effect allowing the FLDI instrument to
measure low intensity density fluctuations at the focus of the
instrument, even when passing through a turbulent boundary
layer of higher intensity. FLDI is sensitive to phase differences
between the two beams of the instrument. The phase changes
are caused by fluctuations in refractive index (𝑛𝑛) which can then
be related to density (𝜌𝜌) perturbations by the Gladstone-Dale
relation.

1. INTRODUCTION
Focused laser differential interferometry (FLDI) is a point-like
non-imaging common path diagnostic which provides a
quantitative measurement of the density fluctuations at the
instrument’s focus. Because of its high frequency response
(>10 MHz) and adequate streamwise spatial resolution (which
is in the order of hundreds of microns), FLDI has recently been
applied to the study of the instabilities present in hypervelocity
boundary layer flows [1], and to quantify the density
fluctuations present in the flows produced in supersonic and
hypersonic wind tunnels [2, 3].
The fluctuations present in the flows produced in conventional
hypersonic ground testing facilities are on-to-two orders of
magnitude greater than in flight. The elevated freestream
fluctuations can have a significant impact on the results of
ground test experiments, such as moving the laminar-turbulent
transition location forward on a body, and exciting the natural
frequencies of structures. Uncertainties in transition prediction
lead directly to uncertainties in the estimation of essential
hypersonic vehicle design parameters such as viscous drag and
the surface heat flux, and these uncertainties have a significant
impact on the weight of a flight vehicle. Therefore, the flow
quality, including the freestream fluctuations, must be well
understood so that experiments in ground testing facilities can
be correctly interpreted. Consequently, there has been
considerable worldwide effort to characterise the disturbances
present in hypersonic wind tunnels [4].
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The most thorough description of FLDI to date was completed
by [3], containing derivation of system transfer functions for
simple flow geometries and an analysis of the optical
components. The FLDI turbulence spectra are convolved with
transfer functions related to the separation of the beams and
their convergence angle. The measured phase difference signal
(∆𝜑𝜑𝐴𝐴 − ∆𝜑𝜑𝐵𝐵 ) is related to the density fluctuations (𝜌𝜌′) by
𝜆𝜆
ℱ{∆𝜑𝜑𝐴𝐴 − ∆𝜑𝜑𝐵𝐵 }
𝜌𝜌′ (𝑡𝑡) =
ℱ −1 �
�
2 𝜋𝜋 𝐾𝐾𝐺𝐺𝐺𝐺 ∆𝑥𝑥
𝐻𝐻∆𝑥𝑥 (𝑘𝑘) 𝐻𝐻𝑧𝑧 (𝑘𝑘)
where 𝜆𝜆 is the wavelength of the laser, 𝐾𝐾𝐺𝐺𝐺𝐺 is the GladstoneDale coefficient, ∆𝑥𝑥 is the beam separation, 𝐻𝐻∆𝑥𝑥 (k) is the
transfer function due to finite beam separation, and 𝐻𝐻𝑧𝑧 (𝑘𝑘) is the
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Figure 1. Layout of FLDI. i- Laser; ii- Diverging lens; iii- Pinhole; iv- Variable iris; v- Sanderson prism 1; vi- Field lens 1; vii- Field
lens 2; viii- Sanderson prism 2; ix- Collinamting lens; x- Berek compensator; xi- Polarising beam splitting cube; xiii- Photodetectors.
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transfer function due to beam width along the beam path.
𝐻𝐻∆𝑥𝑥 (𝑘𝑘) is a function of the flow direction relative to the axis of
beam separation and is defined as

again at (xi) and the intensity of the two subsequent beams
measured at detectors (xii). These two beams represent the two
beams that propagate between the two Sanderson prisms, and
their intensity as measured by the photodetectors is 180° out of
phase. As each beam propagates across a flow they encounter
slightly different refractive index fields, and when recombined
the relative phase differences result in an elliptically polarised
output beam. The ellipticity of the output beam is measured by
the two photodetectors as a measurement of the phase
difference.

−1

𝐻𝐻∆𝑥𝑥 (𝑘𝑘) = ��1 + (𝑘𝑘 ⁄𝑘𝑘𝑐𝑐 )2 �
where k is the wavenumber of the disturbance which is given
by 𝑘𝑘 = 2𝜋𝜋𝜋𝜋⁄𝑢𝑢𝑐𝑐 , where f is the frequency and 𝑢𝑢𝑐𝑐 is the
convective velocity of the flow. The cut-off wavenumber (kc) is
dependent on the orientation of the flow relative to the axis of
beam separation. For the TUSQ FLDI instrument the flow is
perpendicular to the axis of beam separation to provide the
maximum frequency response, and thus 𝑘𝑘𝑐𝑐 = 1.10⁄∆𝑥𝑥 [3]. For
the investigation of freestream nozzle flow disturbances where
the FLDI beams are focused at the nozzle centreline,
𝜋𝜋 𝑤𝑤0 √2𝜋𝜋
𝑘𝑘 𝐿𝐿 𝜆𝜆
𝑤𝑤02 𝑘𝑘 2
𝐻𝐻𝑧𝑧 (𝑘𝑘) =
erf �
� exp �−
�
𝑘𝑘 𝐿𝐿 𝜆𝜆
8
2√2 𝜋𝜋 𝑤𝑤0
where L is the half-width of the flow and w0 is the beam waist
radius. The phase difference signal is calculated from the
signals of the two photodetectors (A and B) using
𝐹𝐹𝐴𝐴𝐴𝐴 − 𝐹𝐹𝐴𝐴𝐴𝐴,𝑀𝑀𝑀𝑀𝑀𝑀
∆𝜑𝜑𝐴𝐴 − ∆𝜑𝜑𝐵𝐵 = sin−1 �2 �
� − 1�
𝐹𝐹𝐴𝐴𝐴𝐴,𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐹𝐹𝐴𝐴𝐴𝐴,𝑀𝑀𝑀𝑀𝑀𝑀
where 𝐹𝐹𝐴𝐴𝐴𝐴 = (𝐴𝐴 − 𝐵𝐵)⁄(𝐴𝐴 + 𝐵𝐵).

This FLDI instrument was designed for use with USQ’s
hypersonic wind tunnel facility, TUSQ [5]. All optical
components were placed outside the test section, and mounted
independent of the facility and its framework. By not
connecting the optics to the test section, the capability to open
and close the test section was maintained which is beneficial for
future projects where models require mounting in the test
section, and for measurement of the beam location. The TUSQ
test section is a generic one-size-fits-all component common to
all available nozzles and experiment types (free flight, fixed and
heated models). Consequently, the test section is not optimally
designed for implementation of FLDI. The test section windows
are 1028 mm apart, compared to an exit diameter of 217.5 mm
for the Mach 6 nozzle. This geometry reduces the effective
focusing ability of FLDI. Best practice in FLDI is to place the
field lenses as close to the flow-field as possible, but the
availability of only discrete focal lengths of commercial lenses
further constrain the design.

3. INSTRUMENT

3.1 Design and Layout
The FLDI instrument at USQ is a two-photodetector model
based on the design presented in [3]. The arrangement of the
USQ FLDI instrument is summarised as a general schematic in
Figure 1, and the individual components listed in Table 1. In
this research the FLDI beams were focused on the nozzle
centreline at 25 mm downstream of the nozzle exit plane.
Description
Laser, 632.8nm polarised
Aspheric lens, 𝑓𝑓 = 7.50mm
Pinhole, 20μm diameter
Variable iris
Sanderson prism

Part No.
HNL020L
A375-A
P20S
ID15
LA1256-A
Plano-convex lens, 𝑓𝑓𝐹𝐹 = 300 mm
Camera lens, 𝑓𝑓 = 28–50mm
Berek compensator
5540M
Polarising beam splitter
PBS201
Photodetector, battery biased
DET100A2
Table 1. FLDI instrument components

BL
Nozzle

Freestream

70 mm

35 mm

Item
i
ii
ii
iv
v, viii
vi, vii
ix
x
xi
xii

The ability of the FLDI instrument to reject the signals not at
the FLDI focus point was improved mechanically by
implementing ‘beam shrouds’, one of which is illustrated in
Figure 2. Two diametrically opposed beam shrouds were fixed
to the nozzle at the exit plane, with the sharpened leading edge
positioned 35 mm upstream of the nozzle exit plane. These
devices forced the boundary layer (BL) on the nozzle wall and
the turbulent free shear layer (TSL) to pass around the path of
the FLDI beams, which could then pass through the cylindrical
passage unperturbed by the TSL.

Nozzle Exit

The laser (i) provides a high quality (TEM00) collimated laser
beam that is linearly polarised at 45∘ relative to the axis of beam
separation. This beam is expanded by the lens (ii), and the
expanded beam is then spatially filtered at (iii) and (iv). When
the beam reaches the first Sanderson prism at (v) it is split into
two narrowly diverging orthogonally polarised beams. These
two beams continue to diverge until the first field lens at (vi)
which sets the beam separation and focuses the FLDI beams.
The second field lens (vii) is used to refocus the two FLDI at
the second Sanderson prism (viii) which is loaded in the same
state as (v). The second Sanderson prism recombines the two
beams to a single polarisation state where the original beams
can interfere, and this beam is collimated at (ix). There is a
small difference in optical path length for the two beams when
they pass through the Sanderson prisms due to the difference in
extra-ordinary and ordinary refractive indices for the prism
material. This change in optical path length is compensated by
a phase shift using a Berek compensator (x). The beam is split

Direction of
Beam
Propagation

32 mm

19 mm

Figure 2. Schematic of a beam shroud
3.2 Calibration of the Berek Compensator
The manufacturer-supplied calibration of the Berek
compensator has previously been found to be a poor fit to the
actual performance of the device ‘for unknown reasons’ [3],
and it was therefore necessary to check the calibration supplied
by Newport.
The Berek compensator was calibrated by passing a collimated
linearly polarised laser beam through the compensator. This
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The Sanderson prisms were calculated using the grid sampling
technique described in [3] which uses a reference refraction
supplied by a meniscus lens that traverses along the axis of
beam separation and the phase retardance of the Berek
compensator at various settings.

beam was then split using a polarised beam splitter with one
axis aligned with the original polarisation state. The intensity of
the two beams were measured using two photodetectors. This
process was repeated for the full range of indicator settings of
𝐼𝐼 = 0–17. Initial calibrations, like [3], did not match the
supplied calibration. An optical post was then fitted to the
second mounting hole of the Berek compensator, and a
micrometer head arrangement installed for fine adjustment of
the Berek compensator angle relative to the incident beam (𝛽𝛽).
When 𝛽𝛽 = 90∘ (incident radiation normal to the compensator)
the manufacturer-supplied calibration was confirmed.

The results of the Sanderson prism calibration are presented in
Figure 5 with a comparison to the theoretical performance of
the Sanderson prism. The maximum/minimum theory lines
were set using the limits of the modulus of elasticity for
Makrolon (2300–2400 MPa). The experimental calibration of
the Sanderson prism shows excellent agreement with the
theoretical performance. A small offset at XL = 0 indicates the
presence of residual stresses in the prism.

Figure 3. Calibration of the Berek compensator.
3.3 Design and Calibration of the Sanderson Prisms
Two Sanderson prisms were used as adjustable inexpensive
beam splitting and beam polarising elements as an alternative
to an expensive pair of fixed small divergence angle Wollaston
prisms. When a stress birefringent prismatic bar is loaded in
four point bending (Figure 4) it polarises and diverges the
incident beam, providing a first order approximation of the
Wollaston prism [6]. The material used to create the prisms in
this research is Makrolon.

Figure 5. Results of the Sanderson prism calibration
4. MEASUREMENTS
The FLDI instrument was used to measure the freestream
density fluctuations present in the Mach 6 flow generated in
TUSQ. Raw barrel pressure and photodetector data from Run
829 where ∆𝑥𝑥 = 169 𝜇𝜇m is shown in Figure 6. For clarity the
signals have been offset, and the data arranged such that flow
initiation occurs at 𝑡𝑡 = 0. The barrel pressure trace shows that
the test flow terminates at 𝑡𝑡 ≈ 210 ms. A high signal-to-noise
ratio (SNR) for the photodetector signals is evident during the
test time, and upon flow termination the SNR reduces to preflow levels. At 𝑡𝑡 ≈ 220 ms the results show that the
photodetectors measured significant density fluctuations, and
this is because the gas is subjected to pressure wave
disturbances as the test section pressure equilibrates with the
dump tank pressure on nozzle flow termination.

The beam divergence (∆θ) is approximated by [3]:
−𝑛𝑛03
3 𝑏𝑏 𝐸𝐸 𝑋𝑋
[𝑞𝑞11 − 𝑞𝑞12 ]
∆𝜃𝜃 ≈ �
�
(3 𝐿𝐿2 − 𝑌𝑌 2 )
2
where 𝑋𝑋 is the midspan deflection, q and E are the stress optic
coefficients and modulus of elasticity of the prism material
respectively, 𝑛𝑛0 is the refractive index of the prism, and b is the
thickness of the prism.
L = 70.0 mm
Y = 52.0 mm

𝑃𝑃

𝑋𝑋𝐿𝐿

Steel loading bar

Prism
X

Figure 4. Geometry of a Sanderson prism
For a given beam divergence (∆𝜃𝜃) the beam separation (∆𝑥𝑥) is
fixed by the field lens, and through simple trigonometry,
∆𝜃𝜃
∆𝑥𝑥 = 2 𝑓𝑓𝐹𝐹 tan � �
2
The mid-span prism deflection (X) was not directly measured.
Instead, the deflection of the loading bar (XL) was used to
determine the beam divergence angle. Assuming an infinitely
stiff loading bar, 𝑋𝑋 ≈ 1.09𝑋𝑋𝐿𝐿 for the prism geometry used.

Figure 6. Raw FLDI photodetector voltage data for Run 829
with 𝛥𝛥𝛥𝛥 = 169𝜇𝜇𝜇𝜇. Data offset for clarity.

The FLDI signal in the time domain must be transformed into
the wavenumber domain to apply the transfer functions 𝐻𝐻∆𝑥𝑥 (k)
and 𝐻𝐻𝑧𝑧 (𝑘𝑘). Although the SNR was found to be high in the time
domain, in the wavenumber domain the SNR of the FLDI signal
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is wavenumber dependent, and therefore an important step is to
assess the noise baseline across the wavenumber range.
Immediately prior to a run a baseline measurement of the
photodetector voltages is recorded, and these can be used to
calculate the baseline phase difference signal. Additional to the
basic SNR calculation, the coherence spectrum of the two
photodetector signals is used to discriminate the turbulence
signal from any background noise. Segments of the spectra
dominated by the density fluctuations present in the TUSQ flow
near the FLDI focus have a coherence approaching unity. In this
research a coherence threshold of 0.8 was used for the analysis
of the FLDI spectra.
The density fluctuations for Run 843 for t = 10–30 ms are
shown in Figure 7. The power spectral density of the turbulent
density fluctuations is well above the baseline noise level for
k = 4 − 2000 m-1. For k ≳ 3000 m-1, the SNR is low which
results in the transfer functions modulating a small signal
embedded in the baseline noise which results in a non-physical
increase of |ρ′∞ |2 .

Figure 8. Normalised phase difference fluctuations for
boundary layer measurements on a conical nose cylinder.
5. CONCLUSIONS
A focused laser differential interferometer has been designed
and built for the investigation of freestream and boundary layer
disturbances in the University of Southern Queensland’s
hypersonic wind tunnel. This instrument was used to resolve the
turbulent energy cascade by freestream flow measurements,
and has been shown to be capable of identifying the send mode
instabilities present in transitional boundary layers.

A von Kármán spectrum was fitted to the coherent segment of
the density fluctuation spectrum with a satisfactorily high SNR.
The slope of the roll-off is -5/3 which is consistent with the
cascade of turbulent energy in the inertial subrange.

ACKNOWLEDGMENTS
Byrenn Birch was supported by an Australian Government
Research Training (RTP) Scholarship. This research was
partially supported by the Australian Government through the
Australian Research Council's Discovery Projects funding
scheme (project DP180103480).
REFERENCES
[1] Parziale N.J., Shepherd J.E. & Hornung. (2013) Differential
Interferometric Measurement of Instability in a
Hypervelocity Boundary Layer. AIAA Journal, 51, 750–
754.
[2] Parziale N.J., Shepherd J.E. & Hornung. (2013) FreeStream Density Perturbations in a Reflected Shock Tunnel.
Experiments in Fluids, 55, 1662.
[3] Fulghum M.R. (2014) Turbulence Measurements in HighSpeed Wind Tunnels Using Focused Laser Differential
Interferometry, Ph.D. Thesis, College of Engineering, The
Pennsylvania State University.
[4] Wagner A., Schülein E., Petervari R., Hannemann K., Ali
S.R.C, Cerminara A. & Sandham N.D. (2018) Combined
Free-Stream Disturbance Measurements and Receptivity
Studies in Hypersonic Wind Tunnels by Means of a Slender
Wedge Probe and Direct Numerical Simulation. Journal of
Fluid Mechanics, 842(3), 495-531.
[5] Buttsworth D.R. (2010) Ludwieg Tube Facility with Free
Piston Compression Heating for Supersonic and
Hypersonic Testing. In, editor Short W. & Cairns I., Proc.
9th Australian Space Science Conference, Sydney,
Australia, 153–162, 28–30 September.
[6] Sanderson S.R. (2005) Simple, Adjustable Beam Splitting
Element for Differential Interferometer Based on
Photoelastic Birefringence of a Prismatic Bar. Review of
Scientific Instruments, 76, 113703.
[7] Parziale N.J., Shepherd J.E. & Hornung. (2013)
Observations of Hypervelocity Boundary-Layer Instability.
Journal of Fluid Mechanics, 781, 87–112.

Figure 7. Power spectral density spectrum of the density
fluctuations measured during Run 843 for t = 10–30 ms.
Following the investigation of the freestream disturbances in
TUSQ using the FLDI instrument, the boundary layer on a
conical-nosed (7∘ half angle) cylinder was investigated as a
demonstration of the capability of the instrument for future
experimental work in TUSQ. The FLDI beam and the TUSQ
nozzle were fixed in position and the model traversed axially.
The FLDI beam was focused 2.8 mm above the top surface of
the cylinder. The position of the nose of the cylinder was varied
from 125– 451 mm ahead of the FLDI beam focus. The
transfer function 𝐻𝐻𝑧𝑧 (𝑘𝑘) used for processing the freestream data
is inappropriate to use for this flow-field. An appropriate
transfer function has yet to be developed for this flow, thus the
preliminary results are presented in terms of the phase
difference signal normalised by the beam separation distance
using
PSD{∆𝜑𝜑𝐴𝐴 − ∆𝜑𝜑𝐵𝐵 }
𝜉𝜉 ′ =
∆𝑥𝑥
Normalised phase difference fluctuations for two boundary
layer flows and the freestream spectra are compared in Figure 8.
A significant increase of ξ′ for the freestream disturbance level
was found for the transitional and turbulent boundary layers.
The hump in the transitional boundary layer spectrum in the
100 − 200 kHz frequency band are second mode instabilities.
These instabilities drive the transition process [4], increasing in
amplitude before breaking down into turbulence [7].
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However, it remains unclear if these important findings are
applicable more generally to a larger range of flow
configurations and conditions. In particular, particle clustering
is still not well understood in more complex shear flows under
conditions relevant to a wide range of practical systems, such
as turbulent pipe jets in the two-way coupling regime. This lack
of understanding is, in part, due to the lack of spatially-resolved,
three-dimensional experimental data of these flows, together
with the significant computational expense of fully-resolved
simulations under these conditions.

ABSTRACT
High speed tomographic particle image velocimetry was
utilised to measure the four-dimensional distributions of
particles at the exit of a particle-laden turbulent pipe-jet under
conditions where particle clustering was previously shown to
occur. The flow was seeded with monodisperse particles of
diameter dp=10µm at sufficiently high loadings such that the
flow was in the two-way coupling regime. The resultant particle
Stokes number, based on the large-eddy timescale, was
SkD=1.4, while the flow bulk Reynolds number was
ReD=10,000. The results show that the strain rates and vorticity
are lower in the particle-laden jet than in the equivalent singlephase flow, and, importantly, that these parameters are lower
inside of clusters compared to outside of clusters. Furthermore,
the results show that particle clusters are temporally correlated
to regions where both the vorticity and strain rates, i.e., where
the total magnitudes of the velocity gradients, are low.

This study forms part of a larger research campaign that aims
to advance fundamental understanding of particle clustering in
particle-laden turbulent pipe-jets in the two-way coupling
regime. In particular, this study aims to measure the correlations
between strain rates, vorticity and particle clustering utilising
time-resolved tomographic particle image velocimetry under
conditions previously shown to result in significant particle
clustering [5, 6].

1. INTRODUCTION

2. EXPERIMENTAL ARRANGEMENT

Particle clustering is an important naturally-occurring
phenomenon whereby suspended particles in a fluid flow
preferentially concentrate into highly localised regions. This
phenomenon has been shown to occur in a range of flow
configurations, such as isotropic turbulence [1, 2], shear flows
[3], channel flows [4] and turbulent jets [5, 6]. The ubiquity of
clustering therefore makes it relevant to many natural and
human-made systems employing particles, for example,
pollutant dispersion, combustion of solid fuels and, more
recently, concentrated solar thermal systems. Industrial systems
are particularly strongly influenced by particle clustering,
because these systems typically operate under sufficiently high
particle loading such that the particles have a significant impact
on the fluid-phase (i.e. the two-way coupling regime). This
means that particle clustering not only influences the
instantaneous and mean distributions of particles, but it also
affects the carrier fluid. This, in turn, can influence chemistry,
emissions, thermal performance, operational safety and
financial viability of many industrial systems. Therefore, there
is a strong need for improved fundamental understanding of the
phenomenon of particle clustering, particularly under
conditions relevant to industrial systems.

The experiment consisted of tomographic PIV measurements of
a particle-laden turbulent jet issuing from a vertically mounted,
long, round pipe, as shown in Figure 1. The pipe had an
internal diameter of D = 6.22mm, and a length of L = 1000mm,
resulting in a length-to-diameter ratio of L/D = 161. This lengthto-diameter ratio was previously found to be sufficient to
approach a fully-developed two-phase flow at the pipe exit [8].
Dry air was introduced into the flow at room temperature at a
constant flow rate, resulting in a bulk velocity of Ub = 24m/s
and a Reynolds number, based on the pipe diameter, of ReD =
ρUbD/µ = 10,000. Here, ρ and µ are the density and dynamic
viscosity of the fluid, respectively. The flow was introduced to
the jet using “tee” junction. This was previously found to aid in
generating a symmetrical flow at the pipe exit [8, 9].

4 × High speed
CMOS cameras

There have been some significant strides towards understanding
particle clustering. Previous studies have shown that particle
clustering is significantly influenced by the particle Stokes
number, Sk, which is defined as the ratio of the particle-to-fluid
time-scale. In particular, numerical simulations under dilute
conditions have shown that clustering is most significant where
the Stokes number, based on the Kolmogorov time-scale, is on
the order of unity [1, 4]. Furthermore, it is now well-established
that in flows with highly organised flow structures, particles
tend to cluster in regions of high strain and low vorticity [7].

Particle-laden
turbulent jet

Dual head
Nd:YAG laser

Particle-laden
flow inlet via
“tee” piece
Figure 1. Diagram of the experimental arrangement
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particle reconstructions with a ratio between the longest and
shortest principal axes lengths in excess of 1.3 were discarded.
Particle clusters were identified from the particle positions
using the previously developed Voronoi technique [14]. This
technique involves calculating the Voronoi cells, i.e., the
polyhedrons with surfaces that are defined as the average
distance between a particle and its nearest neighbours, for each
particle. Subsequently, the volume for each Voronoi cell, Ɐv,
was calculated. The Voronoi cell volume is inversely
proportional to the particle number density, i.e., regions of
small Ɐv corresponding to high particle concentrations.
Therefore, a cluster is defined as the contiguous group of cells
that share a surface, consisting only of individual cells with
normalised Voronoi volume smaller than a threshold, Ɐ ≤εv.
Here, Ɐ = Ɐv/Ɐ , is the Ɐ average Voronoi cell volume
calculated on a shot-by-shot basis, and εv a threshold value. The
threshold value was calculated by first estimating the expected
average value of Ɐ for a system of randomly distributed
particles. The probability distribution function of this random
system can be approximated by [15]
(a / c)
v)  c b
 v ( a 1) exp(b
 vc )
(1)
pdf (

( a / c )
where a = 4.7868, b = 4.0681, c = 1.1580 and Γ is the gamma
function. The threshold was selected to exclude 97.5% of
“clusters” that are expected to be generated by random
processes,
i.e.,
εv
is
the
solution
to
c


cdf(v )   (a / c, bv ) / (a / c) , where γ is the lower

Monodisperse PMMA particles with diameter dp = 10±1µm and
material density ρp = 1200kg/m3 were introduced into the flow
using a custom-built fluidised bed feeder. The particle mass
loading was fixed at φ = 0.1, which was sufficiently high for the
flow to be in the two-way coupling regime [9]. The particle
Stokes number, based on the large-eddy time-scale, was SkD =
ρpdp2Ub/(18µD) = 1.4. This Stokes number was previously
found to result in significant particle clustering at the exit of a
particle-laden jet [5, 6]. Measurements of the single-phase, i.e.,
the fluid-phase in absence of particles, was conducted using
alumina tracers of diameter dp = 0.3µm and material density ρp
= 3950kg/m3 under otherwise similar conditions.
The source of illumination was a Quantronix Hawk HP dual
head pulsed laser, operating at a combined pulsing frequency of
80kHz and producing a monochromatic beam with a
wavelength of 532nm. The beam was shaped into a 2.8mm
thick light sheet using a series of lenses and knife-edge filters.
The scattered light from the particles were recorded
simultaneously using 4 CMOS cameras (Vision Research
Phantom v1610). The cameras were positioned such that they
imaged the flow from four different directions, corresponding
to θ = 20°, 45°, 135°, and 160°, where θ is the lens angle relative
to the direction normal to the beam sheet. Each camera was
equipped with a Tamron 180mm f#3.5 macro-lens, with the
lenses mounted on the cameras using a Scheimpflug (tilt-shift)
mount. The camera resolution during recording was cropped to
512×304 pixels to enable the 80kHz frame rates. Images of the
flow were recorded continuously for 1.345s, resulting in
107,636 images per camera per experimental case.

incomplete gamma function. This threshold was numerically
calculated to be εv = 0.338.

For every experimental case, the measurements were repeated
twice, recording the regions -0.15≤z/D≤0.30 and
0.17≤z/D≤0.62, respectively, where z is the co-ordinate normal
to the light sheet with the origin located on the pipe axis. This
ensured that data was collected for at least the entire half of the
jet-exit cross section. Before and after each experimental run,
image calibration was conducted by recording images of a
target between -3mm≤z*≤3mm in increments of 0.5mm, where
z* is the z co-ordinate with the origin located in the centre of the
beam thickness.
Reconstruction of the three-dimensional distributions of the
recorded light intensity from the 2D images was conducted
using LaVision DaVis. The reconstruction utilised
multiplicative algorithm reconstruction tomography (MART)
with 5 iterations. The resultant reconstruction volume
corresponded to the region 0.24≤x/D≤1.11 and -0.95≤y/D≤0.95,
where x and y are the axial and beamwise co-ordinates,
respectively. The resolution of the reconstructions was
60.4pixels/mm for all principal axes. The velocity field was
computed from the reconstructions using a 2-pass, multi-grid,
fast Fourier transform cross-correlation algorithm. The final
pass of the cross-correlation utilised an interrogation window
size of 16×16×16pixels with 75% overlap. Details of the PIV
processing parameters can be found in [6]. Velocity outliers
were replaced using the smoothing technique proposed by
Garcia [11]. A low smoothing factor of fs = 10-3 was used to
replace outliers while also limiting the degree of smoothing
applied to the valid data.
Ghost particles, which are artefacts of the reconstruction
algorithm, were removed through particle intensity and size
thresholding [12], and subsequently, temporal correlations
between successive reconstructions [13]. Particle positions
were calculated to sub-pixel accuracy by fitting Gaussian
curves to the particle intensity distributions [6]. Individual

Figure 2. Probability distribution functions of normalised
strain-rate norm, 𝑠̃, and vorticity norm, 𝜔, inside particle
clusters, outside particle clusters, and for the singlephase. Note that both figures share the same legend.
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The velocity J  v , strain rate S = 0.5(J+JT) and vorticity Ω
= 0.5(J-JT) tensors were calculated at each data-point in the
velocity field. Here, v is the velocity vector and the subscript T
denotes a matrix transpose. From these, the Frobenius norm of
the strain rate and vorticity tensors, s= S and ω= Ω ,

jet were of the particle-phase, and not directly of the gas-phase,
the lower values of 𝑠̃ and 𝜔 can also indicate that the particles,
at the current Stokes number of SkD = 1.4, are not fully
responsive to the turbulent fluctuations in the flow.
Nevertheless, interestingly, the results also show that the strainrate norm and vorticity norm are lower within particle clusters
than outside of these clusters. This suggests that the particle
clusters are either dampening the velocity gradients within the
flow, or are biased towards regions of low strain rates and
vorticity.

respectively, were also calculated. Non-dimensional velocity
gradient terms, denoted using the tilde symbol, were calculated
by normalising using the “bulk” velocity gradient, Uc/(D/2),
e.g., 𝜔 = ωD/(2Uc).

Figure 4. Slices of instantaneous velocity gradient norm,
v , at z/D=-0.5, recorded at time t (top) and t+Δt
(bottom),
where
Δt=50µs
(corresponding
to
approximately 1/4 of the bulk particle residence time
within the measurement region). The flow is from bottom
to top. The black dots represent particles, while the black
lines denote the perimeter of the cluster slices. Note that
the slices are coloured on a log-scale.

Figure 3. Joint probability distribution functions of
normalised strain-rate norm, 𝑠̃ , and vorticity norm, 𝜔,
inside (top) and outside (bottom) of particle clusters.

3. RESULTS
Figure 2 presents the probability distribution functions (PDFs)
of normalised strain-rate norm, 𝑠̃, and vorticity norm, 𝜔, for
data inside, and outside of, particle clusters within the twophase jet, together with data for the single-phase (unladen) jet.
The results show that both 𝑠̃ and 𝜔 are lower in the particleladen jet than in the unladen jet, regardless of whether the data
for the former was sampled inside or outside of particle clusters.
Given that the particle number density is low outside of clusters,
and that the particle Stokes number is moderately low, it can be
expected that the particle-phase approximately matches the gasphase within these regions. Therefore, the lower values of 𝑠̃ and
𝜔 outside of clusters in the particle-laden jet relative to the
single-phase jet can be attributed to damping of velocity
gradients in the fluid by the presence of particles. This is
consistent with the flow being in the two-way coupled regime.
Additionally, because the measurements in the particle-laden

Figure 3 presents the joint PDF of normalised strain-rate norm,
𝑠̃, and vorticity norm, 𝜔, for data measured inside and outside
of particle clusters. In both cases, the results show that both 𝑠̃
and 𝜔 are approximately linearly correlated, i.e., regions of high
strain rates also correspond to regions of high vorticity,
irrespective of the presence of particle clusters. This trend,
albeit with a lower gradient between 𝑠̃ and 𝜔 than in the present
case, was also observed in a previous study of turbulent jets [16]
further downstream at x/D = 15. This suggests that the nearlinear correlation between strain-rate and vorticity is a
characteristic of turbulent jets, with the correlation possibly
becoming stronger closer to the pipe exit. In any case, the joint
pdf within clusters has a stronger peak, located at lower values
of 𝑠̃ and 𝜔 than the corresponding joint pdf outside of clusters.
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This shows that particle clusters typically occur in regions
where both vorticity and strain rates are simultaneously low.
Regions of simultaneously low strain rates and vorticity can be
equivalently interpreted as regions of low velocity gradients.
Figure 4 presents two instantaneous slices of the velocity
gradient norm, v , at z/D=-0.5, recorded 4 frames (i.e. 50µs)
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This work describes the operation and preliminary results from
a fifteen-camera tomographic BOS system. The design criteria
and compromises required for BOS are discussed. A filtered
back-projection and algebraic reconstruction technique (FBPART) tomographic reconstruction, which was first described by
Hartmann and Seume [7], is used to obtain time-resolved threedimensional density gradient fields from multiple pathintegrated BOS displacement fields. Detailed threedimensional instantaneous density fields are obtained from
relatively few views, and strategies for combating
reconstruction artefacts due to this are presented.

ABSTRACT
Experimental density field measurements are critical in
describing the dynamics of turbulent convective heat transfer
and mixing. In turbulent flows, the density field is strongly
three-dimensional and varies with time. Tomographic
background-oriented schlieren (BOS) is an optical technique
providing volumetric density measurements across a wide
range of scales by utilising the Gladstone-Dale relation between
a fluid’s density and refractive index. In this work, a fifteencamera tomographic background-oriented schlieren setup is
used with a combined filtered back-projection and algebraic
reconstruction
technique
(FBP-ART)
tomographic
reconstruction to quantify the density field of a turbulent heated
jet. Cameras are used to simultaneously image reference
background patterns while looking through the flow from
multiple angles. Refractive index gradients in each camera’s
field of view produce apparent displacements of the
background patterns, which can be related to the gradients.
Tomographic reconstruction methods are employed to describe
a three-dimensional three-component refractive index gradient
field responsible for producing the observed displacements.
The solution of a Poisson equation, based on the reconstructed
gradients, is used to obtain the refractive index field itself and
hence the instantaneous three-dimensional density fields.
Experimental challenges in implementing tomographic BOS,
such as spatial and temporal resolution, are discussed.

2. BACKGROUND
Optical techniques for density measurement in gasses are based
on the Gladstone-Dale relation (Eq. 1) between the refractive
index n and density ρ, where G(λ) is the Gladstone-Dale
constant which is weakly dependent on the wavelength of light
propagating through the fluid.
𝑛 − 1 = 𝜌𝐺(𝜆)

(1)

2.1 Principles of background-oriented schlieren (BOS)
Light rays passing through an inhomogeneous refractive index
field will be continuously deflected due to the local changes in
wave speed. Figure 1 shows a typical BOS setup, where a
camera and illuminated background are placed on either side of
a flow with density variations (an inhomogeneous refractive
index field). Outside of the flow, ambient conditions with
uniform refractive index prevail. The centreline of the flow and
the background are separated by distance ZD, while the focal
point and background are separated by distance ZB.

1. INTRODUCTION
Density and velocity measurements in turbulent fluid flows are
necessary in describing the evolution and dynamics of turbulent
heat transfer and mixing. Experimentally, measurements of
turbulent density fields have not been as common as velocity.
This is partly due to the lack of development of a robust
technique
capable
of
delivering
three-dimensional
instantaneous measurements. Raffel et al. [14] introduced the
optical method known as the background-oriented schlieren
(BOS) technique to address this problem. BOS uses the
Gladstone-Dale relation between a fluid’s density and refractive
index and is sensitive to spatial refractive index gradients.
BOS has a simple setup, placing a camera opposite a reference
background pattern while looking through the flow of interest.
Light rays travelling towards the camera are deflected due to
differences in wave speed in the flow’s inhomogeneous
refractive index field. These deflections are detected at the
camera as displacements of the background pattern and contain
information on the path-integrated refractive index gradients.
Because BOS measurements are path-integrated, optical
tomography is required to describe the three-dimensional
refractive index gradients and refractive index field. In the most
general case of an unsteady three-dimensional flow with no
assumable symmetry, multiple cameras can be set up around the
flow to record path-integrated information simultaneously.

Figure 1. Schematic of a BOS experiment showing the
relation between ray deflection and image displacement.
The refractive index variations deflect light rays travelling from
the background to the camera, and hence produce a distorted
image in the imaging plane compared to completely ambient
conditions. An apparent displacement field between the
distorted and ambient reference image can be extracted, using
either cross-correlation or optical flow as tested by Atcheson et
al. [3]. For gasses, where refraction is weak, and when the
distance ZD is much greater than the depth of the flow (paraxial
assumption), it can be assumed that the path of the refracted ray
varies only by a single small deflection angle ε compared to the
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ambient ray. The image displacement vectors are related to the
ray deflection angles using geometric optics (where 𝑓 is the lens
focal length),
𝑍𝐷
(2)
𝚫𝑿 = 𝑓 (
) 𝜺.
𝑍𝐵 − 𝑓

results for accurate BOS measurements under further scrutiny
[4].
Subsequently, the refractive index gradients can be used to
obtain the refractive index field itself by solving a Poisson
equation [2],

The deflection angle is a representation of the path-integrated
refractive index gradients along the ray,

𝜕2 𝑛 𝜕2𝑛 𝜕2𝑛
+
+
=𝑞
𝜕𝑥 2 𝜕𝑦 2 𝜕𝑧 2

𝜀𝑧 ′ =

1 𝜕𝑛
∫
d𝑥′.
𝑛0 𝜕𝑧′

The right hand-side source term q found from the derivative of
the displacements. Dirichlet boundary conditions are used far
outside the jet (for faces aligned with the jet axis). Neumann
(convective) boundary conditions, that assume no change in the
gradients in the direction of the jet axis, are used on faces
containing the jet inlet and outlet.

(3)

Here 𝑥′ is a ray’s axis, with 𝑧′ and 𝑦′ being orthogonal
directions detected in the image having the same form of
equation 3. Importantly, this is the foundation for density
gradient measurement using the displacements from BOS
images. As the images provide path-integrated information on
the gradients, optical tomography is required to obtain a threedimensional gradient field which satisfies the path-integrated
information provided from multiple views around the flow. For
a turbulent flow, the short time scales dictate that all views must
be captured simultaneously. In practice this is achieved using
multiple cameras placed around the flow, each facing its own
background pattern.

Alternatively, the refractive index field can be reconstructed
directly from the displacements using iterative methods
combining the gradient field estimation and integration [6, 13].

3. EXPERIMENTAL METHODOLOGY
Figure 2 illustrates the multiple-camera setup used to measure
the instantaneous three-dimensional density of a heated air jet
from a circular nozzle with diameter D = 10 mm. The jet is run
with an exit temperature of Te = 150°C. The nozzle and settling
chamber are insulated to maintain ambient temperature, which
is necessary for solving the Poisson equation using Dirichlet
boundary conditions. Simulations of TBOS [4, 9, 13] show that
14-18 cameras deliver a high accuracy for TBOS, while using
more cameras has diminishing returns. With fewer cameras,
small scales are not well resolved. Based on this, and physical
packaging constraints, 15 cameras are placed transverse to the
jet axis, staggered so that a background pattern is in between a
pair of cameras. This full-circle on-axis configuration enables
FBP to be used and is marginally more accurate than using
semi-circle or stepped (off-axis) camera placements or
clustered cameras [9, 13]. Daheng MER-302 monochrome
3MP cameras with 3.45 µm pixels are chosen because their
small pixel size maximises the displacements, they can record
simultaneously, and have a small physical footprint.

To increase measurement sensitivity, it is desirable to increase
the detected displacements (e.g. using longer focal lengths).
However, a unique challenge in BOS is the presence of
geometric blurring in the measurement, which at the object
plane is defined as
𝑍𝐷
𝛿 ≈ 𝑑𝑎 ( ),
𝑍𝐵

(5)

(4)

where da is the lens aperture diameter. This blurring is due to
the measurement object itself being out of focus in BOS (the
camera is focussed on the background). To limit the spatial
averaging of geometric blurring in the image plane, shorter
focal lengths and smaller apertures are desired. Unfortunately,
this also decreases the detectable displacements and lowers the
overall dynamic measurement range and emphasises the
accuracy of displacement calculation methods. Strong lighting
is also required to compensate for the small apertures.

This setup extends on the single-camera time-averaged 3D BOS
concept used by Amjad et al. [1]. The geometric and optical
parameters for this setup are outlined in Table 1 and represent
a good compromise between spatial resolution for the heated
jet. Geometric blur is kept below 12 pixels, which is
comparable to spatial averaging from cross-correlation methods
for calculating displacements introducing averaging over 8- or
16-pixel windows. The focal length 𝑓 = 25 mm at 𝑓/16 with 100
µs exposure affords good spatial resolution of the
displacements, on the order of 2 pixel (maximum) for this setup
while using compact lighting.

2.2 Tomographic reconstruction
Tomographic reconstruction of the refractive index gradient
field can be achieved using analytical or iterative methods. The
main challenge in BOS is achieving a faithful reconstruction
despite geometric blurring and a limited number of views.
Filtered back-projection (FBP) is a widely used Fourier
transform-based analytical technique for tomographic BOS [5,
16]. It is very efficient but tends to introduce strong streaky
reconstruction artefacts due to the lack of views. It also requires
that all the views are placed in a plane, typically transverse to
the jet axis. The algebraic reconstruction technique (ART)
instead iteratively reconstructs the gradient fields based on an
initial guess (usually uniform conditions) [2]. The solution is
updated by comparing the deflection of light rays through the
iterated gradient field with the true recorded displacements. The
iterative approach leads to a solution time that is orders of
magnitude slower than FBP, but the ability to incorporate prior
information into the initial guess, as well as filter artefacts and
mask the reconstruction domain to prevent their growth, often
leads to a higher quality solution. To improve convergence,
Hartmann and Seume [7] suggest using a filtered FBP gradient
field as the initial solution to ART, which would further filter
and correct artefacts. This approach has shown promising

Parameter
No. of camera
Camera angular spacing (°)
Focal length (mm) and aperture
Focal point-background distance ZB (mm)
Object-background distance ZD (mm)
Object spatial resolution (mm/px)
Background spatial resolution (mm/px)
Geometric blur 𝛿 at image (mm) (px)
Diffraction limit at image (mm) (px)

Value
15
24
25 at 𝑓/16
990
490
0.068
0.137
0.039 (11.38)
0.021 (6.17)

Table 1. Geometric and optical properties of BOS setup.
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Using the Gladstone-Dale relation (G(𝜆 = 532 × 10-9 m) = 2.26
× 10-4 m3/kg) and ideal gas law, the temperature distribution in
the jet is obtained from the reconstructed three-dimensional
refractive index field.

Figure 2. Multiple-camera tomographic BOS setup
around the insulated heated jet with D = 10 mm.
The background patterns consist of random dots with a diameter
of the diffraction limit, with approximately 10 dots in a 16-pixel
square region. The backgrounds are backlit using custom-made
LED panels with an illuminated region of approximately 100 ×
100 mm. Displacements are calculated using a coarse-to-fine
optical flow method [11], which offers pixel-level resolution
that at this preliminary stage is downscaled to match the blur.
A sequential FBP-ART method is used for tomographic
reconstruction, with 40 ART iterations to ensure convergence
[4]. Several modifications are used in between iterations. To
mitigate artefact formation, a sharp cut-off mask is used outside
of the jet, progressively relaxed filtering and thresholding [10]
reduces the growth of artefacts with iterations and Hamming
windowed ray corrections ensure that corrections towards the
centre of the reconstruction domain (where the jet is) are
emphasised. To enhance convergence, the ray and camera
orders are randomised [8]. The Poisson equation is solved with
an algebraic multigrid method [12] to 10-15 precision.

Figure 3. Instantaneous transverse (Δ𝑦, top) and
longitudinal (Δ𝑥, bottom) displacements from one camera.

4. RESULTS AND DISCUSSION
Pixel-level BOS displacement fields are shown in Figure 3.
Detailed flow information is apparent, with information across
a range of spatial scales. Outside of the main flow, lower
magnitude larger scale displacements are present, which is
representative of ambient heating. Simultaneous thermocouple
measurements show that there is negligible temperature
increase at the domain boundaries over the measurement time.
At this preliminary stage, the reconstruction has been
downscaled by a factor of 16 to improve the reconstruction
time. At this scale, the reconstructions are completed in
seconds, but further work is needed to optimise the
reconstruction code to run efficiently with full-scale data sets.
Much of the smaller scale information is removed, as seen from
the three-dimensional field in Figure 4. Dirichlet conditions are
used in the solution of the Poisson equation based on the
ambient refractive index value of n0 = 1.000272 for air at 20°C,
100.63 kPa ambient pressure and 63% ambient humidity [15].
It is seen that the performance of the FBP-ART method
compared to ART alone is improved when the FBP solution is
filtered before being used as the initial solution to ART.
Filtering is required to the strong reconstruction artefacts that
appear just outside the jet. Progressively relaxing the filtering
as the solution iterates enables finer corrections to be made once
the artefacts are sufficiently diminished.

Figure 4. Reconstructed instantaneous temperature field
from 𝑥/𝐷 = 0 to 𝑥/𝐷 = 2, through 𝑧/𝐷 = 0.
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A favourable time-averaged comparison, the average of 1500
displacements fields per camera, with simultaneous
thermocouple measurements indicates that BOS can capture the
larger scale information in the flow well. A mean error of 2.64%
is obtained compared between the thermocouple and
tomographic BOS.
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particles at particle volume loadings of 𝜙 < 5×10-4 [4], where
𝜙 = 𝑉̇𝑝 A𝑉̇𝑓 and 𝑉̇𝑝 and 𝑉̇𝑓 are the respective volume flow rates
of the particles and the fluid. This particle loading is sufficiently
high for the flow to be in the two-way coupling regime (10-6 <
𝜙 < 10-3), in which the particles significantly affect the gasphase flow field [9]. While this is relevant to some industrial
particle-laden flows, others operate in the four-way coupling
regime (𝜙 > 10-3), in which there are also significant particleparticle interactions. Systems in this regime include some types
of concentrated solar thermal receivers [10, 11], where the
incident high flux radiation on the particle-laden flow can cause
rapid particle heating and strong temperature gradients in the
system. There is a paucity of experimental data on spatially
resolved gas-phase temperature measurements in particle-laden
flows, partly due to the strong interference from particles on
laser based measurements. The aim of the present investigation
is to determine the accuracy of the two-colour LIF method in a
particle-laden flow with volume loadings spanning the two-way
and four-way coupling regimes, using fluorescent and
phosphorescent particles. These particles are expected to cause
the most significant interference, hence the errors are quantified
for the extreme case. They are also commonly used particles
used for other purposes, such as particle temperature or velocity
measurements. The interference from these particles is assessed
in a turbulent, particle-laden pipe jet.

ABSTRACT
The influence of interference from solid particles on gas-phase
temperature measurements using two-colour laser induced
fluorescence (LIF) thermometry was analysed for two different
particle types, PMMA and ZnO:Zn. The signal from
interactions of the particles with the incident laser sheet (from
Mie scattering, fluorescence and phosphorescence) was
measured in the collection wavelength bands for two-colour
toluene LIF thermometry. The intensity of the signal from the
PMMA particles was significantly stronger than from the
ZnO:Zn particles, due to particle fluorescence in the two-colour
wavelength bands. The intensity from both particle types was
also stronger relative to the toluene fluorescent emission
intensity in the wavelength of 315±10 nm than 285±5 nm.

1. INTRODUCTION
Two-colour toluene LIF is a non-intrusive thermometry
technique that has previously been applied to measure the gas
temperature in a range of flow configurations, such as in
reacting flows [1], near surfaces [2], shock tubes [3] and
particle-laden flows [4]. In these flows, the interference from
laser interactions with surfaces and/or particles can be
significant, which in turn reduces the accuracy of the
temperature measurement. In particular, the influence of
particles on the accuracy of the gas-phase temperature
measurement is currently unknown, partly due to the lack of
systematic studies utilising LIF thermometry under well
characterised conditions in particle-laden flows. The present
investigation aims to address this need.

2. EXPERIMENTAL ARRANGEMENT
The interference from particles on two-colour toluene LIF was
investigated in a pipe jet (D = 6.23 mm) of nitrogen seeded with
toluene and/or particles, as shown in Figure 1. The toluene was
seeded to a concentration of approximately 2.75% by volume
(corresponding to saturation at room temperature) by bubbling
dry nitrogen (purity > 99.99%) through a toluene reservoir. The
particles were introduced to the flow by a screw feeder rotating
at a constant speed to provide a mean volume loading of 𝜙 =
4×10-4. The jet was heated in the range of 17°C < 𝑇 < 180°C
using an electrically heated tape wrapped around the jet pipe.
The pipe jet had a 69 mm coaxial annular flow of nitrogen
centrally located in a wind tunnel with a cross-section of
300×300 mm, through which atmospheric air was drawn by a
fan downstream from the test section. The pipe flow Reynolds
number was kept constant at 𝑅𝑒 = 𝜌𝑈𝐷⁄𝜇 = 5000, where 𝜌 and
𝜇 are the gas density and viscosity respectively, and 𝑈 is the jet
bulk velocity. The jet to co-flow velocity ratio was fixed at 12:1.
The fourth harmonic of a Quantel Q-smart Nd:YAG laser (266
nm), with a power of 100 mJ/pulse operating at 10 Hz, was
formed into a laser sheet 40 mm high and approximately 0.3
mm thick in the measurement region on the jet centreline near
to the jet exit. Three intensified CCD cameras simultaneously
imaged the flow in the region encompassing 0.5 < x/D < 6, |r/D|
< 2.75, where 𝑥 is the axial distance from the jet exit, and 𝑟 is
the radial distance from the jet centreline. These consisted of
two PI-Max4 cameras, which captured the two-colour
fluorescent emission channels, and a HSFC pro camera, which

The LIF thermometric technique utilises the temperature
dependent fluorescent emission spectrum of a tracer in the flow
to excitation by a laser. Toluene is a commonly used tracer for
gas-phase thermometry because it has good signal strength and
sensitivity to temperature relative to other tracers [5]. The
fluorescence of toluene for any emission wavelength 𝜆 at spatial
location 𝑿 is a function of laser intensity 𝐸𝑙𝑎𝑠𝑒𝑟 , toluene
concentration 𝑛 and temperature 𝑇, as shown in equation 1 [6]
𝐼 𝜆 ∝ 𝐸𝑙𝑎𝑠𝑒𝑟 (𝑿)𝑛(𝑿)𝐹𝑄𝑌𝜆 ( 𝑇(𝑿)).
(1)
The fluorescence quantum yield, 𝐹𝑄𝑌𝜆 , is a function of local
temperature, with the emission spectrum shifting to longer
wavelengths with increasing temperature, while the peak
emission intensity decreases with temperature [5, 7]. Twocolour thermometry measures the ratio of emissions at each
location in two wavelength bands, typically termed the blue and
red bands, which results in the intensity ratio, 𝐼𝑅𝑒𝑑 ⁄𝐼𝐵𝑙𝑢𝑒 , being
a function of temperature only [8]. The temperature dependent
ratio can be shown by equation 2:
𝐹𝑄𝑌𝑅𝑒𝑑 (𝑇(𝑿))
𝐼𝑅𝑒𝑑
=
, ∴ 𝑇(𝑿) = 𝑓(𝐼𝑅𝑒𝑑 ⁄𝐼𝐵𝑙𝑢𝑒 ) .
(2)
𝐼𝐵𝑙𝑢𝑒

𝐹𝑄𝑌𝐵𝑙𝑢𝑒 (𝑇(𝑿))

The two-colour method has previously been demonstrated in
particle-laden flows and found to be accurate at room
temperature to within 10°C for 40 μm spherical PMMA
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imaged the particle distributions in the jet from Mie scattering.
The cameras capturing the fluorescent emissions were located
on same side of wind tunnel to ensure all attenuation and signal
trapping effects were equivalent. To form the two fluorescent
channels, the emissions were first filtered with two 275 nm
long-pass optical filters (Asahi spectra) arranged in series to
minimise interference from Mie scattered light, then split into
the red and blue channels with a beam-splitter (Semrock FF310Di01). The blue channel was further filtered with a 280 nm
band-pass (Semrock FF01-280/20) and 272 nm long-pass
(Semrock FF01-272/LP) filter, while the red channel was
filtered with a 300 nm long-pass (Semrock FF01-300/LP) and
330 nm short-pass (Semrock FF01-330/SP) filter. The resultant
collection wavelength regions for each channel were 280±5 nm
and 315±10 nm for the blue and red respectively.

measured using the time-average of 500 images recorded
without any flow, after all toluene and particles were flushed
from the system but otherwise under identical conditions as the
experiment. The intensity ratio was calculated by taking the
ratio of the background corrected images of the red and blue
channels on a pixel-by-pixel basis. The instantaneous intensity
ratio images were then normalised by the time-averaged
intensity ratio for the room temperature case, to correct for
spatial inhomogeneity in collection efficiency of both
fluorescent cameras. This was done on the basis that the timeaveraged intensity ratio at room temperature should be uniform.
The intensity ratio was then converted to temperature using a
calibration curve. The resultant temperature and particle images
were smoothed with a 9×9 mean filter, to reduce the influence
of noise on the results. Images were also taken of the jet without
toluene in the flow, in which case any signal measured with the
fluorescent cameras was attributed to be from the particles. The
intensities measured in this case give an indication of how
strong the signal from particles is compared to that from the
toluene fluorescence for LIF thermometry when applied to the
particle-laden flow.
The relationship between the intensity ratio and temperature
was measured at 13 temperatures in the range of 17°C < 𝑇 <
160°C, under identical conditions to the main experiment but
without particles seeded into the flow. A thermocouple inserted
in the flow near the jet exit at r/D = 0.2 to measure the actual
gas temperature in the flow. The intensity ratio was calculated
at each temperature in the region of -0.3 < r/D < 0, 0.65 < x/D
< 2, where the temperature was found to be constant and there
was no interference from the thermocouple probe. The resultant
calibration is shown in Figure 2, along with the fluorescent
intensity in each channel at each temperature. The linear
function used to convert from intensity ratio to temperature for
the presented system was:
𝐼
𝑇 = 482.6 𝑅𝑒𝑑A𝐼
− 248.1.
(4)
𝐵𝑙𝑢𝑒

Figure 1. The experimental arrangement used to
simultaneously measure two-colour toluene LIF and
particle concentration from Mie scattering.
Two particle materials, both of which fluoresce and one of
which also phosphoresces after illumination by 266 nm light,
were tested. The particles that also emit phosphorescence were
ZnO:Zn with a nominal size of 2 μm, although agglomerates
formed with irregular shape up to 200 μm in diameter which
resulted in a wide size distribution of particles within the flow.
The other particles were PMMA, which are spherical with a
diameter of 40±4 μm. The local particle loading was measured
from Mie scattering, which is dependent on laser power,
particle loading and particle size. The shot-by-shot laser power
was constant to within 5% for each run, so for the monodisperse
PMMA particles the particle loading was directly inferred from
the scattering intensity. For the polydisperse ZnO:Zn particles,
given that the particle size distribution is expected to be the
same for all instantaneous snapshots, we infer particle loading
using the particle pseudo-loading,
𝐼(𝑡, 𝑿)
𝜙∗ (𝑡, 𝑿) = 𝜙
(3)
I,
𝐼
where 𝐼(𝑡, 𝑿) is the instantaneous intensity measured with the
particle camera at location 𝑿, and 𝐼 is the mean value of 𝐼(𝑡, 𝑿)
in the region of -0.1 < r/D < 0.1, 0.5 < x/D < 3 all images for
that particle type.

Figure 2. Dependence of fluorescent intensity on flow
temperature for the two fluorescent channels (red and
blue markers), along with the corresponding ratio of
fluorescent emissions recorded in the red channel to the
blue channel (black markers). Also shown is the linear
function, shown in equation 3, used as to convert the
intensity ratio to temperature (black line)

3. RESULTS

Prior to the experimental measurements, the three cameras were
aligned using an image of a fixed grid of holes illuminated with
a diffuse UV lamp. For each experimental case, 500
instantaneous images were collected simultaneously with each
camera. The background was subtracted from each
instantaneous image, where the background image was

Example instantaneous and time-averaged images from each
fluorescent channel together with the resultant temperature field
are presented in Figure 3. The images presented are from the
toluene seeded jet without particles for a pipe temperature of
140°C. The intensity images from each channel are normalised
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loading, 𝜙∗ , as expected. It should be noted that, although the
bulk particle loading for both particle types remains constant at
𝜙 = 4×10-4, the local loading can approach 𝜙∗ = 10-3, most
probably due to particle clustering and agglomeration. The
results also show that the maximum fluorescent intensities for
both the red and blue channels are approximately 5 times
greater for the PMMA particles than for the ZnO:Zn particles
at the same 𝜙. This is most likely due to the fluorescence of the
PMMA particles after interaction with UV light being in the
two-colour collection channels. The ZnO:Zn particles also emit
fluorescence and phosphorescence after UV excitation.
However, these emissions are at wavelengths > 350 nm, which
is outside the collection bands. The normalised intensity is
greater for the red channel than for the blue for both particle
types, with almost no interference for the blue channel from the
ZnO:Zn particles.

by 𝐼0 , the mean intensity in that channel on the centreline at x/D
= 0.5 for the same pipe temperature. The turbulent structure of
the jet can be seen from the instantaneous images, with regions
of significant mixing near to the jet edges where there is a
significant reduction in intensity. In these regions there is a
corresponding temperature drop, due to mixing between the
heated central jet and the unheated co-flow. The measured
temperature of the single-shot image averaged over each pixel
in the region of |r/D| < 0.2, 0.5 < x/D < 2 is 𝑇𝑔 = 135.3°C, with
a corresponding standard deviation 𝜎𝑇 of 10.3°C. In the mean
image, the temperature in this region 𝑇𝑔 = 136.1°C, with 𝜎𝑇 =
1.99°C.

Instantaneous

Mean

PMMA

Figure 3. Selected single-shot (left) and time-averaged
(right) images from the blue and red fluorescence
channels, normalised by the intensity in the mean image
on the centreline at x/D = 0.5, along with the
corresponding temperature fields, for a pipe temperature
of 140°C in the flow without particles.

ZnO:Zn

Figure 4. Selected simultaneous single shot images from
the two fluorescence cameras and the particle camera, in
the unheated jet without toluene. The images presented
of the 40 μm PMMA particles (left) and the ZnO:Zn
particles (right) have a bulk loading of 𝜙∗ = 4×10-4.

Figure 4 presents selected single-shot images of the jet without
toluene from all three cameras for a bulk particle loading of
4×10-4 for the PMMA and ZnO:Zn particles, in an unheated
flow. The intensities recorded with the red and blue cameras
were normalised by the intensity of the jet with toluene, 𝐼0 , for
the respective channel at room temperature. As there is no
toluene in the images, the intensity measured with the
fluorescence cameras is due to emissions or Mie scattering from
the particles. The results show that the intensities measured
with both fluorescence cameras increases with local particle

The effect of local particle loading on the level of interference
can be quantified by comparing the intensity measured with the
fluorescence cameras to the local particle loading, as measured
with the particle camera. The results, presented in Figure 5,
show that the interference from PMMA particles is
approximately an order of magnitude greater than the ZnO:Zn
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particles, which is dependent on laser power. Therefore, to
minimise the effect of interference from particles on two-colour
LIF thermometry the fluorescent signal should be maximised
for a given laser power.

particles in the red channel, and almost three orders of
magnitude greater in the blue channel. For the PMMA particles,
the intensity from the particles reaches 1% of 𝐼0 for the red and
blue channels at volume loadings of 𝜙∗𝑙𝑜𝑐𝑎𝑙 ≈ 1.5×10-4 and
𝜙∗𝑙𝑜𝑐𝑎𝑙 ≈ 2.5×10-4 respectively, which is in the two-way
coupling regime. The normalised intensity increases to 10% of
𝐼0 for 𝜙∗𝑙𝑜𝑐𝑎𝑙 ≈ 1×10-3 and 𝜙∗𝑙𝑜𝑐𝑎𝑙 ≈ 1.7×10-3 respectively, which
is in the four-way coupling regime. However, interference of
this magnitude will significantly increase the errors when
applied to LIF thermometry. The intensity from the ZnO:Zn
particles at a loading of 𝜙∗𝑙𝑜𝑐𝑎𝑙 ≈ 1.7×10-3 is much lower than
for the PMMA particles, at 2.0% and 0.02% of 𝐼0 for the red
and blue channels respectively. As mentioned above, this is
most likely due to fluorescence from the PMMA particles
emitting light in the spectral channels used in the presented
configuration of two-colour LIF, while emissions from ZnO:Zn
are at longer wavelengths. The greater normalised intensity
measured in the red channel than the blue from the particles
could be due to one of the following: a) a lower toluene signal
intensity, 𝐼0 , collected in the red channel, leading to a greater
relative increase for the same intensity measured with the
camera, b) incomplete suppression of the scattering of laser
light from the particles for the chosen filter combination, or c)
the fluorescent and phosphorescent emissions from the particles
being more significant for the red channel than the blue channel.
To reduce the influence of interference on LIF thermometry
measurements, a higher concentration of the tracer (here
toluene) could be utilised to generate a stronger LIF signal (𝐼0 ).
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Figure 5. The intensity measured in the two fluorescent
channels in the unheated flow with particles and without
toluene for the 40 μm PMMA and ZnO:Zn particles,
normalised by 𝐼0 at room temperature.

9. CONCLUSIONS
Two-colour toluene LIF thermometry was investigated for
application to gas-phase temperature measurements in particleladen flows. The method was tested for two particle materials,
PMMA and ZnO:Zn, with differing optical interactions with
UV light. It was shown that the intensity measured in the
fluorescence channels without toluene in the flow was
significantly greater from the PMMA particles, with the
measured intensity being an order of magnitude stronger in the
red channel at all loadings. The intensity in the for the PMMA
particles is less than 10% of 𝐼0 in the red and blue channels for
𝜙∗𝑙𝑜𝑐𝑎𝑙 < 1×10-3 and 𝜙∗𝑙𝑜𝑐𝑎𝑙 < 1.7×10-3, respectively, both of
which are at the lower end of the four-way coupling regime.
The corresponding interference from the ZnO:Zn particles at a
loading of 𝜙∗𝑙𝑜𝑐𝑎𝑙 < 1.7×10-3 was 2% and 0.02% of 𝐼0 for the
red and blue channels respectively. The interference from the
PMMA was attributed to be primarily from fluorescence of the
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characterize the laser sheet if more detailed stereo-PIV or planar
(2C-2D) PIV measurements are required.

ABSTRACT
A laser sheet is used in several applications for illumination of
the tiny particles or objects to be detected for flow measurement
or diagnostic purposes. Laser sheet thickness plays an important
role in accurate flow measurements such as in particle image
velocimetry (PIV). Change in the thickness of the laser sheet
may change the mean statistics of the turbulent flow [1].
Measurement of thickness of the laser sheet with enough
accuracy is, therefore, an important aspect of successful
application of PIV. This paper presents a low-cost technique for
accurate in situ measurement of the laser sheet thickness. The
technique uses a single image captured with a low-cost CMOS
array with a global shutter, for construction of the spatial
intensity profile (SIP) of the laser sheet. The full width at half
maximum of a Gaussian fit (GF) to the SIP gives a reasonable
estimate of the local laser sheet thickness [1]. This technique
has been examined with an experiment and gives an accuracy
of 5µm. Moreover, it is easy-to-use and universal to
applications where traditional methods of thickness
measurement are not feasible. The technique also allows added
benefits of checking beam/sheet overlap, sheet parallelism,
beam asymmetry and quality (i.e. M2 value).

1.

Electronic methods for quantification of spatial intensity
distribution and alignment of the laser sheet are more popular
these days. There is, therefore, room to develop a new technique
for laser sheet thickness measurement, which is a universal,
easy-to-use and a low-cost solution. [5] measured the sheet
thickness from the intensity profile created by a photodiode
which would detect the laser transmitted by a knife-edge
traversed across the laser sheet. [6] details the use of a CCDchip for imaging and profiling the laser sheet but the process of
constructing the intensity profile is not demonstrated. [7] used
a laser beam profiler (Ophir, FX-50) for laser sheet profiling
which is a costly solution. [5] and [6] considered full-width at
1/e2 of the maximum of the GF to SIP as an estimate of laser
sheet thickness whereas [7] used the full width at half
maximum.
In the present work, a low-cost technique has been developed
that provides accurate measurements of the laser sheet
thickness in different ranges of thickness and variety of
applications. Sect. 2 details the formation of a laser sheet and
measurement of its thickness at the waist which is usually
designed to be at the middle of the field of view (FOV).

INTRODUCTION

2.

Several of the flow measurements or diagnostics techniques
such as laser sheet microscopy (LSM), particle image
velocimetry (PIV), doppler global velocimetry (DGV),
quantitative laser sheet (QLS) and tracer-based shock
visualization (TSV) use laser sheet and cameras for
illumination and detection, respectively, of living organisms or
particles. During the application of the laser sheet, its thickness
plays a role in the efficiency of the detection and
measurement. If the flow measurements, particularly in twocomponent two-dimensional (2C-2D) planar PIV, are made at
short observation distance and laser sheet is relatively thick, it
could lead to perspective errors for positive out-of-plane
displacements. Also, creating a thin laser sheet is advantageous
in 2C-2D PIV as it concentrates the laser only where it is
required, thus maximizing the detection and hence efficiency of
the flow measurement. Secondly, thinning the laser sheet
minimizes the background noise levels and enhances sharpness.
Therefore, it is necessary to measure the laser sheet thickness
to ensure that the required level of thinness has been achieved.

EQUIPMENT AND METHODS

The technique presented in this paper uses an image of the laser
sheet captured with a CMOS sensor (with no lens mounted on)
which is exposed to the laser sheet. Figure 1 shows a schematic
of the equipment setup of the method which is detailed below.
A continuous laser emits a beam of 1mm thickness and 532nm
wavelength which is converted to a laser sheet by a cylindrical
concave lens of -12.7mm focal length and its thickness is
reduced with a cylindrical convex lens of 700mm focal length.
The lenses are mounted on an optomechanical cage system to
allow easy translations.
The power of the laser beam at the exit from the laser head is
measured using a power meter and is equal to be 550mW. The
intensity of the laser sheet is reduced by attenuating the laser
beam, prior to the laser sheet formation, with two laser-grade
neutral density filters (NDFs), of the total optical value of 2.5
and placed in series at 100mm after the laser head. The intensity
𝑃
of the beam is reduced from 𝐼𝑜 = 636,619 W/m2 ( 𝐼𝑜 = where
𝐴
𝑃 is power and A is the cross-sectional area at the exit of the
head) to 𝐼 = 1,191 W/m2 which is equivalent to almost 53 times
reduction according to the Eq. (1).

While there are several methods of measurement of beam
characteristics (e.g. thickness) such as the use of beam profilers,
methods of characterization of the laser sheet are scarce. The
majority of the experiments either do not mention the
parameters of laser sheet or they would not explain the
thickness measurement method or criteria [2]. Laser sheet
thickness can be measured using a laser burn test [3] but burn
papers provide insufficient spatial resolution to comprehend the
intensity profile [2]. For 3C-2D stereo-PIV, the laser sheet
thickness can be extracted from the correlation map [4].
However, a more meticulous approach is required to

𝐼 = 𝐼0 × 10−𝑑

(1)

Divergence of the laser beam is 3 mRad, leading to the 1.9mm
beam diameter at the location of the concave lens (f=-12.7mm)
which is placed at 300mm after the head. At 100mm from this
lens, the convex cylindrical lens (f=700mm) is mounted. At this
point, the thickness of the laser sheet has further increased to
2.2mm from 1.9mm at the concave lens. The convex lens
reduces the laser sheet thickness such that it is a minimum
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700mm downstream from the convex lens which is called waist
of the laser sheet. A beam splitter is placed 100mm upstream
the waist of the sheet which splits the laser sheet further into
two sheets with 1:9 intensity ratio. The sheet with 10 times less
intensity propagates in a plane perpendicular to the original
sheet and shines over the CCD sensor array, whose focal axis is
parallel but opposite to the propagation of the laser sheet.

shown in Figure 5. The GF to this curve shows an improved
estimation of σ and the T1 = 0.303mm. The intensity profile, the
GF and hence, the calculated thickness is expected to change
less in this case as compared to the non-filtered image when the
magenta line is moved along the y axis. This is evident as the
GF curves to SIPs at regular intervals of 20px along the y axis
in the original image shown in Figure 6 are more scattered than
after Gaussian deconvolution in Figure 7 where those fit curves
are more closely packed.

The CMOS sensor used in the experiment is ArduCAM
AR0134 1/3in 1.2Mp CMOS Digital Image Sensor with a
spatial resolution of 1280  960. This sensor is fixed on a USB
3.0 shield powered and connected to a PC via a USB 3.0 cable.
It is compatible with Windows and Linux operating systems.

3.

RESULTS AND DISCUSSION

The image obtained with the CMOS sensor usually has two
vertical or horizontal (depending upon the orientation of the
camera shield) parallel light strips owing to reflection of the
laser sheet from the two faces of the beam splitter. The image
is cropped to keep only the light strip of the original laser sheet.
A SIP along any line across the light strip is plotted. Depending
upon the spatial resolution of the image, this profile may or may
not be a smooth curve.
If the SIP is of a bell-shaped curve, this indicates the Gaussian
nature of the laser sheet. A Gaussian curve fit to the SIP yields
in the output of three important values: the local intensity
maximum (i.e. maximum amplitude), the centreline position
(i.e. mean) and spread of the intensity (i.e. standard deviation).
Following [7], the laser sheet thickness would be taken as the
full width at half maximum of the GF which is equal to 2.355
times the standard deviation (i.e. 2.355×σ). However, the other
estimate of the thickness which is full width at 1/e2 of the
maximum of the GF (i.e. 4×σ) used in [5] and [6] is also
presented.
The noise in the image could be substantially removed to make
the intensity profile smooth using one of the following methods:

Figure 1. Schematic of the laser sheet thickness
measurement setup.

(i)

by recording the image in 12-bit raw format rather
than in an 8-bit jpeg format. A 12-bit image would
allow the pixel intensity values range 0-4095 in
comparison to 0-255 in an 8-bit image and hence,
increase the bit-depth and dynamic range.
(ii) by plotting the SIP from the pixel intensities averaged
along the light strip (y axis).
(iii) by applying a simple Gaussian deconvolution to the
image which would give a further corrected estimate
for the uncorrected value of laser sheet thickness [1].

Averaging the pixel intensities along y axis will make the SIP
almost smooth even before deconvolution as shown in Figure
8. The thickness measured from the GF to this almost smooth
SIP in Figure 8 is T1 = 0.313mm. This measurement of
thickness accounts for all changes in the spatial intensity curve
along the y axis and hence, is expected to result in a more
accurate measurement of thickness as compared to the
measurement from non-averaged SIP at any single spot.
However, this accuracy could be further enhanced by first
deconvoluting the image and then taking averaging the pixel
intensities along the y axis. The result is shown in Figure 9. The
new value of thickness measured is T1 = 0.310mm. In Figures
3,5,8 and 9, the vertical red dashed line shows the centreline
position of the GF.

The method (i) is recommended as the first step to smoothen
the SIP and enhance the accuracy of thickness measurement.
However, if it is unachievable or the image of the laser sheet is
still noisy, method (ii) only or method (iii) and then (ii) could
be performed in order to considerably correct the measured
value of the thickness.
The image captured in the designed experiment is saved in 8bit JPEG format and is noisy as shown in Figure 2. The SIP
along the magenta line in this image is not a smooth curve as
evident in Figure 3. The laser sheet thickness T1 as the full
width at half maximum of the GF to this profile is 0.311mm and
is expected to change as the line moves along the y axis because
of noise. The noise could be removed by applying a suitable
filter to the image. The filter chosen for the present case is
Gaussian deconvolution which is a linear filter and reduces
noise by blurring the image as shown in Figure 4. The standard
deviation chosen for the deconvolution is  f = 5 px . After

Figure 2. The cropped 8-bit noisy image of the laser
sheet.

applying the filter, the SIP becomes an almost smooth curve as
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Figure 7. GF curves to SIPs at different locations of the
magenta line along the y axis in Figure 4.

Figure 3. The SIP along the magenta line in the noisy
image shown in Figure 2.

Figure 4. The image shown in Figure 2 after Gaussian
deconvolution with

Figure 8. The SIP of pixel intensities averaged in y axis
of the image shown in Figure 2 with GF curve.

 f = 5 px .

Figure 5. The SIP along the magenta line in the Gaussian
deconvoluted image shown in Figure 4.

Figure 9. The SIP of pixel intensities averaged in y axis
of the Gaussian filtered image shown in Figure 4 with GF
curve.

Figure 10. Divergence of a laser beam [8]
3.1. Laser sheet quality
The theoretical waist is calculated using the methodology
presented in [8] and shown in Figure 10.
Figure 6. GF curves to SIPs at different locations of the
magenta line along the y axis in Figure 2.

𝑑0 = 2𝑤0 =

2



(2)
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where

θ = 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝑡/2

𝑡

𝑓

2𝑓

)≈

future work. We can check the overlap between two laser
beams/sheets produced with a dual-cavity laser by comparing
the centreline positions of the GFs to SIPs across the
beam/sheet in an image for each laser cavity. The parallelism
between the two sheets from the two cavities of a dual-cavity
laser can be verified. The centrelines of GFs to the SIPs of laser
sheets from both cavities would be compared to check for
parallelism. Further, we can identify the asymmetry of the laser
beam(s). This could be checked from the skewness of the SIPs
plotted along each axis.

and 𝑡 is the initial thickness

of the laser sheet. This leads us to Eq. (3)
𝑑0 =

4λ𝑓
π𝑡

(3)

and 𝑑0 to 214 𝜇𝑚 when 𝜆 = 532𝑛𝑚 and 𝑓 = 700𝑚𝑚.
The quality of the laser sheet is measured with a beam quality
parameter 𝑀2
𝑀2 =

𝑑0′
𝑑0

5.

(4)

Despite the frequent use of laser sheet in many scientific
research applications, the information on enough
characterization of the laser sheet is scarce. We present a lowcost, easy-to-use and universal solution for measurement of the
laser sheet thickness. It is effective for use in different
environments where traditional methods of thickness
measurement are not feasible. An experiment with details of
laser sheet generation (from a continuous low-powered laser
beam) and reduction in its thickness has been designed to
validate the idea. The results show the Gaussian nature of the
laser sheet and satisfactory applicability of the method. The
accuracy of this thickness measurement technique is 5𝑚.

where 𝑑0′ is the measured thickness.
Table 1 details the measurements of thickness as full-width at
half maximum and at 1/e2 of the of maximum, and their
corresponding values of laser sheet quality. The best values of
measurements are presented in ‘bold’ face in the last row. The
thickness measured from the GF to the SIP along the magenta
line at each pixel location in y axis is different because of noise
in the image. The mean and standard deviation of these
thickness measurements are 0.543mm and 0.0434 respectively.
Measurement
GF to SIP
At blue line
At blue line with
image
deconvolution
Averaged along y
axis
Averaged along y
axis with image
deconvolution

T1
=2.355×σ
(mm)
0.311

1.44

T2
= 4×σ
(mm)
0.529

2.45

0.303

1.41

0.516

2.39

0.313

1.45

0.531

2.46

0.310

1.44

0.526

2.44

M2 1

M22
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ABSTRACT

estimated particle locations. Then, in the particle deletion step,
the computed hologram based on the identified particles is
substructed from the original hologram to expose more
interference patterns of other particles which were further away
from the imaging plane, therefore previously either obscured or
had lower intensities.

Holography techniques have regained popularity in recent years
in the field of laser diagnostics techniques due to their ability to
digitally record and reconstruct three-dimensional volumes
rather than planar slices, which makes it suitable for volumetric
PIV measurement of three-dimensional flows. However, the
accurate localisation of tracer particles in the reconstruction
volume is still challenging using the standard direct approach,
due to the artifacts caused by twin image, the elongated depth
of focus and the small field of view in the out-of-plane direction.
Therefore, an improved method is described in this paper,
where we apply a deconvolution technique, an efficient 3D
clustering method, a particle location refinement process
utilising inverse approach and a particle deletion step. In
addition, we will investigate how the presence of shot noise
affects the accuracy of particle locations using this method. The
study finds that the percentage of particles detected can be
maintained at 90% if the signal to noise ratio of the hologram is
above 10, which is a 60% increase in the particle detection rate
relative to the direct method. The standard uncertainty all
directions increases as more noise is present in the hologram
but stays below 11 wavelengths in out-of-plane direction and
below 4 wavelengths in in-plane directions even for a signal to
noise ratio as low as 5.
1.

2.1. Hologram Simulation
Holograms simulated in this study are based on in-line
configuration due to its simplicity and extensive use in digital
hologram recording. A schematic of the simulated digital
hologram recording process is shown in figure 1.

Figure 1. The simulated hologram recording process. R
denotes the incident reference wave, I denotes particle
images, and H denotes the hologram on the sensor of the
camera.

INTRODUCTION

In recent years, the application of holographic particle image
velocimetry (HPIV), has been greatly widened, thanks to the
advancement of camera sensors, coherent light sources and
computing power [1-3]. As a result, many hologram
reconstruction methods have been developed to tackle the
difficulties in accurately determining the position of seeding
particles in a volume. Some examples of recent improvements
include filters used to remove the virtual image [4], the
deconvolution method to reduce the depth of focus [5], as well
as the peak-finding of the focus function to locate the focal
plane of particles [6]. An especially engaging method is the
inverse approach [7], which can not only accurately determine
the position of particles, but also greatly expand the field of
view in the depth-direction by iteratively removing particles
from the hologram. However, as the inverse method compares
a simulated hologram with the real hologram, its performance
can be adversely affected by noise in the hologram. Thus, this
paper will investigate to what extent noise in hologram
influences the performance of the inverse method.
2.

In the digital hologram recording simulation, the incident
reference wave, R, is a monochromatic polarised plane wave
with a wavelength of 532nm. The phase of the incident wave is
set to be zero at the plane of the first particle without loss of
generality. This plane is also the origin of the z-axis. Each
particle in the volume is modelled as a mask with a Gaussian
distribution at different z distances, with the radius of the
particle represented by the standard deviation of the Gaussian
distribution. Thus, the transfer function of a particle at (x0, y0)
relative to the centre of the image with a radius of r0 is
represented by:

𝑰=𝟏+

𝒆

𝟐
𝟐
+𝒙&𝒙𝟎- /+𝒚&𝒚𝟎 &𝟎.𝟓×
𝒓𝟐
𝟎

3𝟐×𝝅×𝒓𝟎

(1)

This transfer function applies in the spatial domain and
simulates how the reference wave is distorted every time it
passes through a particle. Although the distorted part of the
reference wave is the object wave, it still acts as a reference
beam for the next particle encountered. Thus, the object beam
and reference beam are not treated separately and are referred
to as “the light field” in the following discussion.

METHOD

In the study, simulated holograms of particles randomly
positioned in a 3D domain were first generated, and then noise
of varying amplitude was added to the hologram to achieve
different signal-to-noise ratios. The holograms were then
reconstructed and deconvolved so that the approximate
positions of particles could be determined from the hologram.
Subsequently, the inverse method was applied to fine-tune the

Between the particles, the light field propagates through free
space. Following the derivation of Goodman [8], the transfer
function of free space propagation can be written as
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𝐃=𝒆

𝒋𝟐𝝅𝒛
:𝟏;𝝀𝒇𝒙 𝟐 ;𝝀𝒇𝒚 𝟐 =
𝝀

6

(2)

Here, z represents the distance through which the light field has
travelled, and fx and fy are the horizontal and vertical
frequencies in Fourier space, respectively. This transfer
function is applied in Fourier space, and it represents a
convolution between the light field and phase-changing
diffraction kernel.
At the sensor of the camera, the energy of the light field at each
pixel is captured as the hologram. In this study, the size of the
hologram is 64 x 64 pixels with pixel size 1 μm. 10 particles are
randomly placed between 50 and 100 μm from the sensor, and
their diameter ranges from 1.5 to 2.5 μm.

The type of noise concerned in this paper is shot noise, which
is also known as Poisson noise. Shot noise arises from the
quantum nature of light. When light strikes on the sensor of the
camera it is in the form of photons and the sensor counts the
number of photos that fall into each pixel as an intensity reading
[9]. However, as each photon must be counted as a whole, and
the photons arrive randomly to the sensor, the intensity reading
is neither continuous nor exact, but follows a Poisson
distribution. The probability function of the shot noise can be
modelled as follows:
𝐞&𝛌 𝝀𝒌

𝐏𝐬𝐢𝐠𝐧𝐚𝐥
𝒏𝒐𝒊𝒔𝒆

𝝁

=𝝈

𝝁

𝝀𝒂𝒗𝒈

𝝈

3𝝀𝒂𝒗𝒈

𝑼𝑹𝒆𝒂𝒍 = 𝓕;𝟏 _𝑴𝒂𝒔𝒌 ×

(5)

𝓕(𝑼𝒓𝒆𝒄𝒐𝒏𝒔𝒕 )
𝓕+𝑼𝒑𝒔𝒇 -d𝜷

f

(7)

To avoid divided by zero, the Fourier transformed point spread
function is added with a small value β, which is selected to be
0.1. Also, to reduce the noise produced in case of dividing by a
small value, a mask is also employed after the division. The
mask sets pixel values to zero where the Fourier transformed
point spread function is smaller than 85 percentiles, as below:

Also, in terms of decibel,
𝐒𝐍𝐑𝐝𝐛 = 𝟏𝟎𝒍𝒐𝒈𝟏𝟎 +3𝝀𝒂𝒗𝒈 -

(f)

The reconstruction volume is then deconvoluted using a
computer-generated point spread function. By using
deconvolution method, the artifacts produced by virtual image,
and the elongation of the particle can be greatly reduced. Thus,
it yields a more accurate determination of the particle position.
The point spread function is produced using a delta function
located in the middle of the domain, and then numerically
propagating it to the sensor. The hologram of the delta function
is then propagated back to every z location corresponding to z
distance in the reconstruction volume. In this study, the delta
function is approximated by a Gaussian function with a
standard deviation of 0.1. It is located in the centre of the image
at 110 μm away from the sensor, and then it is propagated to the
sensor. Thus, a point spread function can be produced by
reconstructing that hologram between 0 and 220 μm using a
step of 5 μm. The deconvoluted volume is calculated by the
following equation:

(4)

= 3𝝀𝒂𝒗𝒈

(e)

Numerical propagation uses the same equation as equation 2,
with the direction of z reversed, and the origin of z being on the
sensor. The hologram is propagated from 20 to 240 μm away
from the sensor, with a 5 μm resolution in z direction.

Where μ is the average intensity of the noise-free image, which
is the average value of λ across the image, and σ is the standard
deviation of the difference between the noisy image and noisefree image. For a large number of pixels, σ is approximated by
the averaged standard deviation of the Poisson distribution for
each pixel, which is the square root of λ. Thus, the signal to
noise ratio can be calculated as follows:
𝐒𝐍𝐑 = =

(e)

The hologram reconstruction process contains five steps,
numerical propagation, deconvolution, background separation,
inverse method and particle deletion.

The most critical parameter in equation 3 is λ, the expected
number of events which happens in a given interval. In the
context of imaging, the interval is the exposure time, which is
kept the same throughout the simulation. Therefore, the value
of λ for each pixel is directly proportional to the intensity of the
incoming light, and its value can be determined by the desired
signal to noise ratio of the image. For an image, the signal to
noise ratio can be calculated by the following equation [10].
𝐒𝐍𝐑 = 𝑷

(d)

2.3. Hologram Reconstruction

(3)

𝒌!

(c)

Figure 2. (a) The simulated hologram with no noise; (b f) holograms with additional noise for SNR of 15 dB, 12.5
dB, 10 dB, 7.5 dB, 5 dB respectively.

2.2. Noise Addition

𝐏(𝐚 = 𝐤) =

(a)

(6)

Therefore, to generate a noisy image with a specific signal to
noise ratio, the intensity of the noise-free image needs to be
scaled so that the average intensity of the image equals the
square of signal to noise ratio. Then for each pixel, the pixel
value is drawn randomly from the Poisson distribution with λ
equals to the scaled intensity.

𝟏
𝑴𝒂𝒔𝒌(𝒙) = g
𝟎

𝐢𝐟 𝓕+𝑼𝒑𝒔𝒇 - > 𝟖𝟓 𝐩𝐞𝐫𝐜𝐞𝐧𝐭𝐢𝐥𝐞
𝐢𝐟 𝓕+𝑼𝒑𝒔𝒇 - < 𝟖𝟓 𝐩𝐞𝐫𝐜𝐞𝐧𝐭𝐢𝐥𝐞

(8)

Iso-surface plots of the reconstructed and deconvolved volume
of a noise-free hologram is shown in figure 3 to illustrate the
effect of deconvolution.

The original hologram and the noisy hologram with different
signal to noise ratio is shown in Figure 2.
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the total number of free variables in this optimisation step is
much higher, as x, y, z, diameter, hologram amplitude for all
the particles need to be optimised in one go.

(a)

After finding the accurate positions of all particles, the
interference pattern produced by these particles can be deleted
from the original hologram. As the interference patterns
produced by particles further away from the sensor has a lower
intensity, they might not be detected in the previous steps, and
thus can only be revealed after the pattern of particles closer to
the sensor is subtracted. Thus, by hologram substruction, a
much larger area of view in the z-direction can be achieved. The
hologram with pattern deleted will be reconstructed again and
follow the same procedure. The iteration will stop when no
more particles are detected in the hologram.

(b)

Figure 3. (a) The reconstructed volume of hologram (b)
The deconvolved volume.
The deconvolved volume then undergoes a particle extraction
process using a cluster-finding algorithm. The volume is first
binarized by a threshold, then all the clusters in the binarized
volume are found using the Hoshen–Kopelman algorithm [11].
After all clusters are found in the volume, the average value of
the brightest pixels in each cluster is noted down for each
threshold.

Input Hologram

2

3

The accuracy and the number of particles detected can be
further improved by applying the inverse approach and particle
deletion. The idea behind the inverse approach is that rather
than directly finding the position of the particles from the
deconvolved volume, holograms produced from the rough
positions of particles are compared with the original hologram.
Then the particle is moved around the rough location to find the
best fit between the produced hologram and the real one. Thus,
the particle location accuracy can be inproved by a multivariable optimisation process. The penalty function for the
optimisation problem is selected as the squared difference
between the target hologram and the produced hologram, as
below:
𝟐

Subtracted
hologram

1

Since the intensity of the noise is generally much lower than
that of the particles, the appropeate threshold for binarisation
can be selected based on the average value of the brightest pixel
in every clustered found in the volume. Then, the centroid of
each cluster can be calculated and the coarse particle positions
are then extracted from the hologram reconstruction.

𝝐 = ∑𝒂𝒍𝒍 𝒑𝒊𝒙𝒆𝒍𝒔+𝑰𝒕𝒂𝒓𝒈𝒆𝒕 − 𝑰𝒑𝒓𝒐𝒅𝒖𝒄𝒆𝒅 -

Found
hologram

4

5

(9)

Figure 4. The iterative reconstruction process of a
hologram. Rows represent each iteration

The optimisation solver used in this study is the L-BFGS-B
algorithm due to its ability to constrain the free variables
between maximum and minimum value. The optimisation is
done in two stages. In the first stage, the individual particles are
optimised separately. Each particle has four free variables: x, y,
z positions and diameter. Although the diameter information is
not directly related to particle image velocimetry, it is essential
to have this free variable to produce the correct hologram for
substruction. Then, the holograms of each particle are
optimised again for their amplitude and shift from zero. In the
previous step, some noise may be recognised as particles, and
as the hologram of these fake particles is very different from the
original hologram, their amplitude tends to be be very low.
Therefore, in this study, any particle holograms with amplitude
less than half of the maximum amplitude of the real hologram
are rejected. If all particles are rejected in stage one, the second
stage tries to optimise all particles in the hologram at the same
time. As there might be clusters of particles in the hologram,
the pattern of individual particles might not be distinguishable.
Thus they might not be found in the previous step. However,

3.

RESULT

Six cases were investigated in this study with signal-to-noise
ratios of 5,7.5,10,12.5, 15, respectively, and the noise-free case.
For each case, more than 600 holograms with 64 × 64 pixels in
size containing 20 particles are produced for each case, and
more than 10,000 particles are founded for each signal to noise
ratio.
The simulated volume is 64μm × 64μm × 109μm,
corresponding to a particle concentration of 45,000 particles per
mm3. The pixel size of the hologram is 1 μm and the diameter
of particles are drawn randomly between 1.5 to 2.5 μm. The
illumination light has a wavelength of 532 nm. Particles in each
hologram are distributed randomly within the volume and
between 50 μm and 100 μm away from the imaging plane.

61

3.1. Percentage of the particle detected

remove the virtual image and reduce the depth of focus, an
efficient single-pass three-dimensional HK clustering
algorithm, and an inverse reconstruction approach based on
previous works in this area. The method was found to
significantly increase the percentage of particles detected and
the accuracy of particle positions in the presence of shot noise.
The result shows that 90% of particles can be found by this
improved method if the SNR is above 10, which is a 60%
improvement relative to the direct approach. The increased
noise in the hologram has an adverse effect in the detected
particle position accuracy, but the proposed technique achieves
a standard uncertainty of less than 3 l in the in-plane directions
and less than 11 l in the out-of-plane direction across all level
of noise studied in this paper.

Figure 5. The percentage of the particles detected in the
inverse and direct methods.
The figure 5 shows that the shot noise will adversely affect the
percentage of the particles found if the SNR is below 10 for
both methods. Except for the SNR equals 5 dB and 7.5 dB cases,
the inverse method finds about 90% of the particles, while the
direct method finds about 55% of the particles. Thus, the
inverse method generally can increase the number of detected
particles in the volume by 60% in all noise levels studied.
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3.2. Bias Error
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Figure 6. The bias error in x, y and z-direction for inverse
method
As shown in the figure 6, in x and y directions the bias error
stays below 0.6 l for all noise level, while in the z direction the
bias error increases from below 0.1 l to approximatly 1.8 l as
the shot noise in the image increases.
3.3. Standard Uncertainty

Figure 7. The standard uncertainty in x, y and z-direction
for inverse method
The inverse method achieves a standard uncertainty below 3
wavelengths in the in-plane directions. However, the out-ofplane uncertainty reaches 10 l in the noisiest case and is
between 8 l and 9 l for the rest of the noisy cases. Generally,
the standard uncertainty in the out-of-plane direction is fourtime of the standard uncertainty in the in-plane direction.
4.

CONCLUSION

This paper describes in detail the process of simulating
holograms, adding shot noise to the holograms, and reconstruct
holograms using direct and inverse methods. The technique
described in this paper consists of a deconvolution step to
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accurate respiratory-gated images of a lumen has potential to be
used as diagnostic indicator of diseases such as sleep apnoea
[2]. Despite its capability in providing fine details at a site, a
single beam OCT probe is unable to provide real time images
from different lumen sites simultaneously. Researchers have
overcome this fundamental limitation through use of multiple
OCT devices for fast industrial inspections [11]. However, such
a system is generally not feasible due to unfavourable costscaling. Several multi-beam techniques have been proposed to
improve the field of view of OCT [9] .

ABSTRACT
Optical Coherence Tomography (OCT) is a non-invasive crosssectional imaging technique based on the principle of laser
interferometry. Normally, the lateral field of view of a lowcoherence interferometric OCT is limited to a single-spot of a
sample; thus, available OCT techniques can take significant
time to scan large objects. This paper presents a novel multichannel spectral domain Optical Coherence Tomography (SDOCT) method involving spectral-slicing of broadband lowcoherence light to enable the simultaneous acquisition of
images from multiple lateral positions of a target. A triplechannel SD-OCT system was devised using a broadband source
of center wavelength 840nm and full width half maximum
(FWHM) bandwidth of 50nm. Both sample and reference arm
beams were split into three channels using two dichroic splitters
of 50% cut-on wavelength at 825nm and 848nm. With a
FWHM spectral distribution of 13.5nm, 19nm and 17.5nm in
the three channels, the measured axial resolutions were 22.6µm,
14.5 µm and 17.2µm, respectively. The capability of the
technique was demonstrated by concurrently acquiring
tomographic images of a 3D-printed phantom. Despite the
relative drop in the axial resolution and depth sensitivity as
compared to a conventional single channel OCT, this new
design promises a cost-effective and real-time multi-positional
imaging technique suitable for various endoscopic and
industrial applications.

In some studies [1,12], a multi-beam OCT has been devised to
enhance resolution and sensitivity over the entire imaging
depth. The beams are projected at single or closely spaced
transverse position(s) on the sample while stepped focal regions
along the axial scan are introduced by systematically arranging
the fibre array or by using a cuboid prism. Practically, such an
arrangement does not allow enough flexibility in the spacing
between the imaging sites. A space-division multiplexing
parallel imaging SS-OCT has been developed using a long
coherence length tunable laser [5,13]. Nevertheless, the size of
the multiple fiber assembly or integrated photonic chip in the
probing arm of the interferometer prohibits the application of
such a design in endoscopic imaging of narrow cavities.
Therefore, a cost-effective parallel imaging OCT technique
with a probing arm design suitable for miniaturization would be
beneficial to perform fast industrial inspection as well as multipositional endoscopic imaging. In this regard, a time-domain
OCT technique that is capable of multi-spatial scanning has
been developed using a wavelength-multiplexing method [7].
Despite the multiplicity of interrogation spots on the sample,
the per channel A-scan rate of such a system is much slower
than Fourier domain OCT. The reportedly high cross-talk
among the channels resulting from a slight alignment mismatch
between sensing and detection units further limits the
effectiveness of the system. Hence, an SD-OCT, with its
superior spectral resolution and fast A-scan rate, would be a
better alternative for multi-positional imaging.

1. INTRODUCTION
Optical coherence tomography (OCT) is an interferometricbased imaging technique characterized by high axial resolution
and high sensitivity [4,10]. Very simply, it relies on collection
of an interference pattern from a single point, resulting from the
variable path difference between a reference beam and a sample
beam. As a point-scanning (A-scan) technique, the speed and
eventually, the field of view of conventional OCT is limited by
the line rate of a line-scan camera for spectral-domain OCT or
by the laser tuning rate for swept source (SS) OCT [5]. In SDOCT, even with a high-speed line-scan camera, the concurrent
acquisition from sample spots with significant lateral spacing is
not practical mainly because of the low coherence length of
broadband sources. On the other hand, increasing the sweep rate
in SS-OCT results in the loss of image brightness and signal-tonoise ratio due to the decrease in dwell time of the laser spot at
each imaging spot [3]. In some biomedical and industrial
applications these basic limitations prevent standard OCT from
scanning a large area in real-time.

In this study, a multi-spatial parallel imaging SD-OCT
technique is developed using an array of dichroic splitters. As
wavelength selective optically accessible units, the splitters are
essential to convey the light beam through a single fibre thereby
not only enabling multi-channel capability but also fulfilling the
requirement of a miniature endoscope probe. By repeating a
similar optical assembly in the reference arm, channel-specific
optical delay lines are ensured with only one interferometer
shared among the different channels. A cost-effective multispatial OCT system is presented that promises suitability not
only for endoscopic applications, but also for applications
where multi-positional measurements of real-time surface
morphology is needed, relevant to applications in particle
deposition or dynamic non-destructive testing. Experimental
results of a typical three-channel SD-OCT system are presented
and details of the spectral decomposition and the per channel
signal processing procedures are discussed.

Recently, researchers have used endoscopic OCT to quantify
the circumferential geometry of biological conduits including
respiratory airways [6,8]. Although multiple static images can
be stitched together to reconstruct the whole geometry of the
airways, studies have shown that the lumen deformation during
a specific phase of respiration is not uniform along its length
[2]. From the physiological point of view, the reconstruction of
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component cost of this benchtop prototype is ~ $22k while the
cost of a commercial OCT device can be as high as $150k [14].

2. MATERIALS AND METHODS
2.1 Wavelength-based Multi-channel System
The schematic in figure 1 depicts the three channel SD-OCT.
The light source used was a 10.35mW broadband
Superluminescent Diode (SLD) of full width half maximum
bandwidth of 50nm, and a center wavelength of 840nm
(EXS210006-01, EXALOS Inc., Switzerland). An optical
circulator
(BPICIR-840-H7-L-08-FA,
OF-LINK
Communications Co., China) conveyed the beam to a 50:50
wideband fibre-optic coupler (TW850R5A2, Thorlabs Inc.,
USA) which performed intensity-based splitting of the light
into the sample and reference arms.

2.2 Spectra Decomposition and Image Formation
In a conventional SD-OCT system, the one-dimensional array
of camera sensors carries a single axial profile of a sample. In
the current technique, the sensors of the line scan camera are
divided into multiple subsets, and each subset is dedicated to an
interferogram of a specific channel. Thus, the raw data acquired
during a single scan is a composite of multiple A-scans which
can be recovered through spectral decomposition. In order to
identify the range of pixels covered by each channel spectra,
single-channel experiments were undertaken by alternatively
blocking the other two channels. The pixel range values were
fed into a custom LabVIEW program to slice the interference
spectra.
Figure 2 shows the signal processing steps for three-channel
SD-OCT. Background subtraction and resampling were applied
to the composite interference spectra (Nz = 2100 pixels) before
decomposition to individual channel spectra (Nz=560, 874 and
666 pixels for the 1st, 2nd and 3rd channels, respectively). It can
be noted that the pixel distribution, Nz, is not uniform among
the channels due the difference in the per channel spectra
bandwidth. The remaining standard OCT signal processing
techniques such as zero-padding, Inverse Fourier Transform
(IFFT) and magnitude computation were performed on the per
channel interferograms independently. The channel-specific Bscans can be reconstructed by iteratively applying the above
procedure on Mx A-scans.

Figure 1. Schematic of triple channel SD-OCT. The red
lines indicate free space beam paths; C: Circulator; CL:
Collimator; M: Mirror; F1 and F2: long pass dichroic
splitters with FWHM cut-on wavelengths of 825nm and
848nm, respectively: x and z: lateral and axial directions,
respectively.
The collimated beam in each arm was wavelength-modulated
by a cascade of two long-pass dichroic splitters, with 50% cuton wavelengths of 825nm and 848nm (T825dcxrxt-UF1 and
T848lpxxrxxt, Chroma Technology Co., USA), producing three
beamlets of different spectral range. The third channel beam
was redirected sideways by placing a mirror at 45° to the axis
of its original path. The reference arm beam fanouts were
terminated by highly reflective mirrors (BB03-E03, Thorlabs
Inc., USA) while the beamlets in the sample arm were focused
on to a sample using three scan lenses (LSM03-BB, Thorlabs
Inc., USA) of effective focal length 36mm. The sample was
mounted on a motorized linear translation stage (MTS25/M-Z8,
Thorlabs Inc., USA) to perform lateral scanning (B-scan). From
the optical geometry of both arms, it can be inferred that
independent optical path lengths were defined for each channel,
enabling the simultaneous interrogation of multiple sample
locations.

Figure 2. Three-channel OCT signal processing flow
diagram. ch1, ch2 and ch3: indicated spectra of 1st 2nd and
3rd channel, respectively.

3. RESULTS AND DISCUSSION
Figure 3 shows the spectral distribution of a typical triplechannel SD-OCT on the sensors of a line scan camera. The three
interference fringes in figure 3 (a), (b) and (c)) were collected
by terminating the sample beamlets with mirrors. From the
frequency of the channel interferograms, it can be noted that the
optical path differences (OPDs) between the sample mirrors
and their corresponding references are not the same (i.e.
300µm, 210µm and 230µm, for the 1st, 2nd and 3rd channels,
respectively). This is an essential property when scanning a
sample with non-uniform surface structure.

The back-scattered light from sample and reference reflectors
was recombined in the coupler before it was detected by a
custom-built spectrometer consisting of a fiber-collimator (f =
36.18mm, F810APC-842, Thorlabs Inc, USA), a 1800lines/mm
transmission grating (Wasatch Photonics, USA) and
achromatic doublet focusing lens (f = 100mm). The composite
interference fringe was collected by a CMOS linescan camera
(ral4096, 12 bit resolution, Basler AG) and transferred to a
computer via a camera link frame grabber (PCIe-1427, National
Instruments) at a maximum A-scan rate of 80kHz. The overall
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surface profile of the deepest grooves in channel 1 (depth =
~0.7mm) and channel 3 (depth = ~1mm) are barely detected
mainly because of the off-axis propagation of the backscattered light, which results in the loss of signal
From the images in figure 5 (a)-(c), it can be inferred that the
depth of interrogation at a time of scan can be different among
the channels (e.g. the dotted vertical line in figure 5). Such a
functionality is useful in applications where accurate
measurement of dynamic geometry of the test target is required.
For example, the quantification of lumen deformation, which
changes dynamically and non-uniformly along the lumen
length during different phases of respiration.
Figure 3. Distribution of three interferograms along the
length of the line scan camera sensors. (a), (b) and (c)
indicate the 1st, 2nd and 3rd channels, respectively.

(a)

Axial resolutions in air of 22.583µm, 14.497µm and 17.23µm
for the 1st, 2nd and 3rd channel, respectively, were computed
from the point spread function (PSF) of each interferogram
using a mirror as a test target. The variation in the numerical
values of the resolutions is based on the per channel spectrum
bandwidth which is directly affected by the cut-on wavelength
of the high-pass dichroic splitters. Table 1 summarizes the
FWHM spectrum distribution among the three channels, as
determined by the percent transmission characteristics of the
splitters, and the corresponding number of sensors for each
channel spectrum. Practically, the achievable axial resolution
may vary depending on the per channel spectrum shape,
imaging depth and optical properties of the sample.
Channel
Number
1
2


FWHM Bandwidth (nm)

Total
pixels

(b)

Resolution
(µm)

13.5
19
17.5

560
22.583
874
14.497
666
17.23
Table 1. Source spectrum distribution in each channel.
The performance of the triple-channel SD-OCT was tested by
imaging a 3D-printed phantom (refractive index of the printing
material, n = 1.465) with different grooves of various
dimensions. As shown in figure 4, the sample arm beamlets
were pointed to three lateral spots of 12mm apart and a
transverse scan was performed by traversing the sample a
known distance. Hence, the total transverse scan was three
times this known distance.

(c)

Figure 5. Cross-sectional image from (a) 1st channel, (b)
2nd channel and (c) 3rd channel showing surface
imperfections and the system’s functionality in scanning
from different depth locations simultaneously.
As is evident from figure 5, the contrast of the image in figure
5(a) is relatively low as compared to the images from the 2 nd
and 3rd channels, mainly due to the non-uniform optical power
distribution among the channels. Thus, the cut-on wavelengths
of the modulating optics should be carefully selected to ensure
uniform illumination at each scan spot on the target sample.
Furthermore, independent signal post-processing such as
contrast enhancement may also improve the visualization of the
channel images.

Figure 4. Imaging setup of a 3D-printed phantom using
triple channel SD-OCT. L: Scan lens; ch-1, ch-2 and ch-3
are beamlets of the 1st, 2nd and 3rd channel, respectively.
Lateral and axial scan directions are shown by x- and zaxis, respectively
The system was able to resolve not only the forced grooves
(depth = ~0.5mm) but also the surface imperfections resulting
from printing discrepancy (depth ≥ 25µm). However, the
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The optical power-sharing among multiple channels and the
coupling loss have a significant effect the imaging depth-range.
To study this effect, several interference spectra were measured
at different OPDs by replacing the sample with a mirror. The
spectra were depth-resolved to produce the distribution of
several PSF functions along the depth direction. Figure 6
indicates the PSFs of the three-channel SD-OCT. Near the zeroOPD, a rapid signal falloff was noticed for the 1st channel while
the rate is slower for the 3nd channel. In the 2nd channel, the
broadest bandwidth and the highest optical power distribution
resulted in the least rate of signal decay with depth. The mean
signal peak drop of -10.37dB, -5.48dB and -10.29dB for the 1st,
2nd and 3rd channels, respectively, at depth range of 1mm is
higher than that of the single-channel version (i.e., -2.1dB) of
the system at the same depth. Hence, the per channel depth
range can be enhanced using a broader light source with higher
optical power. On the other hand, the non-uniformity of the PSF
pattern with depth can be optimized by selecting dichroic
splitters of appropriate cut-on wavelength to ensure an even
distribution the optical power and spectra bandwidth among the
channels.

increasing the resolution of the spectrometer could enhance the
system axial resolution.

REFERENCES
[1] Chen, C., Cheng, K. H., Jakubovic, R., Jivraj, J., Ramjist, J.,
Deorajh, R., Gao, W., & Yang, V. X. (2017). Multi-beam
optical coherence tomography for microvascular imaging
of human skin in vivo. Paper presented at the ThreeDimensional and Multidimensional Microscopy: Image
Acquisition and Processing XXIV.
[2] Cheng, S., Butler, J., Gandevia, S., & Bilston, L. (2008).
Movement of the tongue during normal breathing in awake
healthy humans. The Journal of physiology, 586(17), 42834294.
[3] Choma, M. A., Sarunic, M. V., Yang, C., & Izatt, J. A.
(2003). Sensitivity advantage of swept source and Fourier
domain optical coherence tomography. Optics express,
11(18), 2183-2189.
[4] Drexler, W., Morgner, U., Kärtner, F., Pitris, C., Boppart, S.
A., Li, X., Ippen, E., & Fujimoto, J. (1999). In vivo
ultrahigh-resolution optical coherence tomography. Optics
letters, 24(17), 1221-1223.
[5] Huang, Y., Badar, M., Nitkowski, A., Weinroth, A., Tansu,
N., & Zhou, C. (2017). Wide-field high-speed spacedivision multiplexing optical coherence tomography using
an integrated photonic device. Biomedical optics express,
8(8), 3856-3867.
[6] McLaughlin, R. A., Noble, P. B., & Sampson, D. D. (2014).
Optical coherence tomography in respiratory science and
medicine: from airways to alveoli. Physiology, 29(5), 369380.
[7] Mekonnen, T. T., Kourmatzis, A., Amatoury, J., & Cheng,
S. (2019). Simultaneous multi-spatial scanning optical
coherence tomography (OCT) based on spectrum-slicing of
a broadband source. Measurement Science and Technology,
30 (4), 10.
[8] Noble, P. B., West, A. R., McLaughlin, R. A., Armstrong,
J. J., Becker, S., McFawn, P. K., Williamson, J.P.,
Eastwood, P.R., Hillman, D.R., Sampson, D.D. & Mitchell,
H.W. (2009). Airway narrowing assessed by anatomical
optical coherence tomography in vitro: dynamic airway
wall morphology and function. Journal of applied
physiology, 108(2), 401-411.
[9] Podoleanu, A. G., Cucu, R. G., Pedro, J., Weitz, R., Jackson,
D. A., & Rosen, R. B. (2005). Hybrid configuration for
simultaneous en-face OCT imaging at different depths.
Paper presented at the Advanced Sensor Systems and
Applications II.
[10] Schmitt, J. M. (1999). Optical coherence tomography
(OCT): a review. IEEE Journal of selected topics in
quantum electronics, 5(4), 1205-1215.
[11] Shirazi, M., Park, K., Wijesinghe, R., Jeong, H., Han, S.,
Kim, P., Jeon, M. & Kim, J. (2016). Fast industrial
inspection of optical thin film using optical coherence
tomography. Sensors, 16(10), 1598.
[12] Yang, V. X., Munce, N., Pekar, J., Gordon, M. L., Lo, S.,
Marcon, N. E., Wilson, B.C. & Vitkin, I. A. (2004).
Micromachined array tip for multifocus fiber-based optical
coherence tomography. Optics letters, 29(15), 1754-1756.
[13] Zhou, C., Alex, A., Rasakanthan, J., & Ma, Y. (2013).
Space-division
multiplexing
optical
coherence
tomography. Optics express, 21(16), 19219-19227.
[14] Kim, S., Crose, M., Eldridge, W. J., Cox, B., Brown, W.
J., & Wax, A. (2018). Design and implementation of a lowcost, portable OCT system. Biomedical optics express, 9(3),
1232-1243.

Figure 6. Normalized PSFs of a triple-channel SD-OCT
obtained at different depths using mirror as a sample.

4. CONCLUSION
In this study, the feasibility of increasing the lateral field of
view of SD-OCT system was demonstrated based on
wavelength-multiplexing. Two long-pass dichroic splitters with
50% cut-on wavelengths of 825nm and 848nm were cascaded
to slice a broadband light of 840nm center wavelength and
50nm at FWHM bandwidth into three channels. The splitters
were configured in such a way that the beamlets of each channel
illuminated the test target at different transverse locations. In
doing so, the multiple spots of the sample were interrogated
simultaneously; increasing the lateral scan speed of a
conventional SD-OCT system by a factor equal to the number
of channels at favourable cost-scaling.
Due to the precise angular incidence requirement of dichroic
splitters, the coupling efficiency of the back-scattered light was
significantly reduced. This coupling efficiency degrades with
an increase in the depth of scan and thus, the depth sensitivity
of the system drops significantly. One easy method of
alleviating this issue might be using beam steering optics
between the lens and the dichroic splitters or increasing the
numerical aperture of the fiber collimator so that more light can
be coupled to the fiber. Despite the loss of resolution and depth
sensitivity attributed to the optical spectrum and power
distribution among the channels, the proposed design
configuration is still able to obtain images at multiple sites of
the sample with quality that is suitable for many applications
such as measurement of surface imperfections (e.g. particle
deposition layers or films) and dynamic geometries of
biological conduits. The use of a light source with higher optical
power and broader bandwidth could minimize the degradation
in resolution at optimum depth sensitivity. On the other hand,
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ABSTRACT
Rotational coherent anti-Stokes Raman scattering (RCARS)
utilizing a 30 ps pulse duration laser is explored in this paper.
The use of a near transform-limited 30 ps probe pulse in an
RCARS system offers a unique balance of spectral and
temporal properties that permits new measurements
capabilities. With a 30 ps probe pulse, the suppression of nonresonant four-wave mixing with shorter delays between the
probe and pump beams than a typical ~100 ps system can be
employed. With reduced probe beam delays, stronger signal
levels, reduced spectral heating and the measurement of fast
decaying polyatomic molecules such as C2H4 without nonresonant interference can be achieved. The narrow spectral
bandwidth of the 30 ps probe beam permits the dense RCARS
spectra of molecules such as CO2 to be resolved and also avoids
spectral beating from being generated within of the bandwidth
of the probe beam, a problem which complicates hybrid fs
pump/ps probe RCARS systems. Suppression of the nonresonant signal with good spectral resolution and no evidence
of spectral beating in pure ethylene and the complex
environment of a CH4/CO2 diffusion flame is demonstrated.

Figure 1. Schematic diagram of the dual-broadband
rotational CARS setup.
sources correspond to a vibrational transition energy of the
probed molecules, a vibrational spectra (smeared by the
broadband probe) will be spectrally overlapped with the desired
rotational spectra.

1. INTRODUCTION
Coherent anti-Stokes Raman scattering (CARS) has emerged as
one of the leading tools for non-intrusive measurement of
temperature and major species in combustion applications [1].
CARS is a four-wave mixing (FWM) technique in which
“pump” and “Stokes” beams are used to coherently excite rovibrational transitions in a molecule. A “probe” beam scatters
from the coherent state generated in the probe volume by the
two broadband pumps beams, producing a coherent beam
which carries the Raman spectra of the molecules being probed.
The generation of a coherent signal allows for relatively large
signal to background levels and easier background
minimization. CARS has seen steady advancement since the
1970s, with much of the early focus on vibrational CARS [2].
More recently, rotational CARS (RCARS), in which only
rotational states are probed, has received attention [3]. RCARS
offers the advantages of more easily resolved spectra, increased
signal levels, and the ability to measure multiple species with a
single broadband source [4]. Additionally, RCARS allows for
simple implementation of dual-broadband CARS (DBBCARS)
[4], where both the pump and Stokes beams are provided from
the same broadband source, and are probed by a narrowband
source. This allows multiple frequency combinations to drive
the same Raman resonance, reducing spectral noise [5].

There are two main strategies for suppressing the non-resonant
signal, which can be used individually or paired: Polarization
gating, and time delay of the probe beam with respect to the
pump and Stokes beams [1,6]. Polarization-based approaches
are susceptible to polarization scrambling in a combustion
environment [1], and cannot eliminate SVCARS [7]. Probe
beam delay-based approaches offer the possibility of higher
signal levels and elimination of SVCARS, but at the cost of
introducing spectral heating and reduced signal levels [6].
Non-resonant four-wave mixing occurs when all three input
beams are overlapped temporally. However, a Raman
resonance excited in a molecule will persist for tens to hundreds
of picoseconds, with the duration of the coherence dephasing as
a function of species, temperature, collisional partners, and the
specific energy state [6,8–10]. The rate of dephasing makes
probe delay impractical for ns based systems, but has been
exploited previously in picosecond and femtosecond
implementations [6,8–11].
As the timescale of non-resonant FWM suppression is related
to the pulse duration, the objective of this work is to explore the
impact of utilizing a 30 ps pulse duration in time-resolved
CARS. Such a 30 ps pulse duration is smaller than the
established 80-120 ps durations employed in picosecond
RCARS systems reported in literature yet features a narrower
bandwidth than the shorter 2-5ps probe pulses in fs/ps hybrid
RCARS systems reported in literature. The implications on
CARS signal levels, spectral heating, and tractability of the
technique for measurement of polyatomic molecules in
complex environments is evaluated.

One of the challenges associated with CARS is the presence of
broadband non-resonant four wave mixing which non-linearly
interferes with the desired resonant CARS signal. A second
challenge, specific to DBBCARS, is the presence of smeared
vibrational CARS (SVCARS). In SVCARS, the narrowband
source and one of the broadband sources act as pump and
Stokes beams, which are probed by the other broadband source.
If the relative frequencies of the narrowband and broadband
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Figure 2. Normalized integrated CARS signal as a function of probe beam delay. Measurements taken in pure gases at
295 K, 1 bar.

2. EXPERIMENTAL

probe volume. The probe volume is ~150 µm in diameter at its
waist, as measured by the profiling camera, and has a length of
~1.5 mm, measured by recording the CARS signal as a
microscope slide is traversed through the volume. The CARS
signal is collected by a 500 mm focal lens and directed to a

Dual-broadband pure rotational CARS is used for this work [4],
and a schematic diagram of the optical layout is shown in Fig.
1. Coherent energy for this ps RCARS setup is provided by the
532 nm second harmonic of a 10 Hz regeneratively amplified
Nd:YAG laser (Ekspla PL2251C). Up to 10% of the laser
energy is used to provide the probe beam, and 90% of the
energy is used to pump a custom-built dye laser. The ASE
source of this laser is a Brewster cell containing DCM in
ethanol at 0.3 g/L. The ASE is further amplified in two capillary
dye cells, of 6 and 8 mm diameter, containing DCM in ethanol
at 0.0375 g/L. The dye laser produces an 8 mm beam centered
at ~630 nm, with a bandwidth of about 30 nm. Output energies
for the 532 nm and 630 nm beams are up to 1.3 mJ and 0.4 mJ,
respectively, depending on experiment. The energy of each
beam is controlled by an attenuator comprised of a ½ waveplate
and beamspliter cube, which also ensures each beam is
vertically polarized at the probe volume. CARS signal levels
scale linearly with probe energy, and as the square of the
combined pump/Stokes energy, as expected. The red beam is
split with a beamsplitter to produce individual pump and Stokes
beams. The green beam and one red beam each have adjustable
delay lines built into their paths. The green beam path also
contains an adjustable reverse telescope to adjust the focal plane
of the probe to coincide with the pump and Stokes beams, and
also to reduce the probe beam diameter to 8 mm.
The picosecond Nd:YAG laser , and by extension, the dye laser,
can be run in either 30 ps or 80 ps mode. The pulse duration can
be estimated from the strength of a FWM signal produced in a
non-resonant gas as each beam is delayed temporally with
respect to the others. The beams are considered perfectly
overlapped temporally when the non-resonant signal is
maximized. A delay scan is shown in Fig. 2. As with similar
systems, it is expected the non-resonant signal would decay 12 orders of magnitude in a timescale comparable to that of the
pulse duration [8–10]. The decay of Ar signal in time seen in
Fig. 2 demonstrates a pulse duration of ~30 ps.
The three beams are arranged in a folded BOXCARS phasematching scheme [3], and focused to a point with a lens of 500
mm focal length and 50 mm diameter. A piece of glass is used
to reflect a portion of each beam to a WinCamD beam profiling
camera. This allows in situ verification of beam overlap at the

Figure 3. RCARS spectra of ethylene at 295 K and probe
delays of a) 2 ps, b) 49 ps, and c) 78 ps. RCARS signal
levels are reflective of fixed laser energies.

68

Czerny-Turner style Andor Kymera 328i spectrometer. The
beam is focused to ~40 µm at the entrance slit. A holographic
grating of 1800 l/mm disperses the CARS signal onto an Andor
Neo 5.5 sCMOS camera. The photodetector is comprised of
2160 x 2560 6.5 m square pixels, though less than 50 pixel
rows are used for the recorded spectra. The final spectral
resolution is 1.8 cm-1. Presented spectra represent accumulated
averaged images with pixels software binned along the height
axis of the slit. Integrated signals are the accumulated sum
across the spectral axis.

rotational spectra of ethylene shows significant quantum
number dependent dephasing. For these conditions, the
integrated ethylene signal decays with a time constant of 15 ps.
Measurement of ethylene resonant dephasing would be
extremely difficult with a more typical 100 ps pulse, as delays
of over 100 ps would be needed to suppress non-resonant
interference. With this amount of probe delay, resonant signals
would have decayed by 4+ orders of magnitude. An alternative
use of time-resolved ps CARS is for measurement of Raman
linewidths [12]. In principle, this system could be used to more
easily measure Raman linewidths of complex species, such as
ethylene, which have major resonant and non-resonant
components [10].

3. RESULTS
Figure 2 shows integrated RCARS signals, normalized by their
respective peaks, as a function of probe delay. All three beams
are temporally overlapped at a delay of 0 ps, where the RCARS
signal in a Raman inactive gas such as Ar is a maximum. The
rapid drop-off of signal intensity when delaying or preceding
the probe beam by up to 40 ps is indicative of the relatively
short pulse duration.

In addition to reduced signal levels, long delays result in
spectral heating. Dephasing is more significant for lower Jstates in diatomic molecules. The result of this J-dependent
dephasing is a shift in spectra to higher J-states, and a higher
evaluated temperature. Figure 4 shows the evaluated
temperature of a pure N2 stream at 295 K. Temperatures are
evaluated using the CARSFT code [13]. As seen in Fig. 4, an
evaluation error of 35 K occurs with a probe delay of 100 ps.
However, the error is less than 15 K for delays <50 ps. The
ability to operate with much lower delays makes a 30 ps system
attractive for measurements in highly non-resonant
environments. As lower J-states are more susceptible to
dephasing, gases at lower temperatures are much more sensitive
to delay. As such, these measurements could represent an upper
bound on spectral heating.

The ability to suppress the non-resonant signal with relatively
short delays allows measurement of CARS spectra with
reduced collision effects. This results in 1) increased signal
levels, and 2) less spectral heating. Looking at largely resonant
gases like N2 and CO2, Fig. 2 shows the exponential decay of
the integrated resonant signal at delays beyond 40 ps. This is
the result of dephasing, and at this temperature, the time
constants of decay are 56 ps and 28 ps for N2 and CO2,
respectively. When operating on times scales this short, though
still on a scale of relevance to dephasing rates, it can be seen
that peak integrated signals are obtained with a small probe
delay. This is due to the competing effects of allowing more
complete pumping and increased dephasing at longer delays.
For N2 probed with 30 ps beams, optimal balance is achieved at
about 23 ps. As CO2 dephases faster than N2, this balance is met
with a smaller delay of about 10 ps.

To demonstrate the advantage of this short-pulse
implementation of ps CARS, measurements of CO2 in a CO2
diluted methane diffusion flame are carried out. A standard
Yale coflow burner is used [14]. Air issues from a 50 mm
diameter coflow surrounding a 4 mm fuel jet of 80% CH4 with
20% CO2 dilution. Flowrates are 90 slpm air, 0.212 slpm CH4,
and 0.053 slpm CO2 (25°C reference). Measurements of CARS
in such a heavily non-resonant environment with a 100 ps
system would normally require significant probe delay (over
200 ps) [6]. As CO2 is a fast dephasing species, signal levels
could decay by 3+ orders of magnitude at such a delay, and the
spectrum could experience significant spectral heating. Figure
5 shows the RCARS spectrum at 6 mm above burner, on
centerline, where there are elevated temperatures, significant
methane concentrations, and very low CO2 and N2

RCARS in ethylene produces significant resonant and nonresonant components. Figure 3a shows ethylene RCARS with a
2 ps probe delay. With a 30 ps pulse duration, it is possible to
suppress the non-resonant component, which decays on the
order of 40 ps, while still preserving the resonant component.
With a 49 ps delay, shown in Fig. 3b, the non-resonant
component of the signal is mostly suppressed, revealing the
complex rotational structure. With a delay of 78 ps, the nonresonant component is completely suppressed, and the

Figure 5. CO2 CARS in an 80% CH4/20% CO2 diffusion
flame.

Figure 4. Spectral heating in N2 at 295 K.
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concentrations. Figure 5 shows that full suppression of the
methane non-resonant signal can be accomplished with less
than 100 ps delay. The 30 ps timescale of the system allows
RCARS of a fast dephasing species in a highly non-resonant
environment where spectral heating should be minimal.

[5]

It should be noted that hybrid fs pumping/ps probing
implementation allow similar advantages in shorter delay times.
In hybrid fs/ps systems, a narrowband ps pulse is produced from
a portion of the fs pulse with a 4f pulse shaper [15], Fabry-Perot
etalon [11,16], or Harmonic Bandwidth Compression [17].
However, when producing the ps probe from the fs beam (~2.5
cm-1), the spectral bandwidth is broader than the transformlimited 30 ps pulse (~0.5 cm-1). The narrow spectral resolution
required to sufficiently resolved the RCARS spectra for
polyatomic molecules such as CO2 and C2H4 (~<1 cm-1) for
high precision temperature measurement becomes challenging.
Due to the larger probe beam bandwidth in hybrid fs/ps based
systems, coherent beating within of the bandwidth of the probe
beam can be generated, complicating the interpretation of the
RCARS signal. Both ps and hybrid fs/ps systems offer
alternative compromises in temporal and spectral resolution and
different features. For example, the slight delay of peak RCARS
signal in resonant gases reported here for 30 ps pulses, would
not be visible on these timescales with fs pumping.

[6]

[7]

[8]

[9]

[10]

4. CONCLUSIONS
Rotational CARS is demonstrated with a 30 ps pulse duration.
Compared to published picosecond RCARS systems using 80120ps pulse duration, the 30 ps pulse duration allows:
1) Suppression of non-resonant FWM with shorter
probe delays. Both increased signal levels and
reduced spectral heating compared to longer pulse
duration systems can be realized.
2) Measurement of Raman linewidths of fuels, such as
ethylene, with spectrally dense features and
significant resonant and non-resonant components is
feasible.
3) Measurement of fast dephasing species in highly nonresonant environments while minimizing spectral
heating.
Compared to hybrid fs/ps systems, the presented 30 ps approach
offers better spectral resolution, hence the potential for
improved precision in the measurement of temperature and
species concentrations in complex environments.

[11]

[12]

[13]

[14]
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ABSTRACT
Focused Laser Differential Interferometry (FLDI), a nonintrusive optical diagnostic technique was set up and
characterized using turbulent jets. A 90° phase shift
interferometry setting, a key requirement to remove phase
ambiguity is obtained by traversing the second Wollaston prism
perpendicular to the beam axis. The spatial resolution along the
beam axis is obtained by traversing a compressed air jet. The
result shows the FLDI system is spatially sensitive up to
10 ±.5 mm on either side of the beam focal point. In addition,
the density and temperature distributions through the jet from a
hot-air gun were measured using this technique. The results
obtained from the laboratory test helped in understanding the
system prior to implementing it in the shock tunnel for scramjet
testing.

Prior to implementing the FLDI technique in measuring the
disturbances in a shock tunnel, it is important to characterise the
spatial and temporal resolution of the FLDI system. For
characterising the FLDI technique, researchers mostly use
compressible gas jets and laser-induced breakdown tests. By
traversing a jet along the beam path and in the direction of
orientation of the two beam spots, the spatial resolution or the
probe volume of the FLDI system can be deduced [8]. Using a
similar bench test experiment, the spatial and the frequency
response of the FLDI system due to varying the beam diameter
in the focusing lens and spot separation distance can be
quantified [6]. The present paper demonstrates the setting up
and characterization of an FLDI optical system with a series of
bench tests.
2. FLDI SETUP

1. INTRODUCTION
The FLDI system is shown in Fig 1(a). Figure 1(b) shows an
enlarged top view of the intersection of the beams between the
two converging lenses.

Prediction of aeroacoustics loads generated within the scramjet
engine is essential in designing a reusable hypersonic launch
vehicle as it may lead to acoustic fatigue and structural
damage [5]. In order to measure these acoustic disturbances,
experimentalist often use the intrusive techniques such as hotwire anemometry and high-frequency pressure sensors [3], and
non-intrusive techniques like surface-mounted high-frequency
pressure sensors [2] and optical diagnostic techniques [7].
Recently much attention was given to a novel and a nonintrusive optical diagnostic technique called Focused Laser
Differential Interferometry (FLDI) to determine the acoustic
instability in the free stream and over a slender body in the
hypersonic flow [9, 10]. In the early 1970s, Smeets et.al. [12]
first demonstrated the ability of the Laser Differential
Interferometry (LDI) technique to measure both density and
turbulence intensity in steady and unsteady compressible fluid
flows. The low-frequency response which hinders its
application to the hypersonic flow regime was overcome
recently by the development of high-quality optics, highfrequency response and higher bit depth digitizer. In the LDI
technique, the laser beam is split into two beams and collimated
by a Wollaston prism and a lens. The two parallel beams then
pass through the test flow. Acoustic disturbances created by the
flow induce a change in the optical path and hence phase shift
between the two laser beams which is then converted into
density fluctuations. Since the density fluctuation is obtained by
integrating the disturbances along the beam path, the LDI has a
low special resolution, making it unsuitable for measurements
in a hypersonic tunnel, where thick turbulent boundary layer
prevails in the sidewall of the test section. To address this issue,
the Focussed-LDI technique was introduced. Unlike LDI, in the
FLDI technique, the two laser beams are focussed instead of
collimated. The two beams which overlap for most of the
distance as it converges separate in the vicinity of the beam
focus. The nonoverlapping region between the two beams in the
vicinity of the beam focus is denoted as probe volume or the
sensing region of the FLDI system. Disturbances created in the
probe volume is measured by the FLDI system thereby offering
higher special resolution compared to the LDI technique.

Figure 1. a) Schematic of the FLDI system and b)
enlarged top view depicting probe volume and coordinate axis.
An 8 mW, 650 nm laser beam propagates along the z-axis as
defined in the coordinate system. An aperture (A) placed next
to the laser limits the beam extent which is then expanded as it
passes through a concave lens (L1, f1=30 mm). The expanded
beam is then linearly polarized at 45° in the x-y plane by a linear
polarizer (P1) and splits into two orthogonally polarized beams
by an angle of 2 arcmins in the x-z plane as it passes through
the Wollaston prism (W1). The two orthogonally polarized
beams are refocused by a convex lens (L2, f2=200 mm) and as
it converges, the two beams which overlap mostly along the
converging axis, focus down to two separate points oriented
along the x-axis as shown in Fig 1(b). The beam separation
distance (∆x) at the beam focus is found to be 116 µm. The two
beams are then refocused, re-polarized and recombined as they
pass through a second converging lens (L2, f2=200 mm), a linear
polarizer (P2) and Wollaston prism (W2). The convex lens (L2)
is kept at one focal length from the Wollaston prism and the two
beams are focused at a distance of 300 mm from the convex
lens. The interference signal is detected by a photodetector (D)
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and digitized using an oscilloscope. In order to avoid phase
ambiguity, before each experiment, interferometers are set at
the linear part of the sine curve by introducing a 90° phase shift
between the two beams. The phase shift can be introduced by
using a phase compensator ahead of the second polarizer [4].
Nevertheless, in the present setup, a 90° phase shift is
introduced by traversing the second Wollaston prism in the
direction perpendicular to the axis of the beam.

maximum voltage is achieved at one location. The voltage
value is noted as Vmax. Then the Wollaston prism is moved in
the opposite direction (i.e., in negative x-direction). The
movement is stopped when the voltage reaches a minimum
value. This voltage is recorded as Vmin. The average between
the two extrema of the voltage values corresponds to a 90°
phase shift. Therefore, the Wollaston prism is again moved in
the opposite direction (in positive x-direction) until the
calculated average voltage is achieved in the oscilloscope. Once
the average voltage (V0) is attained in the oscilloscope, the
Wollaston prism is fixed at this position and the experiment is
conducted. An example of the measured maximum, minimum
and average voltage attained before the experiment along with
the FLDI voltage signal and the corresponding phase shift when
a hot jet is blowing through the probe volume is shown in Fig 3.

Before explaining the procedure involved in introducing a 90°
phase shift, one needs to understand the physics as the beam
pass through the Wollaston prism. Consider a 45° linearly
polarized laser beam incident at the middle of a Wollaston
prism made up of two right triangle quartz prisms cemented
together such that their optical axis is perpendicular to each
other as shown in Fig 2(a) (case A). For the first quartz prism,
the optical axis is parallel to the page (denoted by a double
arrow at the top of the first quartz prism) while for the second
quartz prism the optical axis is perpendicular to the page
(denoted by the bulls-eye target at the bottom of the second
quartz prism). As the perpendicularly polarized beam (Spolarized) enters the first quartz prism, the ordinary wave (owave - indicated by a dot) moves faster than the extraordinary
wave (e-wave - indicated by a double) or the beam polarized
parallel to the optical axis (P-polarized) [1]. The laser beam
then splits into two beams as it crosses the interface and, due to
change in the optical axis between the two-quartz prism, the owave becomes e-wave and vice-versa. As the beam passes
through the second quartz prism, the o-wave (which was earlier
the e-wave) moves faster and catches the e-wave at the exit
plane. The two waves/beams exit at the same velocity resulting
in a zero-phase shift.

Figure 3. Voltage plot depicting the measured maximum,
minimum and average voltage attained before the
experiment along with the FLDI voltage signal and the
corresponding phase shift after the hot-air gun
experiment.
The measured FLDI voltage signal is then converted to phase
shift and the density gradient using the following equations
derived by Parziale [11].
*

∆𝜑 = sin'( )* − 1.

Figure 2. Front view of the Wollaston prism illustrating the
effect of the incident position of the laser beam w.r.t the
prism on the phase shift between the two orthogonally
polarized beams.
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Now consider the next two cases (see Fig 2b and 2c) where the
laser beam is incident away from the centre and on the right side
of the prism. In the two cases, the o-wave exits first due to the
relative velocity difference between the two waves. This
difference in the velocity is because of the decrease and
increase in the distance travelled by the two waves as they pass
through the first and second quartz prisms. For case C, the laser
beam is incident further away from the centre of the Wollaston
prism resulting in a 180° phase shift compared to the 90° phase
shift, as in case B. A similar argument can be proposed if the
laser beam is incident away from the centre and on the left side
of the prism. In this case, the e-wave exits first resulting in a
similar phase shift between the two beams. Thus, for the present
study, a 90° phase shift is introduced by traversing the second
Wollaston prism relative to the beam and in the direction
perpendicular to the beam’s axis.

= Output voltage
= Initial voltage set before each experiment
= Wavelength of the laser beam
= Gladstone-Dale constant=2.248 x 104 m3/kg
= Integration Length

3.
FLDI
EXPERIMENT
COMPRESSIBLE AIR JET

WITH

A

SMALL

The spatial resolution of the FLDI system along the beam axis
has been measured by traversing an under-expanded air jet from
the beam focal point to interval point 35 mm away in steps of
5mm. The diameter of the exit of the converging nozzle is 1mm
and the jet exit is 6mm from the beam focal point. The air-jet is
directed along the y-axis. At each location, three sets of data
were recorded and, for each experiment, 50000 samples were
taken at a sampling rate of 250 kHz. The sensitivity of the FLDI
system is gauged by analysing the phase shift profile between
the two beams. The phase shift between the two beams is shown
in Fig 4. From Fig 4 it is evident that the change in phase (or,
in the other words, the FLDI response) diminishes as the focal
point of the FLDI is further from the axis of the air jet and rolls
off after z=-20 mm. This clearly demonstrates the ability of the
FLDI system to attenuate the unwanted signal away from the

The steps involved in the process of achieving a 90° phase shift
is discussed next. First, the second Wollaston prism is moved
in one direction, say in the positive x-direction. While moving,
the voltage signal is monitored using the oscilloscope. At one
location the voltage either reaches a maximum or minimum
value depending on whether a 0° or 180° phase shift between
the combined beams has been introduced. Consider that
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probe volume and act as a point-like measurement device. The
1/e folding of the obtained phase shift is found to be 10 ± 0.5
mm from the beam focus point. Thus, the FLDI system is
considered to be sensitive for a length of 10 mm on either side
of the beam focal point and the integration length (L) used to
evaluate the density gradient between the two beams is taken as
20 mm.

change in phase shift is because of the relative change in the
optical path experienced between the two beams due to density
change created by the hot air. The peak and trough in the phase
shift indicate the maximum relative density gradient measured
between the two beams. When the axis of the jet is at the beam
focus, the two beams experience the same flow and hence the
relative change in density and phase shift is zero. A zero-phase
shift is observed beyond x=±20 mm. This shows the FLDI
doesn't sense any disturbances beyond this point.

Figure 4. FLDI response in terms of change in phase
between the two beams obtained by traversing the
compressed air jet along the beam axis.

Figure 6 Phase shift measured between the two beams
as the hot-air gun traversed from x=+35mm to x=-35mm
and at z=0.
Temperature T (K) Density (kg/m3)

The spectral characteristics of the FLDI signal at z=0, 5, 10, 15,
20 and 35 mm are illustrated in Fig 5 by a power spectral
density (PSD) profile. The decrease in PSD with increasing
frequency indicates the energy is transferred from the jet to the
atmosphere in the turbulence scale. Also, the spatial filtering
behaviour of the FLDI system is observed as the PSD profile
shifts down when the air jet axis is away from the focal point.
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Figure 7. Mean density and temperature profile obtained by
FLDI technique as hot air jet traversed in the x-direction.
To calculate the mean density in the hot plume, initially, the
density gradient between the two beams is calculated using
Eq.2. Since the phase shift is zero at the far end from the beam
focus, the mean density at x=±35 mm is assumed to be equal to
the atmospheric density (=1.21±.01 kg/m3). The mean density
profile was then obtained by integrating the area under the
density gradient profile. Assuming that, the local pressure
inside the hot air plume is equal to atmospheric pressure and
room temperature as 293±3 K, the temperature profile of the
hot-air gun is deduced using the ideal gas law. The density and
temperature profile are shown in Fig 7. The mean density which
is higher at the boundary starts decreasing and reaches a
minimum value of 0.74±.02 kg/m3 at the potential core of the
plume. On the other hand, the temperature which is inversely
proportional to the density attains maximum at the plume core
and its value is found to be 480±10 K. This value closely
matches the operating air temperature range quoted by the hotair gun manufacturer. The ratio of RMS change in density to the
mean density measured along the traversed distance is
represented in Fig 8. This ratio implicitly shows the turbulent
fluctuations in the hot-air jet. When the hot-air gun is at the
beam focus (x=0), the hot air emanating from the potential core
of the plume interacts with the beam focal point. Since the beam
foci are at one nozzle exit diameter, the FLDI senses uniform
flow with less energy interaction between the core flow and the
atmosphere and lower fluctuating disturbances. As the hot-air
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Figure 5 Comparison of raw PSD measured by FLDI
technique as air jet traversed at z=0, 5, 10, 15, 20 and
35 mm.
4. FLDI EXPERIMENT WITH A HOT-AIR GUN
To further characterize and understand the FLDI system the
compressible air jet was replaced by hot air jet. Hot air
generated from a hot-air gun produces considerable density and
temperature difference and is suitable for checking the
performance of the FLDI system. A 1500 W hot-air gun
(STEINEL-Model HL 1920 E) is used in the present study. The
nozzle exit diameter of the hot-air gun is 22 mm and the exit
plane of the gun is located 22 mm from the beam focal point.
To avoid temperature fluctuations, the hot-air gun is turned ON
ten minutes before conducting the experiment. The response of
the FLDI system is analysed by traversing in the x-direction
from x=+35 mm to x=-35 mm in increments of 2 mm. Three
sets of data were recorded at each location and each test is
sampled for 5 seconds at a sampling rate of 10 kHz. The phase
shift between the two beams as the hot-air gun was traversed in
the x-direction is shown in Fig 6. A significant phase shift is
observed in the region between x=+20 mm to x=-20 mm. This
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gun is traversed away from the beam focus, the two beams start
to sense a non-uniform flow resulting in a gradual increase in
the turbulence intensity as observed in Fig 8.

along the beam axis. Results from the hot-air gun experiments
show FLDI can determine the density and temperature of the
hot air emanating from the hot-air gun and turbulence instability
associated with it. Experiments were planned in future, using a
shock tube, to further characterize this technique before
implementing in the shock tunnel scramjet testing.
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detected Cl in the mixture of 0.4% CaCl2 using a CaCl
molecular emission band. Forni et al. [4] detected F with 0.6%
fluorine content using a CaF molecular emission band. Y.
Foucaud et al. [5] used fluorine-containing rock samples for
fluorine quantification using CaF molecular emission band.

ABSTRACT
Microwave assisted laser-induced breakdown spectroscopy
(MW-LIBS) has been applied to detect chlorine and fluorine in
solid matrix at ambient conditions. Chlorine and fluorine have
been detected using strong molecular emission band at 617.9
nm and 605 nm for CaCl and CaF respectively. The detector’s
gate-delay has been optimised to achieve the optimum signal to
noise (SNR) of CaCl and CaF molecular emission. The results
show that using a constant gate-width of 300 µs, the highest
SNR of CaCl and CaF can be achieved at gate-delay of 5001000 and 400 ns respectively. It was found that the MW-LIBS
enhances the CaCl and CaF signal up to 4.5 and 8 times
respectively compared with LIBS. The SNR improvement was
2.5 times for both bands.

Microwave-assisted (MW) LIBS is one of the available signal
enhancing techniques among others such as Double-pulse
LIBS, spark discharge LIBS, Laser-induced fluorescence LIBS,
resonant LIBS, due to its underlying benefits such as long
plasma lifetime, larger volume, ability to reduced selfabsorption, strong emission intensity and stability with time
[15-17].
In this work, the measurement of chlorine and fluorine is
evaluated with MW-LIBS using molecular emission band such
as those of CaCl and CaF. The strong emissions of CaCl and
CaF are optimised using optimised time gating of detector at
wavelength of 617.9 nm and 605 nm respectively. The
experiment includes molecular emission of chlorine and
fluorine with LIBS and MW-LIBS, optimised gate-delay and
detector gain.

1. INTRODUCTION
The detection of chlorine and fluorine is important for process
analysis, environmental and geological exploration. In addition,
chlorine acts as an active corrosive agent in concrete structures.
Harmful species such as chlorides may penetrate together with
water through the capillary pore space, which may trigger
different damage processes such as pitting corrosion, concrete
corrosion [1]. On the contrary, Chlorine act as an essential
element in chemical building blocks, food, water purification,
medicines, advanced technological devices, air conditioning
refrigerants, paint, energy efficient windows etc [2]. On the
other hand, Chlorine and fluorine can play role in the process
of stress corrosion cracking of dry cask storage located in
marine environments [3] as well as partial melting of the
Martian mantle [4]. On the contrary, fluorine is used as a
compound in industries for metallic aluminium, ceramic, ionic
superconducting material production [5]. However, chlorine
and fluorine are difficult to detect using atomic emission or
absorption techniques because of absence of transitions with
reasonable population at the upper electronic states.[6].

2. METHODOLOGY
2.1. MW-LIBS SETUP
The experiment was carried using a MW-LIBS setup as shown
in Figure 1. A Q-switched Nd:YAG laser of second harmonic
with a repetition rate of 10 Hz was used. A half-wave plate with
Glan-laser polarizer was used to control the pulse energy. The
beam was focussed onto the sample surface using a fused silica
lens with f=100 mm. The spot size obtained at the focal point
was estimated to be 7.32 µm while the propagation of laser
beam was at an angle of 15ᴼ to the vertical. The sample was
placed on a rotating disk with an angular velocity of 7
revolutions per minute to achieve ablation from a fresh surface
at each laser pulse. A second CW laser, with a camera, was used
to monitor the exact distance between the sample surface and
the fused silica lens. A water-cooled pulsed-microwave system
(Seirem) at 2.45 GHz was used as the microwave source. The
microwave radiation was directed via a WR340 waveguide to a
3-stub impedance tuner and then to a waveguide-to-coaxial
adaptor (WR340RN) through a quartz window. The
waveguide-to-coaxial adaptor was connected to a 1m flexible
coaxial cable (50 Ω NN cable) with 0.14 dB @ 2.45 GHz. A
semi rigid cable (RG402/U) was then connected at the end of
the coaxial cable. The other end of semi rigid cable was attached
to a near field applicator (NFA). The NFA was located about 1
mm above the sample surface and 0.5 mm horizontally away
from the ablation spot. For the spectroscopic detection, an
Andor Shamrock 500i spectrometer with a grating of 2400
lines/mm was used. The plasma emission was collected through
a plano-convex lens (f=100 mm) and was then focussed by an
off-axis parabolic mirror onto an achromatic reflector coupler
through a lens (f=20 mm) that was connected using a bifurcated

Laser-induced breakdown spectroscopy (LIBS) is considered to
be a well-established laser-ablation based analysis technique
due to its distinguishing characteristics such as to perform
chemical analysis on any solid sample directly. Although LIBS
is advantageous due to its unique characteristics such as
requiring no sample preparation, real time, easy of handling and
its non-destructive nature, it is found to be less sensitive to
element (nuclear fuel) having complex structure [7], low
excitation efficiency [8] and high ionization energy [9] such as
halogens. Detection limits for halogens using their most excited
atomic lines are less than satisfactory for demanding
applications. Among the possible alternatives such as surrogate
measurement, molecular emission rather than atomic emission
[3, 10], the sensitivity of LIBS can be improved significantly
using molecular emission [11]. C. Haisch et al. [12] has shown
in their study that the detection limit of halogens can be
significantly enhanced using molecular emission bands. D.
Vogt et al. [13] suggested in their study that calcium-free salt is
not suitable for detecting Cl via CaCl. M. Gaft et al. [14]
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fibre bundle (Thorlabs, BFY400HS02. The fibre bundle has a
core size of 400 µm and a transmission range of 250-1200 nm.
The optical line, the sample holder, the NFA and one end of the
fibre were placed inside an aluminium box to minimise the
residuals microwave radiation. One side of the aluminium box
was covered with metal mesh acting as an observation window.
The attainable wavelength range for the spectrometer, with a
Holographic grating, is 200-705 nm. An intensified CCD
camera (Andor, iStar) was utilized to record the spectral signal,
which was synchronised with the laser and the microwave
generator. For each experiment, 100 single shots were recorded
and averaged. The experiment was conducted in atmospheric
environment. The experimental uncertainties are calculated as
laser energy (10 ± 0.127 mJ), microwave power (600 ± 6 W),
microwave coupling efficiency 90%.

The temporal evolution of molecular emission intensity was
investigated for MW-LIBS by maintaining a constant gate
width of 300 µs and varying the gate-delay from 0 ns to 2 µs.
The temporal evolution of MW-LIBS is shown in Figure 3 and
Figure 4. It was observed, that the CaCl signal had an
interference with CaO signal at around of CaCl signal (617.9
nm) [5]. It was observed that the formation of two radicals such
as CaCl and CaO differ in time. CaO signal was high initially
and decreased with time until 1000 ns and increased again.
Because of the constant amount of Ca presence, the signal of
CaO was dominant initially and then CaCl signal became
stronger. Figure 3 shows that the SNR of CaCl. It is clearly
shown in Figure 3 that the gate-delay at around 500-1000 ns
gives the highest SNR of CaCl molecular signal. Figure 4 shows
the SNR of CaF at 605 nm. It is shown from Figure 4 that the
highest SNR of CaF molecular emission was observed at 400
ns gate-delay.
Typical spectra of molecular CaCl (2.07% of Cl) and CaF
(1.63% F) recorded in LIBS with and without microwave
radiation are presented in Figure 5 and Figure 6. It was found
experimentally that at 10 mJ laser energy, the signal of CaCl
improved by 4.5-fold where CaF signal improved by 8-fold by
using MW-LIBS compared with LIBS. This is due to the signal
enhancing ability of microwave system. The external energy
supplied, using the microwave radiation, sustains the free
electrons present within the laser-induced plasma. These
reenergized free electrons act as an excitation source, via
collisional processes, leading to the lifetime extension which
finally leading to the signal enhancement. The SNR
improvement calculated for both CaCl and CaF was achieved
2.5- fold. It is expecting that the SNR improvement by 2.5- fold
will lead to an improvement of ~3-fold detection limit of
chlorine and fluorine.

Figure 1. MW-LIBS experimental setup

4. FIGURES AND TABLES

2.2. MATERIALS
As a source of calcium, Portland cement (~ 40% Ca content)
was used as primary matrix. For the source of chlorine and
fluorine, KCl and NaF were purchased from Sigma Aldrich.
2.07% Cl in KCl and 1.63% F in NaF were mixed up separately
with distilled water to make solution. Each solution was mixed
with correct amount of cement (4 g) to make a paste. The paste
was placed in a circular disk to make pellet and then dried with
a dryer.

3. RESULTS AND DISCUSSION
To obtain the lowest detection limit, optimization in gating is
important in order to achieve the highest signal-to-noise (SNR).
To find the efficiency of detector gain, SNR of CaF molecular
emission at 605 nm was investigated. Figure 2 shows the effect
of detector gain on SNR. As shown in Figure 2, the SNR
increases with the amplification of detector gain but after a
factor of 100 gain, the noise increment becomes high
significantly. The high noise leads to a higher standard
deviation of background noise that will worsen the limit of
detection according to the equation 1. For the next experiment,
100-detector gain was considered.

𝐿𝑜𝐷 =

&'
(

Figure 2. Effect of detector gain on signal to noise ratio
using CaF molecular emission at 10 mJ laser energy, 600
W microwave power, 400 ns gate-delay, 300 µs gatewidth with 100 accumulation.

… … . (1), where σ is the standard deviation of

background, S is the slope.
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Figure 6. Typical spectra of CaF molecular emission at
10 mJ laser energy, 600 W microwave power, 400 ns
gate-delay, 300 µs gate-width with 100 accumulation.

Figure 3. Signal to noise ratio of CaCl molecular emission
at 10 mJ laser energy, 750 W microwave power, 300 µs
gate-width with 100 accumulation.

5. CONCLUSIONS
The main goal of this work was to demonstrate the possibility
of an accurate detection of chlorine and fluorine at ambient
condition. Microwave-assisted laser-induced breakdown
spectroscopy has been investigated to evaluate the optimum
signal enhancement for CaCl and CaF following ablation of
sold matrix.. The detection of chlorine and fluorine is
demonstrated by using molecular emission of CaCl and CaF at
10 mJ laser energy. It is found that highest signal to noise ratio
can be achieved for CaCl and CaF at 500-1000 and 400 ns gatedelay respectively with a gate-width of 300 µs. SNR
improvement for both bands is reported to be 2.5-fold by using
MW-LIBS than LIBS. It is observed that the amplification of
detector’s gain more than 100 is not suitable because of high
increasing order of noise.

Figure 4. Signal to noise ratio of CaF molecular emission
at 10 mJ laser energy, 600 W microwave power, 300 µs
gate-width with 100 accumulation.
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individual droplets through their entire lifetime with enough
resolution is impractical or infeasible from an experimental
standpoint especially when measuring small relative changes in
properties. To date the analysis of isolated highly volatile
supercooled refrigerant droplets is extremely limited. Research
of singular refrigerant droplets has focused predominantly on
resultant particles when either dissolved or suspended and the
effects environmental conditions have on these [3].

ABSTRACT
This paper presents a new method to produce monodisperse
supercooled refrigerant droplets, comparing the breakup
mechanism to the Plateau-Rayleigh instability. Formulations of
highly volatile species, HFA134a and HFA152a, are cooled to
230K to form a steady unstable liquid column. The breakup of
this column is shown to produce a monodisperse droplet stream
through back illuminated high-speed imaging (BIHSI) near the
tip of the liquid ligament. Theoretical estimates of the most
unstable surface jet oscillation frequencies disagree by an order
of magnitude. The low surface tension of refrigerant jets may
be responsible for the relative amplification of forcing
frequencies to critical amplitudes when compared to the
theoretical most unstable wavelength and frequency. Near the
ligament, volumetric calculations from area projections should
be corrected to account for the dominant axial oscillations
rather than assuming spherical droplets. Ligament jet velocity
estimates from projected droplet area are also shown to agree
with experimental results.

This work presents a new facility to produce monodisperse
supercooled refrigerant droplets. The droplet breakup
mechanism is investigated and compared to modelling of the
Plateau-Rayleigh instability. This instability is characterised by
the growth of linear surface perturbations along a cylindrical
liquid ligament [6]. BIHSI allows for the analysis of the
ligament and produced droplets, quantifying the initial
conditions of this facility and exploring the behaviour of the
highly volatile refrigerants with low surface tension in the
Plateau-Rayleigh breakup regime.

2. EXPERIMENTAL METHODOLOGY
1. BACKGROUND
We consider the initial conditions of HFA134a (Prime
Refrigerant) and HFA152a (Shanghai Dazio Aerosol) droplets
produced by the newly developed refrigerant droplet facility
(RDF). The boiling temperature of these at atmospheric
pressure are 247.1K for HFA134a and 249.1K for HFA152a at
low velocities [4]. The RDF produces monodisperse droplets
through the unstable growth of perturbations on the surface of
a cylindrical liquid ligament. This is similarly described by the
Plateau-Rayleigh instability whereby the breaking of a
cylindrical jet into droplets reduces the total surface energy [6].

Pulmonary diseases are regularly treated with pressurised
metered dose inhalers (pMDIs). These devices allow for drug
delivery through flash atomisation of a propellant solvent blend
into micron sized droplets. Upon vaporisation, these produce
respirable particles. Environmental conditions such as humidity
have been shown to affect particle morphology, resultant from
changes in the droplet’s thermodynamic behaviour [2].
Quantifying the vaporisation rates of these highly volatile
propellants is therefore expected to assist device design.

The facility consists of a centralised droplet generator with
auxiliary components, compartmentalising the system such that
the initial and environmental conditions can be individually
controlled. An RDF simplified diagram is shown in figure 1.
The droplet generator is comprised primarily of 2 chambers; an
internal 50mL copper formulation chamber and a surrounding
acrylic cooling chamber. The refrigerant is filled through a
three-way valve (Beswick) into the top of the formulation
chamber and can be released by a custom valve, immediately
before the nozzle with aid from a nitrogen head pressure.
Cooled 5cSt silicone oil (Sigma Aldrich) is pumped through a
helical coil into the top of the cooling chamber. This encases
and chills the formulation chamber. The helical coil amplifies
mixing of the silicone oil to minimise thermal gradients. With
the high thermal conductivity of the copper formulation
chamber, an approximately constant temperature formulation
can be achieved. This is estimated as the temperature of silicone
oil exiting the cooling chamber due to the significantly larger
relative flow rate when compared to refrigerant.

Measurements of droplet properties from atomised sprays,
particularly droplet volume in situ are notoriously difficult.
Classical laser-based techniques such as laser diffraction
measurements or phase Doppler anemometry can give
estimates of droplet diameter. However, these techniques
should be limited to regions of lower density due to the inability
in resolving multiple scattering events and relatively high noise
levels with low light penetration. Furthermore, the typical
refrigerant droplet size measured by such methods ranges from
2–5µm [8] in pMDIs making changes in radii difficult to
resolve. Finally spray conditions will vary depending on
formulation and orifice geometry, meaning individual effects
on droplet behaviour are difficult to predict [7]. Investigations
into these types of droplets in controlled environments isolated
from the spray can offer explanations as to the primary factors
influencing droplet behaviour.
Although analysing isolated droplets allows for simplified nonintrusive measurements, challenges are presented when
forming repeatable steady droplet streams of highly volatile
compounds. Multi-phase mixtures tend to atomise liquid jets,
hence liquid supercooling is necessary for monodisperse
droplet breakup at low pressures. When designing a droplet
generator, it is critical that the droplets produced are repeatable
and statistically stationary. Analysis of their physical properties
can then be conducted at any point of their trajectory. Tracking

Silicone oil is recirculated from the base of the cooling chamber
into the heat transfer system. Here it is pumped through copper
coils submerged in a dry ice (Air Liquide) and ethanol (Ajax
Finechem) mixture. This remains at approximately the
sublimation temperature of carbon dioxide, 194.7K [4],
removing heat from the windings. Due to extreme temperatures
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320.1±0.5K. An elevated temperature increases vaporisation
rate. It is critical that the counter-flow velocity be kept as low
as possible, minimising interactions with the liquid ligament.

Mixing
Chamber

The Plateau-Rayleigh instability and droplet formation were
analysed through the use of BIHSI. A 137W, 30mm diameter
LED (Cree, CXB3590) is pulsed using a MOSFET driving
system, through a collimating aspherical condenser 50mm lens
(Thorlabs, ACL5040U-DG15) with a focal length of 40mm and
1500 grit to ensure a bright uniform background is achieved.
The light exposure time was 8us. Ligaments and droplets were
then captured by a high-speed camera (MotionPro, X3 M4)
with a 105mm lens (Nikon, Micro-NIKKOR). A c-mount
50mm extension tube (Thorlabs, CML50) and 27.5mm f-mount
extension tube (Nikon, PK-13) combined with the 105mm lens
to give a magnification of 1.22 or resolution of 14.6µm/px. The
magnification was calibrated by imaging a 1mm calibration
grid (Edmund Optics, 62-536), fitting linear lines to the edges
of the grid lines and calculating the distances between them.
Depth of field was maximised by utilising the highest f-stop,
f#11, such that the contrast remained sufficient to distinguish
the image from the background. Shutter time of the camera is
set to less than the LED pulse so to reduce motion blur. By
avoiding the rise and fall time of the large diode, approximately
1.7µs, the same intensity can be achieved with shorter exposure
times. A shutter delay of 3µs would therefore be appropriate,
with 4µs of exposure giving a blurring of approximately 1/2px
at typical operating conditions whilst minimising thermal load.
10000 images of size 100x1280 were recorded at 10000Hz with
timing controlled by a BeagleBone Black. Typical images of
the droplets and liquid ligaments can be seen in figure 2.
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Control
System

Figure 1. Simplified diagram of RDS.
and chemical compatibility, all tubing and seals are PTFE. The
cooling circuit temperature is controlled with a bypass valve
(Swagelok) allowing fluid to be diverted from the windings
directly to the cooling chamber. Inlet and exit temperatures of
the cooling chamber are monitored with K-type thermocouples.

The initial post processing of the droplets to binarise the image
and identify droplets is given below:
1. Image normalisation and background subtraction.
2. Otsu threshold [5].
3. Droplet numbering by a raster scan.
4. Droplet filling.
5. Closing of the ligament, ensuring droplet detachment.

After cooling for a minimum of 5 minutes, a pressure head is
applied to the formulation chamber, forcing liquid out of a 30G,
150µm diameter hypodermic Luer lock needle (Nordson EFD,
7018433). The small orifice facilitates the requirement of a
pressure head as the frictional resistance in the nozzle exceeds
the formulation hydrostatic pressure force. Pressure in the
formulation chamber is varied with a pressure regulator (SMC,
AW20-02H-C) and a bleed off needle valve (Swagelok) for fine
adjustment. Pressure head was selected by matching theoretical
jet radius profiles. This assumed Poiseuille flow through a
cylinder as an initial condition and used Bernoulli’s equation
inside the ligament. The static pressure was given by the surface
curvature. Details of the jet radius calculation can be found in
Rapp [6]. The system is replenished with formulation by
initially filling refrigerant into a 50mL mixing chamber. Any
desirable mixture of fluids can be prepared in this chamber. The
mixing chamber connects to the formulation chamber via the
three-way valve (Beswick), allowing for both refilling and the
pressure head to be applied. Mixing and formulation chamber
pressure can be monitored.

A post processed and raw image sample are shown in figure 2.
To determine droplet velocity the following method was used:
1. Crop binarised image to exclude ligament.
2. Cross-correlation of image frame n and n+1.
3. Find centreline, the maximum column intensity of 2.
4. Find droplet translation, maximum on centreline of 2.
5. Calculate mean droplet translation and velocity.
This assumes droplet velocity is constant and uniform over the
small interrogation window. Droplet spacing is determined in a
similar manner except an autocorrelation is used rather than a
cross-correlation for step 2. Additionally, a Gaussian fit is used
in step 5 to find the mean. Gaussian fits use a nonlinear least
squares method. Volume is estimated with both spherical and
ellipsoid geometries, whereby a Gaussian is fit to the volume
distribution of droplets calculated from the area projection.
Volume is used rather than radius as it aids in separating the
doublets from the singlets. To determine theoretical jet velocity,
a cylindrical column jet with radius 𝑅𝑙𝑖𝑔 and length equal to the
mean droplet spacing was equated to a droplet with a mean
ellipsoid volume. This can then be compared to the mass
discharged.

Following liquid ligament formation from the droplet generator
nozzle, droplets are able to fall 620mm into a heated counterflow contained within an 80mm square duct. The counter-flow
volumetric flowrate is measured with a one inch flowmeter
(VPFlowScope, In-line PN16) before entering a convective
heater box with 3 separately controlled units. These three
heaters are connected to a PID controller. This allows for the
exit temperature of the heated box to remain at a set temperature
of 433K, with typical fluctuations of no more than 1K. The
heated air passes through an expansion section and flow
straighteners. The temperature at the centreline of the duct exit
is measured with a 1.5mm spherical K-type thermocouple to be

Once the initial droplet conditions are characterised, the
mechanism responsible for the droplet breakup is investigated.
Small perturbations become unstable as the energetically
favourable surface profile is of droplets rather than a cylindrical
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a

b

Property
Water HFA134a HFA152a
Temperature [K]
292±1
230±1
230±1
Surface Tension [Nm]
0.0729
0.0181
0.0196
Pressure Head [kPa]
175
40
32
Ellipse Volume [mm3]
0.0683
0.0160
0.0174
Droplet Velocity [m/s]
0.871
2.46
3.07
EXP Droplet Spacing [µm]
1480
837
859
TH Droplet Spacing [µm]
676
676
676
TH Jet Velocity [m/s]
2.28
2.65
3.52
EXP Jet Velocity [m/s]
1.91
1.70E-3 3.40E-4 2.80E-4
EXP 𝑡𝑐𝑟𝑖𝑡 [s]
1.39E-3 3.34E-3 2.75E-3
TH 𝑡𝑐𝑟𝑖𝑡 [s]
𝜌𝑙𝑖𝑔 𝑈𝑙𝑖𝑔,𝑡ℎ 𝑅𝑙𝑖𝑔
𝑅𝑒𝑅 =
165
577
714
𝜇𝑙𝑖𝑔
2
𝜌𝑙𝑖𝑔 𝑈𝑙𝑖𝑔,𝑡ℎ 𝑅𝑙𝑖𝑔
5.33
41.6
49.9
𝑊𝑒𝑅 =
𝛾𝑙𝑖𝑔
𝜌𝐶𝐹
𝑊𝑒𝑔,𝑅 =
𝑊𝑒𝑅
0.00583 0.0319
0.0519
𝜌𝑙𝑖𝑔

c

a

Figure 2. Breakup of liquid ligament of a) HFA134a and
b) water. c) Post processed water image.
column if 𝜆 > 2𝜋𝑅0 , where 𝜆 is the wavelength of the
perturbation. Assuming the ligament radius is equivalent to the
nozzle inner diameter, observed when imaging the ligament, a
theoretical critical time and perturbation wavelength can be
obtained in equations 1 and 2. This is developed from the
Plateau-Rayleigh stability of the liquid column [6].
1

3
𝜌(𝑇)𝑅𝑙𝑖𝑔

𝑓

𝛾(𝑇)

𝑡𝑐𝑟𝑖𝑡 = = 2𝜋 × 2.91 (

𝜆 = 9.01𝑅𝑙𝑖𝑔

𝐹𝑟 =

0.0140

0.0109

0.00963

7050
9560
16900
√𝑔𝑅𝑙𝑖𝑔
Table 1. Droplet and jet properties at ligament tip. TH is
theoretical and EXP is experimental.
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)

√𝑊𝑒𝑅
𝑅𝑒𝑅
𝑈𝑙𝑖𝑔,𝑡ℎ

𝑂ℎ𝑅 =

(1)
disagreement. Estimates for water on the other hand are
significantly improved. The experimental critical time for water
may be half of the given value as during droplet detachment
from the ligament two droplets or perturbation wave maxima
appear to coalesce as seen in figure 2. Consequentially, the
droplet spacing would reduce to 740 µm, and the critical time
to 85E-4s. Disagreement from the theoretical value is likely
attributed to the reduction in jet radius and short liquid
ligament, which was limited by jet velocity and hence the
maximum pressure the facility can safely operate at.

(2)

Here 𝑓 is the frequency of the perturbation, 𝑇, 𝜌 and 𝛾 are the
temperature, density and surface tension of the ligament
respectively. This model assumes the fluid is inviscid, surface
waves are initially small, and velocity of the surface waves are
equal to the jet velocity. Density and surface tension were taken
from NIST [4]. This critical time and wavelength both
correspond to the most unstable wave, which results from the
greatest exponential growth of the initial perturbation and based
off the dispersion relation for liquid column [6].

Larger discrepancies for the refrigerant droplets critical breakup
time can be possibly explained by the low surface tension of the
liquid having two effects. The first is a significant increase in
the ligament length on the order of centimetres rather than
millimetres for water. With the elongated ligament, external
fluctuations will have an increased probability of influencing
the stream-wise surface perturbations. Secondly reduction of
the Laplace pressure will increase the relative strength of
constant external forces. This could allow for easier
manipulation of the surface profile and larger initial
perturbations. Critically these are nonlinear interactions which
are not captured by the simple linear surface perturbation
modelling. Nonetheless, the modelling [6] suggests that
perturbation wavelengths greater than the jet circumference,
471µm, are unstable. Therefore, forced unstable perturbations
may grow to the critical magnitude faster than the most unstable
waves, especially for thin jets.

3. RESULTS
Measurements of 10000 images for each of HFA134a,
HFA152a and water were analysed to determine the initial
conditions of the droplets produced by the RDF. An elevated
pressure was required for water to ensure ligament stability. For
water no heat was applied to the counter-flow. This was largely
blocked as a beaker was utilised to collect the liquid so that a
comparison could be made between the droplet jet exit velocity
estimate and an experimental value. The experimental
conditions and results are summarised in table 1. Reynolds
number does not account for the counter-flow velocity of
0.268±0.013m/s. Dimensionless numbers describe the ligament
and use theoretical jet velocity based off ellipse volume and a
jet radius of 150µm. 𝑊𝑒𝑅 > 4 and 𝑊𝑒𝑔,𝑅 < 0.2, indicating that
the breakup mechanism is within the jetting Rayleigh regime
[1]. This is verified by ligament behaviour, particularly for the
refrigerants, where surface instabilities are observed to amplify
and pinch off, forming droplets in figure 2.

Another effect to consider is a damping in the ligament where
the frequencies of the fluctuations are manipulated near the
nozzle tip. It is not possible to measure the small surface
fluctuations upstream with the current experimental setup.
Additionally, changes in the mean jet ligament radius need to
be considered as per equation 1. Currently the resolution is
insufficient to accurately measure the jet radius, particularly
with the superimposed oscillations. Nonetheless, observation of
figure 2 and the movies associated with the droplet evolution
and breakup, indicate that the dominant breakup appears to
reside in the Plateau-Rayleigh breakup regime.

To estimate the critical time, or time between droplet break-off
events, droplet spacing is divided by the droplet velocity. Close
to the nozzle this is expected to represent the inverse frequency
of the surface waves, provided the damping effects around the
nozzle tip are small. When comparing the experimental results
to the theoretical estimates, critical times for refrigerants are in
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doublets, the spacing of these droplets will also be
approximately doubled and so these will have minimal effects
on the mean spacing from the Gaussian fit for droplet volume
and spacing. For satellite droplets the volume is small compared
to that of the primary droplet, resulting in a small under
prediction of the jet velocity which is what is observed. Exact
influences of each geometry cannot be determined unless a drop
by drop analysis is completed.

4. CONCLUSIONS
A method of producing supercooled monodisperse refrigerant
droplets is presented, exploiting the Plateau-Rayleigh
instability to allow for droplet breakup into a heated counterflow. Using BIHSI, initial conditions of the droplets at the
ligament tip were quantified, critical for the future analysis of
their behaviour. These droplets appear to exhibit dominant
axisymmetric oscillations which need to be considered when
determining an initial droplet volume. Whilst fundamental
theoretical estimates of the perturbation frequencies responsible
for droplet breakup disagree with experimental approximations,
differences are likely attributed to the low surface tension of the
refrigerants, with closer agreement for water. Finally estimates
of the jet ligament velocity are in reasonable agreement with
experimentally measured values, with a slight under prediction
likely a result of excluding satellite droplets.

Figure 3. Volume probability density function (PDF). Solid
lines represent a Gaussian ellipsoid volume fit.
Interestingly a distribution of the volume approximated with a
spherical assumption appears to deviate from a singular
Gaussian profile and instead represents the combination of
possibly multiple different droplet sizes or geometries as can be
seen in figure 3. To determine whether there is in fact multiple
droplet sizes a joint probability density function of droplet
aspect ratio and volume as a sphere was investigated. For all
cases there was a clear relationship between the aspect ratio of
the droplet and the area, hence it was possible that the area
distribution was due to some geometric effect or surface
oscillation. From observations of droplet behaviour, there
appears to be significant axial oscillations, where the vertical
length of the droplet compresses, forcing an expansion in the
transverse plane. If it is assumed that the oscillations in the
transverse plane are axially symmetric then the volume can be
approximated by an ellipsoid with transverse minor axis length
𝑏 and lengthwise major axis length 𝑎. Taking the aspect ratio
𝑅𝑎𝑏 as the ratio of droplet height to width, where the height is
that from the top most pixel to the bottom most and width the
left most pixel to right most, an expression for volume 𝑉, in
terms of the aspect ratio and projected area 𝐴, can be readily
derived below.
4

𝑉= (

𝐴3

3 𝜋𝑅𝑎𝑏
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phosphorescence emitted by TPs can be collected by the ICCD
camera with an image split system, and the intensity of such
emission is the parameter used to determine particle
temperature.

ABSTRACT
The temperature measurement of phosphors, heated by high
radiation flux, has been investigated. Laser induced
phosphorescence (LIP) has been applied to yield non-intrusive
surface temperature of moving particles in multiphase flow. LIP
can provide more accurate measurement than other techniques
due to its less sensitivity to the interference from the
background. The radiation was supplied by a solid state solar
thermal simulator (SSSTS), recently developed at the university
of Adelaide, supplying ~ 30,000 suns, with near top-hat profile.
In this work, BAM phosphors were suspended in the fluidized
bed by air with constant gas flow rate to ensure the stability of
particle fluidization. Single shot and averaged particle
temperatures were recorded and compared at several fluxes up
to around 30 MW/m2. For each radiation flux, LIP images were
recorded at two spectral area and then separated and retrieved
by two spectral bandpass filters using the image splitter system
and ICCD camera. The pair of the spectrally resolved images
yielded two-dimensional particle temperatures. The average
particle temperature could reach up to around 450 °C with the
highest heating flux.

In this study, solid-state solar thermal simulator (SSSTS)
reported by Alwahabi et al. [7] was used as heating source,
which provided a well characterized high-flux radiation up to
36.6 MW/m2. BaMg2Al10O17:Eu (BAM) was selected as
thermographic phosphor due to its a good temperature
sensitivity up to more than 1000 °C. Its high melting point at
1900 °C ensures the particles are not damaged in high
temperature application [4]. The real-time particle temperature
was determined by the emission intensity ratio at two different
wavelengths, namely 400 nm and 460 nm.
This paper demonstrates the non-intrusive, direct and in situ
temperature measurement of moving TPs particles in
multiphase flow, which are radioactively heated by the wellcharacterized heat source. The temperature of micron-sized
particles is determined by LIP technique using the intensity
ratio at two wavelengths. Various high radiation fluxes are
applied for the comparison. Additionally, the temperature
measurement reported in this work provides the understanding
for the conditions where heat transfer between the gas phase
and particle phase is significant.

1. INTRODUCTION
Heat transfer within particle-laden flow strongly influences the
process heat flow, energy conversation and the system’s
reliability [1, 2]. This heat transfer phenomena is widely
involved in different engineering processes, especially the ones
which associated with time-dependent heat exchange within
particle suspensions, such as biomass gasification, combustion,
fuels production and materials processing. Thus, the
understanding of control heat transfer in multiphase flow and
precise temperature measurement of particles are important in
improving such process efficiencies.

2. EXPERIMENT
The experiment setup was divided into three parts, which are
solid state solar thermal simulator (SSSTS) to generate high
radiation flux, the fluidized bed for particle fluidization, and
imaging system for signal collection. Figure 1 illustrates the
optical arrangement of the experiment.

Nowadays, although heat transfer of a single sphere has been
well-studied, the heat transfer of two phase flow is still not fully
understood because the temperature measurement of suspended
particles in the gas flow is extremely difficult, especially under
mass or volume loadings of relevance to practical applications.
In the past decades, many studies have been performed to
measure the temperature for fast moving particles, however,
most of them have the limitation in low accuracy and unable to
provide direct measurement in real time [3]. Therefore,
recently, laser-induced phosphorescence (LIP) has been
developed, which rely on the temperature-dependent properties
of thermographic phosphors (TPs) [4]. Comparing with other
techniques, LIP can offer the non-invasive temperature
measurement for both static and moving surfaces with higher
accuracy due to its less sensitivity to the particle surface
properties and the interferences from the background [5, 6].
Different thermographic phosphors are suitable for different
temperature ranges. After excited by the laser radiation, the

Figure 1. Optical arrangement of the experiment. Green
line: 355 nm Nd:YAG laser beam path, Red line: SSSTS
heating laser beam path, Blue line: phosphorescence
emission. M: mirror, P: polariser, WP: waveplate, L: lens,
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FOH: fiber-optic head, PM: power meter, BS: beam
splitter, BD: beam dump, ImL: image lens, IS: imaging
splitter.

The average intensity ratio was calculated from 100
instantaneous measurements at each temperature. Two images
were collected simultaneously through two different filters
were combined side-by-side into a single ICCD camera image,
and each of them had the area of 15 mm × 10.5 mm. The
resolution for the image was around 51 pixels/mm. After
subtracting the background noise, the intensity ratio was
calculated by overlap and divide two sub-images pixel by pixel.
Figure 2 shows the relationship between the average intensity
ratio in the measurement area and the temperature of BAM
particle layer that coated on the metal plate. The error bars
indicate the range of intensity ratio over 100 images at each
temperature, and the error is maintained within 5 %.

The thermal simulator was used to heat up the particles in the
fluidized bed through the fiber-optic head (FOH). The focused
radiation has a heating spot with 10.5 mm diameter and
generates heat flux up to 36.6 MW/m2. The thermal simulator
is able to provide the constant and well characterized beam
profile, and produce the uniform heating region in the fluidized
bed. The temperature of FOH was monitored by the
thermocouple during the experiment to ensure the temperature
not exceed 50 °C.
The fluidized bed has four optically accessible ports. Dry air
was used as fluidizing gas to minimize the humidity in the
fluidized bed and prevented the aggregation of particles. The air
flow rate was maintained by the flow controller at 17.37 L/min
(Alicat Scientific, MC 20slpm) to ensure the uniform gas flow
during experiment. The top of the fluidized bed was connected
to the exhaust to remove the redundant particles that did not
drop back to the system.

The calibration data was fitted by a second-order polynomial as
it is showing in equation 1.
𝐼

2

𝐼

T (°C) = 28.518 ( 400) + 213.53 ( 400) − 228.11
𝐼460

𝐼460

(1)

The temperature of the fast-moving particles inside fluidized
bed in the following study can be derived by equation 1.

The Nd:YAG (Quantel, Q-smart 850) laser, which operated at
2.270 mJ ± 98.17 µJ and 355 nm, was used to excite the TPs
inside fluidized bed. Three cylindrical lenses (L1, L2 and L3)
were used to focus the laser beam to a small sheet of 300 µm
thickness. The Nd:YAG laser was intercepted with heating laser
from SSSTS in the centre of the fluidized bed. The excited
phosphorescence emission signals from particles were reflected
by the mirror then directed to the imaging system.
An imaging splitter transferred two images, which captured at
two different wavelengths, into a single ICCD camera. Both
images were collected simultaneously with the advantages of
minimizing the error during the image processing. The realtime particle aggregates temperature was determined by the
emission intensity ratio at two different wavelengths, namely
400 nm and 460 nm.

3. RESULTS AND DISCUSSION

Figure 2. Calibration curve of BAM showing the
relationship between intensity ratio and temperature.

3.1 Temperature calibration

3.2 Moving Particle Temperature Measurement

For the calibration experiment, the setup was similar as the one
in Figure 1, with the only difference being that the fluidized bed
was replaced by the oven (MTI Corporation, OTF-1200X-S). A
metal plate coated with a thin layer of BAM particles was
placed in the middle of the oven. The in-situ temperature of
particle layer was controlled by the oven controller and
monitored by a K-type thermocouple. The thermocouple was
connected to the surface of metal plate directly. The calibration
curve was derived from the collected phosphorescence
emissions and the particle layer temperature that measured by
thermocouple.

Single-shot BAM particle aggregates temperature measurement
was performed at 7 different heating fluxes. For each flux, 300
images were recorded by the ICCD camera during the heating
period. Figure 2 presents the typical example of particle
aggregates temperature derivation. After removing the
background noise and the outer particle edges with low signal
intensity, the pixels whose signal-to-noise ratios were greater
than 3 were selected to derive the particle temperature.
After the subtraction of background noise and incoherent
signals from original images, column A and column B are the
individual particle aggregates images taken using the 400 ± 20
nm filter and 460 ± 7 nm filter , while column C shows the
inferred particle temperature. The final temperature distribution
of particle aggregates is obtained by dividing the intensity on
two sub-images pixel-by-pixel using MATLAB code.
Additionally, the non-spherical shape for the particle images
indicates the aggregation of particles in the fluidization process,
which is true for most of particles in the real case.

The calibration measurement were conducted in the range of
room temperature to around 1000 °C. For each set of
measurement, the BAM-coated plate was allowed to reach
thermal equilibrium and stable temperature before the emission
images recorded. Two interference filters centred at 400 nm and
460 nm were selected to produce the intensity ratio for BAM.
The intensity ratio of 400 nm and 460 nm were used to relate
collected phosphorescence signal to BAM particle layer
temperature.
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BAM particle aggregates temperature at various heat
fluxes
A slight average temperature decrease that observed between
10 to 20 MW/m2 might be caused by the varying mass loading
and unsteady turbulent flow within the fluidized bed system.
On the other hand, compared with the thermographic phosphors
that used in our pervious study, the achievement of higher
maximum temperature under high heating flux makes BAM
phosphors have the possibility to provide much larger
temperature sensitivity range than ZnO:Zn whose maximum
average temperatures were measured up to 300 °C [8].
Therefore, this results also provide the evidence to show the
potential ability of BAM to research the heat transfer process in
high temperature applications, such as combustion and particle
receiver in solar power system, which need process temperature
above 800 °C.

Figure 3. Example of single shot aggregates temperature
distribution images (column C) deriving from two raw subimages at two different wavelength: 400 ± 20nm (column
A) and 460 ± 7nm (column B).
After calculated every single particle aggregate temperature at
each measurement, Figure 3(a) presents the typical example of
particle temperature distribution over 300 images at the heating
flux of 24.97 MW/m2. Since the aggregates were fluidized from
bottom to top, more hot aggregates observed on the upper
measurement area are caused by their longer path length and
longer residence time within heating region.

4. CONCLUSIONS
Real-time planar temperature measurement of fluidized BAM
aggregates has been performed by planar laser induced
phosphorescence (PLIP) technique with using a single ICCD
camera and imaging split system. This technique is wellsuitable to study the moving particle temperatures in the
multiphase flow. Under the highest heating flux of 27.28
MW/m2, the average aggregates temperature is increased to 450
°C, and the maximum single aggregate temperature reaches
more than 800 °C. Compared with ZnO:Zn phosphors that used
in the previous study, BAM phosphors are more suitable for the
high temperature application. The non-intrusively and directly
temperature measurement of mobile aggregates that
demonstrated in this study also provides the understanding of
heat transfer for other multiphase related engineering processes.

Figure 3(b) shows the average particle temperatures at 7
different fluxes. The average aggregates temperature has the
linear increasing trend. As heat flux increasing, the maximum
BAM average temperature achieved around 450 °C when the
heat flux at 27.28 MW/m2, while from Figure 3(a), the
maximum temperature of single particle aggregate could
achieve more than 800 °C.
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ABSTRACT

determined the extent of turbulence generation. A further CFD
study was conducted using four patient-specific AVFs with the
corresponding inlet flow rates. The study was able to
characterize the flow field using a metric known as localized
normalized helicity. This vortex characterization appeared in
somewhat adjacent regions to locations of high transversal wall
shear stress and oscillating shear index, thereby highlighting the
importance in studying three dimensional flow in an AVF [3].
Therefore, it is important to conduct experimental studies of a
three-dimensional nature using patient specific geometry and
flow rate data. Accordingly, the present study lays the
foundation of three-dimensional experimental analysis by
performing a set of Stereoscopic PIV measurements of a
patient-specific AVF.

The arteriovenous fistula (AVF) is a vascular structure that is
surgically created for kidney failure patients, to allow them to
undergo haemodialysis efficiently. An AVF is susceptible to
many vascular diseases which are associated with the disturbed
nature of the flow in the unnatural geometry of the vessels. The
current study examines the flow within the anastomosis and
juxta-anastomotic regions of an AVF. To this end, a set of highspeed Stereoscopic Particle Image Velocimetry (PIV)
measurements are conducted on a patient specific AVF model,
with a patient specific cardiac flow profile. This paper details
the experimental procedure and presents preliminary results,
which reveal the presence of flow circulations in the juxtaanastomotic section at certain points in the cardiac cycle.
Further, we observe the presence of unsteadiness in the venous
segment that appears to commence at the anastomosis. These
features correlate with the prevalence of vascular disease in the
anastomotic and venous segment of the AVF.

2. EXPERIMENT OVERVIEW
The in-vitro experiments were conducted in the Thermofluids
Laser Lab in the School of Mechanical and Manufacturing
Engineering (UNSW). A patient specific geometry was
obtained by performing a freehand ultrasound scanning
procedure on a patient with an AVF that had undergone juxtaanastomotic stenting (with approval of the South Eastern
Sydney Local Health District - Human Research Ethics
Committee application number 15/063 (LNR/16/POWH/7)).
The resulting volume from the ultrasound slices were then
segmented to create the 3D Geometry of the AVF [5].
Thereafter, the scanned geometry was used to 3D print a model
at matched physical scale using a gypsum-based material
(Visijet PXL - 3D systems). The AVF was cast by pouring
Sylgard 184 silicone around the 3D print, which was placed in
a custom-built casting box using the fabrication methodology
of Geoghegan et al. [8]. The phantom was created by using
water (with the aid of a syringe and an ultrasonic bath) to
dissolve the 3D print. Figure 1a shows the PDMS model with
the key locations of the vasculature identified.

1. INTRODUCTION
The steady decrease in kidney filtration ability is termed as
Chronic Kidney Disease (CKD) and the final stage of CKD is
known as End Stage Renal Disease (ESRD). The preferred
route of obtaining a kidney transplant involves an average
waiting period of three years [17] due to a points system which
factors in tissue typing, age and health among other
considerations [4]. Consequently, patients are faced with
dialysis options and 69% of patients opt for haemodialysis [1].
In order for a patient to undergo haemodialysis, suitable
Vascular Access (VA) has to be created and the gold standard
for VA is the AVF [13]. However, AVFs are susceptible to
diseases including stenosis, thrombosis and ischaemia [2].
Stenosis and its precursor, intimal hyperplasia (IH), are
triggered by a number of factors including haemodynamic
factors such as wall shear stress variations [10].

The composition of the working fluid was chosen based on its
refractive index such that it closely matches the PDMS model.
This is to ensure minimal distortion of the laser reflection as it
crosses the liquid-solid interface. Consideration was also given
to obtain a working fluid with physical properties similar to that
of blood. The fluid was composed of 46.3% of de-ionized
water, 38.0% glycerol and 15.7% sodium chloride by mass. For
the PIV experiments the working fluid was seeded with
Rhodamine-B coated melamine particles of diameter 5 µm at a
volume percentage of approximately 0.01%. The seeding
yielded particle images of approximately 2-3 pixels in diameter
at a seeding density of approximately 0.04 particles per pixel.
The captured particle diameters and seeding density are very
similar to the rules of thumb mentioned by Raffel et al. [11].
The calculated Stokes number was well below 0.1 which is
known to produce an error of less than 1% in the particles flow
fidelity [16]. Tween® 20 at a volume percentage of 1% was

In order to investigate the flow dynamics inside an AVF, a
handful of studies have been conducted using in-vitro models
[6]. A study using an idealised model and idealised flow
conditions with flow visualisation and laser doppler
anemometry yielded results showing high turbulence intensity
in the venous region [15]. A numerical and PIV study on two
planes of a patient-specific end-to-end AVF outlined the
importance of the physiological geometry as there were
apparent regions of significant bulk flow and recirculation
caused due to the shape of the model [9].
Following the experimental studies, numerous Computational
Fluid Dynamic (CFD) studies have been conducted to
encapsulate the three-dimensional effects of the flow in
idealised AVFs [7]. One observation from these works is that
the flow split ratio between the proximal and distal arteries
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used as a surfactant to prevent particles from adhering to the
walls of the model. The final working fluid had a density of
1202.7 kg.m-3 and a dynamic viscosity of 9.21 mPa.s.
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was used in the Superpump such that the experimental flow
conditions closely resemble the physiological waveform (see
black dashed lines in Figure 2). The necessity to produce two
inlet waveforms with one flow source required multiple trials
and experimentation with the tubing network. Initially the range
of flowrates at the experimental distal artery was much larger
than the scaled physiological waveform. Therefore, a syringe
was added to the distal artery arm of the tubing network to add
vascular compliance which reduced the range suitably.
Additionally, valves were placed in the inlet arms to help with
the flow split from the pump, however the resistance from the
tubing length and the model geometry itself was sufficient to
obtain the necessary flow split. Finally, the syringe air volume
and the pump mapping were refined to obtain the closest
possible flow rates to that of the patient’s flow behaviour. The
flow rates were measured using ultrasonic flow sensors
(Sonoflow CO.55) placed as close to the model as possible, and
the comparison in Figure 2 shows that the experimental flow
rates are largely within the bounds of the variation of the scaled
patient flow rates and the experimental and mean physiological
waveforms match well at the peaks.

ro i al arter

rin e

aser sheet
tereo a eras
u p
lanar a era
low sensor

eservoir
Figure 1. Overview of the experimental setup used to
conduct particle image velocimetry measurements on an
AVF. a) The benchtop PDMS model of the patient specific
AVF with the significant regions identified. b) Tubing
network connecting the pump to the benchtop model
along with the camera and laser sheet locations.

2.1. FLOW CONDITIONS
The inlet conditions of the model were obtained by digitising
the doppler ultrasound flow velocity waveforms recorded from
the same patient. The AVF in question had flow of retrograde
nature which meant that both the distal and proximal arteries
had inflow conditions towards the anastomosis region. The flow
rates obtained from the patient were then scaled such that the
experimental flow conditions were at matched Reynolds
number. To calculate the Reynolds number of the patient, blood
density of 1060 kg.m-3 and dynamic viscosity of 3.5 mPa.s
together with the recorded velocities from the ultrasound were
used in the following equation,
𝜌𝑉𝐷
𝑅𝑒 =
(1)
𝜇

Figure 2. Comparison of the experimental flow rates to
the scaled physiological flow rates. The black dashed
lines show the final experimental flow rates used at the
inlets of the benchtop model. The scaled physiological
flow rates and the corresponding variations are shown in
thick red and green lines and the shaded regions,
respectively.

where ρ is the density, V is the velocity, D is the diameter and
µ is the dynamic viscosity. The ensuing scaled flow rates for
the proximal artery and distal artery are shown in Figure 2 in
red and green respectively. Here, the green and red solid lines
represent the mean behaviour computed from over 50 samples,
while the shaded region corresponds to the variation between
independent measurements from the same patient. The time
period of the experimental pulse was determined using the
Womersley number,
𝐷

𝜔𝜌

2

𝜇

∝= ( ) ∗ √

2.2. LASER & CAMERA SETTINGS

(2)

The juxta-anastomotic region in an AVF is most susceptible to
stenosis [2]. Therefore, for the present study the anastomosis
and the beginning of the vein was placed at the centre of the
field-of-view. The region of interest was illuminated using a
527 nm Nd:YLF (Pegasus PIV dual-head, 10 mJ at 1 kHz per
cavity) laser with a sheet optic at the end of the laser arm. Two
Phantom Miro M310 high speed cameras and one Phantom
Miro 310 high speed camera were used for the present
experiments. Specifically, one camera was placed orthogonally,
and two cameras were placed at an angle approximately 400
offset to the perpendicular of the model surface. The angle was
decided based on the results of the tomographic PIV studies

where ω is the angular frequency. The patient’s beat rate of 60
beats per minute was used to calculate the Womersley number
which resulted in an experimental time period of 0.431 seconds.
Figure 1b shows the tubing network employed to connect the
benchtop model to the flow source which was a ViVitro
Superpump for the present experiments. The inlet tubing
network is drawn in red whilst the outlet tubing, which is
connected back to the pump via a reservoir, is illustrated in blue.
Rigid tygen tubing was used to prevent the flow waveform from
dampening across the length of the tube and a custom mapping
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conducted by Scarano et al. [14]. The orthogonal camera was
used for preliminary planar PIV measurements, while the
angled cameras were used for stereo PIV measurements. Both
experiments were conducted with the cameras recording
double-frame images at 1 kHz. The separation between the two
frames (dt) was set at 50 µs.

closer analysis of the vector plot, two clear locations of
recirculating flow can be seen. One located at the floor of the
anastomosis and another at the floor of the proximal vein close
to the anastomosis. As seen in Figure 5, the recirculation region
at the vein is of larger magnitude to that at the floor of the
anastomosis. Considering both the contour plot and the zoomed
in vector plot, it is likely that the unsteadiness of the flow in the
vein is initiated at the anastomosis region of the AVF. The
dynamical nature of this behaviour will be probed in more detail
in future works.

For calibration, a 058-5 plate from LaVision was used. As
shown in Figure 3, the calibration plate was placed in a PDMS
block of thickness equivalent to the benchtop model to
incorporate the influence of the PDMS on the light captured
from the laser sheet. Care was taken to create the blocks with
indents such that the 3D calibration plate could be placed with
minimal air gaps in between.

o el
thi ness

Figure 3. 058-5 LaVision 3D calibration plate placed in a
block of PDMS to match the thickness of the benchtop
model.

3. RESULTS & DISCUSSION
The captured double-frame images were processed using the
commercial PIV processing software Davis 8.3.1 (LaVision
Gmbh). A self-calibration procedure was used to further reduce
the disparity between the corrected images of both cameras.
The images were processed with a multi-pass algorithm with an
initial interrogation window size of 48x48 pixels and a final size
of 24x24 pixels, with an overlap of 75%. The planar PIV dataset
was processed with the same parameters and used to validate
the preliminary stereo results. The image pairs were collected
across seven cardiac profiles. The resulting vectors from the
processing procedure were then averaged across the profile
over the seven independent cycles captured. Further analysis of
the flow field at the maximum and minimum points of the
profile was conducted using the pulsatile averaged vector
values.

Figure 4. a) The contour plot of the velocity magnitude
and b) the vector plot with the direction of the flow at the
peak of the inlet profile at the proximal artery.

The velocity magnitude contour plot at the peak of the inlet
profile, is shown in Figure 4a, which exhibits the presence of a
significant bulk flow (relative to the boundary layer) in the
proximal artery immediately before the anastomotic region. In
order to reveal the two-dimensionality a vector plot at the same
instant of the cycle is presented in Figure 4b. A separation of
the bulk flow appears to be present at the proximal artery close
to the anastomosis. The significant bulk flow from the proximal
artery is observed to be obstructed by the inward flow from the
distal artery. This prevents the impingement of the flow on the
vessel wall on the opposite side of the proximal artery. Upon

Figure 5. Recirculation zones at the peak of the inlet
profile.
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In a similar fashion, the velocity magnitude contour plot at the
minimum point of the inlet profile, is presented in Figure 6a
which shows a similar separation at the proximal artery close to
the anastomosis to what was observed in the velocity magnitude
contour plot at the peak of the inlet profile. The vector plot in
Figure 6b at the same instant reveals a lower velocity magnitude
as expected. The significant bulk flow region at the proximal
artery immediately before the anastomotic region is less
apparent at this time point.
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ABSTRACT

where Io and It are the strengths of the beams before and after
passing through the medium respectively, kv is the spectral
absorption coefficient (cm−1 ), and L is the beam path length
within the medium (cm). The value of kv can be defined as [11]

Turbulent mixing of multi-phase compressible jets formed
within steam ejectors requires further investigation so that
reliable models can be developed to aid the ejector design
process.
Tunable Diode Laser Absorption Spectroscopy
(TDLAS) was applied to measure properties in a supersonic
steam jet formed downstream from an ejector nozzle. A
low-speed flow of dry nitrogen surrounded the steam jet
to provide a non-absorbing co-flowing stream that enabled
the water vapour absorption to dominate the line-of-sight
measurements. Combining the experimental data from the laser
absorption with theoretical models using the Abel inversion
method, an estimation of the radial distribution of pressure,
temperature, and concentration of water vapour in the flow were
obtained.

kv = S(T )φ(ν)Nd

(2)

where S(T ) is the line strength at the wavenumber of interest
(cm−1 /molecules.cm−2 ), φ (ν) is the line shape function
(cm−1 ), and Nd is the number of absorbing molecules per unit
volume, calculated as


296
(3)
Nd = NL PT Xabs
T
where T is the temperature (K), PT is the total
pressure (atm).
Xabs is the mole fraction of
absorbing medium, and NL is Loschmidts’ number,
NL = 2.447 × 1019 molecules.cm−3 .atm−1 at T = 296 K.

1. INTRODUCTION
Typical steam ejectors operate with turbulent mixing between
compressible flow streams that are characterised by strong
pressure gradients and multi-phase flow effects. The presence
of multi-phase flow effects in steam ejectors arises due to the
condensation of the steam during acceleration in the primary
nozzle. Such flow complexities make the accurate modelling
of steam ejectors a challenging task. Some steam ejector
data for model validation is available within the literature,
but it generally consists of mass flow rate and pressure-gain
characteristics; available data sets have generally not included
measurements of flow properties in the high speed steam flow
generated by the primary nozzle.

Balanced detection based on the log-ratio method has been
adopted in the present work to minimise the common-mode
noise and more effectively amplify the absorption signals of
interest. The power split ratio is the ratio of the reference beam
power Ire f to the transmitted beam power Isig [6], and the log
voltage output signal is given by


IRe f
Vlog = −G log
−1
(4)
ISig
where G is gain of the detector. The photoreceiver has the best
performance for noise rejection at Ire f ' 2Isig .

In recent decades significant work has been performed in the
application of Tunable Diode Laser Absorption Spectroscopy
(TDLAS) techniques [12] to flow analysis, and such work
has been facilitated by the availability of compact laser
diodes having narrow line widths and high spectral intensity,
combined with simple and fast tuning of the wavelength [4].
Measurements of the temperature and water concentration
using TDLAS have been extensively reported for flame and
combustion applications [6, 7, 8, 3, 13, 9].

3. EXPERIMENTAL APPROACH
3.1 Supersonic steam jet facility
Fig. 1 shows the apparatus which was established to study the
mixing between a supersonic steam jet and a co-flowing stream
of nitrogen. The apparatus was designed to accommodate the
TDLAS measurement technique employed. It consists of a
mixing chamber with a supersonic nozzle capable of delivering
the primary flow (steam) at a high speed. The secondary
stream was dry nitrogen delivered from a nitrogen bottle. A
condenser was placed at the outlet of the mixing chamber. The
downstream end of the condenser was connected to a dump
tank and a vacuum pump to provide the required low pressure
at the outlet of the mixing chamber. Superheated steam was
delivered to the primary nozzle at a pressure of 150 ± 4 kPa
and a temperature of 120 ± 1 ◦C. Fig. 2 presents a schematic
illustration of the arrangement.

In the present work, we apply TDLAS to the measurement of
a steam jet generated by an ejector nozzle and demonstrate
quantitative interpretation of the data that potentially furthers
understanding of the spatial distribution of flow properties
within steam ejectors.
2. TDLAS WITH BALANCED DETECTION
Transmission of light at a certain wavenumber ν cm−1 through
a particular medium can be described by the Beer-Lambert
relation
It
T = = exp(−kv .L)
(1)
Io

3.2 TDLAS hardware and measurements arrangement
Key components used in TDLAS arrangement are: (i) the
laser source which was a tunable diode laser (Eblana Photonics
EP1392-DM-DX1) with the ability to generate a range of
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The TDLAS measurements were made at a location 30 mm
downstream of the nozzle exit. Data were recorded for the laser
at positions between 0–15 mm from the nozzle centreline in
increments of 1.0 ± 0.1 mm. At each radial location the split
ratio of the balanced photoreceiver was adjusted so as to be
approximately 2. The secondary stream valve was opened for
' 10 s and the TDLAS measurements were made approximately
2 s after the flow commenced, with the data acquired for ' 8 s.

Flow direction
J
Laser
Test section



Nozzle
Detector

4. SIGNAL PROCESSING

Laser & detector support structure

The post-processing of the signals required: (i) obtaining the
mean absorbance spectrum from approximately 80 scans; (ii)
applying Voigt fitting to smooth the data; (iii) applying an
Abel inversion algorithm to reconstruct the radial distribution
of absorption coefficient from the smoothed absorbance data
on the assumption that the jet flow was axisymmetric; and
(iv) identifying the three unknown parameters – the pressure,
temperature, and concentration – using a least-squares error
assessment of the absorption coefficient against the HITRAN
database.

Figure 1: Photograph of the apparatus showing the position of
the laser and the detector on opposite sides of the test section.

wavelengths by changing its bias current; (ii) a balanced
photoreceiver (New Focus Model 2017 Nirvana) which was
used to detect the absorption; (iii) the laser traversing
mechanism, which has been designed to control the laser
movement in vertical and horizontal directions within the
supersonic jet facility; and (iv) additional hardware including
a function generator, oscilloscope, beam-splitter, attenuator and
the laser driver, were also used during the experiments. The
laser was designed specifically for detection of water-vapour
and the laser diode was modulated to generate wavelengths
in the range 1392–1393 nm. The balanced photoreceiver used
in this work has various signal outputs and settings that gives
the flexibility to minimise the common-mode noise and more
effectively amplify the absorption signals of interest.

4.1 Voigt fitting
A time-averaged signal was obtained from approximately 80
scans at each measurement point. A Voigt fit was applied
to smooth the data in a form suitable for comparison with
the simulated theoretical profile.
The Voigt fitting was
based on the method which is well described in [1]. A
MATLAB R script was used to define initial Voigt lineshape
parameters for the fitting process, which for each feature
included the central wavenumber, the maximum absorbance
magnitude, the Gaussian width, and the Lorentzian width.
Fig. 3 shows an example Voigt fitting result.
0.25
Data
Voigt fit

3.3 Procedure
In the arrangement of the apparatus as shown in Fig. 2, the laser
was positioned opposite the balanced photoreceiver so that the
laser beam was normal to the flow direction. The transmitted
laser beam was initially detected from the exit side of the test
section using a luminescent card. The laser beam position was
adjusted to fall on signal input of the balanced photoreceiver
unit and when an adequate signal was received by the balanced
photoreceiver (SNR ≥ 5), the split ratio between the signal
beam and the reference beam was adjusted to approximately
2.
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Figure 3: Illustration of a Voigt fit for data obtained at 30 mm
downstream the nozzle for y = 1 mm from the jet centreline.

4.2 Abel inversion algorithm
The collected data represents a line-of-sight integrated effect
and is called the projection data. The relationship between
the projection data I(y) and the radial distribution F(r) can be
described with Abel’s equation [5]
ZR

I (y) = 2
y

Figure 2: Schematic diagram of the test section and TDLAS

F (r)
p
dr
r 2 − y2

(5)

In this study, the Three-Point-Deconvolution (TPD) method was
used to determine F(r) from I(y) as it has a low noise relative
to other methods [5].

system arrangement.
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5. RESULTS AND DISCUSSION

4.3 Analysis method and assessment
The uncertainties in the TDLAS-derived parameters have been
assessed using a similar method to that used in previous
work [2], with some minor differences.

Fig. 5 shows the absorbance profiles at location 30 mm from
the primary nozzle exit plane. The transverse measurements
were taken between the jet centreline and 15 mm above the
centreline. This represents the absorbance at this location after
the Voigt fitting stage.

To analyse both the synthetic data with the experimental data
from the TDLAS measurements, the following steps were
taken:

Following the application of the inverse Abel transformation to
the absorbance data (to give the absorption coefficient), and the
application of the error minimisation between the absorption
coefficient results and the theoretical profile, the water vapour
concentration, static pressure and static temperature were
estimated, as shown in Fig. 6, 7, and 8.

(i) At each y-location where data is available, Voigt fitting
was used to smooth the data.
(ii) Application of the inverse Abel transformation to the
absorbance data (which is a function of y) to obtain the
coefficient of absorption kv as a function of r.
(iii) Identification of concentration, pressure and temperature
which minimised the error between the coefficient of
absorption kv data and the results from the HITRAN
database over a specified range of wavenumbers.

0.25

Absorbance

0.3

In order to analyse the data from the TDLAS measurements,
a Voigt profile was used to form a smooth fit. The inverse
Abel transform was then applied to obtain the absorption
coefficient kv as a function of radial distance r. Finally,
the concentration, pressure and temperature which minimised
the error between kv data and that expected using the
HITRAN database were estimated. This fit was achieved
using the Levenberg-Marquardt optimization approach between
the experimental absorption coefficient kv and the theoretical
profile. The theoretical spectral profile was defined using the
HITRAN database 2012 [10] with the aid of several MATLAB
scripts. A comparison of the synthetic concentration data and
the reconstruction of that data using the method outlined above
is shown in Fig. 4.
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Figure 5: Absorbance measurements at 30 mm downstream of
the nozzle exit.

The water-vapour distribution of Fig. 6 shows a high value at
the jet centreline of around 75%, reducing to 0 at a 14 mm
radial distance. The radial profile of the static pressure in
Fig. 7 shows an elevated pressure close to the axis of the jet
and slightly lower pressures with increasing distances from the
jet axis. Fig. 8 shows the temperature profile varied between
about 285–330 K over radial locations between 0–14 mm from
the jet centreline. The maximum temperature of 330 K occurred
at a radial location of 7 mm, which corresponds approximately
to the location where the concentration has the highest gradient
(Fig. 6). This represents the location of a free shear layer which
forms between the water vapour and the co-flowing nitrogen
stream.
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Figure 4: Illustration of the synthetic concentration and the
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profile obtained from Abel inversion method.
2

The differences between the synthetic data and the
reconstructed results for the concentration, static pressure,
and static temperature are used to define the uncertainties in
the actual experimental profiles in each case. The differences
between the specified concentration profile and the Abel
inversion results ranged from 0–10 %. In the case of the static
pressures, differences ranged from 0–9 %, and for the static
temperatures, differences ranged from 0–5 K which in relative
terms between 0–1.7 %.
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Figure 6: Water vapour mole fraction at 30 mm downstream of
the nozzle exit from absorption coefficient analysis. The error
bars represent the normalized error between the theoretical and
experimentally measured values.
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stenosis. Hence, the other side of the stenosis is a susceptible
location for the plaque growth (Tambasco and Steinman, 2003).
While most of the studies in the literature are focused on the
axisymmetric-shaped stenosis (Peterson and Plesniak, 2008),
an asymmetric stenosis inside an artery model has only been
investigated in a few studies. Based on the considerable
differences in downstream flow behaviour between the
axisymmetric and asymmetric constrictions (as mentioned
above) and due to the high possibility of formation of
asymmetric stenosis inside the coronary arteries (Waller, 1989),
in this study the effect of the asymmetric stenosis on the flow
behaviour inside the coronary artery models is investigated.

ABSTRACT
Understanding the flow features near the stenosis location
inside a coronary artery is critical for identifying the possible
mechanisms contributing to the disease progression. In this
study, a Planar Particle Image Velocimetry (PIV) was
employed to study the mean and instantaneous flow fields
downstream of a semi-blocked artery model. Application of
PIV for these types of problems is associated with some
challenges such as the small region of interest, which is usually
less than 1 cm and the pulsatile nature of the blood flow inside
the arteries. The latter needs different timings between the
images of a pair of PIV images with respect to the
corresponding velocity during different phases of a cardiac
cycle. By addressing all the challenges, PIV can be used as a
powerful method to visualise the flow features inside the
different arteries with the pulsatile in-flow regime.

The PIV measurement of the flow inside the coronary artery
models with the pulsatile in-flow condition faces some
challenges, which is likely to be the reason for its limited
application for the study of flow in such problems. The first
challenge is associated with the small region of interest (usually
less than 1 cm by 1 cm) which makes the measurements more
complicated. The choice of the material for building the artery
model is also another important parameter in PIV measurement.
The artery model should be transparent to let the laser sheet to
go through the model and the camera to capture the illuminated
area. Furthermore, it should have almost the same refractive
index as the working fluid to avoid any light distortion. As
explained by Yazdi et al. (2018), different materials were used
in the literature to make models of different arteries such as
Estane 5714 (polyurethane) and silicone (mainly Sylgard 184).
The choice of the blood mimicking fluid depends on the fluid
mixture viscosity that should be the same as the blood viscosity.
Furthermore, the refractive index of the working fluid should
match the refractive index of the casted artery model to avoid
any optical distortions. Different mixture percentages of water
and glycerine were used as a blood mimicking fluid in the
literature. A 60% water and 40% glycerine of mass fraction is
the most common mixture in the literature (Charonko et al.,
2009) with the mixture viscosity of 3.67 mPa.s at room
temperature. Another challenge is the formation of the blockage
inside the artery model that creates a jet flow regime after the
stenotic section. This requires different PIV timings between
two images in a pair (𝑑𝑡) for both jet flow regime and
recirculation zone. The jet flow regime requires a shorter 𝑑𝑡,
while the recirculation zone requires a longer 𝑑𝑡 due to their
different velocities. This challenge is also applied to any kind
of problems where a significant velocity gradient occurs. The
last important challenge is about the unsteady nature of the flow
inside the coronary arteries. Since the blood flow inside the
arteries is time-dependent pulsatile flow, a phase average of a
cardiac cycle needs to be calculated to address the time
dependent nature of the flow. This needs a longer period
measurement over a large number of the cardiac cycles.

1. INTRODUCTION
The flow in most part of a coronary artery is laminar due to its
low Reynolds number and if there is no obstacle inside the
artery. When a blockage is formed inside an artery, the flow
downstream of the stenosis becomes transitional due to the
instabilities created by the obstruction. The constriction inside
the artery results in the formation of a jet flow, which creates
an increased flow velocity and forms the recirculation zones
around the jet section. Therefore, a laminar flow transition is
most likely to occur after the constricted sections. Flow
transition to turbulence in an artery leads to a higher wall shear
stress (WSS) level and results in a higher pressure drop inside
the artery. Turbulence can also affect the important
haemodynamic indexes such as wall shear stress as well as the
location and persistence in time of recirculation regions. One of
the parameters, which triggers turbulence, is the heart
pulsations. Many of the studies in the literature which
investigated turbulence in a stenosed artery model assume a
steady inlet velocity profile (Biswas et al., 2016). However,
turbulence inside the constricted coronary artery with the
pulsatile flow is different from a model with the steady flow
due to the unsteadiness behaviour of the pulsatile flow
compared to the steady flow. Furthermore, the effect of the flow
acceleration and deceleration on the dynamics of the flow is not
considered by the steady flow assumption since the
physiological flow is pulsatile with a complex time varying
profile (Zhu et al., 2018). Therefore, flow behaviour inside the
coronary artery models needs to be investigated under the
pulsatile flow regime.
On the other side, the flow characteristics such as the length of
the recirculation zones and pressure losses are strongly
dependent on the general shape of the stenosis (Usmani and
Muralidhar, 2016). For example, a longer recirculation zone
and a higher pressure drop were reported by Young and Tsai
(1973) for an asymmetric stenosis compared to an
axisymmetric one. Axisymmetric stenosis leads to the
formation of an axisymmetric jet flow after the constricted
section. While, for an asymmetric stenosis, the jet flow
occurring after the stenosis slightly shifts to the same side of the

This study aims to investigate the flow behaviour downstream
of a plaque in a diseased coronary artery with a physiological
pulsatile inlet velocity experimentally using PIV. Turbulent
kinetic energy (TKE), as an indicator of transition to turbulence
and a method for predicting the turbulence energy loss of the
blood flow through the diseased coronary artery, is evaluated
for different cases.
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resulting in a stokes number (𝑆𝑘𝐷 ) of 𝑆𝑘𝐷 ≪ 1 which means
the particles are able to follow the flow down to the length
scales that can be resolved with the PIV measurement (Long et
al., 2017). Due to the limited pulsation frequency of the laser
(15 Hz) and the duration of the cardiac cycle (4.4 s), 66 image
pairs (16 bit) were recorded for each cardiac cycle. The images
were recorded for 16 consecutive pulsation cycles (1056 image
pairs). In order to separate small turbulences from the main
pulsatile fluctuations, a phase-average technique was utilised to
calculate the mean variables as:
1
〈𝑓〉𝑝𝑎 (𝑥, 𝑦, 𝑧, 𝑡) =
∑𝑁−1
(1)
𝑛=1 𝑓(𝑥, 𝑦, 𝑧, 𝑡 + 𝑛𝑇),

2. EXPERIMENTAL METHODOLOGY
To match the refractive index of the working fluid, a Sylgard
184 silicone was used to cast a transparent artery model (Figure
1). The inside diameter of the model, D, is 6.1 mm
corresponding to almost double the diameter of coronary
arteries. The degree of blockage (stenosis) of the model is set to
67%, which is defined based on the ratio of the cross sectional
area covered by the stenosis to the whole cross sectional area of
the artery. As displayed in Figure 1, to limit optical distortion,
the section including the blockage was constrained by a
rectangular silicone box. A mixture of distilled water and
glycerine (with the weight mixture percentage of 60% and 40%,
respectively) is used as a working fluid to match the blood
viscosity with the viscosity of 3.67 mPa.

𝑁−1

where 𝑓 is a flow velocity components in different directions
and 𝑁 is the number of pulsation cycles (𝑁 = 16). The
turbulent velocity fluctuations, 𝑓 ′ (𝑥, 𝑦, 𝑧, 𝑡), in all directions
were then calculated as:
𝑓 ′ (𝑥, 𝑦, 𝑧, 𝑡) = 𝑓(𝑥, 𝑦, 𝑧, 𝑡) − 〈𝑓〉𝑝𝑎 (𝑥, 𝑦, 𝑧, 𝑡),
(2)
Based on the velocity fluctuations, TKE was calculated by the
following equation:
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅2
1
𝑇𝐾𝐸(𝑥, 𝑦, 𝑧, 𝑡) = ( ) ((𝑢́ (𝑥, 𝑦, 𝑧, 𝑡)) + (𝑣́ (𝑥, 𝑦, 𝑧, 𝑡)) ), (3)

Figure 1. A transparent artery model with blockage made
out of Sylgard 184 silicone.

2

where 𝑢́ and 𝑣́ are the velocity fluctuations in stream-wise and
radial directions, respectively. Averaged TKE values were
obtained using phase-average technique over all the 16
pulsation cycles. The image-processing was performed using
PIVlab software (William Thielicke, 2014) with two passes
interrogation window sizes of 64 × 64 and 32 × 32 pixels with
50% overlap for both passes, leading to a spatial resolution of
0.14 mm in each direction.

Figure 2 displays the experimental rig with different
components. The input voltage of the pump was controlled
using a data acquisition card to simulate the physiological
pulsatile velocity waveform. The flowmeter, used in this
experiment, has a measurement accuracy of 0.4% of measured
value. The pulsatile waveform, representing the blood flow
inside the coronary artery, is shown in Figure 3 (Davies et al.,
2008). This waveform, as an inlet velocity boundary condition,
was modelled using the first 32 Fourier modes of Fast Fourier
Transform (FFT) that accurately represents the original
waveform (with less than one percent difference between the
maximum flow velocities during a cardiac cycle).

The overall uncertainty associated with the PIV measurements
comprises both systematic and measurement errors. The
systematic errors arise both from geometric uncertainty,
derived from casting tolerances, and from measurement
uncertainties. As explained earlier, the measurement
uncertainties from the flowmeter was measured to be 0.4% of
the measured value. Based on the evaluation of systematic and
measurement errors (American Society of Mechanical, 2006),
the overall uncertainty of the measured mean velocities for this
study is estimated to be less than ±2%.
Flow rate (mL/min)

500

Figure 2. Two different views of the test rig displaying
different components.
In the PIV experiment, as shown in Figure 2b and 2c, a Zyla 5.5
sCMOS camera with 5.5 megapixel resolution and a Sigma
macro lens (105mm f2.8) along with 140 mm autofocus macro
extension tubes was employed to focus on the small region of
interest. Furthermore, an EverGreen 532 nm laser with 200mJ
at a fixed pulsing frequency of 15Hz was used to illuminate the
field of view. An adjustable optical slit was used to set the laser
sheet thickness at 0.5 mm to minimise the out-of-plane loss of
particle pairs. Two sets of 3-axis trimming platform linear
stages were employed for both camera and laser head to be able
to move them precisely. Images were captured with an array of
2025 × 1350 pixels. The field of view for each measurement
was set to 9.15 × 6.1 mm, which resulted in the pixel size of
4.52 μm. The frame rate of the camera was set to match the
pulsing frequency of the laser.
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Figure 3. The physiological pulsatile inlet velocity
boundary condition (Davies et al., 2008).
Figure 4 displays three phases of interest in this study including
two phases with the maximum and minimum flow velocities
during a cardiac cycle as well as a case with a steady flow
velocity with the corresponding mean flow velocity of a cardiac
cycle. As explained before for the PIV measurement of the
pulsatile flow, different values of 𝑑𝑡 need to be used to make
sure that the particle movements can be monitored in a set of
image pairs. The shaded areas in Figure 4 display different 𝑑𝑡
values corresponding to different flow velocity changes in a
pulsation cycle. A shorter dt is used for the grey shaded area

The flow was seeded with hollow glass sphere particles with a
nominal mean diameter of 8-12 μm and density of 1.1 g/cc
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compared to the light green shaded area that needs a longer dt.
For example, for the jet flow regime, dt = 50 μm is used for the
phase with the maximum flow rate during a cardiac cycle, while
dt = 100 μm is used for the phase with the minimum flow rate
during a cardiac cycle.

recirculation zone and downstream of the flow each three
phases during a cardiac cycle. The results show that the jet flow
regime is stronger for the maximum velocity phase (Figure 7b)
during a cardiac cycle compared to the minimum velocity phase
(Figure 7a) and the mean velocity case (Figure 7c).
Furthermore, the velocity vectors become almost uniform about
the centre of the artery model downstream of the blockage area
(about 3D), which is along with the gradually fading of the jet
flow regime.

flow velocity (m/s)

1.2

Figure 4. Three phases of interest in a cardiac cycle for
PIV measurement. Three shaded areas represent three
different 𝑑𝑡 considered for PIV measurement
corresponding to different flow rates.
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Figure 6. Velocity profile versus time during a cardiac
cycle for different stream-wise nodes in the jet flow regime
(radially located on the centre of the jet regime).

As discussed before, different values of dt are required for the
jet flow regime, starting from the centre of the blockage section
with the minimum cross section, recirculation zone induced
after the blockage between the wall and jet regime, and also
downstream of the blockage, since the flow velocity changes
noticeably in these regions. In this study, three different zones
were selected as regions of interest, as shown in Figure 5. For
all these time phases and stream-wise locations, dt was changed
between 50 μm to 500 μm. For example, for the recirculation
zone, dt is set to 300 μm for the phase of the cardiac cycle of
the maximum velocity, while dt is set to 500 μm for the phase
of the cardiac cycle of the minimum velocity.

a) minimum velocity during a cardiac cycle

b) maximum velocity during a cardiac cycle

c) steady velocity equals to the mean velocity of a cardiac cycle

Figure 5. Three regions of interest including recirculation
zone, jet flow regime and downstream zone.

3. RESULTS AND DISCUSSION
Figure 6 displays the velocity profile versus time during a
cardiac cycle for different stream-wise locations (as shown in
figure 5) in the jet flow regime (radially started from the centre
of artery at the location of the blockage) of a stenotic artery
model with a 67% degree of stenosis. The results show that the
velocity has the maximum value for the node closest to the
centre of the jet regime (node a). The velocity drops as moving
to the downstream of the blockage that mean that the effect of
jet flow regime decreases gradually. The highest velocity is
related to the closest node to the jet regime (node a) and the
lowest velocity is related to the node which is located far
downstream of the blockage (node d).

Figure 7. Stream-wise velocity contours, streamlines and
velocity vectors for three different cases including
minimum and maximum velocity during a cardiac cycle
and the steady velocity corresponding to the mean
velocity of a cardiac cycle.
Figure 8 displays the TKE profile for four different radially
located lines distributed in stream-wise direction for three
different phases of a cardiac cycle. The maximum TKE for all
lines is related to the phase with maximum velocity during a
cardiac cycle. While, the minimum TKE is related to the
minimum velocity phase of a cardiac cycle. Furthermore, the
TKE of the steady velocity case corresponding to the mean
velocity of a cardiac cycle is between the minimum and
maximum phases. TKE increases significantly near the jet flow
regime for all cases. Furthermore, it is observed that the core of
the jet flow region moves gradually to the other side of the

Figure 7 shows the stream-wise velocity contours, streamlines
and velocity vectors for three different cases including
minimum and maximum velocity during a cardiac cycle and the
steady velocity corresponding to the mean velocity of a cardiac
cycle for a stenotic artery model with a 67% degree of stenosis
from the centre of stenosis to 3D downstream of the blockage.
As mentioned in the methodology section, different values of
𝑑𝑡 were used for different flow regimes including jet regime,
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stenotic artery by getting away from the centre of the blockage.
The TKE profile for the line that is the closest to the centre of
the blockage (line a) has its maximum value near the edges of
the jet flow where the shear layer rate is the highest. A sudden
increase in the value of the TKE for line a compared to the other
lines is related to the effect of strong shear layer near the centre
of the blockage. In contrast, for line b and afterwards, the
maximum TKE value occurs in the centre of the jet regime
because the shear layer effect is reduced by getting away from
the blockage centre. Hence, turbulence grows which results in
increasing the TKE value from line b to line d.

a) line a

c) line c

d) Formation of the jet flow effect after the blockage section.
Different timings for PIV measurement were used for the
jet flow regime, recirculation zone and its further
downstream.
e) Pulsatile nature of the blood flow inside the arteries.
Different timings for PIV measurement were used with
respect to the corresponding velocity during different
phases of a cardiac cycle.
By adopting the above-mentioned techniques, it was shown that
PIV could be used to study the flow features in this problem.
The results showed that the highest velocity and TKE are
related to the case with the maximum velocity during a cardiac
cycle and the lowest is related to the phase with a minimum
flow velocity during a cardiac cycle.
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Figure 8. TKE for four different radially located lines
distributed in stream-wise direction from close to the
centre of the blockage (line a) to downstream of it (line d).

4. CONCLUSION
In this study, PIV experiment was used to investigate the flow
features near the blockage section of a stenosed coronary artery
model with the pulsatile flow. Jet flow regime-induced by the
blockage inside the artery, recirculation zone between the jet
regime and the artery wall as well as the further downstream of
the blockage section were studied for three different time
phases including the minimum and maximum flow rates during
a cardiac cycle and also a steady flow case with the
corresponding mean flow velocity of a cardiac cycle inside a
coronary artery. The most challenging parts of PIV
measurement for these kinds of problem included:
a) Selecting proper material for the casted artery model. A
Sylgard 184 silicone was used which is both transparent and
has the same refractive index of the blood mimicking fluid.
b) Proper choice of the blood mimicking fluid. A mixture of
distilled water and Glycerine was used that matches the
blood viscosity and has the same refractive index as the
casted artery model.
c) Small region of interest. A set of macro lens as well as three
sets of extension tubes were used to focus on the field of
view.
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