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ABSTRACT
Laser and optical diagnostic techniques have advanced considerably over the last few decades. In the context of sprays, this has enabled
the community to reveal physics which defines processes ranging from atomization, dispersion, evaporation, combustion and particle
deposition. In this brief article, recent developments in diagnostics for sprays are reviewed. The article makes reference to three
different regions in sprays: region (i) the near-field dominated by atomization, (ii) the downstream region dominated by dispersion and
turbulent mixing, and (iii) the region dictated by processes which are application-dependent and can be evaporation and combustion,
or deposition and absorption. The focus of this article will be largely on developments made in characterizing the near-field part of the
spray, however some recent progress made in analysing downstream dilute regions will also be covered. The paper aims to provide a
balanced review of both established principles as well as more advanced topics.
Keywords: Sprays, Laser Diagnostics, Imaging
[9], and in agricultural applications, a large portion of the spray
must land on a target [10]. Given how important the
downstream droplet region of a spray is for almost every
application, and given that what happens near to the nozzle
will impact the droplet size, it is no surprise that diagnostic
techniques have developed to serve measurement of processes
that occur in all regions of a spray. Processes occurring in a
spray are grouped here for convenience into three general
categories: i) formation or atomization of the spray (which can
be classed into primary and secondary atomization) ii)
dispersion & inter-phase mixing, and iii) “final” application
dependent processes ranging from vaporization and chemical
heat release in combustion to droplet-surface interaction in
agriculture and pharmaceuticals.

1. INTRODUCTION
A spray is a complex multi-physics flow which comprises
processes that occur on multiple scales. In many practical
applications, particularly those of relevance to combustion,
agriculture, and pharmaceuticals; sprays tend to be turbulent,
which makes them inherently random [1]. This necessitates
that any technique used to assess the quality of a spray, or how
a spray forms, must be able to generate statistically meaningful
data. In the very early years of atomization characterization
[1], instantaneous snapshots of atomizing liquid jets from
simple photography, produced beautiful images of droplet and
fragment formation which provided general insight.
Subsequent developments in hardware enabled sequences of
such images to be obtained, at very high temporal and spatial
resolution [1-2], revealing patterns that could be consistently
identified. Patterns in the atomization process of a single
droplet/fragment into smaller droplets/fragments (secondary
atomization) such as the formation of liquid “bags”, “sheets”,
thin “ligaments” or other such structures, were determined to
be adequately categorized according to the Weber number,
with similar observations being made in the primary
atomization of liquid jets (liquid jet atomizing into fragments)
[3]. Regime maps which helped define the conditions needed
to result in a particular atomization “pattern” for both primary
and secondary atomization were subsequently developed
using observations from images on the basis of all of the
Weber Number, Reynolds Number, Ohnesorge Number, Mass
and Momentum Liquid/Air Ratios, and density ratio [4-5].

The measurement of spray characteristics in each of the three
categories (i-iii) is faced with a very different set of challenges.
Thankfully, the underlying dimensionless numbers can always
be used to provide a guide as to what techniques will be needed
for a given spray. For instance in category (i), a pre-existing
knowledge of the dimensionless numbers will provide a
reasonable guide as to what the expected optical depth of the
spray will be [11]. A very high Weber number (We>>100)
means the flow will be dominated by aerodynamic forces
hence droplets will form readily. If the liquid: air ratio is also
high [11], then there is a situation where a very large number
of very small droplets dominate the flow. Such a scenario
becomes challenging to image in the near-field where droplets
are clustered together [11]. Region (ii) can be more forgiving
in terms of optical depth however it is in this area of the spray
where droplets tend to move quickly, where dispersion
dominates, and where the gas flow starts to become important.
This is particularly the case for high Reynolds number sprays
which means that issues such as simultaneous measurement of
carrier and liquid phase become important. The requirements
for the final region (iii) are application dependant. In
combustion, it is by far the most complicated region. This is a
multi-scalar problem requiring measurement of temperature,
vapour mass fraction, chemical heat release, as well as reaction
zone structures which have no “one size fits all” measurement
method. Measurement of all of the desired quantities in a
single experiment is prohibitive, therefore requiring careful
experimental
design.
In
pharmaceutical/agricultural
applications, measurement of droplet-wall impaction or
deposition behaviour is complicated given that in practice, the
surface is not optically accessible (e.g. biological tissue),
requiring advanced methods to assess deposition quality [12].

Whilst imaging initially provided only qualitative insights
related to general regime identification, with development in
advanced image processing methods, much of what used to be
only insight turned into direct measurement of liquid ligament
size and velocity distributions, jet-air interfacial wave speed,
and numerous other useful quantities defining the initial
atomization zone [6-7]. These quantities can all be seen as
“fingerprints” of the atomization process, which can be used
to help distinguish one type of spray from another. Such
quantities were also proven to correlate to the average droplet
size of the spray further downstream, at least partly [6].
Regardless of what the application for a particular spray is,
ultimately, the aim is a predictable, and hence controllable
formation of a spray with droplets of a pre-designated size and
distribution. The desired size depends on the application. In
combustion, droplet sizes must be such that they rapidly
vaporize [8], whereas in pharmaceutical aerosols, droplets
must be less than 5microns with a very narrow size distribution
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In this brief article, we aim to provide some coverage of the
various methods that can be used to measure the processes that
dominate under categories (i), (ii), and (iii) as mentioned
above, placing a particular emphasis on recent research
conducted within the Clean Combustion Research Group, at
the University of Sydney. The paper will first provide a brief
coverage of some basic considerations of optical depth by
making reference to the Sydney University Needle Burner
(SYNSBURNTM), and will then move on to cover a range of
developments made in the characterization of the near-field
(category (i)) of a spray. The discussion will largely be focused
on developments in image processing methods and methods to
characterize atomization processes, with some key examples
on how this information can be used to reveal the underlying
physics of the atomization process. Some coverage will
subsequently be provided on measurements deployed in the
downstream spray regions yielding information on droplet
size, structure of reacting flows, and particle deposition
characteristics.

Measuring the optical depth is relatively straight forward and
requires only a continuous wave laser source along with two
photodiodes (one used for reference measurement) to measure
light extinction. OD measurement was applied to the Sydney
University Needle Burner for a variety of different cases (AS2,
6, 7, & 8 as defined in [13]). These are acetone sprays
delivered in a coaxial air-blast injector configuration with
Weber numbers ranging from 35 to 108. Figure 2 shows
measurements of the OD at various downstream locations
where all of what is shown in Fig. 1 occurs between x/D=0 to
x/D=5 as shown on Fig. 2. What is clear from Fig. 2 is that
between x/D=0 and x/D~1, where the liquid is generally intact,
the OD remains high. Viewing for instance the second frame
from the left in Fig. 1-this is a high OD region. This means that
in this region, information on the internal structure of the jet,
using this technique, would have inaccuracies and would
require methods such as ballistic imaging or phase contrast
imaging, which have been reviewed elsewhere [11], and are
beyond the scope of this contribution. However, measurement
of interfacial information (what happens right on the liquid jet
edge), or identifying where the liquid jet is (hence determining
for instance its area or volume, not accounting at all for any
internal voids), can be achieved (with some error, up to 1520% [14]).

2. SOME BASICS AND OPTICAL DEPTH
Figure 1 provides a set of images that reveal the process of a
liquid jet breaking up into fragments. These images are taken
from the Sydney University Needle Burner (more details
related to the imaging method itself will be provided in section
3). This is a coaxial air-blast spray configuration where the
images shown in Fig. 1 were taken from an acetone liquid jet
injected into a gas flow, with an aerodynamic Weber number
of approximately 40. The figure illustrates what is referred to
as the near-field region of the spray (category (i)), i.e. the
region where the vast majority of the atomization takes place.
The physics that dictate the atomization of a liquid jet into
fragments as shown in Fig. 1, is beyond the scope of this
contribution, where here, we will focus purely on how to
obtain reasonable measurements from this type of spray.

Measurements such as interfacial wavelength can only be
achieved if there is not a significant population of droplets at
the interface. For example, Fig. 3 illustrates an example of a
well atomized high OD spray, close to the nozzle exit. This
image is obtained using the same technique used to obtain the
images of Fig. 1 but for a “flow-blurring” injector [15] at a
Weber number of ~400. The OD in the case of Fig. 3 has not
been measured, however based on its Weber number, and
visual appearance, it is likely to exceed OD 3. The “hazy”
background seen in Fig. 3 is a combination of defocusing but
also multiple scattering of light [11]. The review of Linne et
al. [11] provides a very nice example of two high OD spray
images (Fig. 19 of [11]), one taken with standard imaging, and
the other with ballistic imaging, as a means of highlighting the
limitations of standard techniques with such sprays.

Figure 1. Evolution of a Spray (from the Sydney University
Needle Burner SYNSBURNTM). Weber Number ~ 40, from
x/D~0 to x/D~5. Where x is the distance downstream and D
is the airblast jet diameter. Field of View~ 4mm x 4mm.
Imaging is a very attractive method of characterizing sprays as
it provides rapid spatial information on the structure of the
spray, however, it must be used with caution. The widely
established Beer-Lambert law can be used alongside Mie
scattering theory to define the fractional transmission of light
(τ) through a medium using τ=IL/IO=e-OD. IL is the irradiance
of the light after it has passed through the medium, IO is the
irradiance prior to illuminating the medium, and OD is the
optical depth. It is generally accepted that for an OD of 1-2,
fairly standard imaging techniques can be used [2,11] to
examine the near-field region of the spray; where much above
that requires special treatment due to a variety of issues such
as multiple light scattering [2,11]. The OD becomes an issue
in the following situations: a) The Weber number is very high
(>>100) and the liquid/air ratio is high, and/or b)
measurements require resolution of what happens inside the
liquid core rather than only identification of the interface. Core
measurements may be relevant if the liquid jet is very turbulent
or aerated [2,11], however in the case where the liquid jet is
laminar or mildly turbulent, there is little motivation to
measure inside the liquid jet.

Figure 2. Evolution of a Spray (from the Sydney University
Needle Burner SYNSBURNTM). For AS2 the We=35, for
AS6 We=39, for AS7 We=108, for AS8 We=72. x is the
distance downstream and D is the airblast jet diameter. Field
of View~ 4mm x 4mm.
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processing is more complicated. These methods are described
in more detail below.

Figure 3. A spray ~10mm from the exit plane of a flow
blurring injector at a Weber Number ~ 400.
Moving further downstream, away from the nozzle exit, the
spray develops to become more dilute, where droplets move
further apart and no longer interact with each-other. Figure 2
helps to illustrate the start of the dilute region of the spray,
which for the spray cases chosen seems to occur somewhere
around x/D=5. This is in good agreement with qualitative
observations of images which show the end of the atomization
process in that area of the spray for many of the Needle Burner
Sprays [13]. Further downstream, droplets do not interact, and
tend to be very spherical, making standard imaging and laser
scattering methods (to be discussed in section 3.2) extremely
reliable.

Measurement

Hardware

1.Size

1 camera + 1 laser + 1
LDM

2.Volume HP

2 cameras + 2 laser +
2 LDM

3.Volume LP

2 cameras + 2 laser +
2 LDM

4.Volume+
Velocity
5.Velocity LP

2 cameras + 4 laser +
2 LDM
1 camera + 2 laser + 1
LDM
1 camera + 2 laser + 1
LDM

6.Velocity HP

Image
Processing
Approach
Ellipsoids or
direct area
measurement
Image
Slicing
Method
Multi-image
Ellipsoids
identification
Ellipsoids
Ellipsoids
Interrogation
+ COD

Table 1. Backlight imaging requirements. LDM-Long
Distance Microscope. COD: Coefficient of Dissimilarity
method. HP: High population of fragments, LP: low
population.

3.1.1. Basic Hardware and Image Threshold

3. MEASUREMENT METHODS

A typical backlight imaging hardware setup using 3 cameras
(each with a long distance microscope, e.g. Questar QM100 or
similar) is shown in Fig. 4 for the reader’s benefit. This
configuration can be used to measure size and velocity from 3
different perspectives. Measurement of velocity requires two
light pulses delivered to each camera. This can be achieved by
using two lasers and setting a short time delay between each.
Using a series of 50/50 and 70/30 splitters, the pair of beams
can then be guided to more than one camera focal plane. The
light must be diffused prior to reaching the measurement
volume, in order to ensure uniform illumination. The reader
should also note that very accurate high speed control
hardware is needed in order to prevent timing jitter,
particularly when imaging fast sprays where the dt may need
to be as small as 1-5 microseconds [20].

The last decades has seen substantial developments in laser
diagnostic technologies, general imaging approaches, as well
as image processing methods. There is an excellent article by
Fansler and Parish [2] providing an overview of diagnostic
methods available to be used in the internal nozzle region, the
near-field region, as well as further downstream. Arguably, the
most common near-field measurement method is that of highresolution backlight imaging [2,6,13,16], and whilst a number
of other techniques are also becoming more commonplace
including holography [17], extinction tomography [18], and
optical connectivity [19], backlight imaging remains a
workhorse. A key focus of this article will be on developments
made in the processing of images containing information on
atomization, and whilst most relevant to high-resolution
backlight imaging, much of what is presented is also relevant
to the processing of numerous other image types.

To use images such as those of Fig. 1 in a quantitative way,
requires development of advanced imaging hardware and
image processing tools.

The use of two cameras (shown in boxes in Fig. 4) has proven
to be adequate for reasonable measurements of volume, and
this is referred to as dual-angle imaging [21]. The reader
should note that the light source needs to be pulsed with a
duration short enough in order to “freeze” the liquid fragments
in the image, typically no longer than 1 microsecond to avoid
motion blur.

Table 1 summarizes the approaches developed by the Clean
Combustion Group to analyse the near-field of sprays, along
with key useful information each method can reveal (e.g. such
as liquid volume, velocity, or general size). LP and HP refer to
low and high populations of fragments, respectively, given the
very different analysis requirements for velocity and/or
volume when the image is saturated with liquid fragments. In
a low population (LP) image (less than 10 objects/image), it is
relatively straightforward to use simple tracking methods to
identify the same fragment in two images by its location or
size, whether those images are separated in time, or are
different perspectives of the same object. In an HP image,

Image Threshold: The measurement of any liquid structure in
an image requires identification of the liquid-air interface. This
can be achieved by applying a threshold to determine what in
the image is identified as a liquid fragment, and what is
identified as background (gas). This is a great source of error
in the quantitative analysis of backlight images in sprays, and
has been a focal point of research for decades [2,16,21,22].
Issues of non-uniform background illumination, varying
degrees of defocusing between droplets (due to their different
sizes), as well as the artificial “merging” of droplets that
appear behind each-other are all critical issues [2,16,21,22]
which can be somewhat corrected for in a variety of ways,

3.1 The near-field region of the spray
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though usually what is most important, is to ascertain the error
or uncertainty in the measurement, so that comparison can be
made carefully. This can only be achieved by “calibrating”
against another measurement method.

confirmed to correlate with waves that develop on the surface
of the liquid jet [7]. Using such information, even analytical
models can be developed to correlate downstream fragment
concentration in the spray, with information related to the
nozzle itself [6-7]. This is because wavelength development
on a liquid jet can be related back to information on the
vorticity layer thickness in the nozzle [4,6-7]. Such
information cannot be obtained without directly measuring the
dynamics of non-spherical fragments. Furthermore, accurate
validation of volume-of-fluid methods [24], particularly
combined Euler-Lagrange methods can be achieved using
measurements that can adequately differentiate between the
liquid fragmentation region, and the downstream region of the
spray. This is not possible without identifying the specific
location where ligaments cease to exist.

Figure 4. Three camera backlight imaging experiments. For
standard two angle imaging-use only cameras shown in
boxes.

Figure 5. Ellipsoidal method being used to identify
fragments in an image. Spray is a low GLR effervescent
spray [21].

Previous work by Kourmatzis et al. [23] presents a binarization
technique which tunes the required background threshold on
the basis of the number of fragments in the image whilst also
defocusing monodisperse droplet streams. Errors were
quantified by comparing to phase Doppler anemometry data
[23]. A key conclusion was that images consisting of a greater
number of droplets require a very different (lower)
background threshold to those with fewer droplets. Other
approaches such as that in Kashdan et al. [22] rely on the
defocusing of calibration graticles. The quoted errors for these
methods vary, however it is generally understood that the error
in average size (e.g. Sauter mean diameter) is of the order of
~10%, under the assumptions of a suitable OD for the spray,
and adequately diffused light [23].

Volume of fragments can be reasonably approximated from
two-angle (or dual angle) images like those of Fig. 5 by simply
summing the total volume of each ellipse through a number of
assumptions [21]. This has been confirmed through comparing
extracted volume of the ellipses to the actual volume of a
variety of physical shapes from blown glass needles to curved
wire shapes measured in experiments [21]. These were
measured at various degrees of defocusing in order to ascertain
the degree of uncertainty as a function of defocusing level.
Velocity is also straightforward to measure from images like
those of Fig. 5 assuming that two images are taken in a time
sequence from each viewing angle (requires cameras to run in
PIV mode or frame straddling mode). The displacement of the
top or bottom (or both) of each ellipse can then be measured,
to obtain a velocity. The reader is directed to [21] for more
details.

3.1.2. Approach: Ellipsoids Method
Items 1, 3, 4 & 5 from Table 1 can all have fragments
characterized according to what is essentially an “island
fitting” method. Such an approach is readily available in
various image processing packages, e.g. it comes standard in
MATLAB image processing toolkits (“regionprops”) which is
a simple least squares fit of an ellipse around a closed region
in an image. Once an image has been segmented (using an
appropriate background threshold), “islands” of fragments in
the binary image can then be identified. Such a method can be
used to identify the overall morphological features of liquid
fragments in sprays. Figure 5 shows an example of ellipse
fitting around regions of an image, and this method is
automated to output results ranging from droplet size, to nonspherical fragment data including aspect ratio. The two image
frames in Fig. 5 show the same fragments viewed 90 degrees
to each-other.

3.1.3. Approach: Image Slicing (HP Volume Measurement)
For images like those shown in Fig. 5, the image processing
methods are relatively straight forward. However, for more
turbulent flows, which is often the case in practical sprays, it
becomes much more challenging to consistently identify the
same fragment in two images taken from just two different
angles. A fragment by fragment approach becomes
impractical, and therefore a tomographic “slicing” method
becomes necessary to measure volume (item 2 of Table 2).
Figure 6 shows the major steps involved in calculating spray
volume using such a “slicing” method. The method has been
described extensively elsewhere [14]. Briefly, the technique
uses images from two perpendicular views. Both images are
divided into several horizontal slices of constant height, and
starting from the top slice in each view, the area of the liquid
fragments (area of light blocked by the fragments) is
redistributed as an imaginary rectangle of height equal to the
slice height. The imaginary rectangles from the two slices are
then combined to generate a volume of the objects in those

The rationale behind obtaining data like this, is because nonspherical fragments provide insights about the physical
behaviour of the spray that spherical droplets do not. For
example, when atomization initiates, long ligaments will form
from the surface of the liquid jet, and these will then shatter
into droplets. The length of certain ligaments has been
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slices as shown schematically in Fig. 6, and this process is
repeated for all the slices, and then summed over the entire
image for an overall volume.

interrogation windows. By doing this, the number of liquid
fragments to be processed during the fragment matching
process is reduced. In order identify the same fragments in
each image, a coefficient of dissimilarity (CoD) was computed
by comparing numerous geometric features of the objects
using techniques similar to those used in facial recognition,
such as area, span, aspect ratio, perimeter, orientation and
more. The comparison method is similar in its form to a
statistical covariance calculation. Each fragment in a given
interrogation window is compared with all of the fragments in
the next instant in time to calculate the CoD. As shown in Fig.
7 for example, fragment 1 is compared with all three fragments
in the next time step and the CoD is calculated for each
fragment pair. A fragment is confirmed to be matched when
the CoD is minimized, as shown within the table in Fig. 7.

Figure 6. Schematic of Volume Slicing Method used to
analyse images with high population of fragments [14].
The technique as shown in Fig. 6 was tested in [14] both by
comparing to virtual fragments of random shape, and also by
comparing to results extracted from the ellipsoidal volume
method (for LP sprays) as shown in section 3.1.2. The method
was able to measure the spray volume within an error of 1015% on using 35 or greater slices, regardless of the number
density of the objects.
Figure 7. Process to calculate the velocity of objects using
object identification through coefficient of dissimilarity
(CoD) based on an object’s geometric features [25].

The volume of individual fragments can also be calculated
using this method by redistributing the total volume measured
to each object based on their average blocked area (the average
area from both the views). While the technique was able to
calculate the total volume regardless of the Weber number of
the spray, it suffered from the mismatching of fragments from
the two perpendicular views at Weber numbers above ~120.
3.1.4. Approach: Interrogation and
Dissimilarity (HP Velocity Measurement)

Coefficient

The technique was able to accurately measure the velocity of
small spherical fragments to within 10-15% compared to PDA
data, with the added advantage of measuring the velocity of
non-spherical fragments over a very broad size range, which
is not possible with PDA. Given the fragments are imaged
directly, joint size-velocity data is also possible, and future
work can combine this method with volume slicing techniques
in order to develop abilities to measure volumetric flux.

of

Velocity using the ellipsoidal method of section 3.1.2 is
straight forward as it involves identifying the same fragment
on each image and tracking its position. This is not practical
when the image consists of dozens or more fragments, and
results in mismatching. Recently, Singh et al. [25] developed
a new image processing routine whereby features of traditional
particle image velocimetry (PIV) were combined with
individual fragment tracking methods to accurately measure
the velocity of smaller fragments (30-50microns) as well as
larger non-spherical fragments in highly turbulent sprays.

3.2 Downstream region of the spray
Methods to measure the characteristics of a spray downstream
of the atomization zone, are more established than those
presented in section 3.1. For the benefit of the reader, a brief
review of the key techniques available is provided here.
The most established methods are phase Doppler anemometry
and laser diffraction [2], where the former provides numberweighted point-statistics of droplet size and velocity, whilst
the latter provides line integrated volume weighted statistics of

Figure 7 shows the main steps involved, with much further
detail presented elsewhere [25]. Similar to the PIV technique,
the two images separated in time are divided into several
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SYNSBURNTM burner. Whilst very promising, laser induced
breakdown is still a significant problem for higher liquid : air
mass ratios.

droplet size [2]. Laser diffraction uses the Fraunhofer
Diffraction principle [2] and it tends to be more popular when
the overall mass of droplets is more relevant and where it is
known that the aerosol is well-mixed, with no gradient in
droplet size. This means that point measurements are not
required. This tends to be the case in many pharmaceutical
aerosol applications [26] because a) total dosage is important
(rather than number of droplets) and b) characterization of
aerosol quality is only of interest far away from the nozzle,
where droplet diameter gradients are effectively absent, hence
not requiring spatial resolution of droplet size.

Qualitative measurements in turbulent reacting sprays are
easier, as calibration is not required, and laser induced
breakdown can be avoided by using lower pulse energies (not
possible with quantitative measurements where higher pulsed
energies are needed [30]). Such measurements are still
extremely useful as they enable identification of key patterns
or structures in the flame which can divulge information
ranging from potentially the mode of combustion occurring to
the local extinction behaviour of the flame [31]. Combining
Mie scattering with LIF of OH and CH2O is one approach that
enables simultaneous identification of the location of a droplet
cluster as well as the associated reaction zone or heat release
zone [31]. The application of this technique requires the use of
special filters that remove the stimulated Raman scattering
interferences from the droplets. Figure 8 shows images from
[31] which identify the location of CH2O and OH as well as
the product of the two, which is proportional to heat release
[31]. Combining this with Mie scattering as done in [31] helps
to identify local hotspots in the spray flame with respect to the
location of droplet clusters.

Number-weighted statistics on the other hand are very
important where measures such as particle concentration or
droplet number density are needed-a relevant quantity in the
understanding of vaporization and combustion [8]. Phase
Doppler is well-suited for this, given that it is a point
measurement method.
Laser diffraction and PDA are well established and relatively
easy to use, however neither can provide an image of the
droplet field. LIF/Mie scattering has filled this gap and has the
substantial advantage of providing a spatial distribution of
average droplet size directly [2]. This works by taking the ratio
of a fluorescence signal to Mie scattering signal from a
particular droplet cluster, which is known to be proportional to
the ratio of droplet volume to droplet surface area (providing
an effective measure of the Sauter mean diameter). This is
useful, however it is not capable of providing measures of
droplet number density. Furthermore, measurements of joint
droplet size and velocity would require simultaneous
measurement with PIV. For a much more thorough review of
the utility of the abovementioned methods, but also insights
into further budding technologies to measure downstream
spray behaviour, the reader is directed to the review by Fansler
and Parish [2].

Figure 8. Instantaneous snapshots of OH+CH20 LIF in a
turbulent spray flame of ethanol from [31].

Once the spray has fully formed, the target application will
dictate any additional diagnostic methods that need to be
deployed. Two specific scenarios are considered here, firstly,
that of a reacting spray flame and secondly, that of a spray
depositing onto a surface.

3.2.2 Deposition of sprays or aerosols onto a surface
If the target is for a droplet to reach a surface, rather than
vaporize and burn, the challenges become different. The
deposition of a spray onto a surface is a process that is now
relatively well understood in the situation where a single
droplet impacts against a well-defined surface [32]. The
majority of experiments in this area undertake simple
backlight imaging to resolve the liquid film that forms. In a
situation where droplets (or particles) deposit onto a nonoptically accessible, and possibly rough surface, more
advanced techniques must be used. The specific example of
optical coherence tomography (OCT) is discussed here, a
method normally used by optometrists to glean structural
information behind one’s eye. The utility of this technique in
two-phase flows has only very recently been proven [33].

3.2.1 Insights into reacting spray flows
In the situation where the atomized spray is to be burnt,
measurement of downstream processes becomes very
complicated.
Methods such as phase Doppler are still applicable, however
must be used in tandem with methods that can provide data on
heat release zones or reacting zone structures, which reveal
useful information on flame dynamics. There are numerous
reviews written on combustion diagnostics as well as an
excellent textbook on the subject [27], with some brief
coverage provided here.

OCT relies on using a low coherence light source (e.g. like a
superluminescent diode), directed to the surface containing
liquid film or particles. Some of the same beam is directed to
what is known as a “reference arm” (e.g. a mirror) by using a
splitter. The reflected portions of light from both the sample
surface and reference arm are then recombined and interfered.
The interference pattern can then be used to determine the
position of the sample surface as well as sub-surface positions
down to a depth of typically ~1mm. This provides
topographical information on the sample. There are many
ways to devise a system like this, starting from the most
traditional (and now outdated) time-domain OCT (TD-OCT)

In the presence of chemical heat release, depending on the
precise quantity which is to be measured (e.g. temperature,
species fraction, qualitative reaction zone structures),
techniques range from temperature measurement methods
such as coherent anti-Stokes Raman spectroscopy (CARS)
[28], to two-line atomic fluorescence [29]. More recently, the
last experiment ever to be performed in the famous Sandia labs
facility, applied line-imaged Raman combined with LIF of CO
and OH to provide quantitative measurements of mole
fractions, temperature and mixture fraction [30] in the
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to more modern spectral domain (SD) and swept source (SS)
OCT. In SD-OCT, a broadband light source is used such that
different portions of the wave spectrum will reflect from
different depths of the sample. Using a spectrometer and linescan camera then allows for the user to conduct a Fourier
decomposition of the reflected light in order to ascertain the
spatial topology of the surface [33]. Recent work by
Mekonnen et al. [33] has also advanced the system to measure
at multiple locations simultaneously.

opinion of these authors the below will likely feature as
important developments in the future:
•
•
•
•
•

•

Figure 9. Sample reconstructuted image of a layer of powder
aerosol ranging on a surface. Arrows point to detectable
cavities in the layer.

The gradual replacement of lasers with LEDs in relevant
applications is an overarching development that will continue
to augment spray diagnostics research. Key outstanding
questions in sprays are numerous, but ultimately, the
overarching aim is always the same: having a better control
over the droplet size and having a capability to adequately
predict downstream processes. This is very challenging, and
there will likely never be a completely universal understanding
that applies to every type of spray. Nevertheless, the
techniques developed over the years have done three general
things a) made injectors more efficient b) improved the
community’s ability to predict the behaviour of sprays, c)
spilled rigorous research done in two-phase flows over into
other areas of science and engineering.

The key point to note about OCT is that the low coherence
source, typically centred around ~850nm, with a 50nm
bandwidth, is able to slightly penetrate the sample (typically
by around a mm or so) and hence will reflect from different
“sub-surface” portions of the sample.
This allows
visualization into the layer of aerosol that has formed onto the
surface. In the case of a liquid, depending on its refractive
index, a measure of time-resolved film thickness can be
obtained from this method at multiple locations, and at high
resolution. Figure 9 shows an example of a reconstructed
snapshot image of particles that have landed and agglomerated
onto a surface. The arrows point to cavities in the layer which
can be used to measure quantities such as void fraction and
deposition uniformity.

4. FUTURE OUTLOOK
TECHNIQUES

and

Measurement of the local volumetric flux of high
Weber number atomizing sprays in a turbulent flow.
Measurement of mixture fraction in non-reacting
and possibly, reacting sprays.
Accurate simultaneous measurement of the gas flow
field and liquid phase. This remains a challenge even
in lower Weber number atomizing sprays.
High resolution and large field of view imaging for
correlated statistics (e.g. cheap camera arrays).
Measurement of spray dynamics in confined flows
(e.g. inside contorted geometries). This is of
particular importance for industrial applications and
biomedical applications.
Development of endoscopic laser diagnostic
systems (e.g. OCT has already been used in this
context, however there is potential for other
techniques to be “shrunk” down as well)

5. CONCLUSIONS
This article has provided a brief overview of developments in
laser and optical diagnostic techniques for the characterization
of sprays. Three regions or categories of spray were defined,
i) the near-field/atomization region, ii) the intermediate
dispersion and mixing region, and finally iii) the far
downstream region (e.g. combustion or deposition region).
Techniques to measure various processes in these regions were
outlined with a heavier focus on the use of imaging to
characterize near-field atomization processes. The paper
concluded with some outstanding questions and directions that
spray diagnostics research may follow in future.

EMERGING

Despite sprays having been around for decades, there are still
a host of outstanding questions which simply cannot be
answered without constant development of new diagnostic
techniques. The barrier to using many methods remains the
cost, particularly in very turbulent sprays or in reacting sprays
where the use of multiple cameras and light sources is
inevitable. However, techniques even as simple as single
camera backlight imaging, where the laser is replaced with a
high powered LED, is making experiments much cheaper. The
OCT method can also be built with only a few thousand
dollars. Techniques for ultra-fast imaging have also recently
been made possible with simpler equipment. Notable is the
development of the frequency recognition algorithm for multi
exposure (FRAME) technique in Kornienko et al. [34] which
promises very fast, high quality imaging. The same group has
demonstrated the use of 2-photon LIF for high quality (high
contrast) imaging of sprays, though this requires a
femtosecond laser [35].
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Despite the very significant developments made in
measurement of liquid phase size and velocity, flow-field,
reacting species, and more recently deposition, the field is still
struggling with a number of measurement issues. In the
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Visualising Supersonic Combustion Measurements
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ABSTRACT
Hypersonic vehicles are currently being developed that are driven by supersonic combustion ramjets, or scramjets. In facilities such as
T4 at The University of Queensland, visualising combustion in scramjet engines is challenging due to short test times (~1 ms),
condition variation between tests, and contamination from test flow. Typical visualisation methodologies in these scenarios include
Schlieren imaging, emission and Laser-Induced Fluorescence (LIF) spectroscopy, chemiluminescence and Planar Laser-Induced
Fluorescence (PLIF) visualisation.
Dr Vanyai has been working on scramjet experiments over the past decade, testing combustion of hydrogen and simple hydrocarbons
within multiple fundamental engine and combustor models. Whilst pressure and heat transfer data within these models gives
experimentalists a good picture of fluid conditions at the model walls, optical diagnostics are required to probe the full flow field.
Chemiluminescence and PLIF of the OH radical provides considerable information to the experimenter such as where the fuel-air
mixture has ignited, how far fuel penetrates into the air flow, even such details as combustion mode (supersonic or dual-mode). This
additional information is particular helpful for comparison with numerical simulations, and helps provide confidence that our CFD is
accurately representing the experimental reality.

OH Planar Laser-Induced Fluorescence (PLIF) within a scramjet combustor (Flow from left)

OH Chemiluminescence at the exhaust of a supersonic combustor (Flow from left)
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Doppler-free saturated absorption velocimetry for hypersonic flows
S. Roy and S. B. O’Byrne
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ABSTRACT
The challenges for precise measurement of velocity in hypersonic flow for high enthalpy shock tunnels include ensuring the
diagnostic technique is non-intrusive to the flow field, has high spatial and temporal resolution, operates efficiently within the
millisecond-duration run time of hypersonic facilities and has an overall low cost. This paper presents a numerical study of the
potential application of high-resolution Doppler-free saturated absorption spectroscopy as a point-measurement velocimetry
technique. By exciting the D1 line atomic rubidium (Rb) at 795 nm in the hypersonic nozzle flow in a shock tunnel and splitting the
laser diode beam into counter-propagating pump and probe beams, formation of Lamb dips can be observed with a narrow FWHM of
~6 MHz. These narrow dips represent zero-velocity markers with respect to both beams within the distribution of Doppler width of
~600 MHz. The numerical simulations indicate that the bulk velocity shifts the entire Doppler distribution except for the zerovelocity profiles, which serve as a fixed zero-velocity reference. This is advantageous in terms of precision, as the velocity-induced
Doppler shift in the absorption spectrum can be mapped with improved accuracy, as it does not depend on accurately finding the
peak of the Doppler-broadened distributions for both shifted and un-shifted conditions. This paper will present modelling of the
potential use of saturated absorption spectroscopy of rubidium as a means of determining spatially resolved velocity. The effect of
varying measurement parameters such as laser intensity, the angle between beams and the crossover resonances on the predicted
saturated absorption spectrum and Doppler shift measurement will be detailed.
Keywords: Doppler-free velocimetry, saturated absorption spectroscopy, hypersonic flow.
resonance with it will be excited. This will deplete the
population of ground state and denying relaxation processes to
refill the gound state through continuous decay [5, 6]. As the
probe beam is scanned over this transition, the transmission
sees a dip for the same velocity class of atoms that were
saturated by the pump beam. As this class of velocities is
excited by both laser beams at the same wavelength but from
opposite directions, this gives rise to zero-velocity dips (also
called as Lamb dips) for only those atoms with zero relative
velocity in a Doppler broadened transition.

1. INTRODUCTION
Precise, spatially resolved point measurements of velocity in
the subsonic wake region behind a blunt body or in the
recirculation region of separated flows, serves as the
motivation in developing the proposed diagnostic technique
described in this paper. In subsonic flow regimes, the shift in
peaks relative to absorption linewidth is too small to reliably
measure. Additional challenges for this diagnostic scenario
involves overcoming the limitation of line of sight method,
ability to give high spatial and temporal resolution, operate
under low density conditions in the recirculation region, have
higher signal strength and operate efficiently on short time
scales.
The proposed diagnostic technique, Doppler-free saturated
absorption spectroscopy (SAS) is a high resolution technique,
first developed by Theodor W. Hänsch in 1970 [1]. It is
commonly applied in atomic spectroscopy to accurately
determine atomic structure by precise measurements of
hyperfine splittings and has also found applications in chip
scale atomic clocks, magnetometers and laser frequency
locking [2]. With the emergence of low cost narrow linewidth
diode lasers and their ability to tune wavelength rapidly, this
technique has the potential to become a reliable velocimetry
diagnostic technique. Previously SAS in diagnostics has been
performed with a crossbeam technique to measure spatially
resolved translational temperature in the shock layer of an arc
heated plasma in a shock tunnel [3]. Arakami et al. developed
a high resolution laser induced fluorescence technique by
combining SAS for frequency calibration to investigate flow
velocity of neutral particles in an electron-cyclotron-resonance
plasma in laboratory conditions [4].

Figure 1. Typical bench top set-up for counter propagating
pump-probe spectroscopy [1].
For the numerical analysis, atomic Rubidium (Rb) is used as
test species because the experiments planned in the shock
tunnel would be seeded with Rb salts, which would dissociate
during the shock reflection process to form Rb atoms and ions.
This has a few advantages compared to probing other
commonly used molecular seed species. Rb, being an alkali
metal, has only one elctron in its outermost shell, hence a lowpower diode laser would be sufficient to saturate the
transition. Rb also has a much higher oscillator strength (f =
0.325 for Rb D1) than molecular species, which would be
preferable in low density experiments in the shock tunnel to
provide a stronger signal. Rb as a test species (D2 line) has
been used previously for freestream temperature and velocity
measurements in hypersonic flows in high enthalpy shock
tunnel (HEG), in Göttingen, Germany [7]. Figure 2 shows
energy level diagram for all possible hyperfine transitions for
both isotopes (85Rb and 87Rb). The overall absorption spectra
of Rb D1 including both isotopes and all eight hyperfine

2. BACKGROUND
Typically, Doppler-free SAS uses two nearly counterpropagating laser beams derived from the same laser— a
stronger pump and a weaker probe beam, having the same
frequency but varying greatly in laser intensity [2]. Figure 1
shows a typical bench-top set up with an alkali (Rubidium)
vapour cell. When the pump beam passes through a sample
gas at low pressure and its intensity is increased beyond the
saturation intensity of an atomic transition, the atoms in
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transitions are shown in figure 3. It is compared and validated
with the model by Siddons et al. [5]. Zero detuning frequency
indicated in figure 3 refers to the centre of frequency for the
fine structure transition for D1 (5s 2S1/2 → 5p2P1/2) in the
absence of hyperfine splitting, considering the isotope shift
between 85Rb and 87Rb [5]. For the parametric study conducted
in this paper, only the transition from ground state 3 (F g – 3 →
Fe – 2, 3) to excited states 2 and 3 is considered (red lines in
figure 3) which falls between 0 and -2 GHz.

Figure 2. Schematic of
diagram of Rb D1.

lineshape function L(ω, v), which includes the Doppler shift
(kv) [2].
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where γ = 1/τ is the natural linewidth of the transition derived
from the excited state radiative lifetime τ.
Unlike for standard absorption, the Lorentzian profile defining
the natural linewidth cannot be neglected for SAS, as the
change in population between transition states due to
saturation is a function of the classes of velocity underlying
the natural linewidth. The integration in equation 1 can only
be performed numerically. These equations form the basis of
standard theoretical model (SM) described for a two-level
closed system.
But most atomic transitions are open transitions and can have
various branching ratios and relaxation channels, especially
when there are two or more ground states involved in the
hyperfine levels. In 85Rb D1, there are two hyperfine ground
levels (Fg = 3, 2) and the population decay from excited states
can enter either, depending of their branching ratio [6]. To
account for this, a modified multilevel optical pumping model
(OP) described by Himsworth and Freegarde [2] was
implemented to include these effects to accurately predict
population changes. The modified model accounts for these
effects in the term δN by including a reduced saturation
intensity function which depends on optical pumping
parameter and transit rate of atoms through pump beam as
given in equations 6 and 7 [2]. The complexity of the model
increases if several excited and ground states are taken into
account in the model.

hyperfine-resolved energy level

(

Figure 3. Absorption spectra of Rb D1 including all
hyperfine transitions and their overall transmission.
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3. NUMERICAL MODEL
The change in probe intensity for SAS is given by [2]:
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∞
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where h is Planck’s constant, ωik is the resonant frequency of
the transition, Nv is the number density in the cell, I0 is probe
intensity, Bik is Einstein’s co-efficient of induced absorption
and c is the speed of light. For a low pressure vapour cell, the
mean free path of the atoms is much larger than the cell
dimensions, hence the collisions are negligible and the
distribution of velocities (v) will be in the form of a MaxwellBoltzmann distribution given by fG (v) [5].
f G (v)=

1
u √π

√

( )
e
− v2
u2

(2)

(3)

Figure 4. Difference in saturation dips at 0.1mW power for
both models- optical pumping model (OP) and standard model
(SM).

where u is the mean speed of the atoms, M is the atomic mass
and kB is the Boltzmann constant. The change is population
due to saturation of the transition (Iik) is given by δN and the
atom’s response to incident laser is given by the Lorentzian

The difference between both models can be seen from figure 4
which shows even at a relatively low 0.1mW laser power the
effect the dips are far more prominent. This is consistent with

u=

2 kB T
M
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the findings of Smith and Hughes [6], who suggested that the
formation of dips appear for powers orders of magnitude
smaller than the aforementioned saturation intensity (Iik).

The Lamb dips, however, remain at the same location and
have the same width at all angles, except for 90°. At 90°, the
height of the Lamb dips is seen to have increased. This is
because the split crossovers are now embedded within the
Lamb dips.

4. PARAMETRIC ANALYSIS
The numerical model developed considering a three-level
system includes parameters such as power of the pump beam,
addition of bulk velocity and the effects of a change in angle
between the beams. The effects of variation of these factors
are predicted and compared at temperature of 291.15 K. For
this analysis, only transition Fg=3 → Fe for Rb D1 is modelled
to compare the effects of various parameters on the spectra.
The spectra show the formation of two Lamb dips and a
crossover resonance at their centre. Typically, for counterpropagating beams, the crossovers lie at the centre of two
corresponding Lamb dips, which is the case for 180°. It is also
known that these crossovers occur for -v and +v velocities for
both probe and pump beam , occuring at the same laser
excitation frequency.

Figure 6. Rb85 Fg -3 → Fe for various pump beam at angles
between 90 and 180 degrees.

4.1 Effect of Beam Power
The power of the pump beam has a significant effect on the
population difference between ground and excited states. As
the power of the pump beam is increased, the width of the
Lorenztian function increases and this power-broadened width
(γp) is given by equation 8 [5]. It is also found that effects of
pump power are prevalent long before saturation intensity has
been reached. At relatively low pump beam power (0.01mW),
the transition can be seen to have saturated, as seen in figure 5.

√

γ p = γ 1+

I pump
I sat

For angles between 0° and 90°, no crossovers are seen and the
Lamb dips are only formed when the angle tends towards 90°.
This is consistent with literature, which suggests that dips are
heavily dependent on the direction of propogation of both
beams. For 0° (co-propagating beams) no Lamb dips and
crossovers are noticed and the transmission of the signal has
dropped by the amount of the Lamb dips formed at 180°. This
further suggests that for co-propagating beams the dips occur
for every velocity class in the distribution as each velocity
class is simultaneously excited by both pump and probe beams
as the wavelength of the laser is tuned across the transition.

(8)

Figure 7. Rb85 Fg -3 to Fe for various pump beam at angles
between 0 and 90 degrees.

Figure 5. Effect of various pump powers on Rb85 Fg -3 to Fe.
4.2 Effect of Change in Angle between Beams
The variation of angle between pump and probe beams has
resulted in a few interesting observations. For this numerical
study, we have considered counter- and co-propagating beams
as well as intermediate angles as shown in figures 6 and 7. The
change in angle in the numerical model was introduced by
resolving the wave vector of the pump beam with respect to
probe beam. Since kpump=kprobe=k, the substitution in the
Lorentzian function for pump beam is kcosθ. Hence, angle
180° represents counter-propagating beams (which reverses
the sign of k), angle 0° represents co-propagating beams (same
direction) and angle 90° is orthogonal orientation.

4.3 Bulk Velocity
Figure 8 compares the spectra for Rb85 F g -3 to Fe for different
velocities. The vertical black line at ~1000 m/s represents the
peak for 0 m/s. As the velocity is increased, the distribution
and peak shifts towards the left.
Two important observations arise from figure 8. First, for
subsonic velocities, the shift in the Doppler-broadened profile
is much less than its width, as was pointed out earlier. In
actual experiments, error in curve fitting profiles would not
give precise values due to flatter peaks (if the temperature in
the inspection region is higher) or due to low densities of seed
particles in wake regions. Secondly, the zero-velocity markers
remain at the same location, while the entire velocity
distribution shifts due to bulk velocity. It can also be inferred
that the depth of the peaks will change by the amount
propotional to the shift.

Our predicted results indicate that the crossover between two
Lamb dips, splits into two at intermediate angles between 90°
and 180°. As the angle tends towards 90°, the crossover dip
splits and moves away from its location at the centre. This
trend can be seen in figure 6 for angles 135°, 120° and 105°.
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technique can make spatially resolved flow measurements
which will be a function of laser power and ratio of powerbroadened dips. With high scan rate diode lasers, this
technique has the ability to provide multiple measurements in
each shock tunnel test run.

7. FUTURE WORK

Figure 8. Rb85 Fg -3 to Fe transition at various bulk velocties
for counter-propagating beams.

This prediction still needs to be experimentally validated as
the authors have not come across any data or study to compare
these results. Further analysis need to be conducted on
experimental data to understand the nature of crossovers at
various angles and determine if the location changes of
crossovers corresponds to any particular trend, with the
addition of flow velocity vector at different angles to both
beams.

5. DETERMINING VELOCITY
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Figure 9. Doppler-subtracted SAS dips and crossovers at U=
0 and 250 m/s for two orientations (135° and 180°).

6. CONCLUSIONS
Numerical modelling and a parametric study have been
conducted to assess the potential of Doppler-free SAS as a
high-precision and relatively inexpensive diagnostic technique
for making point measurements in low-speed flows, including
challenging measurement environments like subsonic regions
embedded in hypersonic flow. It is concluded that for the
overlap region formed by the pump and probe beams, this
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ABSTRACT
Achieving efficient supersonic combustion is an ongoing challenge for the development of an effective hydrocarbon fuelled scramjet
engine. Techniques such as upstream injection, within the inlet, can assist in providing favourable mixing conditions. However,
obtaining experimental data of such hypersonic systems is complex. Ground-based facilities can be used to obtain optical data to
visualise the penetration and mixing processes. This paper outlines the future use of NO-PLIF in the T4 reflected shock tunnel, located
at The University of Queensland, to experimentally assess the mixing behaviour of hydrocarbon fuels using different injection schemes
under scramjet intake conditions. This utilises a laser tuned to excite NO radicals, an inherent product within the freestream air of the
T4 tunnel, to provide a negative image of the fuel plume and characterise its mixing and penetration.
Keywords: hypersonic, PLIF, mixing
This project seeks to use the T4 facility, in conjunction with a
model which produces scramjet inlet-like flow conditions, to
explore the injection of hydrocarbon fuels upstream of a
combustor. Data is to be obtained through surface pressure
sensors, schlieren imaging, and planar LIF (PLIF) to describe
and quantify mixing behaviours. This paper will outline the
process by which PLIF will be used in an upcoming
experimental campaign, and present a numerical simulation to
demonstrate the predicted results.

1. INTRODUCTION
In the pursuit of hypersonic flight, scramjets are of great
interest. Scramjets, or supersonic combustion ramjets, are airbreathing engines capable of sustaining thrust at speeds greater
than Mach 5. These use a shaped inlet to compress incoming
air, in contrast to the compressors present within gas turbine
engines utilised by many conventional aircraft. Furthermore,
the flow throughout the engine is predominately supersonic,
including in the combustor.

The tools used for this project can be broadly separated into the
shock tunnel facility, its connected laser system, the
experimental model, and the computational simulations of the
model.

2. EXPERIMENTAL FACILITY
The T4 free-piston driven shock tunnel is located at The
University of Queensland. As an impulse facility, it is capable
of generating varied hypersonic test conditions over the course
of one to five milliseconds. For this project, the condition
generated is shown in Table 1. A diagram of the facility is
shown in Figure 2.

Figure 1. A simplified diagram of a hypersonic vehicle, with
an integrated scramjet engine, featuring both inlet and
combustor fuel injection.
Due to the requisite velocities involved, there are many
challenges in designing and experimentally testing such an
engine. Flight tests are expensive, and with such tests typically
constrained to surface-mounted sensors, it is difficult to obtain
useful data on properties such as fluid structures, fuel mixing,
and combustion.

Parameter
Unit
Mach Number
Total Enthalpy
MJ/kg
Total Temperature
K
Static Temperature
K
Static Pressure
Pa
Streamwise Velocity m/s
Density
kg/m3

The use of ground-based facilities such as the T4 reflected
shock tunnel at The University of Queensland mitigates this,
and allows for more robust data collection including laser-based
diagnostics. T4 is capable of generating a brief period of
hypersonic flow, equivalent to atmospheric flight conditions,
multiple times a day. The internal supersonic flow of a scramjet
system can then be studied via optical methods, such as
schlieren, spectroscopy, and for this project, laser induced
fluorescence (LIF), in addition to a robust sensor suite. The
interactions between injected fuel and the freestream air can be
analysed due to the presence of characteristic radicals, both
prior to and during combustion. For useful hypersonic engines,
being able to optimise fuelling behaviour is critical maintaining
robust and efficient supersonic combustion. A major concern is
that, due to the speeds involved, the fuel may be flushed from
the system before igniting if the right conditions are not met [1].
This is amplified for hydrocarbon fuels which have ignition
delays which are orders of magnitude greater than hydrogen. A
means to improve fuel residence time and mixing length within
a scramjet is to inject a portion of the fuel upon the intake,
known as inlet injection.

Value
6.97
2.42
2332
251
4215
2223
0.0585

Table 1. Freestream flow conditions generated by T4.

Figure 2. The T4 free-piston driven shock tunnel [2].
Hypersonic flow is generated by the facility by driving a 90 kg
piston via a high-pressure reservoir down a compression tube,
where pressure builds behind a steel primary diaphragm, which
for this condition is 3 mm in thickness. The bursting of this
diaphragm sends a shockwave down a shock tube, containing
the test gas (typically air). The shock reflects off the opposite
end, blocked by a thin mylar secondary diaphragm and
constricting nozzle throat, and this reflected shock stagnates the
test gas. As a consequence of the twofold processing of the test
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gas by the shock, pressure and temperature rise, bursting the
mylar and expanding through the nozzle. The compositions and
pressures of the different volumes are altered to generate the
desired flow. However, due to the extreme conditions prior to
the nozzle, a degree of dissociation of the air occurs. While this
results in a chemical composition less true to atmospheric
conditions, albeit still acceptably accurate to flight tests [3], the
generation of radicals such as NO allow for optical imaging
techniques without requiring seeded test gas.
Optical imaging such as PLIF has been widely applied using
T4. More commonly, using the OH radical studies have been
made investigating combustion [4, 5, 6], thermal compression
effects [7], and temperature measurements [8]. NO
visualisation has been applied for fuel plume visualisation [9],
and has been demonstrated in a similar capacity at other
facilities [10]. As this project seeks to explore mixing
characteristics rather than fuel combustion, radicals such as OH
that are widely present in both hydrocarbon and hydrogen
combustion will not be visualised. In the period since previous
T4 PLIF experiments, upgrades have been made to improve the
T4 laser system These include a more powerful laser system, a
superior imaging camera, and a broad array of camera focusing
optics.

Figure 3. A side view of the PLIF optical arrangement,
showing the laser sheet entering the test section. Parts such as
the test section sides, model sides, and optical shielding have
been excluded.

As the NO is produced in the stagnation region, the
concentration will be approximately uniform across the test
flow produced by the nozzle. The level of NO is primarily
dependent on the enthalpy of the stagnated flow. Using
NENZF1D [11], a code for estimating shock tunnel flows with
nonequilibrium chemistry, the composition of the test gas can
be numerically approximated. Based on the shot which
generated the data in Table 1, which used a shock tube fill of
230.0 kPa of air and a shock speed of approximately 1620 m/s,
the test gas contained 1.44% NO, by mass fraction. With the
short time scale and low temperatures over the experimental
model, this fraction is effectively fixed over the test time.

A small fraction of the planar beam is split off with a fused
silica beam-splitter. This is deflected into a long cylindrical cell
containing laser dye, which fluoresces and is used to obtain an
intensity profile. This dye cell profile can be used to normalise
the PLIF profile. Images are taken of both the dye cell and the
flow over the model.
The test gas fluorescence is capture using an Intensified
Charge-Coupled Device (ICCD) Camera with a UV filter,
directed through a fused silica window on the side of the test
section. The UV filter is chosen to exclude the wavelength of
the beam itself and has a narrow bandwidth, thus reducing the
effect of laser scatter and other light sources. The camera is a
PI-MAX 4 from Teledyne Princeton Instruments. It is able to
capture at a 1024 by 1024 pixel resolution, with a gate width on
the order of the laser pulse time.

As this project seeks to explore mixing, rather than combustion,
the enthalpy of the test condition can be increased if necessary
to induce greater radical formation. Furthermore, the focus is
on altering the injection methods, and thus only a single
condition which produces the necessary flow is required.

In shock tunnel applications, PLIF is principally used for
qualitative measurements. Due to the complexity of the
experimental facility, there is shot-to-shot variance in the flow
condition, and with a 10 Hz laser only a single pulse can be used
per shot. As a further consequence of the facility, and
hypersonic flow in general, it is difficult to instrument a
hypersonic model beyond surface measurements, and thus
obtaining the requisite data for quantitative PLIF imaging is
beyond the scope of this project. Obtaining information on fuelair mixing remains of great value, and PLIF is one of the few
methods which can provide insight into the behaviour of the
fuel plume.

2. LASER SYSTEM
The T4 facility has a dedicated laser system, principally used
for PLIF. It consists of a fixed wavelength 10 Hz Quanta-Ray
LAB-190-10H Nd:YAG laser which is used to pump a tunable
Sirah Cobra-Stretch dye laser, contained in a room adjacent to
the test section. The resultant beam is raised via a periscope
before exiting the room, where it is projected to above the test
section. For use in this project, the Nd:YAG laser produces a
532 nm beam at 10 Hz, and the dye laser initially tuned to
approximately 225 nm, after having being frequency doubled.
This latter wavelength corresponds to the A-X (0,0) transition
band of the NO molecule. Benchtop testing is used to fine tune
this wavelength. The output of the dye laser has been measured
at 380 mW, which corresponds to a pulse energy of 38 mJ.

3. EXPERIMENTAL MODEL
As previously noted, the aim of this project is to explore
injection and mixing within a scramjet-like inlet. However, the
need for optical access to the flow path constrains the model to
be planar, in contrast to the three dimensionally contoured
designs of effective inlets. The resultant flow path is essentially
a two-dimensional flow projected across the model width, albeit
with edge effects. It features two compression ramps on the
body side, a cowl, and a section of isolator. The model
terminates prior to where a combustor would be located. This is
demonstrated in Figure 4. Fuel is injected on the second

The test section has a circular window on the top face. The
beam is deflected towards this window, passing through an
expanding cylindrical lens and a focusing spherical lens to
generate a planar profile, as shown in Figure 3. This plane is
aligned in the streamwise direction. The window has a diameter
of 170 mm, so the laser is passed through a mask to reduce its
size. As the beam has a gaussian intensity profile, this has the
further benefit of clipping the low intensity extremities.
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compression ramp. Of interest to this project is altering the
properties of the injectors, which is facilitated by an
interchangeable injector block. Primarily, comparisons will be
made between a single porthole and equivalent injectors,
including cascaded designs which have seen increased
penetration and mixing performance for hydrogen fuels [12].
This project will obtain the first flight-relevant experimental
data for such injectors with hydrocarbon fuels.

compression ramps, the strong bow shock from the injectors,
and the shock train in the isolator initiated by the cowl.

Figure 6. Full flow path, showing Mach No.
By considering the streamwise profile of the fuel, a comparison
can be made to what would be observed via experimental PLIF
imaging. Figure 7 demonstrates a two-dimensional,
streamwise-aligned, numerical plane through the symmetry
plane of a fuel injector. Mass fraction of ethylene is presented,
and with NO present in the T4 freestream, inversion of the mass
fraction scale can produce a negative image of the fuel plume.
Hence, the “numerical PLIF” shown in Figure 7 represents an
expected outcome of NO-PLIF from the upcoming
experimental campaign within T4.

Figure 4. Schematic of the experimental model flow path.
Location of fuel injection is shown, and flow is left-to-right.
As the model contains side walls, windows on the model itself
are necessary. The locations of these windows are shown in
Figure 5. These windows provide access to the injectors
themselves together with much of the second compression ramp
and most of the isolator. The windows have removable clamps
to allow for cleaning, as optical clarity is impaired after
repeated use. The injector optical site has windows on both
sides, as it is also used for schlieren imaging, and is open on top
for a PLIF laser sheet. The isolator site only has a single side
window, but has a second window on the top side for the PLIF
laser sheet. Windows have been procured in fused silica (PLIF
imaging), BK-7 (Schlieren imaging), and aluminium blanks
have also been manufactured.

Figure 7. Fuel plume along plane symmetry.
The dynamics of injection into a supersonic flow are complex,
particularly after having passed through the shock off the cowl.
This processing imparts vorticity onto the plume, increasing the
mixing but also distorting the semi-circular cross-section [15].
As such, performing “numerical PLIF” off of the centreline is
also of interest. Figure 8 demonstrates the same flow as
previous, but taken 5 mm away from the symmetry plane. With
the physical model, the window on the cowl side is sufficiently
wide, as well as being offset, to allow for off-centre
measurements up to 10 mm.

Figure 5. The experimental model, demonstrating all side
windows. Flow is left-to-right.
The model is 720 mm long from the leading edge to the exit of
the isolator, and the width of the flow path is 90 mm. The side
windows and the PLIF window on the cowl also have optical
shielding, not shown in the image, that connects the windows
of the model to the windows of the test section. This protects
the optical paths from any disturbances the flow around the
model may cause.

Figure 8. Fuel plume 5mm off the plane symmetry.

5. CONCLUSIONS
This paper outlines the future use of NO-PLIF to characterise
the performance of hydrocarbons injected into a scramjet inletlike flow, at Mach 7 freestream conditions. It utilises the T4
reflected shock tunnel and its dedicated laser system to excite
radicals in the freestream, demonstrating through relative
intensity the location and shape of the fuel plume. The model
facilitates optical access at both the isolator and the injector
locations, and has configurable injectors.

4. NUMERICAL RESULTS
Computational fluid dynamic (CFD) simulations have been
produced using Eilmer4, an open-source computational fluid
dynamics code developed at The University of Queensland
[13]. The code can provide two- and three-dimensional
compressible flow solutions to structured and unstructured
grids, by solving the Reynolds-averaged Navier-Stokes
(RANS) equations. The simulations shown in this paper were
created using the codes steady-state solving capacity [14].

The intent of this research is to allow for improved inlet
injection of hydrocarbons in hypersonic engines, by improving
mixing and penetration through optimised injectors,
establishing the limits of such methods, and providing data for
validation with computational simulations. The simulations
presented here indicate that the behaviour of the fuel plume is
of great interest.

A completed simulation, using cascaded injectors injecting
ethylene at 1 MPa supply pressure, is shown in Figure 6. This
simulation is viscous, non-turbulent, and non-reacting. The
colour is the Mach number, which clearly shows the shock
structure. Of particular note are the shocks formed by the

A broad sweep of different experimental configurations will be
performed, covering multiple cascaded injector styles and
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‘gdtk.uqcloud.net/docs/nenzf1d/nenzf1d-manual-for-hugo/’.
Accessed 27 October 2021.

fuelling pressures. Further injector styles may be explored, as
well as different hydrocarbon fuels. Experiments are planned
for late 2021.

[12] Landsberg, W. O., Vincent, W. & Veeraragavan, A. (2016)
Characteristics of Cascaded Fuel Injectors Within an
Accelerating Scramjet Combustor. AIAA Journal, 54(12) 3692–
3700
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ABSTRACT
Tuneable diode laser absorption spectroscopy (TDLAS) is a commonly used diagnostic method for measuring physical
properties of gases. Light from a current-modulated diode laser is passed through a gas at a wavelength exciting resonant
transitions, causing absorption, and the remaining light is received by a detector. The laser is tuned over a range of
frequencies to scan across rovibronic transitions of one or more species in the sample. These absorption spectra can be
used to identify individual constituents of a sample, determine the temperature, pressure, and relative abundance of each
species, as well as velocity in a moving fluid by least squares fitting of experimental spectra to absorption simulations
using one or more of these as free parameters for the fit. Analysis of the spectral results of TDLAS is straightforward, but
codes for analysing TDLAS are usually written by each research group, wasting time and leaving the potential for errors
due to the repetitive generation of complicated codes. Automation of the analysis of TDLAS is therefore desirable. This
paper presents a python code library that has been written for simulation and fitting of laser absorption spectra using
constants obtained from the HiTran database, and presents examples of how to use the code to fit experimental data.
Its goal is to be sufficiently user-friendly that it can be easily downloaded and applied by any researcher, whilst being
advanced and flexible enough to be applied to very complex problems. Spectral constants from the HiTran database are
used to calculate the absorption spectra. Results are compared to HiTran on the web.
Keywords: Laser, Absorption, TDLAS, Python, Analysis
1.

2.

INTRODUCTION

Tuneable diode laser absorption spectroscopy (TDLAS)
presents a non-intrusive method for measuring the physical properties of gases in a flow. These measurements can
also be conducted in real time, with response rates limited
by the detector bandwidth, which can be on the order of
nano-seconds[1]. Analysis of the resulting absorption signal is well documented in the literature[2, 3] and relatively
straightforward. However, there are few codes readily available to use. Researchers typically generate their own codes
for spectral analysis[4–7]. This can be problematic as it is
a waste of time to generate similar codes over and over,
but also it can be prone to error due to the many reproductions of the code by researchers that are not necessarily
focused in the field of spectroscopic analysis. This calls for
a code that is open-source, well written, easily obtainable,
understandable and validated against other codes and experiments.
TDLAS has applications in combustion, plasmas, atmospheric sensing, and hypersonic flows each of which contain
different challenges for making measurements. Combustion involves high temperatures and a variety of species in
each experiment. Plasmas exist at high temperatures and
are difficult to make non-intrusive measurements into the
plasma. Atmospheric sensing involves high travel speed and
complex flow dynamics. Hypersonics flows present difficult
scenarios for any kind of live measurement, and usually incorporates elements of combustion, plasmas, atmospheric
sensing.

BACKGROUND

2.1 TDLAS
The concept of TDLAS starts with light from a diode laser
that propagates through a gas. The wavelength range of
the laser is chosen to match the wavelengths of transitions
in the gas of interest. When the light is of a wavelength
near a transition, absorption occurs. Measurement of the
resulting laser intensity as a function of wavelength gives
an absorption spectrum. Molecules have rotational, vibrational and electronic energy states. A specific set of these
states is referred to as a rovibronic state. Rovibronic transitions can be detected by TDLAS. The wavelengths at which
these transitions occur are dictated by physical constants
of the gas. Thus by knowing the wavelength of the diode
laser, and using constants from the literature, the absorption peaks can be used to identify the gas. The specifics of
the absorption shape are dictated both by constant physical
properties, such as atomic and molecular structure, and by
variable physical properties of the system, such as pressure
and temperature.
Absorption of the laser energy causes a change in rovibronic
state, removing some of the energy from the laser beam.
The spectrally integrated amount of absorption for a single transition is known as the spectral line intensity. The
ratio of the spectral line intensity Si (T ) of two different
rovibronic states can be modelled by[2, 8]:
1 − exp (−c2 υij /T )
1 − exp (−c2 υij /Tref )
exp (−c2 E 00 /T )
RBolt =
exp (−c2 E 00 /Tref )
Q(T0 )
Si (T )
=
∗ RBolt ∗ LES
Si (T0 )
Q(T )
LES =

This paper presents a code library written in python that
uses data provided by the HiTran Online[2] database. An
example of the code will be shown with a description of
how the code is used. The aim is for readers to be able to
acquire and use this code to simulate laser absorption spectroscopy, and fit data from TDLAS measurements deriving
physical properties from the fit.
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(1)
(2)
(3)

LES accounts for the effect of stimulated emission, RBolt accounts for the ratio of Boltzmann populations, T is the temperature of the molecules, Q(T ) is the partition function,

E 00 is the lower energy level, c2 is the second radiation constant (for cgs units), and υij is the wavenumber of the transition. Thus by knowing the spectral line strengths of each
species at standardised conditions (such as the 101300Pa,
296 K reference conditions used by the HiTran database),
the spectral line strengths at other conditions can be calculated.

Gaussian half width, λl is the Lorentzian half width and
Re (ω(z)) is the real
√ part of the Faddeeva function with
z = (∆λ + iλl ) /λg 2π[11]. Other methods of generating
Voigt profiles exist and will be implemented as alternative
options at a later date.

2.3 Line-Fitting
2.2 Line-shape
Absorption is detected as peaks, broadened in wavelength.
This is due to the spectral line intensity spreading out due
to natural phenomena. The line-shape of the absorption
peaks is governed by several broadening mechanisms[7, 9]:
• Natural broadening is caused by Heisenberg’s uncertainty principle, where the energy levels of each state
are spread around a central value. This results in very
small broadening relative to other mechanisms and is
therefore not considered here.
• Pressure broadening is caused by the collisions of particles during an energy level transition. The higher
the pressure, the more likely an interaction and the
more broadened the absorption peak becomes. Pressure broadening is well described by a Lorentzian profile.
• Stark broadening is cased by absorption in the presence of an external electric field. This is also well
described by a Lorentzian profile.
• Doppler broadening is due to the thermal motion of
the absorbing particle relative to the observer, which
causes a shift in the frequency of light relative to the
observer, and therefore a shift in the absorbed wavelength of light. Thus each particle’s absorption peak
is shifted slightly based on which direction the particle
is moving. The temperature effect is well described
by a Gaussian profile.
Combining the two profiles, Lorentzian and Gaussian, is
done by modelling the absorption peaks by a Voigt profile,
which is a convolution of the Lorentzian and Gaussian.
2

2

e−∆λ /(2λg )
√
λg 2π
λl
L (∆λ; λl ) =
π (∆λ2 + λ2l )
Re (ω(z))
√
V (∆λ; λg , λl ) =
λg 2π
G (∆λ; λg ) =

(4)
(5)
(6)

Equations 4 to 6 show the Lorentzian, Gaussian and
Voigt profiles respectively[10]. ∆λ is the difference in
wavenumber from the transition wavenumber, λg is the
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Functions are usually generated to model the absorption
that is expected from a gas. This function would take temperature, pressure, absorption path length, and gas species
as inputs, returning the absorbance that would be detected.
Using the function to model the absorption, another linefitting function can be written to fit the input parameters
to match a specific output.
Different line-fitting methods exist for determining the best
fit to a particular solution. The most common and well
known of them is the Levenberg-Marquardt algorithm or
damped least-squares. It is an iterative process that uses
an initial guess for the inputs to the function. This method
however, cannot be used with constraints on the parameters
of the fitted function (such as limiting pressure to a positive
value). Another fitting method is the Trust Region Reflective algorithm which uses a limited step on each iteration.
This algorithm can be used with constraints, and is the algorithm used in the code. More information on the Trust
Region Reflective algorithm can be found in reference[12].
3.

PYTHON CODE

Different coding languages were considered for generating
a TDLAS analysis program. Python was chosen as it is
interactive, freely available has a large collection of preprogrammed libraries, making scientific programming relatively straightforward.
Data from the HiTran Online database are used to generate absoprtion spectra. This data is stored in a tabdelimited text file. Each transition starts on a new line,
with the unique identifier as the first value. The identifier is the “Global isotopologue ID” (37) or isotope name
(16O18O). The isotopologue metadata is stored in a file
and accessed by the program (found at https://hitran.
org/docs/iso-meta/). The unique identifier is followed by
the wavenumber, line strength, Einstein A coefficient, air
broadening coefficient, self broadening coefficient, lower
state energy level, coefficient of the temperature dependence, and pressure shift in air. An example of how the
data is formatted is shown in Table 1, where the same entry
is repeated with the two different, equivalent, unique identifiers. Calculation of absorption lines are detailed on HiTran
Online https://hitran.org/docs/definitions-and-units/ and
is implemented in the code as described online.

Table 1. Example data from HiTran.
S
A
γair
γself
E
1.372e-24 0.02155 0.0379 0.043 662.102
or
1.372e-24 0.02155 0.0379 0.043 662.102
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n
0.62

δatm
-0.009683

0.62

-0.009683

In the current state, the code is run in a python environment, where functions are called and their results returned
within the environment, and the user must save or plot the
data from python. The matplotlib library is used for the
code and to generate the figures shown in this paper. Functions from the NumpPy and SciPy library are used in the
code for the array structure, mathematical functions, constants and the fitting methods. The os library is used to
determine the directory of the code. The code developed
and displayed in this paper is contained in the sela abs.py
file.
The primary function used to do the line fitting is
fit line strength(), which needs to be provided a set of variables, as shown in table 2. xdata and ydata are the x and
y data that is to be fit by the function. lmin and lmax
are overrides for the wavenumber or wavelength range to be
used, these default to the min and max of the y-data if not
set. Style is the lineshape of the fitting function, which can
be set to a Gaussian, Lorentzian, or Voigt profile. simtype
determines which units will be used for the fit. fitsfile is
used to point to a text file, which contains a polynomial fit
to the partition function of an atom. These files can be generated by another function gen q fit(). Atom is the path
to the data file from the HiTran Online database that was
previously described. AtomQ is a string, integer or list of
strings and/or integers which identify the desired species to
be fit for. Only species in the data file can be fit for, and if
AtomQ is not provided, they will all be used. Pshift is a
boolean for calculating the pressure shift when fitting the
data. It was found that many sources didn’t do this, so a
switch was implemented. T, lcm, ps, P are the 4 variables
that can be fit for, representing temperature, path length,
relative concentration (as a fraction of the total species concentration from 0 to 1) and pressure respectively. Provided
variables will be used and the rest fit for: any or all of these
variables may be fit for. guess is a list of the initial guesses
for the fit variables, with a length of the variables that need
to be fit and in the order that they are described in the table. The number of entries needs to match the number of
fit variables. Codes is a string that points to the file that
contains the isotopologue metadata as described above.

and a temperature of 294.1 K (a difference of 0.4%).

Table 2. Example data from HiTran.
Data
Input
Description
Type
the wavenumber or wave- 1D
xdata
length of the data
array
1D
ydata
the absorbance data
array
minimum wavenumber or
lmin
float
wavelength
maximum wavenumber or
lmax
float
wavelength
lineshape of fit (‘Gauss’ or
Style
string
‘Loren’ or ‘Voigt’)
wavenumber or wavelength
simtype
string
mode (‘cm’ or ‘nm’)
fitsfile
path to fits file
string
Atom
path to data file
string
string,
Global isotopologue ID or
AtomQ
integer
isotope name
or list
switch to turn pressure shift
Pshift
boolean
on and off
temperature, or None if be- float or
T
ing fit
None
path length though gas, or float or
lcm
None if being fit
None
relative concentration to air, float or
ps
or None if being fit
None
float or
P
pressure, or None if being fit
None
a 4 length list of the initial
guess
list
guesses for the fit
Codes
path to hitran codes
string

After the function has finished fitting the data, two array outputs are produced. These outputs are from the
curve fit() function from the SciPi library. A description of these outputs and the curve fit() function can
be found at https://docs.scipy.org/doc/scipy/reference/
generated/scipy.optimize.curve fit.html. The first of the
two outputs is an array of the fitted parameters, with a
length equal to the number of parameters fit.
To demonstrate the fitting function on spectral data, an
online spectroscopy tool is used. HITRAN on the Web[13]
can be used to generate spectra from the constants in the
database. A wavenumber range between 13114.75 cm−1
to 13167.43 cm−1 was simulated at a temperature of 293
K, a pressure of 10,000Pa, using a Voigt profile. Noise of
10% of the simulated signal at each point, with a normal
distribution, was then added to the data and the function
fit line strength() was run. The results are shown in figure 1. The legend provides the temperature of the simulation and the temperature that was found from the fit. Very
good agreement is found between the two with fit parameters resulting in a pressure of 9400Pa (a difference of 6%)
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Figure 1. Simulated data from HITRAN on the Web,
with added noise (blue). Fitting function results (orange).

4.

https://www.sciencedirect.com/science/article/pii/
S014381661830040X.

CONCLUSION

This paper presented an analysis code that will be used
for analysis of TDLAS data. The code provides a standard
library that is flexible and simple enough to be used by anyone making absorption measurements using molecular gases
in the HiTran database. How the code functions and how
the data is sourced was discussed. Examples were given of
the data file and the inputs to the function. Simulated data
from the online resource HITRAN on the web was fit as an
example use of the code. It was shown that the pressure and
temperature were fit to within 6% and 0.4% of the original
values used in the simulation. Future experiments will be
conducted to test the fitting functions. These experiments
will compare the TDLAS measurements of temperature and
concentration with alternative measurement techniques.
There is much room for improvement of the code. More options will be included for choosing how the line-shapes are
calculated, and which methods are used for the fitting function. It is also planned to include an option for selecting a
distribution profile to be used in the fit, rather than only
being able to fit a top hat distribution of the gas density.
Improvements will be detailed in future papers.
The source code for the routines will be made available on
a repository for other researchers to use.
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ABSTRACT
A relatively inexpensive diagnostic using laser-induced fluorescence of rubidium with diode lasers, that can provide planar flow
visualisation in high-enthalpy hypersonic wind tunnels at kHz rates, is presented in this paper. Rubidium was chosen as the
fluorescing species due to the availability of affordable diode lasers at the required excitation frequencies, and the lower
decomposition temperature required to dissociate rubidium salts compared to sodium or potassium compounds. Additionally, a
model of the rubidium fluorescence for both one and two excitation wavelengths is currently being developed in conjunction with the
diagnostic. The model can produce the expected fluorescence for a range of conditions, such as in a Rb vapour cell or hypersonic
conditions in wind tunnels. This conference presentation will discuss the rubidium fluorescence model, the diagnostic technique, and
the current status of the diagnostic with proof-of-concept measurements obtained in a rubidium vapour cell.
Keywords: Rubidium, Hypersonics, Laser Diagnostic, Fluorescence
5p 2P3/2) lines in isolation. The model in this paper investigates
the fluorescence of the D2 lines and from the 6d 2D3/2 state. In
future, we plan to include the 6d 2D5/2 which is very close in
energy to the 6d 2D3/2 state.

1. INTRODUCTION
In this paper we present a pump-probe fluorescence scheme of
rubidium 5s 2S1/2 → 5p 2P1/2 → 6d 2D3/2 to provide
visualisation and velocimetry of the flow in high-enthalpy
wind tunnels. A two-stage excitation is used to overcome the
fluorescence trapping observed with a single stage excitation
scheme, which would otherwise lead to a reduction in spatial
resolution. Alkali metals, such as sodium, have previously
been used for fluorescence in hypersonic wind tunnels to
measure the velocity, temperature, and pressure of the flow.[3,
15] Absorption and fluorescence experiments with rubidium
have been used to determine number densities, temperature,
and particle velocities in a range of fields; including physics,
chemistry, and metallurgy [5]. Rubidium has been used in
Doppler-free spectroscopy [7], polarisation spectroscopy [10]
and is commonly used along with caesium as a frequency
reference for laser locking [2]. To the authors’ knowledge the
use of this excitation scheme as a diagnostic has not
previously been reported in the literature, although it has been
demonstrated to produce fluorescence for a potential
application for holography [13].

2. RUBIDIUM FLUORESCENCE MODEL
This model allows us to predict absorption and fluorescence
spectra for rubidium atoms in a vapour cell and in a
hypersonic wind tunnel.
2.1 Number of States
Due to the resolvable hyperfine structure of the rubidium
energy states, the hyperfine splitting needs to be modelled in
order to predict the fluorescence spectrum. The states and their
hyperfine splitting are shown in Figure 1 with the allowed
hyperfine transitions. Treating each state as independent gives
10 states per isotopes for a total of 20 energy levels that need
to be modelled. There are a total of 32 allowed absorption
transitions that need to be accounted for in the model. Each
excitation transition has a corresponding de-excitation or
emission transition where the atom decays to a lower energy
level and emits a photon of corresponding energy.

This pump-probe technique can potentially provide
wavelength-agile measurements of fluorescence intensity that,
by measuring Doppler shift, can be used to measure spatially
resolved bulk flow velocity components in a two-dimensional
slice through the flow. This technique potentially addresses
some of the experimental limitations of other laser diagnostics
such as laser absorption spectroscopy [14] which is a line-ofsight integrated technique and measurements cannot resolve
large gradients in the flow properties along the beam axis.
Other techniques such as NO planar laser-induced
fluorescence (PLIF) [4] typically require timescales longer
than the run time of most hypersonic wind tunnels to get a
complete spectral scan because of the low repetition rate of
most of the pulsed lasers required to excite the fluorescence
(other than pulse-burst lasers like those used in [20]), and are
therefore only able to provide spectrally resolved fluorescence
data if run-to-run repeatability can be assumed for both the
facility and the flowfield.

2.2 Transition Frequencies
The D2 transition from the ground 5s 2S1/2 → 5p 2P3/2 state has
a frequency of 3.843×1014 Hz (780.027 nm). Due to the
isotope shift, this transition is offset by 8.01×10 7 Hz in 87Rb
[8]. The secondary transition from 5p 2P3/2 → 6d 2D3/2 has a
transition frequency of 4.759×1014 Hz (629.922 nm).
The frequency shift of hyperfine states can be calculated using
[6, 12]:
𝑓𝐻𝐹𝑆 =
1

1

2

2

𝐴
{𝐹(𝐹 + 1) − 𝐼(𝐼 + 1) − 𝐽(𝐽 + 1)}
2

for 𝐼 ≤ , 𝐽 ≤ , otherwise:

𝑓𝐻𝐹𝑆 =

Previous models for rubidium have considered only the
absorption spectrum. [11, 19] These models usually
investigate only the D1 (5s 2S1/2 → 5p 2P1/2) or D2 (5s 2S1/2 →

3
𝐴𝐾 𝐵 2 𝐾(𝐾 + 1) − 2𝐼(𝐼 + 1)𝐽(𝐽 + 1)
+
2
4
𝐼(𝐼 − 1)𝐽(𝐽 − 1)

where
𝐾 = 𝐹(𝐹 + 1) − 𝐼(𝐼 + 1) − 𝐽(𝐽 + 1)
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where A and B are the hyperfine splitting constants, F is the
nuclear angular momentum, I is the nuclear spin (𝐼 =
5
3
𝑎𝑛𝑑 for 85Rb and 87Rb respectively) and J is the total
2
2
angular momentum. The hyperfine splitting constants for each
state are provided in Table 1.

where kB is the Boltzmann constant, T is the temperature and
m is the atomic mass.
2.4 Pressure/Collisional Components
Pressure (sometimes called collisional) broadening, and
pressure shift is due to the collisions of atoms with other
species in the gas phase. Rb-Rb collisional self-broadening has
been shown to be on the order of 109 Hz/Torr for each of the
hyperfine transitions in the D1 line.[7] A similar sized
collisional self-broadening is assumed for the D2 line and the
5p 2P3/2 → 6d 2D3/2 hyperfine transitions. In the cell, this
broadening is negligible and is not expected to be observed.
For the application of this diagnostic in hypersonic wind
tunnels, where densities will be higher than in a vapour cell,
the pressure broadening is expected to be non-negligible.
Romalis found that the full width pressure broadening of the
D2 line in a majority nitrogen gas to be 18.1 GHz/ama and the
pressure shift to be -5.9 GHz/ama.[17] A similar broadening is
assumed for the second transition. The pressure broadening is
Lorentzian in shape and calculated separately to the Doppler
broadening before being convolved to determine the total
broadening of the transitions.
2.5 Laser Excitation and Absorption
There are two important components that need to be calculated
with a laser travelling through the medium. Firstly, photons in
the beam may interact with the atoms and be absorbed,
decreasing the intensity of the laser beam. Secondly, the atom
is excited to a higher energy level by absorbing the photon.
The decrease in laser energy passing through a medium at a
wavelength close to a resonant frequency is given by the BeerLambert law:

Figure 1. Scheme of hyperfine transitions in Rb atoms for the
5s 2S1/2 → 5p 2P3/2 (red dashed lines) and 5p 2P3/2 → 6d 2D3/2
(orange dashed lines) transitions. Shown also is the isotope
shift for the 5p 2P3/2 and 6d 2D3/2 energy levels for 87Rb.
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where I0 is the initial intensity, I is the intensity of the light
after passing through a distance L, n is the density of the
absorbing species and 𝜎𝑓 is the cross-section of absorption. 𝜎𝑓
is given by:[9]
𝜎𝑓 =

Table 1. Table of hyperfine splitting constants for 85Rb and
87
Rb.

ℎ𝑓
−ℎ𝑓
𝐵 [1 − exp (
)] 𝜑(𝑓)
c 12
𝑘𝐵 𝑇

where B12 is the Einstein coefficient for absorption from state
1 to 2, h is Planck’s constant and 𝜑(𝑓) is the lineshape of the
absorption transition. As the absorption of light is being
calculated in this model, an absorption spectrum can also be
produced using this model.

2.3 Doppler Components
The thermal atomic velocity along the axis of the laser beam
leads to Doppler broadening of the atomic population and
hence of the transitions due to the velocity distribution and a
Doppler shift due to the bulk velocity. The Doppler shift in the
frequency of the absorbed photons is related to the axial
velocity of the atoms by:
Δ𝑓
v=𝑐
𝑓0

The rate at which atoms are excited in a given volume is
directly proportional to the spectral radiance 𝜌(𝑓) of the laser
[9]:
𝑑𝑛
= −𝐵12 𝑛1 𝜌(𝑓)
𝑑𝑡

where v is the bulk velocity, c is the speed of light, f0 is the
unshifted frequency and Δ𝑓 is the observed change in
frequency. The Doppler broadening due to the velocity
distribution is given by a Gaussian distribution with the
broadening being given by :

and
𝜌(𝑓) =

𝐼𝑓
𝑐

Therefore,

𝑘𝐵 𝑇
Δ𝑓FWHM = 𝑓0 √ 2
𝑚𝑐

𝐼𝑓
𝑑𝑛
| = −𝐵12 𝑛1
𝑑𝑡 𝑓
𝑐
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The rate of excitation for a given spectral range, f, is
proportional to the laser spectral intensity. The laser beam is
modelled as either an idealised ‘top-hat’ shape or a Lorentzian
distribution in the frequency space.

4529.6
+ 0.000 586 63 × 𝑇
𝑇
− 2.9914 × log10 𝑇

log10 𝑝 = 15.882 −

where T is the temperature of the vapour cell and p is the
vapour pressure. The density of the rubidium atoms in the
vapour cell can then be calculated using

The photon density (or fluorescence) spontaneously emitted
from an excited state is then given by:
𝑑𝑛𝑝
= −𝐴21 𝑛2
𝑑𝑡

𝑁𝑅𝑏 =

The combination of the hyperfine resolved levels, with the
broadening mechanisms and the rates of absorption and
emission allow the model to predict the absorption and
fluorescence spectrum from a single frequency or frequencyscanned laser.

𝑝
𝑘𝐵 𝑇

A photodiode at the end of the laser path after the Rb vapour
cell is used to measure the absorption spectrum.
A high-speed Photonis Cricket intensifier unit is used to
amplify the fluorescence signals from the vapour cell. It can
provide gains up to ×3000 with a repetition rate of up to
2.5 MHz. A camera lens and mirrors are used to focus the
fluorescence plane onto the intensifier. A 700 nm short-pass
filter is used to look at the fluorescence from the second
excited state.

3. EXPERIMENTAL SET-UP
3.1 Experimental Apparatus
A schematic of the experiment is shown in Figure 2. A 780 nm
pump laser beam is produced with a Photodigm PH780DBR
80 mW distributed Bragg reflector laser. The laser is
temperature-controlled using a Newport 8325D temperature
controller and current-controlled by a LDX-3620B current
source. To scan the laser wavelength the current output is
modulated with a sawtooth waveform from an Agilent
function generator. The laser wavelength is calibrated using a
Hewlett-Packard 86120B wavemeter. A collimator is located
at the exit of the laser diode to collimate the beam. The laser
power is controlled using interchangeable neutral density
filters, which provide large attenuation to the laser power, and
a polariser mounted in a rotatable mount provides fine control
over the laser power.

The fluorescence is detected by a high-speed Shimadzu HPV1 camera which has a maximum frame rate of 1 Mfps. A
second camera lens is used to focus the output image of the
intensifier onto the camera detector due the mismatch of the
flange focal length of the c-mount intensifier and the f-mount
camera.

4. RESULTS AND DISCUSSION
Shown in Figure 3 is the fluorescence of only the first
excitation with the laser, the 5s 2S1/2 → 5p 2P3/2 transitions
(black lines). Experimental measurements of the fluorescence
are shown as red crosses, both spectra have been normalised to
the maximum height. Close agreement is seen for three of the
peaks. The experimentally measured fluorescence is greater
than the model for one peak. Four separate peaks are observed
due to the large hyperfine splitting in the 5s 2S1/2 for both
isotopes of Rb. The model outputs are in good agreement with
similar models in the literature [18, 19].

Figure 2. A schematic of the experimental set-up of the pump
probe diagnostic with a Rb vapour cell.

The 630 nm laser beam is produced using a LDX-2410-630HHL diode laser. This laser is both temperature- and currentcontrolled using an Arroyo Instruments 6340-QCL laser
controller. As with the first laser, a collimator is placed at the
laser exit and the laser power is controlled using neutral
density filters and a polariser. The two laser beams are
combined using a Thorlabs DMLP650 dichroic mirror. Two
apertures after the dichroic mirror are used to ensure that the
beams follow the same beam path through the Rb vapour cell.

Figure 3. Fluorescence of the 5p 2P3/2 state from Rb in a
vapour cell at 50OC for the model (black) and experimental
data (red).

A Thorlabs GC25075-RB rubidium vapour borosilicate
reference cell is heated to 50 °C using a Thorlabs GCH25-75
Heater Assembly with a Thorlabs TC200 temperature
controller. The melting point of rubidium is 39.31oC and
above which the vapour pressure of liquid rubidium is [16]:

This discrepancy may be due to the varying Einstein
coefficients and line-strengths for the hyperfine transitions
which have not been included in this model. The model
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currently uses the values of the total transition, 5s 2S1/2 → 5p
2P , however we plan to add in the values for the hyperfine
3/2
states.

[3] S. Cheng, M. Zimmermann, R. B. Miles, (1983)
Supersonic-nitrogen flow-field measurements with the
resonant Doppler Velocimeter, Applied Physics Letters,
43, 143-145
[4] P. M. Danehy, S. O’Byrne, A. Frank, P. Houwing, J. S.
Fox, D. R. Smith, (2003) Flow-Tagging Velocimetry for
Hypersonic Flows Using Fluorescence of Nitric Oxide,
AIAA Journal, 41:2, 263-271
[5] W Demtroder (1996) Laser Spectroscopy Basic Concepts
and Instrumentation, 2nd Edition, Springer
[6] C. J. Foot (2005) Atomic Physics, Oxford University Press
[7] M. Gorris-Neveux, P.Monnot, M.Fichet, M. Ducloy, R.
Barbe, J. C. Keller, (1997) Doppler-free reflection
spectroscopy of rubidium D1 line in optically dense
vapour, Optics Communications, 134, 85-90
[8] J. Gustafsson, D. Rojas, O. Axner, (1997) The influence of
hyperfine structure and isotope shift on the detection of Rb
atoms in atmospheric pressure atomizers by the 2fwavelength modulation technique, Spectrochimica Acta
Part B: Atomic Spectroscopy, 52, 1937-1953
[9] R. K. Hanson, R. M. Spearrin, C. S. Goldenstein (2016)
Spectroscopy and Optical Diagnostics for Gases, Springer
[10] M. L. Harris, C. S. Adams, S. L. Cornish, I. C. MCcLeod,
E. Tarleton, I. G. Hughes, (2006) Polarization
spectroscopy in rubidium and cesium, Physical Review A,
73, 062509
[11] M. Himsworth, T. Freegarde (2010) Rubidium pumpprobe spectroscopy; Comparison between ab initio theory
and experiment, Physical Review A, 81, 023423
[12] W. R. Johnson (2007) Atomic Structure Theory: Lectures
on Atomic Physics, Springer
[13] I. I. Kim, E. J. Korevaar, H. Hakakha, (1996) Threedimensional volumetric display in rubidium vapor,
Proceedings Volume 2650, Projection Displays II,
Electronic Imaging: Science and Technology, San Jose,
California, United States of America, 29 March
[14] Y. Krishna, S. O’Byrne, S. Wittig, J. J. Kurtz, (2015)
Numerically Determining Mach Number and Orientation
in Hypersonic Inlets Using Absorption Spectroscopy,
Journal of Propulsion and Power, 31:1, 123-132
[15] R. Miles, E. Udd, M. Zimmerman, (1978) Quantitative
flow visualization in sodium vapor seeded hypersonic
helium, Applied Physics Letters, 32, 317-319
[16] A. N. Nesmeyanov (1963) Vapor Pressure of Chemical
Elements, Elsevier
[17] M. V. Romalis, E. Miron, G. D. Cates, (1997) Pressure
Broadening of Rb D1 and D2 lines by 3He, 4He, N2, and
Xe: Lines cores and near wings, Physical Review A, 56,
4569-4578
[18] J. E. Sansonetti, (2006) Wavelengths, Transition
Probabilities, and Energy Levels for the Spectra of
Rubidium (Rb I through RbXXXVII), Journal of Physical
and Chemical Reference Data, 35, 301-421
[19] P. Siddons, C. S. Adams, C. Ge, I. G. Hughes, (2008)
Absolute absorption on rubidium D lines: comparison
between theory and experiment, Journal of Physics B:
Atomic, Molecular and Optical Physics, 41, 155004
[20] P. Wu, W. L. Lempert, R. B. Miles, (2000) Megahertz
pulse-burst laser and visualization of shock/boundarylayer interaction, AIAA Journal, 38(4), 672-679

The fluorescence from the 6d 2D3/2 after the Rb atoms have
been pumped to the 5p 2P3/2 state and then further excited by a
second laser is shown in Figure 4 for the model only. The
fluorescence peak from the second excited stage is observed as
a single peak as the hyperfine transitions in the 5p 2P3/2 and 6d
2D
3/2 states are smaller than the broadening effects.
Experimental measurements of the second stage in this pumpprobe diagnostic are currently a work in progress. The
fluorescence from the 6d 2D3/2 may not have been observed
due the first stage laser being narrow-band and not exciting a
high enough proportion of the population to the first excited
state.

Figure 4. Fluorescence from the 6d 2D3/2 in Rb as a function
of the laser frequency for the second excitation.

5. CONCLUSION
In conclusion, this paper presents an excitation scheme for a
rubidium fluorescence diagnostic that can be used for flow
visualisation and velocimetry measurements in high-enthalpy
wind tunnels and can overcome limitations of other diagnostic
techniques in high-temperature flowfields where dissociation
of rubidium salts can occur. A model of the pump-probe
fluorescence scheme has been presented which shows good
agreement with experimental measurements of fluorescence
from the first stage of excitation and predicts the expected
spectra for the second stage.
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