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This paper demonstrates the application of polarized-depolarized Rayleigh scattering (PDRS) as a simultaneous
mixture fraction and temperature diagnostic for non-reacting gaseous mixtures. Previous implementations of this
technique have been beneficial when used for combustion and reacting flow applications. This work sought to
extend its applicability to non-isothermal mixing of different gases. The use of PDRS shows promise in a range of
applications outside combustion, such as in aerodynamic cooling technologies and turbulent heat transfer stud-
ies. The general procedure and requirements for applying this diagnostic are elaborated using a proof-of-concept
experiment involving gas jet mixing. A numerical sensitivity analysis is then presented, providing insight into the
applicability of this technique using different gas combinations and the likely measurement uncertainty. This work
demonstrates that appreciable signal-to-noise ratios can be obtained from this diagnostic in gaseous mixtures,
yielding simultaneous temperature and mixture fraction visualization, even for an optically non-optimal selection
of mixing species.
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1. INTRODUCTION

Simultaneous determination of gaseous mixture fraction
and temperature is an important capability in fluid dynamic
research. Some applications that would benefit from this include
high-speed aerothermodynamics (such as in quantifying the
effectiveness of active thermal protection systems [1,2]), gas
turbine blade cooling technologies (such as effusion and film
cooling [3,4]), exhaust gas recirculation systems [5], and funda-
mental turbulent heat transfer studies [6]. In order to accurately
determine mixture fraction and gas temperature, there are a
variety of techniques available depending on the parameter
and location of interest. For example, physical sensors can be
used to sample the flow at discrete locations along a specified
path. However, in the case of gas composition, some sensor
types are known for their low species selectivity and inconsistent
signal response, resulting in both poor spatial resolution and low
accuracy [7-9]. Thermocouples are the obvious choice when
seeking to measure temperature at a given position. However,
their use in high-temperature environments requires corrections
for radiative and conductive losses and can be complicated by
uncertainties in convective heat transfer coefficient, geometry,
and emissivities [10,11]. In general, the use of discrete physical
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sensors limits spatial resolution, while intruding and influ-
encing the flow of interest, providing limited and inaccurate
information. Pressure- and temperature-sensitive paints (PSPs
and TSPs) can provide minimally intrusive spatially resolved
measurements by their application to a surface [12], but these
lack resolution in the wall-normal direction, that is, within the
fluid.

To spatially resolve the mixing of gases away from a
surface, advanced laser diagnostics are more applicable. Two-
dimensional flow visualization using laser diagnostics has been
well established in the fields of fluid mechanics and combustion.
These techniques use illumination of the flow of interest with a
laser sheet, producing a signal that is typically recorded orthogo-
nally using a sensitive camera or other photodetector. Rayleigh
scattering is one such technique that has widely been used to
yield species composition, temperature, density, velocity, and
pressure measurements [13,14]. Rayleigh scattering arises from
the incoherent scattering of light from particles that are signifi-
cantly smaller than the wavelength of the incident illumination.
If interrogating a singular gas species, this technique can be used
to map a temperature field with dimensions only limited by the
light sheet geometry [15]. For an isothermal non-reacting gas
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mixture, it is possible to map the mixture fraction of each gas
from the Rayleigh signal [16-19].

There is a limitation for Rayleigh scattering in that it is not
trivial to independently or simultaneously measure mixture
fraction and temperature for a non-isothermal combination of
gases. To date, this limitation has been addressed by combining
Rayleigh scattering with a separate simultaneous diagnostic.
Several works from Stdrner ez al. [20-23] employed simultane-
ous Raman scattering to obtain mixture fraction measurements
that would enable temperature evaluation from Rayleigh sig-
nals. Sevault e al. [24] performed an identical technique in
his investigations of oxy-fuel flames. Frank ez a/. [25] demon-
strated the use of acetone and acetaldehyde laser-induced
fluorescence (LIF) in tandem with Rayleigh measurements
for extraction of composition information. Each of these has
associated disadvantages or limitations to their use. For exam-
ple, LIF measurements require the use of specific wavelength
excitation sources and flow tracers. LIF measurements are also
temperature-dependent, making isolation of composition
effects non-trivial. Raman scattering generally yields weak
signals (about 3 orders of magnitude weaker than Rayleigh
scattering), giving low signal-to-noise (SNR) measurements.

Alternatively, polarized-depolarized Rayleigh scattering
(PDRS) has been used to obtain simultaneous spatially resolved
temperature and mixture fraction measurements of combus-
tion and flames [26-29]. PDRS extends traditional Rayleigh
scattering measurements by exploiting the polarization state of
the scattered light, yielding a more quantitative measurement.
PDRS, as with Rayleigh scattering, uses a linearly polarized laser
sheet, where the majority of light scattered from gas molecules
remains in the same polarization state as the incident light.
This light is termed “polarized” light. Advantageously, many
molecules scatter a smaller fraction of light (less than 7%) in
the orthogonal polarization state, due to the molecules’ lack of
spherical symmetry. This weaker component, termed “depo-
larized” light, provides an order of magnitude improvement in
signal strength as compared to Raman scattering, making it a
promising option.

In the works of Fielding ez a/. [26], no attempt to reconstruct
the mixture fraction or temperature from PDRS was conducted.
Instead, modeled and measured signals were presented. The
works of Frank et al. [27,28] extracted 2D mixture fraction and
temperature fields from PDRS; however, they used a so-called
three scalar approach, which required the use of CO-LIF in
tandem. In addition, a complete and thorough implementation
and processing procedure is lacking in these previous works.
This paper seeks to fill this gap by providing a detailed PDRS
procedure and analysis to make the method more accessible for
applications other than combustion.

Although PDRS has been used several times in reacting
flows, the technique has the potential to also be employed in
non-reacting flow applications to spatially resolve both gas
composition and temperature. A specific application that would
benefit from PDRS is effusion cooling of turbine blades. PDRS
would enable coolant and free-stream gases to be distinguished,
allowing quantification of cooling effectiveness (a measure of
how well coolant spreads) and temperature. This information
could be used in informing design approaches and CFD models
when developing next-generation cooling technologies. A key
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difference between such an application and combustion is the
need to use gases that are more relevant to wind-tunnel applica-
tions, such as air or N,. To this end, the work presented in this
paper will detail the application of PDRS to a simple binary gas
mixture to investigate its applicability and limits. Specifically,
a dual-jet flow of CO; adjacent to a heated flow of N, will be
interrogated to generate 2D mixture fraction and temperature
maps. Additionally, this paper will outline the measurement
sensitivity and uncertainty of PDRS when analysing other gas
combinations.

2. POLARIZED-DEPOLARIZED RAYLEIGH
SCATTERING

A. Theory

In “standard” Rayleigh scattering, incidentlight induces a dipole
in gas molecules and is re-radiated without loss of energy (elastic
scattering). The light intensity produced by Rayleigh scattering,
Iy, is proportional to the incident light intensity, /,, the effective
Rayleigh scattering cross-sectional area of the gas, oy, and bulk

density, p, as described by Eq. (1),
]R X ]opO'R. (1 )

For ideal gases, p at any point in a gas can be expressed in
terms of the local pressure and temperature, according to
Eq. (2),

?
= —, 2
RT ()
where p is the pressure of the gas, R is the specific gas constant,
and 7 is the temperature of the gas. Substituting Eq. (2) into
Eq. (1) expresses the Rayleigh signal as inversely proportional to
temperature ata point within a gas

OR

Ir o I, T (3)
Given this, Rayleigh scattering has extensively been used
as a diagnostic technique to measure the temperature of a gas.
The inherent assumption here is that the pressure of the gas is
spatially uniform and constant with time, which is typically

valid for many applications, notably flames.
A significant challenge when using Rayleigh signals for ther-

mometry in multi-component flows is evaluating oy,

OR = Z ZiOR,i5 4)

i

where z; and og; are the mixture fraction and the Rayleigh
cross-sectional area of gas 7, respectively. The mixture frac-
tion quantifies the extent of mixing between gases, taking on a
value between 0 (no gas 7 present) and 1 (only gas 7 present). In
applications in which a mixture of gases is involved, it becomes
difficult to estimate z; at every domain location. This becomes
harder when species react with each other to form new species,
such as in combustion. Experimentalists have tried to estimate
or through a number of methods. Smith [30] obtained or by
simulating their combustion process in order to obtain species
composition as a function of space. Another approach taken by
Bergmann ez a/. [31] and Dibble and Hollenbach [32] involved
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Fig. 1.  Illustration of a typical PDRS setup. Blue lines correspond
to vertically polarized light, while red lines correspond to horizontally

polarized light.

choosing fuel-oxidizer combinations that would result in a
relatively constant or. The need to control or numerically
estimate og limits the applicability of Rayleigh scattering for
thermometry of gaseous mixtures.

PDRS can tackle the problem of accurately determining
oR, depending on the gases used. The fraction of “depolarized”
light scattered in the orthogonal polarization state to that of the
incoming laser light is called the depolarization ratio, 7, defined
according to Eq. (5),

I dep
Tp = 7> (5)
P I pol

where Iy, is the intensity of orthogonally polarized scattered
light (“depolarized”) and 7, is the intensity of scattered light in
the same polarization state as the laser (“polarized”). Note that
rp varies depending on the wavelength of the laser used. Values
of 7, used in this paper have been taken from [26,33]—only
thoseat 532 nm laser illumination have been quoted. In a binary
gaseous mixture, regions containing pure gas 1 and pure gas 2
would have 7, values equal to that of gas 1 and gas 2, respectively.
Regions where gases have mixed will have an intermediate 7,
value, which is dictated by the mixture fraction, z;, of each gas.
This distribution of 7, for different values of z; can be numeri-
cally modeled, knowing individual 7, values of the chosen gases
at the laser wavelength.

In PDRS, two cameras are used to capture Rayleigh sig-
nals; each camera is fitcted with polarization filters oriented in
orthogonal directions to one another, as shown in Fig. 1. By tak-
ing the ratio of pixel intensities from both cameras at the same
spatial locations, a value for 7, at that point can be obtained.
The mixture fraction of each gas may then be evaluated by linear
interpolation of the modeled relationship between 7, and z;.
Subsequently, or can be calculated at every point in the domain,
enabling temperature measurement using the normal Rayleigh
method [Eq. (1)].

Previous implementations of PDRS have applied what is
typically referred to as “difference Rayleigh scattering” in flame
investigations [26—29]. These have involved linear or non-linear
combinations of /| and Iy, to provide a metric (known as the
difference Rayleigh signal) for fuel concentration. In modeling
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Table 1. List of r, and Relative o Values for Some
Candidate Gases in PDRS at 532 nm’

Gas 7p (%) OR/OR,N,
Ar 0 0.87
He 0 0.01
H, 0.90 0.21
N, 1.06 1

0O, 2.94 0.86
CO, 4.08 2.39
CO 0.51 1.24
CH, 0.02 2.13

“Data presented here were collected from works by Sutton and Driscoll [34],
Fuest ez al. [33], and Gardiner ez al. [35].

the variation of the difference Rayleigh signal as a function
of mixture fraction, temperature dependence is not isolated;
that is, chemical models must be used to model the species
concentration and temperature at every mixture fraction. Here,
an inherent assumption is made that the chemical models
accurately account for species concentration and temperature
variations as a function of mixture fraction. Alternatively, a
three-scalar approach was used to uncouple the effect of temper-
ature, as performed by Frank ez /. [27,28]. In the current work,
a direct evaluation of 7, is made since Zy, is divided directly by
ILyo1. The dependence on all other quantities such as laser energy,
temperature, and pressure cancel out. This method is beneficial
since it makes no prior assumptions of the system behavior,
and it does not rely on an additional diagnostic. This paper
represents the first-ever demonstration of such a processing

methodology.

B. Challenges
1. Choice of Gases

PDRS requires the chosen gases to have different 7, values to
enable linear interpolation of z;. The larger the disparity in 7,
the more sensitive the technique becomes. Table 1 lists 7, and
relative oy values for several candidate gases for PDRS (note that
values quoted here are for 532 nm illumination).

Noble gases like argon and helium are valued in PDRS exper-
iments as they have zero depolarization. These are then paired
with highly anisotropic molecules like CO; to produce large
disparities in 7, thus maximizing the technique’s sensitivity.

2. Signal-to-Noise Ratio
High laser pulse energies are typically required for Rayleigh

scattering since gases have small scattering cross sections. The
desire to measure the depolarized component requires even
larger pulse energies since depolarized signals are about 2
orders of magnitude weaker than their polarized counterparts.
Notably, Frank ez al. [27,28] used 1.8 ] of pulse energy for
appreciable SNR. Signal amplifying cameras, such as intensified
or electron-multiplying charge-coupled devices (CCDs), are
typically required for this technique, especially for the depo-
larized signal component. Some previous investigations have
succeeded in attaining sufficient polarized Rayleigh signal using
non-intensified CCD cameras, as shown in works from Frank
etal. [27,28].
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3. APPLICATION TO NON-ISOTHERMAL
GASEOUS MIXTURES

In this proof-of-concept experiment, simultaneous composition
and temperature measurements were extracted from a dual-jet
mixed flow—a plan view schematic of the experimental layout
is shown in Fig. 2. A cold COj; jet was produced adjacent to a
hot N3 jet in static atmosphere. Both these jets were enclosed
in a co-flow of cold Ny—this was to prevent entrainment of
dust particles into the experimental field of view. Mass flow
controllers (Omega FMA-2609A and Omega FMA5520A)
regulated the flow rate of each jet to 8 slpm. The hot flow was
created by passing cold N through an inline resistive heater
(Omega AHP-5052). The voltage supplied to the heater was
varied using an autotransformer in order to adjust the heat input
to the gas.

The flow was probed with a 650 m] vertically polarized laser
pulse from a Continuum Powerlite Nd:YAG laser operating
at its second-harmonic wavelength of 532 nm. A Thorlabs
Glan—Taylor calcite polarizer with an extinction ratio of 10°:1
was used to remove other polarization components. This beam
was formed into a 6 mm vertical sheet using a =500 mm
cylindrical lens. Scattered “polarized” and “depolarized” light
from the interaction region was acquired using two opposite-
facing Princeton Instruments intensified charge-coupled device
cameras (ICCD-512T and ICCD-576GRB), each fitted with
85 mm f/1.2 Mitakon Speedmaster lenses and orthogonally
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Fig. 2.
tal layout.
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oriented polarization filters (B 4 W XS-Pro Digital Kisemann).
The laser sheet came to a focus at the center of the jets and the
cameras’ field of view.

The polarization filters’ angular positions were calibrated to
minimize leakage of polarized and depolarized light into the
unintended camera. This was achieved by collecting signals
from just the N co-flow (with both jets turned off) for a range
of filter angular positions. The average signal from 50 images
was evaluated at each filter position and subsequently plotted.
Maxima indicated positions where the filter was aligned with
the Rayleigh signal’s main polarization component (i.e. the
“polarized” component), while minima indicated the opposite.
Thus, in the experiment, the camera used to image the “polar-
ized” Rayleigh component was set to the filter angular position
that maximizes signal, while that of the “depolarized” Rayleigh
component was set to the filter angular position that minimizes
signal.

Prior to conducting the experiment, the 7, values of N; and
CO, were verified, in order to ensure that the subsequent data
post-processing would yield reliable results. Gain settings on
each ICCD were adjusted to produce appreciable signals for
depolarized N; (being the weakest)—these settings were main-
tained for the proof-of-concept experiment. Images were then
collected using a single camera at both polarized and depolarized
filter orientations (independently) for both gases in isolation.
A ratio was then determined using average polarized and depo-
larized signals. The 7, values obtained were found to tally with
literature values given in Table 1. This procedure was conducted
on both cameras as an added check for ICCD non-linearity, as
deviation from published 7, values could imply that the cameras
were operating in a non-linear regime. It is important to note
that the PDRS processing method could be compromised if the
ICCDs operate outside the linear regime, so such a verification
procedure should be performed to confirm the maximum usable
ICCD gain. Note that this could limit the achievable SNR.
Replacing the ICCDs with electron-multiplying CCD cameras
may provide better linearity.

Mixture fraction evaluation during post-processing of results
required pixel-by-pixel division of the polarized and depolarized
images, each coming from separate cameras. In order to ensure
accurate spatial mapping of pixels across both cameras, a double-
sided grid pattern was placed in the field of view and imaged.
Pixel coordinates of grid corners from both cameras were
extracted using the open source MATLAB Camera Calibration
Toolbox produced by California Institute of Technology [36].
These were used as control points to evaluate a transformation
that would accurately map depolarized signals onto polarized
signals. Subsequently, this transformation was applied to all
acquired depolarized signals to achieve spatial mapping.

After filter calibration and grid imaging, tests were initiated
by turning on mass flow controllers to the desired flow rate.
N, jet heating commenced by increasing the voltage set on
the autotransformer. A thermocouple was placed above the
hot jet—temperatures were logged using a PicoScope TC-08
thermocouple logger and monitored until steady-state condi-
tions were achieved. Finally, the thermocouple was removed
(to avoid overwhelming Mie scatter), and the laser aperture was
opened, sending pulses toward the imaging area. Images were
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simultaneously acquired on both cameras using a gate of 500 ns
atafrequency of 1 Hz.

A number of post-processing steps were applied to the
images in order to extract mixture fraction and temperature. A
summary of this procedure is presented in Fig. 3. After image
registration, shot-to-shot background signals were evaluated
by averaging pixel values in image regions outside laser illu-
mination. These background values were subtracted from all
polarized and depolarized images, as shown in Figs. 3(a) and
3(b). Laser energy fluctuations and non-uniform sheet intensity
profiles were corrected by dividing each polarized and depo-
larized image with a sheet correction map, shown in Figs. 3(c)
and 3(d). This was obtained by separately averaging the left
and right 10 pixel columns (where co-flow was present) from
each polarized image to produce two vertical sheet profiles
and subsequently interpolating these profiles across the entire
image. Note that using the depolarized signal to correct for
sheet intensity fluctuations would lead to noisy results since the
depolarized signal in the co-flow was small in comparison. Next,
strong scatter from stray particles was filtered from images by
masking saturated pixels using image thresholding and inward
interpolation of pixel values surrounding specified masked
regions, demonstrated in Figs. 3(e) and 3(f). Finally, depolarized
signals, shown in Fig. 3(g), were divided by polarized signals to
produce 7, maps, shown in Fig. 3(h).

Since two separate cameras were used, each using different
gain settings and image configurations, 7, maps obtained were
proportional to actual 7, of the gases used. The average value
in the pure N region was used to normalize and convert these
maps into values corresponding to the actual gas rp. Next, a
lookup curve was generated, from which 7, values were con-
verted into a mixture fraction map, as shown in Fig. 3 (i). Pixels
exhibiting values larger than 1 or smaller than 0 due to noise
were set to their respective limiting values. Final composi-
tion maps were then used to calculate the effective scattering
cross section at each pixel. This was then divided by the sheet-
corrected polarized signals in order to produce a map that is
proportional to temperature. Lastly, these maps were scaled to
realistic temperatures using steady-state values measured on the
thermocouple. This produced temperature maps as shown in
Fig. 3()).

Figure 4 shows the obtained results after post-processing.
Here, each row represents a pair of single-shot composition
and temperature maps. As before, mixture fraction values of 1
indicate pure CO; while values of 0 indicate pure N,. A pixel
size of 28 m was achieved.

Mixture fraction maps show two distinct regions, i.e., regions
occupied mostly by CO; as well as regions occupied by pure N.
Radial composition gradients are evident in the CO; jet region,
indicating entrainment of surrounding N, from the co-flow, as
well as the hot jet. Temperature maps on the other hand indicate
three distinct regions. The high temperatures of the hot N are
immediately noticeable—steady-state temperatures of 415 K
were achieved at the base of the hot N jet. Vertical temperature
gradients are also evident, indicating a gradual loss of heat from
the jet to the surroundings as it convects upward. The temper-
ature in the co-flow is moderate and exhibits close agreement
with room temperature—a mean temperature of 297 K was
obtained across 250 images. CO; jet regions display the lowest
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Fig.3. Post-processing procedure of extracting mixture fraction and
temperature from PDRS. Color bars for intermediate steps have been
omitted for simplicity.

temperatures, with a mean value of approximately 271 K across
250 images as a result of gaseous CO; being supplied to the
nozzle after a phase change.

To demonstrate the virtue of such measurements, Fig. 5
shows the first three composition modes of the dual-flow
configuration obtained by applying proper orthogonal decom-
position (POD) to the data collected. POD decomposes data
from a fluctuating time series into a sequence of orthogonal
modes, ordered from highest to lowest energies. It is typically
used in the field of fluid mechanics as an indicator of coher-
ent structures in a flow. For brevity, POD modes for mixture
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Fig. 4.  Single-shot mixture fraction and temperature pairs from
dual-flow experiment. A mixture fraction of 1 refers to CO,, while a
mixture fraction of 0 refers to N,.

fraction fields are presented here, but the analysis may also
be applied to temperature fields. Modes were evaluated by
subtracting the mean mixture fraction field from individual
snapshots and subsequently evaluating the singular value
decomposition of the mixture fraction time series (250 images).

The POD modes highlight regions exhibiting relevant
strong mixing structures. Here, a range of large and small scale
structures are visible, particularly in the central COj jet region
(as seen in Mode 1), along the right hand shear layer between
CO; and N, jets (as seen in Mode 2) and along the left hand
shear layer between the CO; jet and N, co-flow (as seen in
Mode 3). Mode 1 indicates large scale mixing taking place at the
upper region of the field of view, that is, as the CO, jet convects
upward and expands laterally. Mode 2 highlights smaller sized
alternating mixing structures that form between the jets that
have similar upward convection speeds. Mode 3 shows that
mixing between the CO; jet and the co-flow forms larger sized
alternating structures, perhaps as a result of the discrepancy in
upward convection speeds.

Results from this proof-of-concept experiment have demon-
strated that simultaneous quantitative measurements are
achievable for a binary non-isothermal gas mixture. Single shot
2D temperature and mixture fraction fields are obtainable as
shown in Fig. 4, in which the effect of gas mixing can be seen
clearly. The minimum SNR (defined as the signal divided by
background noise) in this configuration was 1.85 %+ 0.08,
obtained in the depolarized signal from the hot N, jet. The
maximum SNR was 13.15 % 3.64, corresponding to the polar-
ized signal from the CO; jet. These values are modest when
compared to SNRs achieved in other applications of PDRS
[27,28]. The effect of noise is evident from the lack of uniform-
ity in supposed uniform regions of reconstructed images, for
example, bright spots in the mixture fraction maps in areas only
containing N. Smoothing of images using Gaussian, or other,
filters would remove these artifacts at the expense of reduced
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Fig.5.  First three mixture fraction POD modes of the dual-jet flow
configuration. (a) Mode 1, (b) Mode 2, and (c) Mode 3.

spatial resolution. Future studies involving PDRS would benefit
from taking steps toward improving the SNR, such as using
higher pulse energies or more sensitive cameras, so that recon-
structed temperature and composition fields are more clean and
exhibit minimal noise.

4. SENSITIVITY ANALYSIS

In order to inform future PDRS experiments, a numerical
investigation of the sensitivity of this technique was performed.
PDRS is most effective when the gaseous species used differ sub-
stantially in 7,, as described in Section 2.B. When performing
PDRS, the depolarized signal captured by one camera is divided
by the polarized signal captured by another camera to produce a
2D distribution of 7. If two gases are used, this distribution will
have 7, values between those of the two gases. By using two gases
that differ substantially in 7, the measured distribution will
exhibit high contrast, making interpolation of the gas mixture
fraction more accurate.
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when using air/CO; (blue line) and argon/CO, (red line). Note how it
takes a smaller range of 7, values to produce the same mixture fraction
uncertainty (gray area) when using air/CO, (blue double-sided arrow)
as compared to argon/CO; (red double-sided arrow).

As the 7, values of each gas get closer to one another, PDRS
becomes susceptible to noise; small fluctuations in measured
rp lead to large changes in predicted mixture fraction. Figure 6
shows a typical lookup curve generated from simulating polar-
ized and depolarized Rayleigh signal intensities. It is evident
that the measurement sensitivities differ for different gas com-
binations. Argon has a 7, value of 0, while CO, has a », value
0f 4.08% [33]. The combination of CO; and argon produces a
large disparity in 7, values. On the contrary, air has a r,, value of
~1.40%, meaning CO; and air mixtures span a smaller range
of r, values. Shallow gradients imply higher uncertainty, as
small changes in 7, lead to large changes in mixture fraction.
This becomes a problem when the SNR of a Rayleigh image
is low. To this end, the following analysis attempts to quantify
and compare the expected uncertainty when using PDRS with
different gas combinations. Two mixtures are investigated here:
argon with CO; (representing the ideal case which maximizes
rp disparity) and air with CO, (representing a more economical
gas mixture).

To assess the level of uncertainty for different gas combina-
tions, the Poisson noise characteristic from a camera was used to
model “best-case” fluctuation in Rayleigh signals. Figure 7(a)
shows a histogram of pixel counts obtained from a CCD camera
(ImperX 1M48-G) imaging a white target. The pixel inten-
sities are distributed according to a Poisson distribution due
to fluctuations in the number of photons reaching the CCD
sensor. At higher average intensities, this fluctuation can be
approximated by a normal distribution, as shown in Fig. 7(a).
Poisson noise becomes less apparent in brighter images as it
contributes a smaller fraction of the total measured signal, and
it becomes more apparent in darker images as it can contribute
a larger fraction of the total measured signal [37]. This poses a
problem for depolarized Rayleigh signals, as they are 2 orders of
magnitude less bright than their polarized counterparts. In this
investigation, Poisson noise estimates from this CCD camera
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Fig. 7.  (a) Example histogram of CCD pixel counts, fitted with
a normal distribution and (b) a graph showing the relationship
between average number of counts and standard deviation of the fitted
distribution.

were used to quantify PDRS measurement uncertainties for dif-
ferent gas combinations. By imaging a white target with varying
aperture size, Gaussian profiles were fitted to signal histograms
acquired at varying sensor illumination levels. A graph of stand-
ard deviation against mean pixel intensity was then plotted,
shown in Fig. 7(b); the gradient of this graph was used to scale
the simulated measurement error, in the subsequent uncertainty
analysis.

To investigate the uncertainty in PDRS measurements, a
simulated mixture fraction and temperature map was mod-
eled. Figure 8 shows the arbitrary simulated maps used in this
investigation. Polarized and depolarized Rayleigh signals were
constructed by substituting these maps along with the Rayleigh
scattering cross-sectional area oy and 7, for each gas into Eq. (1)
and Eq. (5) (refer to Table 1 for o and 7, values used).

Subsequently, a Gaussian noise fluctuation was introduced
to both the polarized and depolarized signals at every pixel; the
amplitude of this fluctuation was obtained by multiplying the
pixel intensity by the gradient obtained in Fig. 7(b). Finally,
these simulated Rayleigh signals were processed using the previ-
ously elaborated PDRS procedure to recreate the input mixture
fraction and temperature map. Figure 9 shows the reconstructed
fields; the effect of the noise is immediately apparent when
comparing these images with the input maps.



Research Article Vol. 62, No. 12 pril 2023 / Applied Optics 2967

y (pixels)

y (pixels)
Az

0
0 100 200 300 400 500 600 0 100 200 309 400 500 600
x (pixels) x (pixels)

BT | B

0 0.2 0.4 0.6 0.8 1 300 500 700 900 1,100

z T (K) 0 100 200 300 400 500 600
Fig.8. Simulated (a) mixture fraction and (b) temperature fields. A x (pixels)
mixture fraction of 1 refers to CO,, while a mixture fraction of 0 refers
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Fig. 9. PDRS-reconstructed mixture (a) fraction and (b) temper-

ature fields with added noise. A mixture fraction of 1 refers to CO,,

while a mixture fraction of 0 refers to air/argon.

By subtracting the input fields from the reconstructed fields,
an uncertainty distribution was obtained, as shown in Fig. 10
for mixture fraction. There are two distinct regions of uncer-
tainty in this map, a result of the different 7,, in each area. High
error regions correspond to CO;, which has a high ,, while
low error regions correspond to air or argon, which have lower
7p- While this may seem counterintuitive, the reason for this
behavior is a dampening of noise fluctuations in the depolar-
ized signal when dividing by the much larger polarized signal
to obtain 7,,. In order to quantify an effective uncertainty for
this reconstruction, two approaches were taken. In the first
approach, the maximum uncertainty from the noise map was
defined as the global uncertainty. The second approach involved
segmenting regions of low and high error, and averaging them
independently—this is shown in Fig. 11. A global mean uncer-
tainty was then defined as the average of both the low and high
mean uncertainties.

To simulate taking multiple Rayleigh pictures and averaging
the results, the aforementioned analysis was repeated for multi-
ple images per sequence. Figures 12 and 13 show the relative
uncertainty distributions for both uncertainty approaches. The
horizontal axis in both figures is drawn on a logarithmic scale.

white lines, are shown in Fig. 11.
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Fig. 11.  Error data extracted from rows (a) 105 and (b) 280.
The data possess regions of high and low amplitude fluctuations as
illustrated by the annotations.

T T T TTTTT T T TTTTT] T T T TTTTT]
\
0.5 A\ Argon +CO, z [ 0.5
\\ - - = Air+CO,z
\ Argon + CO, T
0.4 N\ - - Air+CO,T |04
\
\
\
03 \\ Right y-axis —0.3
'<\I' T uncertainty Sl
02— —0.2
0.1 — S — 0.1
Left y axis
z uncertainty
Lol Lol I A 0
100 10! 102 10°
Number of images
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and temperature with number of images. Blue lines represent mixture
fraction, red lines represent temperature, solid lines represent an
argon/CO, mixture, and dashed lines represent an air/CO, mixture.

The maximum uncertainty criterion (Fig. 12) shows large
values with almost 50% uncertainty present for both mixture
fraction and temperature when taking only one image, using
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Fig. 13.  Variation of mean relative error for mixture fraction and
temperature with number of images. Blue lines represent mixture
fraction, red lines represent temperature, solid lines represent an
argon/CO, mixture, and dashed lines represent an air/CO, mixture.

both gas combinations. These large uncertainties were found to
be isolated to a very small number of pixels and as such do not
adequately represent the entire interrogation region. However,
the trends shown in Fig. 12 match trends obtained using the
average uncertainty criterion, confirming the effect of averaging
multiple images. The average uncertainty criterion (Fig. 13),
which is more representative of typical uncertainty across a
whole image, shows significantly lower values. Nonetheless, it
is worth noting that a 4% uncertainty in mixture fraction from
a single image is present when using air and CO,—this is of a
similar magnitude to that of argon and CO,, albeit higher (as
expected). The temperature uncertainties scale similarly as a
result of the temperature being calculated from the recovered
mixture fraction. In both figures, it is evident that taking more
images and averaging improves uncertainty. Averaging 10 pic-
tures more than halves the uncertainty in all measurements,
but only steady flow phenomena may be investigated this way.
High-speed and turbulent flow measurements will inevitably
rely on single-shot results in order to accurately resolve unsteady
flow phenomena.

5. CONCLUSION

The aim of this work was to demonstrate the use of PDRS as
a simultaneous mixture fraction and temperature diagnostic
for non-isothermal gaseous mixtures. Such a validation would
expand the application of this powerful diagnostic to a range of
fluid dynamic research areas outside combustion and flames,
where it has predominantly found use. A proof-of-concept
experiment was performed where PDRS was successfully
applied to a binary jet flow configuration. A mean SNR of 7.5
was achievable, leading to good quality results in a benchtop
configuration. A numerical sensitivity analysis was also con-
ducted to estimate the expected uncertainty from performing
PDRS using different gas combinations. A framework for
performing this analysis was elaborated, with results from two
key gas combinations presented. It was demonstrated that gas
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combinations with large disparity in 7, produce smaller uncer-
tainties, as indicated by a ~2% mean uncertainty in z for an
argon and CO; gas combination. Nonetheless, error of a similar
order of magnitude in both mixture fraction and temperature
can be expected for gas combinations with moderate disparity
in 7, (air and CO,), which shows that the technique could see
more widespread adoption, particularly in wind-tunnel appli-
cations where the use of such gases is both more relevant and
convenient.
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