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Abstract

This work demonstrates precise aerosol phosphor thermometry (APT) mea-
surements over a large temperature range by applying scattering-referenced
APT (SRAPT) with the phosphor divalent Europium doped in Barium Mag-
nesium Aluminate (Ew:BAM). Measurements were taken using Eu:BAM seeded
into an air jet mixing with the products of a concentric methane-air flat flame.
In-situ calibration of the SRAPT ratio versus temperature was performed from
500-1400 K. Peak temperature sensitivities of 1-1.5 % /K were observed, approx-
imately 4 times higher than the spectral luminescence intensity ratio method
typically used for Eu:BAM. Despite its moderate quenching temperature (700
K), the high initial signal intensities before the onset of thermal quenching for
Ew:BAM allowed reliable single-shot measurements to be made continuously
from 500 K to greater than 1200 K. These results highlight the importance of
high signal levels for extending the measurement range of SRAPT.
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1. Introduction

Aerosol phosphor thermometry (APT) is a laser-based temperature imag-
ing technique that relies on the emission properties of thermographic phosphor
particles seeded into a flow to make planar gas temperature measurements.
Upon capturing elastic laser scattering from the particles, simultaneous parti-
cle image velocimetry (PIV) measurements can be performed, making APT a
promising diagnostic for the study of turbulent reacting environments. One of
the most used phosphors for APT has been divalent Europium doped in Bar-
ium Magnesium Aluminate (Ew:BAM) [1, 2, 3, 4, 5, 6, 7]. Ew:BAM has high
room-temperature signal levels and can be efficiently excited with both 266-
and 355-nm sources [3, 8]. This has enabled precise APT measurements from
room temperature up to approximately 700 K with the spectral luminescence
intensity ratio (SLIR) approach [2]. Unfortunately, simultaneously decreasing
spectral temperature sensitivity and signal with increasing temperature has lim-
ited SLIR measurements with Eu:BAM to temperatures less than 1000 K [3, 7].

Scattering-referenced APT (SRAPT) has recently been employed to extend
the temperature range of accurate single-shot APT measurements [9, 10, 11].
SRAPT relies on the temperature sensitivity of the phosphor’s emission inten-
sity. Above a threshold temperature, excited phosphor emission begins decreas-
ing rapidly due to increasing nonradiative transition rates (thermal quenching).
The high sensitivity associated with this rapid decrease can be used for single-
shot temperature imaging until signal levels drop too low to be measured with
a sufficient signal-to-noise ratio (SNR). To date, the phosphors used for SRAPT
have been excited at non-optimal wavelengths with relatively low ground state
absorption cross sections. This leads to low initial signal levels prior to the
onset of thermal quenching, and has limited the dynamic range of the measure-
ment technique generally to a few hundred kelvins after the onset of thermal
quenching.

The current work takes advantage of Eu:BAM’s high pre-quenching signal

levels to extend the temperature measurement range with Euw:BAM to beyond



1000 K by utilizing SRAPT. Background into SRAPT and factors governing
its” performance at high temperatures are discussed. Measurements performed
in a seeded air jet mixed with the products of a methane-air flat flame are
presented. Single-shot and average temperature profiles are compared to ther-
mocouple measurements and are used to assess the viability of Eu:BAM SRAPT

for combustion-relevant temperature imaging.

2. Diagnostic Background

SRAPT measurements are performed by taking the ratio of temperature-
insensitive per particle Mie scattering signal (Smie) to temperature-dependent
luminescence signal (Stum) emitted from phosphor particles. For Eu?T the
temperature dependence of the luminescence intensity is the result of thermal
quenching caused by ionization of excited electrons to the conduction band, and

can be approximated by [12]
S,
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where S; is the signal intensity prior to the onset of thermal quenching, Cxg
is a temperature-independent ratio of the electronic nonradiative and radiative
transition probabilities, Fq4. is the energy gap between the lowest 5d level and
the bottom of the host conduction band and kg is the Boltzmann constant.
Assuming negligible temperature-dependence in S; (i.e., no significant change
in absorption cross section with temperature), the SRAPT ratio can be written

as
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The temperature precision index (standard deviation) of a ratio-based technique
like SRAPT is given by
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where sgr is the single-shot precision index for the ratio, and the fractional

temperature sensitivity is defined as
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For SRAPT measurements, it has been previously shown [11] that the fractional

ratio precision in the shot-noise limit can be written as
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where K, accounts for noise from the scattering camera and an added contri-
bution due to differing dependencies of scattering and luminescence on particle
size, and K5 accounts for noise in the luminescence camera. This work focuses
on making measurements at high temperatures well past the onset of thermal
quenching, such that R >> 1. In this limit, using the result of equation 1,

equation 5 can be re-written as
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Similarly, the fractional temperature sensitivity for large ratios is given by

Edc
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and equation 3 can thus be written in a convenient form
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Equation 8 highlights two characteristics that make a thermographic phosphor

ST X for R >> 1. (8)

useful for SRAPT at high temperatures: a large energy gap for thermal quench-
ing and high pre-quenching signal levels.

Figure 1 compares the signal per particle volume versus temperature for
Ew:BAM and for Ce3t emission from the Ce,Pr:LuAG phosphor. The mea-
surements were taken previously in a tube furnace [9, 13], and the absolute
magnitude was determined from previously reported values of each phosphor’s

room temperature per particle signal intensity at a fluence of 20 mJ/cm? [8, 14].



The Ce,Pr:LuAG phosphor has recently been shown to be capable of making
precise measurements employing SRAPT using Ce3t emission from 700 — 1000
K [9, 10]. At higher temperatures, its signal becomes too low to be usable
for single-shot imaging measurements with the equipment and excitation wave-
length used in that work. In contrast, Eu:BAM signal per particle volume at
room temperature is approximately 2 orders of magnitude brighter, and still
has signal intensities higher than Ce,Pr:LuAG’s room-temperature emission at
temperatures above 1000 K. Therefore, despite the fact that both of these phos-
phors quench at similar temperatures (i.e., similar values of Fq.), temperature
measurements with Eu:BAM should be achievable at much higher SRAPT ratios
(for the same imaging spatial resolution), enabling measurements at significantly

higher temperatures.

3. Experimental Setup

Measurements were performed in a 12-mm inner diameter air jet seeded with
Euw:BAM particles (Phosphor Technology, 1.1 um diameter by volume based on
in-house electrical low pressure impactor (ELPI, Dekati) measurements) that
entrained hot combustion products from the surrounding concentric flat flame
burner (Holthius and Associates center-tube burner), as shown in Figure 2. The
measured flowrate of the seeded jet was 2.0 SLPM (Alicat M-50SLPM), corre-
sponding to a laminar Reynolds number of 230 at the jet exit. The surrounding
flat methane/air flame had an outside diameter of 60 mm and was operated
at an equivalence ratio of 1.1 (CH4 flowrate = 5.6 SLPM, Alicat M-10SLPM;
Air flowrate = 49.3 SLPM, Alicat M-100SLPM). As a result of the jet mixing
with the flame products, the jet gas that was originally at room temperature
was heated to temperatures approaching the flame temperature far above the
burner surface.

The experimental setup used for the jet imaging measurements is shown in
Figure 3. The third harmonic output of a 10-Hz Nd:YAG laser (Continuum
Powerlite 8010, 355 nm) was formed into a 50-mm tall by 0.7-mm thick laser



sheet using the combination of a -75-mm FL cylindrical lens and a 500-mm FL
spherical lens. Excitation at 355 nm results in efficient absorption by Eu?* ions
in BAM, as it is near the peak of its’ excitation spectrum [15]. The measured
mean fluence was 30 £+ 3 mJ/cm?.

One intensified ICCD camera (Princeton Instruments PI-MAX 2) was used
to measure elastic scattering of laser light from the phosphor particles (Mie
camera) and a second ICCD camera (Princeton Instruments PI-MAX 4) was
used to measure the Eu:BAM luminescence intensity (Lum. camera). The Mie
camera was outfitted with a 45-mm f/1.8 UV camera lens (Sodern Cerco 2073)
and a 355-nm bandpass filter (Edmund Optics 67-893) to collect the elastic
scattering, whereas the luminescence camera utilized a 50-mm f/1.2 manual
focus lens (Nikon Nikkor) in combination with a 355-nm longpass filter (Sem-
rock BLP01-355R) and a 490-nm shortpass filter (Asahi Spectra ZVS0490) to
collect the Eu:BAM luminescence. A room temperature emission spectrum for
Ew:BAM measured in previous work [13] is shown in Figure 4 with the collec-
tion band used for the imaging experiments superimposed. The Mie camera was
operated with its lens stepped down near its minimum aperture size (f/32) so
signal levels were low enough to ensure a linear intensifier response [11], while
the luminescence camera had its lens completely opened (f/1.2) to maximize
the luminescence intensity and thus the dynamic range of the measurement.

Both cameras began gating 10 ns prior to the laser pulse. A gate width of 2 us
was used to collect the luminescence emission and a 100 ns gate width was used
for collection of the laser scattering. No hardware binning was performed on the
luminescence camera due to the high room-temperature signal levels, whereas
the Mie camera was hardware binned 2x2. Each image was software binned
following background subtraction to a final pixel size of 0.495 mm, corresponding
to 6 binned pixels and an image magnification of M = 0.154. The spatial
resolution for each camera was determined using a binned 1951 USAF target
placed at the location of the laser sheet on top of the burner. The image contrast
transfer function (C = (Imax — Imin)/(Imax + Imin)s Imax = Maximum intensity

of line pattern and I, = Minimum intensity of line pattern) was 0.6 for Group



0, Element 1 on the luminescence camera and Group 0, Element 2 on the Mie
camera, corresponding to a resolution of 1-1.12 lp/mm, or approximately 2
binned camera pixels for the imaging experiment.

Due to the high signal intensities (~40,000 un-binned counts out of 65536,
16-bit) measured on the luminescence camera, a correction was performed to
account, for nonlinearity in the camera intensifier response, as has been done
previously [11, 16]. This was performed by comparing the measured signal
intensities on both the luminescence and Mie cameras in a regime where it
has been previously established that the Mie camera is linear with respect to
incident photon flux [11]. Both the raw data and linearity correction are shown
in Figure 5.

After linearizing the luminescence camera, the SRAPT ratio was formed
and whitefield corrected. Finally, a threshold was implemented to account for
background variation and noise. This excludes pixels with insufficient phosphor
seeding density. A value of 1000 counts on the Mie scattering camera (prior
to software binning) was used to ensure seeding densities greater than approxi-
mately 100 mm™ (see next paragraph). A value of 100 counts prior to software
binning was used for the luminescence camera as a tradeoff between maximiz-
ing the dynamic range of the measurement (i.e., using the entire range of the
camera) and attempting to stay within the range where the camera response is
approximately linear at low signals.

The Mie camera was calibrated to calculate seeding density for each single-
shot image (n,) using luminescence intensity per mass data from [8] in combi-
nation with imaging and experimental specifications. First, seeding density was
calculated on the luminescence camera at room temperature using the following

expression

Scorr
Q .
V;Jiwmp Sm s 7700116;

(9)

np:

In equation 9, Seorr is the measured luminescence intensity (in un-binned counts)
corrected for linearity in camera counts, and all other terms are defined in Table

1. The measured photons emitted per phosphor mass (S,,) was taken from pre-



Table 1: Experimental parameters used to calibrate scattering camera for estimation of single-

shot seeding density fields.

Symbol  Definition Value Units

G System gain 150 [counts /€]

Neoll Product of average photocathode and optical efficiency  0.31 [e”/photon]
Q/dn Luminescence camera collection solid angle 7.73E-4 [

Vpix Un-binned pixel volume 0.0048 [mm3]

Sm Photons emitted per phosphor mass 4.3E5 [photon/pg]
my Average mass per particle 2.44 [pg]

vious work [8] and adjusted to account for both the fact that the luminescence
camera is only collecting one lifetime worth of emission at room temperature
and for the difference in fluence between experiments using previously published
Ew:BAM room temperature fluence curves [3]. Finally, a linear relationship be-
tween the scattering camera’s signal intensity and the seeding density measured
by the luminescence camera was established at room temperature and used to
provide single-shot seeding density field measurements in the heated jet, assum-
ing negligible temperature-dependence in per particle scattering intensity.
Calibration of the measurements to temperature was performed by compar-
ing the measured mean ratio along the axis of the jet against fine wire type-R
thermocouple measurements and previous measurements in the same setup us-
ing the Ce,Pr:LuAG phosphor. Both the phosphor and thermocouple measure-
ments are reported elsewhere [10]. The measured thermocouple temperatures
were corrected for both radiation and conduction using heat transfer and mate-
rial property correlations from [17]. Three horizontal sweeps were acquired with
a 0.127-mm diameter wire thermocouple at heights above the burner (HABs)
of 24, 37, and 48 mm. The temperature derivatives along the wire needed to
estimate conduction error were determined directly from the horizontal profiles.
The estimated conduction error correction along the jet centerline varied from

approximately 200 K at 600 K to less than 15 K at 1000 K. Due to the large re-



quired thermocouple conduction corrections below 1000 K, measurements using
Ce,Pr:LuAG [10] in the same setup were used for calibration over this range.
Above 1000 K (>40 mm HAB) the measured ratio was compared to a verti-
cal profile taken using a 0.0762-mm diameter Type-R thermocouple, which was
corrected for radiation but not conduction, as conduction error was estimated
to be <15 K for these locations. The radiation error correction magnitude was

found to vary from less than 10 K at 1050 K to a maximum of 60 K at 1600 K.

4. Experimental Results

Figure 6a shows in situ measurements of the SRAPT ratio for Eu:BAM as a
function of temperature. The results are compared to furnace measurements of
Euw:BAM in bulk powder form [13]. For these measurements it is assumed that
the SRAPT ratio temperature dependence in the furnace is equal to the inverse
of the luminescence intensity, normalized by its room temperature value (i.e.,
R = Srum (300 K)/Srum(T)). To make the measurements directly comparable,
the furnace measurements were corrected to account for the 2 us gate width
used in the flame experiments. This was accomplished by supplementing the
total signal versus temperature curves measured in the furnace with lifetime
data of E:BAM up to 1100 K previously reported in the literature [18], using

the following relationship for single-exponential time decays
Stg,Lum = Stot(l - exp(—tg/T)). (10)

In equation 10, Siot is the total integrated signal measured in the tube furnace,
Stg’Lum is the total integrated signal measured at time t, after the laser pulse
(ty = 2 ps, corresponding to the gate width used) and 7 is the emission lifetime
of Ew:BAM as a function of temperature [18].

The thermal quenching behavior is apparent in Figure 6a in both exper-
iments as the rapid increase in the SRAPT ratio once the onset of thermal
quenching occurs. The behavior for both the jet and furnace measurements is

similar, although there are differences in behavior at lower temperatures. The



onset of quenching appears to occur approximately 50 K earlier in the jet. This
may be a result of particle heating at the higher laser fluences used in the jet
measurements [3, 13], bulk scattering effects in the furnace affecting absorption
temperature-dependencies, or uncaptured biases in the thermocouple measure-
ments used for the in-situ calibration. The earlier quenching in the jet relative
to the furnace environment has been observed for Eu:BAM in other experiments
[5].

Figure 6b displays the measured fractional sensitivity of the technique (de-
fined by equation 4), both for the in-situ calibration and furnace measurements.
For the furnace measurements, a cubic spline interpolation of the ratio ver-
sus temperature was performed prior to taking its derivative. This gave the
sensitivity curve a smoother appearance. Employing the SRAPT technique
with Ew:BAM leads to high peak sensitivities, approximately 1-1.5 %/K. The
peaks are offset in temperature by ~35 K for the jet and furnace measurements.
Reasonably high temperature sensitivity is also observed prior to the onset of
quenching (7" < 700 K). This may be due to a decreasing absorption cross
section with increasing temperature.

As temperature increases above 1000 K and the ratio becomes large, the
sensitivity begins dropping relatively quickly as expected based on equation
7. Even with this decrease, the sensitivity is still ~0.4 %/K at 1200 K. In
comparison, the maximum typical temperature sensitivity for Ew:BAM with
the SLIR technique occurs at room temperature, and is only ~0.3 %/K. By 900
K, this value has already dropped to well below 0.1 %/K [3].

The calibration for thermometry employed a double exponential fit to the
temperature versus SRAPT ratio. The selected calibration form was chosen
solely for the purpose of establishing an analytical relationship that matched
the data well; the results are provided in Figure 7. The maximum residual
between the fit and data is 2-3 % between 800 and 870 K, and less than 2 %
over the entire rest of the range from 500 — 1400 K.

Figures 8a and 8b display the average and a selected single-shot tempera-

ture image, respectively. The full array of single-shot temperature images are
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available in the supplemental information. In both images, the inward heating
resulting from the jet mixing with flame products is apparent, and gives the
temperature profile an appearance very similar to that of a diffusion flame. The
seeding density for the selected single-shot image is also shown in Figure 8c.
The seeding density is fairly high in the center of the jet, near the exit (1500
mm™), and then decreases significantly as the surrounding flame products are
mixed in and the jet is heated.

Figure 9a compares the measured average and single-shot profile along the jet
centerline (single pixel) to the measurements [10] used for the in-situ calibration
as a means of investigating the range of temperatures the technique is capable of
measuring. Reliable average measurements are achieved from 500 — 1400 K. Due
to Ew:BAM’s high signal levels, in combination with the 6x6 software binning,
SRAPT ratios as high as ~500 are measured with sufficient SNR to allow for
temperature determination. While a quantitative assessment of measurement
precision is not possible in the current setup due to slight unsteadiness in the
jet, the smoothness of the single-shot profiles at temperatures up to ~1200 K
points to the potential for precise measurements above 1000 K using Ew:BAM
with the SRAPT technique. A complete characterization of the technique in a
more controlled environment is needed in the future to assess both precision and
potential measurement biases as a function of laser fluence and seeding density.

Radial profiles are compared to thermocouple measurements at three differ-
ent heights in Figure 9b. The SRAPT and thermocouple measurements agree
reasonably well near the centerline of the jet at all heights. Some significant
disagreement is seen at distances greater than 3 mm from the jet centerline,
particularly at 24 mm above the burner surface. One factor likely contributing
to this disagreement is the scattering of bright luminescence emitted from the
cold jet core (which has a high number density of particles) by particles in the
surrounding high temperature regions at the periphery of the jet, artificially
increasing signal in the hot, low signal, regions and resulting in a temperature
measurement bias. This observation is supported by the improved agreement

with the thermocouple measurements observed higher in the flame, where seed-
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ing densities are lower and there is a smaller temperature difference (i.e., signal
difference) between the jet centerline and the periphery of the jet. Uncertainty
in the thermocouple measurements may contribute to some of the disagreement
observed as well, due to the large conduction corrections required in the presence
of large temperature gradients. Similar to the centerline profiles, the single-shot

radial profiles are very smooth until approximately 1200 K.

5. Conclusions

This work has demonstrated the ability to achieve measurements over large
temperature ranges with the SRAPT technique by taking advantage of the high
pre-quenching signal levels for Eu:BAM. Continuous measurements were demon-
strated from 500 to 1400 K, more than 400 K higher than previously capable
with Ew:BAM using the conventional spectral luminescence intensity ratio mea-
surement technique. These results highlight the importance of high signal levels
on phosphor performance, and should open up new avenues for APT to study

turbulence-chemistry interactions in combustion processes.
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Figure 1: Signal per particle volume for Eu:BAM and Ce,Pr:LuAG as a function of tempera-
ture. The temperature-dependence of the signal was determined from tube furnace measure-
ments [9, 13]. The absolute value of the signal intensity is based on room-temperature per

2

particle signal measurements in a dispersed environment at 20 mJ/cm?. Absolute intensity

measurements were performed at 355 nm for Eu:BAM (8] and 266 nm for Ce,Pr:LuAG [14]

Figure 2: Center tube flat flame burner used for temperature imaging experiments. The center
tube in the picture is where the air jet seeded with Eu:BAM particles exits, and then mixes

with the products of the methane/air flame.
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and (c) corresponding single-shot seeding density field.
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Figure 9: (a) Comparison of axial temperature profile along the center of the jet between
Euw:BAM SRAPT measurements and reference measurements. The reference measurements
consist of the Ce,Pr:LuAG measurements at T<1000 K and type-R thermocouple measure-
ments for T>1000 K that were used for the in-situ calibration.(b) Comparison of radial tem-

perature profiles measured by thermocouple and SRAPT at three different heights in the
jet.
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