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Abstract

The University of Michigan and Sandia National Laboratories collaborated on the initial
development of a compact single-camera approach for simultaneously measuring 3-D gas-
phase velocity and temperature fields at high frame rates. A compact diagnostic tool is
desired to enable investigations of flows with limited optical access, such as near-wall
flows in an internal combustion engine. These in-cylinder flows play a crucial role in
improving engine performance. Thermographic phosphors were proposed as flow and
temperature tracers to extend the capabilities of a novel, compact 3D velocimetry
diagnostic to include high-speed thermometry. Ratiometric measurements were performed
using two spectral bands of laser-induced phosphorescence emission from
BaMg,Al10017:Eu (BAM) phosphors in a heated air flow to determine the optimal optical
configuration for accurate temperature measurements. The originally planned multi-year
research project ended prematurely after the first year due to the Sandia-sponsored student
leaving the research group at the University of Michigan.
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3C2D: three-component, two-dimensional
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1 INTRODUCTION

Technologies to improve fuel economy and pollutant formation in an internal combustion engine
(ICE) are directly affected by mass and energy exchange processes within the cylinder boundary
layers. Unfortunately, the fundamental physics of fluid flow and heat transfer within the
boundary layers under transient high-pressure and high-temperature conditions are still not well
understood. In-cylinder flows are highly turbulent and three-dimensional with characteristic
flow structures that evolve on time scales of a millisecond or less [1]. Therefore, simultaneous,
high-speed, 3-D measurements of spatially resolved velocity and temperature fields are
necessary to characterize the structure and dynamics of turbulent, transient boundary layers
within ICEs. These measurements are essential for developing and validating predictive fluid
flow and heat transfer models of near-wall flows.

Several techniques for multi-dimensional, simultaneous velocity and temperature measurements
have previously been demonstrated [2-4]. Each of these studies combined a velocity
measurement technique, such as particle image velocimetry (PIV), with a thermometry
technique, such as laser-induced fluorescence (LIF), filtered Rayleigh scattering (FRS), or
thermographic phosphors (TP). Unfortunately, the experimental procedures described in these
previous studies are not suitable for investigating near-wall flows in ICEs with limited optical
access because they often require more than one camera, laser, or set of signal collection devices.
However, Someya et al. [5] demonstrated a compact method of measuring simultaneous 2-D
velocity and temperature measurements with TPs using a single camera and a single-pulsed UV
laser. TPs exhibit temperature sensitive emission characteristics after excitation by a UV light
source. Temperature may be inferred from the phosphorescence lifetime or from a ratio of two
spectral bands [6-8]. Unlike the study performed by Omrane et al., [4] the images of particle
phosphorescence were used to infer velocity and temperature. This simplified approach may be
modified to enable a single-camera diagnostic for simultaneous, 3-D gas-phase velocity and
temperature measurements.

A single-camera approach for 3-D velocity measurements using a particle-tracking algorithm
was recently developed at the University of Michigan [9] to enable flow investigations in regions
of limited optical access. Thermographic phosphors were proposed as flow and temperature
tracers to extend the capabilities of a novel, compact 3-D velocimetry diagnostic to include high-
speed, 3-D thermometry. We proposed velocity measurements by tracking images of particle
phosphorescence rather than the traditional Mie scattering to eliminate the need for an additional
camera.

This report details the initial development of a single-camera technique for simultaneous, high-
speed, 3-D gas-phase velocity and temperature measurements to facilitate time-resolved
investigations of 3-D velocity and temperature distributions within near-wall flows. A
description of the single-camera 3-D velocimetry diagnostic (SC3D — PTV) is provided in
Section 2. Barium magnesium aluminate doped with europium (BaMg,Al;00,7:Eu), or BAM was
identified as a suitable phosphor material for this work. The thermometry capabilities of
thermographic phosphors, phosphor selection process for ICE applications, and particle flow and
temperature tracing capabilities of BAM are discussed in Section 3. Sufficient phosphorescence
signal strength is paramount for the success of this tool. The phosphorescence intensity of most



TPs decreases with an increase in temperature [8]. Furthermore, the signal strength is also
sensitive to the excitation energy. TPs for gas-phase thermometry require higher laser fluence to
achieve adequate signal compared to TPs for surface thermometry. However, high laser fluences
may heat the TPs and cause a systematic error in the temperature measurement. Previous studies
reported that laser fluences up to 1.5 J/cm? did not impact the spectral ratio for BAM at room
temperature [10,11]. Therefore, spectral ratio measurements on BAM particles were performed
in a heated air flow at 295 K and 805 K and laser fluences from 0.3 — 1.75 J/cm? to evaluate the
phosphorescence signal strength as a function of temperature and laser fluence for accurate
temperature measurements using non-intensified CCD cameras (Section 4). Finally, suggestions
for future work are provided in Section 5.
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2 SINGLE CAMERA, 3-D PARTICLE TRACKING VELOCIMETRY
(SC3D - PTV)

This section provides an overview of the foundational principles and performance of the single -
camera 3D velocimetry measurement technique, previously developed at the University of
Michigan [9]. The single-camera, 3-D particle tracking velocimetry (SC3D - PTV) technique is
a compact diagnostic tool recently developed for performing three-component volumetric
velocity (3C3D) measurements in a limited measurement volume. Other 3C3D velocity
measurement techniques, such as holographic PIV, defocusing PIV, fast-scanning PIV, and
tomographic PIV [12-15], have limited spatial resolution, limited temporal resolution, or are not
well-suited for flows in regions of limited optical access. The SC3D — PTV technique was
developed to investigate the highly 3D nature of engine flows that have characteristic structures
with millimeter length scales and evolve on time scales of a millisecond or less. Furthermore, the
SC3D - PTV technique is designed for studying flows in regions with minimal optical access.

The SC3D-PTV technique only requires two points of optical access to image the flow and to
illuminate the measurement volume with a light source propagating in the object plane. Two
viewpoints of the same object are simultaneously imaged without perspective distortion using an
optic that consists of one main lens and two off-center apertures each containing a smaller lens.
A “beam twister” mirror set-up is used to focus and to rotate the simultaneously acquired images
by 90° to fit efficiently onto a single camera chip. A schematic of the SC3D — PTV optical
configuration is shown in Figure 1.

Light sheet
\ -‘ Camera
= +4 =
&
é—
£ 8
=4 -
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Figure 1: The SC3D — PTV optical configuration. Two off-center optical paths are imaged
through a single lens to achieve two viewing angles. A “beam twister” mirror set-up
rotates the images by 90° to fit efficiently on the camera chip [9].

A single 3C3D velocity vector field is determined from a set of four images, or two pairs of
successively captured images. Each pair of images consists of one image from each of the two
simultaneously acquired viewing angles. The particle-tracking velocimetry (PTV) algorithm
consists of two matching procedures: particle matching of simultaneously acquired images to
determine instantaneous 3-D particle positions and particle matching of successive images to
determine particle displacements. These matching procedures provide sufficient information to
reconstruct a 3-D vector field without first recreating an instantaneous 3-D particle field. First,
possible simultaneous particle matches are determined using epi-polar line considerations and
potential successive particle matches are narrowed down to particles within a radius defined by
an estimate of the maximum flow velocity. Next, an individual particle is identified from the
potential simultaneous and successive matches and results in a set of four particle images (two
simultaneous images and two successive images). Each valid vector in the vector field is the
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result of a valid four-image set for a particle. A particle image may only be used in one four-
image set. If a particle image is included in more than one four-image set, only the four-image
set with the highest degree of similar features is retained. Particle image similarity is evaluated
using seven features: 1) peak intensity 2) summed intensity 3) total number of pixels 4) width, as
measured in pixels 5) height, as measured in pixels 6) maximum value of a cross-correlation
between zero-padded raw particle images 7) maximum value of a normalized cross-correlation
between zero-padded binarized particle images [9].

The SC3D - PTV technique was validated using stereoscopic — PIV (stereo — PIV). Stereo — PIV
is an established technique that uses two simultaneously captured viewing angles to resolve
three-component velocities in a plane (3C2D) [16]. A simple jet flow was imaged using the
SC3D - PTV optic and then analyzed with both the SC3D - PTV algorithm and a stereo — PIV
algorithm. The SC3D — PTV results were linearly interpolated onto a single — plane grid with the
same grid — spacing as the stereo - PIV results to enable a comparison between both algorithms.
The average 3C2D velocity field determined from 100 instantaneous SC3D - PTV
measurements taken over a 100 ms time interval is shown on the left in Figure 2. The average
3C2D velocity field determined from 100 instantaneous stereo - PIV measurements taken over
the same time interval is shown on the right in Figure 2. The two 3C2D velocity fields are
qualitatively similar except at the edges where both algorithms suffer from particles traveling in
and out of the measurement volume between camera exposures. Quantitatively, the SC3D - PTV
results agreed with the stereo — PIV results within the uncertainty of stereo — PIV. The average
velocity difference between the SC3D — PTV and stereo — PIV results was 3% with a maximum
difference of 9%. More details on the experimental set-up and data processing for the validation
may be found in [9].

Omm \Omm

Figure 2: 100 instantaneous raw particle images taken over 100 ms were evaluated using
the SC3D — PTV algorithm and a stereo — PIV algorithm. The average 3C2D velocity field
determined from 100 instantaneous SC3D — PTV measurements is shown on the left. The
average 3C2D velocity field determined from 100 instantaneous stereo - PIV
measurements is shown on the right.
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The capabilities of the SC3D - PTV technique may also extend to 3-D temperature
measurements with the addition of thermographic phosphors particles. These particles could be
used as flow and temperature tracers to enable simultaneous 3-D velocity and temperature
measurement. Furthermore, the temperature distribution of simultaneous and successive image
pairs could be used as an additional criterion for identifying valid four-image sets of each
particle. The temperature sensitive emission characteristics of thermographic phosphors are
described in the next section.
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3 THERMOGRAPHIC PHOSPHORS

Thermographic phosphors are ceramic hosts doped with rare-earth ions that exhibit temperature
sensitive emission characteristics after excitation by a pulsed light source (typically a UV
source). The phosphorescence emissions of some TPs are significantly less sensitive to pressure
and gas composition changes than other techniques, such as LIF. Temperature can be inferred by
several methods using thermographic phosphors [7] but the lifetime of the phosphorescence
decay or the ratio of two spectrally separated emission bands have emerged as the most popular
methods [17].

The phosphorescence lifetime (z) of most TPs is temperature dependent and emission intensities
decay exponentially with time. For the simplest case, the phosphorescence decay may be
modeled by a single exponential function:

1(t)=1,exp(-t/7) (Eq. 1)

where I(t) is the time-dependent intensity of the phosphorescence emission and Iy is the initial
intensity. The lifetime is defined as the time it takes for the intensity to reach 1/e of the initial
intensity [6-8]. For TPs with phosphorescence lifetimes that do not follow a single exponential
decay, expanded models may be used to assess and determine multiple lifetimes. A nonlinear
fitting procedure is applied to fit the data to model and ultimately determine 7z as a function of
temperature. The lifetime approach is generally preferred over the spectral ratio method because
it has a higher accuracy, precision, and temperature sensitivity [6-8,17-19]. However, the
lifetime approach requires a minimum detection time span to resolve the phosphorescence decay
and can be a limitation for high-speed measurements.

Unlike the lifetime approach, the spectral ratio method is based on temperature sensitive features
of the phosphorescence emission spectrum. The temperature is determined from the ratio of two
spectrally separated emission bands. If the distribution of electrons in the upper state is in
thermal equilibrium, the phosphorescence signal from a transition associated with energy state i
is given by the following expression:

KT (Eq. 2)

Si = CiTeTi IIaser exp(_ij J
where the parameters include detector efficiency (C;), the camera exposure time (Te), the optical
filter transmission (z;), the laser pulse intensity (liaser), the energy of the emitting state (E;),
temperature (T), and the Boltzmann constant (k). The total phosphorescence signal from one
spectral band (S;) is the sum of all the phosphorescence emission peaks within the band. One
advantage of taking the ratio of signal from two emission bands is that the resultant signal is
independent of laser intensity:
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where i denotes energy states the first spectral band (1;) and j denotes energy states the second
spectral band (1,). Another advantage of the spectral ratio method is that short gate times are
adequate for obtaining adequate signal. This enables measurements in environments with fast
temperature fluctuations and suppresses background noise [8,20,21]. The disadvantage of this
method is that it requires two independent and simultaneous measurements that must undergo an
accurate background subtraction and image registration process before the ratio may be
calculated. Despite this drawback, the spectral ratio method was used in this work to achieve
high-speed measurements. In practice, the photophysics of many thermographic phosphors are
not sufficiently understood to predict the temperature dependence of the signal ratio, R. As a
result, the temperature dependence is determined using a calibration procedure involving the
heating of the thermographic phosphor to known temperatures and measuring the signal ratios.

3.1 Phosphor selection

The test environments must be considered when choosing a suitable phosphor for the given
application. First, the phosphor must exhibit adequate sensitivity in the temperature range of
interest. Alternatively, a combination of phosphors may be used to span the desired temperature
range. Other factors that impact the phosphor’s emission characteristics must also be considered,
such as pressure or gas composition effects. Next, the emission lifetimes over the temperature
range must be sufficiently short to resolve the desired time scales. Phosphors with short emission
lifetimes are also attractive because background radiation such as blackbody radiation and
chemiluminescence can be suppressed using a short detector gate time. Phosphors that emit in
the blue spectral region are less vulnerable to disturbances caused by black body radiation at
high temperatures. Finally, the velocity and temperature tracing abilities of the phosphor must be
assessed, and this is discussed in Section 3.2 [6-8,21].

The test environments considered were a heated jet and the motored spark-ignited direct-
injection (SIDI) engine used in previous studies [22,23]. The temperature in these environments
ranges from 300 — 800 K. The pressure in the motored SIDI engine spans 1 - 22 bar. The SIDI
engine can operate up to 2000 rpm and corresponds to a repetition rate of 12 kHz for the laser
and camera systems or a maximum exposure time of 83 us to image every crank angle. Laser
reflections off surfaces in the test environment will likely be the largest contributor to
background intensity since this work will be performed in non-reacting flows. Additionally, any
potential impact of blackbody radiation may be determined using Planck’s distribution (Eq. 4)
and is a function of wavelength (1) at the blackbody temperature (T) [24]. Figure 3 shows the
spectral distributions of blackbody radiation for the relevant temperature range

3 2 rhc?
" 27 exp(nc/ AKT)-1] (Eq-4)
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E = Spectral emissive power [WmZum™] h = Planck’s constant [J-s]
A = Wavelength of light [m] k = Boltzmann’s constant [J/K]
T = Blackbody temperature [K] ¢ = Speed of light [m/s]
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The emission characteristics of europium activated barium magnesium aluminate
(BaMg,Al;00;7:Eu), or BAM, are suitable for the heated jet and motored SIDI engine. BAM is a
stable phosphor with a broadband emission spectrum that peaks at 440nm when excited with UV
light at 355 nm. The phosphor emits light for temperatures up to 1200 K and the lifetime
decreases from 20 us at room temperature to 10 ns at 1150 K. It has a melting point of 2190 K
which makes it an attractive phosphor for combustion applications [8,21]. BAM emissions
exhibit a slight redshift for high pressures, but this shift is negligible under 1 kbar [25]. The
emission spectrum broadens toward the shorter wavelengths with increasing temperature, but the
peak remains at 440 nm. A slight blueshift around 450 nm is also observed with increasing
temperature (Figure 4a). Similar to most phosphors, the signal strength decreases with an
increase in temperature but the simultaneous decrease in lifetimes enable short gate times for
better background discrimination. A comparison Figs. 3 and 4a shows that the BAM
phosphorescence emission wavelengths are well below those of the blackbody radiation. A
temperature sensitive ratio can be achieved by detecting phosphorescence at 450 nm and at a
wavelength that is on short-wavelength side of the emission peak. Figure 4b shows a calibration
obtained by Sé&rner et al. [21] using bandpass interference filters with center wavelengths at
A= 400 nm (FWHM = 40 nm) and A, = 456 (FWHM = 10 nm).

There are several reports regarding the use of BAM for temperature measurements greater than
800 K that lasted for an hour. Thermal degradation was observed for phosphor samples exposed
to temperatures exceeding 800 K. The thermal degradation is attributed to the change in
oxidation state of Eu®* to Eu** and the migration of Eu®" in the host lattice[26,27]. This leads to
an irreversible decrease in phosphorescence intensity at room temperature and results in
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inaccurate temperature measurements. However, residence times of particles in the present test
environment are expected to be several orders of magnitude smaller than the time required for
thermal degradation in BAM samples. Further work is required to determine the effect of short

residence times on BAM phosphorescence. is
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Figure 4: (a) Normalized emission spectra of BaMg,Al00:7:Eu (BAM) between 290 —
1150 K. The spectrum peaks near 440 nm at room temperature but broadens toward the
UV with an increase in temperature. A slight blueshift is also seen around 450 nm with
increasing temperature; (b) BAM spectral intensity ratio calibration using A. =400 nm
(FWHM=40 nm) and A, = 456 nm (FWHM=10 nm) interference filters [21]

3.2 Velocity and temperature tracing capabilities

The accuracy of velocity and temperature measurements using TPs depends on the time required
for the TP particles to respond to changes in the velocity and temperature of the fluid. Therefore,
the particle velocity and thermal response times must be smaller than the flow time scales. Time
scales in engine flows may be characterized by the engine time scale (z.), the turbulent turn over
time scales (z;), and the resolved eddies turn-over time scales (z4) using the analysis from
[22,28]. These time scales for the motored SIDI engine running at 2000 rpm are shown in Table
1. The grid spacing from Alharbi’s [22] high resolution experiments of engine boundary layers
were used in these estimates of z,.

z[s] [s] 74 [5]
1.5 x 10 50x10"-3.3x10° 7.4x10°-15x10"
Table 1: Characteristic time scales for various flow structures in the engine: the engine
time scale (1), the turbulent turn over time scales (1), and the resolved eddies turn-over
time scales (1,) for the motored SIDI engine running at 2000 rpm.

When the density of the tracer particle (pp) is much larger than the density of the surrounding
fluid (py), as is the case for gas flows, the particle response to a step change in velocity may be
characterized by a time constant:
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Pl
184, (Eq. 5)

where dp is the diameter of the particle and s is the dynamic viscosity of the gas as determined
by Sutherland’s formula [29]. The particle’s velocity response time is the time it takes for the
particle to reach 95% of the flow velocity and occurs at 3z,. Particle velocity response times must
be smaller than the time scales corresponding to the flow structures of interest. Particle response
times for d, = 1, 2, and 4 um as a function of gas temperature are shown in Figure 5.

600 -
-4 um

—*—2 um

-1 um

Particle response time (37,), [us]
]
o

200
100 ‘\t\‘¥

A

300 400 500 600 700 800

Gas temperature (T.), [K]
Figure 5: Velocity response times of BAM particles (r,) after a step change in velocity are

shown as a function of temperature for particle diameters of 1, 2, and 4 ym. Response
times decrease with an increase in temperature. Smaller particles respond faster.

BAM particles of d, = 1 um are ideal for accurately tracking the various engine flow structures
corresponding to the time scales for an engine operating at 2000 rpm (Table 1). Unfortunately,
the smallest BAM particles commercially available have a mean diameter of d, = 1.8 um.
Therefore, only flows at lower engine speeds can be investigated while accurately resolving
smaller flow structures when using these particles.

For an accurate temperature measurement based on the phosphorescence emission of the TP, the
particle must be in thermal equilibrium with the surrounding gas. If the particles accurately
follow the flow, the main modes of heat transfer to the particle are conduction and radiation. The
particle’s thermal response time was evaluated using Konopliv and Sparrow’s analytical
solutions for a 1-D, transient conduction heat transfer model [30] of a spherical particle at an
initial temperature (Tpo) surrounded by an infinite gas with a uniform temperature (T.). The
thermal properties of BAM are currently not well characterized and therefore thermal properties
of YAG were used in the model [31]. The model assumes a uniform temperature for the particle
since its thermal conductivity (ky) is several orders of magnitude greater than the surrounding
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gas. The model also assumes uniform gas thermal properties and constant particle thermal
properties. The thermal response time (tgs) is the time it takes for the particle’s temperature to
reach 95% of its steady state value after a step change in the gas temperature. Figure 6 shows tgs
as a function of T, for d, =1, 2, and 4 um with Tpo = 300 K.
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Figure 6: Thermal response times of BAM particles (tgs) initially at 300 K to a step change
in gas temperature are shown as a function of gas temperature for particle diameters of
1, 2, and 4 ym. Response times decrease with an increase in the gas temperature.
Smaller particles respond faster.

The decrease in tgs with increase in T, is due to the increase in gas thermal diffusivity [11]. As
expected, smaller particles equilibrate to the surroundings faster. Fond et al. [11] developed a
numerical model to evaluate the effects of local temperature dependent gas thermal properties on
particle thermal response time for a particle at Tyo = 300 K. The numerical model predicted that
tos increases for a cold particle in a hot environment because the gas thermal diffusivity in the
vicinity of the particle is lower and hinders conductive heat transfer. Furthermore, Fond et al.
[11] considered the case of a hot particle in cold surroundings and modeled the particle as a
blackbody. Their results indicate that radiation heat loss contributes a small steady state error to
the temperature, and the error increases with T, or particle diameter but does not significantly
affect tgs. Overall, BAM particle thermal response times are faster than their velocity response
times. Therefore BAM particles are also suitable gas-phase temperature tracers.
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4 HEATED JET EXPERIMENTS

Spectral ratio measurements on BAM particles (Phosphor Technology, 1.8 um mean diameter)
were performed in a heated air flow at 295 K and 805 K for a range of fluences from 0.3 — 1.75
Jlem®. The BAM phosphorescence signal decreases with an increase in temperature, as is the
case for most TPs [21]. Measurements on BAM phosphors were evaluated at both ends of the
relevant temperature range to determine the optimal configuration to achieve adequate signal
strength for accurate temperature measurements. The signal strength is also sensitive to the
excitation energy. TPs for gas-phase thermometry require higher laser fluence to achieve
adequate signal compared to TPs for surface thermometry because of the sparse seeding density
needed for undisturbed flow behavior and successful imaging conditions for particle tracking
velocimetry. However, high laser fluences may heat the BAM particles and cause a systematic
error in the temperature measurement. Previous studies have shown that laser fluences up to 1.5
Jlem? did not impact the spectral ratio for BAM at room temperature [10,11]. Although low laser
fluence can be used, the weak signals my require the use of an image intensifier. However, non-
intensified CCDs are preferable and are used in this study because intensified systems have a
smaller dynamic range, spatially non-uniform gain, nonlinear responses, reduced spatial
resolution, and higher noise levels [32,33].

4.1 Experimental set-up

A heated jet and a solid particle seeder for low flow rates were constructed for these studies. The
jet set-up consisted of a heated laminar air flow (10.5 mm inner diameter) surrounded by a
nitrogen coflow (43 mm diameter). The purpose of the coflow was to stabilize the heated jet. The
central jet was constructed using a quartz tube. Heating was achieved through nichrome heating
ribbon (H Cross) wrapped around the quartz glass tube and connected to a variable AC
transformer. The heated tube assembly was thermally and electrically insulated from the rest of
the set-up by two layers of flexible high-temperature ceramic insulation (Zircar Zirconia, Inc.,
ZYF - 100) and a ceramic shell. The temperature of the jet was monitored by a K-type
thermocouple (Omega) placed 5 mm above the jet exit on the centerline. The thermocouple was
translated horizontally across the jet using a micrometer stage. The flow rates for the central jet
and coflow were adjusted to achieve a uniform temperature across the jet, which was verified
using acetone LIF imaging. Flow rates through the central jet and the coflow were 8 slpm and
40 slpm, respectively, at 295 K and 3 slpm and 25 slpm, respectively, at 805 K.

Laser-induced phosphorescence was excited using a frequency tripled Nd:YAG laser (Surelite
Continuum) producing 355 nm light at 10 Hz. The laser beam was reflected off several high-
reflectivity mirrors (Lattice-Electro Optics) and passed through a half-wave plate (Lattice-
Electro Optics), polarizer (Lattice-Electro Optics), and a cylindrical lens (f = 300 mm) before
finally being directed over the centerline of the jet with another high-reflectivity mirror. The
half-wave plate was rotated to vary the laser fluence and the cylindrical lens focused the laser
beam into a narrow light sheet. The height and thickness of the light sheet were 1 cm and 0.05
cm, respectively.

Images of particle phosphorescence were collected at 10 Hz using two hardware-binned (2 x 2)

12-bit non-intensified CCD cameras (Cooke PCO Sensicam) placed on opposite sides of the
heated jet. Camera 1 was fitted with a 50 mm /1.2 Canon lens and a 400 £ 20 nm interference

21



filter (Andover). Camera 2 was fitted with a 50 mm f/1.4 Nikon lens and a 456 + 5nm
interference filter (Andover). Phosphorescence signal strengths through the 400 £ 20 nm filter
were weaker than the signals through the 456 + 5 nm filter. Therefore, the larger aperture lens
was used with the 400 + 20 nm filter to improve the signal collection efficiency. A 5 us exposure
time was used for both cameras.

Baked BAM particles were used for the first set of experiments to reduce the formation of
particle agglomerates. The particles were baked at 473 K for 8 hours. 300 sparsely seeded
images of particle phosphorescence were taken at 295 K and 805 K. At each temperature, the
laser fluence was varied from 1 J/cm? to 1.75 J/cm? in 0.25 J/cm? increments. A low seeding
density was necessary to distinguish individual particles during image post-processing. For each
camera, background images were recorded with the laser sheet present but without particles. The
same procedure was repeated to acquire sparsely seeded phosphorescence images of unbaked
BAM particles at 295 K and 805 K. The laser fluence was varied from 0.3 to 0.9 J/cm? in 0.3
Jlem? increments for each temperature to evaluate a lower range of fluences that are similar to
those used in Ref. [11]

4.2 Image Post-Processing and Data Analysis

Image post-processing was performed using the Matlab image toolbox. First, average
background images for each laser fluence were subtracted from the particle phosphorescence
images at the corresponding laser fluences. Then, the images were cropped to a region in the
center of each detector to minimize vignetting effects. Alternatively, a flat-field correction can be
performed using additional measurements. Next, image registration was performed by manually
selecting approximately 30 particle image pairs from a set of simultaneously acquired images.
The quality of the image registration was evaluated by performing a PIV analysis on particle
image pairs after the image matching, and the resulting error of the particle positions was on the
subpixel level. Therefore, the image registration aligned the simultaneously captured particle
phosphorescence images with subpixel accuracy. Next, individual particles were identified in
each image. A particle was defined as a group of three or more contiguous pixels with signals
above 10 A/D counts. The particle size was defined as the number of pixels in the group. Each
particle image from camera 1 was matched to the corresponding particle image in camera 2 if the
location of the centroids of the matched particle images were within one pixel of each other.
Next, the signals from each particle image were summed over the contiguous pixels, where S;
and S, are the integrated signals from cameras 1 and 2, respectively. Finally, the spectral ratio of
each particle was determined from the ratio of S; to S,. The average spectral ratio for each
temperature and laser fluence combination was determined by averaging the spectral ratio from
many individual particles. The standard deviation of the average ratio was also determined.

4.3 Results and Discussion

The dependence of the average spectral ratios on laser fluence for baked BAM particles seeded
into heated air flows at 295 K and 805 K are shown in Figure 7. The error bars in the plot
indicate one standard deviation for the spectral ratios that were measured for all particles at each
condition. At each temperature, the variation in the average spectral ratios (Rags k and Rgos «,
respectively) for laser fluences between 1 J/cm? and 1.75 J/cm? is within one standard deviation
of the corresponding signal ratios. Similar insensitivity of signal ratios to laser fluence were
reported in previous studies by Lindén et al. [10] and Fond et al. [11]. At each laser fluence, the
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average value of Rggs k is larger than that of Rygs k. However, the temperature dependence of R is
significantly smaller than that shown in Fig. 4b. Previous gas-phase thermometry studies using
BAM particles [11,34], indicate that Rggs k IS approximately twice as large as Rags . In Fig. 7, the
average values of Rgops k remain within one standard deviation of the average values of Rags k,
indicating the need to average over many particles in order to resolve a temperature difference.
A potential cause for this lack of temperature sensitivity is the baking of the BAM particles prior
to using them in the experiment. Significant degradation in the phosphorescence emission due to
oxidation has been reported for BAM phosphors baked at temperatures greater than 673 K for
2.5 hours [26]. However, the time scales at which oxidation occurs has not been determined.
Therefore, a standard procedure for baking the BAM phosphors at temperatures lower than
673 K to reduce particle agglomeration has not yet been developed.
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Figure 7: The spectral ratio of baked BAM particles at 295 K and 805 K as a function of
laser fluence. The error bars represent one standard deviation of the individual particle
ratios.

The average spectral ratios for unbaked BAM particles as a function of laser fluence are shown
in Figure 8. Within the uncertainty of the measurements, the results indicate that Rygs kK and Rgos
are independent of laser fluence from 0.3 to 0.9 J/cm®. The average values of Rags k and Raos «
are very similar at the two largest laser fluences. At the lowest laser fluence, the average value
of Rgos k IS greater than that of R.gs k, but the difference only corresponds to one standard
deviation. Overall, there does not appear to be a distinct dependence of the signal ratios on air
temperature using the unbaked BAM particles. Therefore, the lack of temperature sensitivity in
the spectral ratio of Fig. 7 cannot conclusively be attributed to degradation effects from baking.
Spatial non-uniformities caused by the imaging optical components may be contribute to the
observed temperature insensitivity. Fond et al. [11] reported that the spectral transmission
profiles of their interference filters broadened slightly toward the UV as a function of incident
angle and resulted in variations in the spectral transmission profile over the field of view. A
spectrally independent and Lambertian light source is required for performing a flat-field
correction and should account for these non-uniformities.
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Figure 8: The spectral ratio of unbaked BAM particles at 295 K and 805 K as a function of
laser fluence. The error bars represent one standard deviation of the individual particle
ratios. Ratios at both temperatures are independent of laser fluence. Ratios within one
standard deviation at 295 K and 805 K overlap and therefore do not indicate a distinct

difference in air temperature.
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5 CONCLUSIONS AND FUTURE WORK

Spectral ratio measurements on BAM particles were performed in a heated air flow at 295 K and
805 K for a range of laser fluences. Baked BAM particles were studied using laser fluences from
1 — 1.75 Jlcm?. Unbaked BAM particles were studied using laser fluences from 0.3 — 0.9 J/cm?
An algorithm was developed to identify individual particles, match particle images with their
corresponding image pair, and determine the spectral ratio for individual particles. The average
spectral ratio for both baked and unbaked BAM particles was independent of the laser fluence.
For both baked and unbaked particles, average spectral ratios within one standard deviation at
295 K and 805 K overlapped and therefore did not indicate a distinct difference in air
temperature. The observed temperature insensitivity in the spectral ratio cannot be conclusively
attributed to degradation from long baking times since unbaked phosphors also exhibited the
same behavior. Further investigation is required to determine the cause of the spectral ratio’s
temperature insensitivity. The next step would be to measure the temperature dependence of the
BAM phosphorescence emission spectra to verify the previously published results.

An additional improvement to the current set-up would be to use BAM phosphor particles that
are coated with SiO; to reduce the likelihood of particle agglomeration. The coatings are on the
order of several nanometers in thickness and therefore have a negligible impact on the particle
size and the particle’s flow tracing abilities. Lindén et al. [10] found that the spectral ratios of
SiO; coated BAM particles do not differ from the ratios of uncoated BAM.

After issues with the phosphor’s temperature sensitivity are resolved, the next step is to perform
simultaneous stereo — PIV and temperature measurements using the single-camera lens
assembly. Modification of previously developed PTV processing routines will be required to
expand to full volumetric measurements. Finally, demonstration of full-3D capability should be
conducted in heated flows and jet flames before ultimately applying the new tool to a motored
engine.
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