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Abstract

Understanding thermal ignition is critical for improving safety and performance
in aviation and process industries. However, the standard method of autoignition
testing (ASTM E659) is limited to visual observation and pointwise temperature
measurements. Recent work has demonstrated the promise of thermographic parti-
cle image velocimetry (TPIV) for obtaining full-field velocity and temperature mea-
surements in high-temperature gas flows. An experiment is designed to implement
this technique to study thermal ignition by seeding a test volume with BAM:Eu2+

phosphor particles, illuminating the flow with a combined second and fourth har-
monic Nd:YAG pulsed light sheet, imaging the scattered light for PIV analysis,
and detecting the luminescence intensity of two emission spectrum bands for tem-
perature measurements. The spectral response to temperature is investigated for
particles on a heated surface, and a temperature calibration using two-color ther-
mography was successfully performed over 20−550 ◦C using two different excitation
sources. A luminescence imaging system is designed to capture 2D intensity fields
of two emission bands, and a similar calibration is attempted on BAM:Eu2+ parti-
cles suspended in a gas flow. Challenges with the gas flow temperature calibration,
such as obtaining reliable temperature ground truth of the fluid, are identified, and
potential future approaches to successfully perform gas flow phosphor thermogra-
phy are discussed. Lastly, a 2D surface temperature calibration was successfully
performed to test the two-color thermography technique and estimate measurement
errors with more accurate ground truth temperature measurements as a proof-of-
concept before reapplying the technique to a gas flow.
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1 Background and motivation

Characterization of combustion processes is critical for ensuring safety and optimizing
performance in aviation and process industries. One phenomenon of particular impor-
tance is autoignition of hydrocarbon fuels at relatively low temperatures and standard
atmospheric pressure due to its relevance for mitigating explosion hazards on aircraft.
The standard method of autoignition testing, ASTM E659, describes one process for de-
termining chemical autoignition temperatures [1], and the results continue to serve as
industry-accepted values for aircraft certification. The test has been extensively applied
at the Caltech Explosion Dynamics Laboratory (EDL) to examine ignition of aviation
kerosene (Jet A) and fuel surrogates [2]. However, the approach is limited to visual anal-
ysis of flame luminosity and pointwise thermocouple measurements because there is no
direct optical access to the test section on the current test setup (Figure 1).

The processes involved in autoignition are not fully understood, so full-field velocity
and temperature measurements would provide valuable information to study the flow dy-
namics preceding thermal ignition. The present work aims to apply recent developments
in phosphor thermography and particle image velocimetry (PIV) to non-invasively mea-
sure velocity and temperature in autoignition experiments. First, we successfully apply
PIV to decaying and forced convection flows of phosphor particles suspended in an air
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Figure 1: (a) ASTM E659 test setup used for autoignition experiments with Jet A and
fuel surrogates and (b) cross section schematic [2].

volume. Next, we demonstrate the principle of phosphor thermography through multiple
surface temperature calibrations and by computing the 95% confidence interval width
for out-of-sample measurements over the temperature range 20− 550 ◦C to evaluate the
associated uncertainty. The sensitivity of the temperature calibration curve to excita-
tion spectrum is analyzed, illustrating the importance of matching the excitation source
used in calibration and experiment. Finally, in-situ gas flow temperature calibrations
reveal several challenges with implementing the technique with particles suspended in a
fluid, such as calibration temperature measurement reliability, low filtered luminescence
intensities, and image alignment in post-processing.

The remainder of this report is organized as follows. Section 2 describes the operat-
ing principle of PIV and two-color phosphor thermography. Section 3 summarizes the
experimental setup designed to acquire scattering and luminescence images of particles
suspended in an air volume for post-processing into temperature and velocity fields. Sec-
tion 4 summarizes progress on velocity field measurements and both surface and gas
flow temperature calibration attempts. The progress and challenges encountered in this
investigation and directions for future work are discussed in Section 5.

2 Methods

2.1 Particle image velocimetry

Digital PIV is a popular approach for performing relatively noninvasive, full-field and
time-resolved velocity measurements in liquid and gas flows [3]. The technique involves
seeding a flow with micron-sized tracer particles (e.g., oil or TiO2) that are assumed to
travel with the local fluid velocity. The validity of this assumption is determined by the
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Stokes number
Stk =

τvu0

l0
, (1)

which describes the ratio of characteristic particle kinematic relaxation time τv to char-
acteristic flow time l0/u0. For a uniform-density sphere, the Stokes flow approximation
(Red << 1) gives the kinematic relaxation time constant due to a step change in flow
velocity,

τv =
ρpd

2
p

18µs

(2)

for particle density ρp, particle diameter dp, and fluid dynamic shear viscosity µs. This is a
crude approximation of true particle geometries (Figure 2), but the spherical assumption
is conservative because any other volume-equivalent object will only equilibrate with local
flow changes in less time. The condition of strong particle adherence to the local flow
velocity is Stk << 1. For Stk < 0.1, it can be shown that the tracking error is less than
1% [4].

Figure 2: Scanning electron microscope image of BAM:Eu2+ phosphor particles (Phos-
phor Technology, Ltd.).

A dual-cavity, second harmonic Nd:YAG laser is used to illuminate the seeding par-
ticles twice in rapid succession using a series of lenses to expand the beam into a thin
light sheet inside the test volume. A properly formed light sheet reaches a thickness min-
imum, or waist, at the test section, enabling the in-plane motion of particle ensembles
to be visualized over a small inter-frame time ∆t. At each sample time, two frames are
recorded using a high-speed camera (Figure 3).

The time ∆t is tuned to achieve the desired particle displacement between frames in
each image pair. Each frame is divided into square interrogation windows sized such that
particle displacements are no more than ∼1/4 of the initial interrogation window size.
Local displacements throughout the field can be computed using a variety of algorithms,
such as direct cross correlation but more commonly direct Fourier transform correlation
using multiple passes with shrinking and deforming interrogation windows [5, 6]. A
calibration distance is applied to convert pixel displacements to length displacements,
from which the velocity field is computed using the inter-frame time ∆t. For time interval
T between image pairs, the full velocity field is obtained at a sample frequency fs = 1/T .
The timing diagram for two cycles of laser pulses and PIV camera exposures of duration
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Figure 3: Schematic illustrating the shift in a particle ensemble from t1 to t2 = t1 +∆t
used to perform PIV analysis (reproduced from [3]).

te,1 is provided to illustrate the image pair capture scheme (Figure 4, top and middle).
The vector field in Figure 5 is the final result of PIV applied to flow over a heated cylinder
with a sample frequency fs = 200Hz.

Figure 4: Laser and camera timing diagram for recording image pairs with inter-frame
time ∆t, sample frequency 1/T , PIV camera exposure te,1, and luminescence camera
exposure te,2.

Many PIV codes have been developed and verified for processing raw frames into
velocity fields. In this work, the MATLAB implementation of PIVlab [5, 6, 7] is used due
to its widespread use in the PIV community, extensive testing, and simple user interface.

2.2 Two-color phosphor thermography

Phosphor thermography is a powerful technique for high spatial resolution surface and
fluid flow temperature measurements [8]. It has been combined with PIV to study turbu-
lent combustion in internal combustion engines [9], falling droplets of diluted iso-octane
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[10], shear layers [11], fuel sprays [12], heated air jets [13], and cylinder wakes [14], among
other applications. The capability of gas flow phosphor thermography is illustrated by
temperature fields measured from experiments of flow over a horizontal heated cylinder
[14] (Figure 5).

Figure 5: Time evolution of the combined velocity and temperature field over a heated
cylinder computed using TPIV (reproduced from [14]).

The operating principle of two-color phosphor thermography is the temperature sen-
sitivity of the phosphor emission spectrum (Figure 6, left). The integrated intensity of
phosphor emission over a limited range of wavelengths depends on the local seeding den-
sity Np, the filter transmission function τ(λ), the total emission intensity temperature
dependence Q(T ), and the local laser fluence S(F ), where F = F (x, y, t). To summarize,
the intensity of emission band i scales according to [15]

Ii ∝ Np,

∫ ∞

0

E(λ, T )τi(λ) dλ, Q(T ), S(F ) (3)

where E(λ, T ) is the spectral radiance. Two emission bands can be measured to tabulate
an emission intensity ratio as a function of temperature (Figure 6, right). The advan-
tage of calibrating the intensity ratio, rather than absolute intensity, as a function of
temperature is to eliminate all dependencies except the emission spectrum temperature
dependence,

φ(T ) =
IB
IA

=

∫∞
0

E(λ, T )τB(λ) dλ∫∞
0

E(λ, T )τA(λ) dλ
(4)

and thus the measured value φ is theoretically only a function of temperature. The
phosphor host crystal, dopant ions, and bandpass filters should be selected to maximize
the fractional sensitivity of φ and total intensity measured by the detector (e.g., a CCD
camera sensor) while minimizing spatial and temporal intensity variance.

Similar to PIV, phosphor thermography relies on measuring a property of the phosphor
particles to indirectly infer the associated property in the fluid. The characteristic thermal
particle response time to a step change in temperature is given by

τT =
ρpCpd

2
p

12kair
, (5)

where Cp is the particle specific heat capacity and kair is the fluid thermal conductivity.
Equation 5 can be used to compute a thermal Stokes number (Equation 1) to ensure the
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Figure 6: BAM:Eu2+ emission spectrum due to 355 nm excitation (left) and lumines-
cence intensity ratio calibration curve (right) (reproduced from [16]).

characteristic flow time is much larger than the time required for particles to equilibrate
with the local temperature.

Full-field intensity of two emission bands can be obtained by adding two cameras
equipped with interference filters opposite the high-speed camera for PIV (Figure 7). A
beamsplitter is positioned in front of the luminescence cameras, oriented perpendicular
to one another to capture the red and blue ranges of the phosphor emission, respectively.
Unlike PIV, phosphor thermography does not require cross-correlation, so a single ex-
posure of duration te,2 to capture the first laser pulse is sufficient at each sample time
(Figure 4, bottom). The exposure can also be set to capture both laser pulses should
higher luminescence intensity be desired. A setup similar to Figure 7 has been designed
with an optically accessible test section to perform spatially and temporally resolved
temperature and velocity measurements in a gas flow.

Figure 7: Experimental setup for TPIV, including lasers, sheet optics, and cameras
equipped with interference filters to acquire scattering and luminescence intensities (re-
produced from [17]).
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3 Experimental design

3.1 Phosphor particle selection

The choice of phosphor host crystal, dopant ions, and ion concentration is critical to
minimize uncertainty in the measured temperature. A literature review was conducted to
survey phosphors previously used for gas flow phosphor thermography. Several important
properties of each phosphor are reported (Table 1): the optimal operating temperature
range Top, excitation wavelength λex, and emission lifetime τem. The emission lifetimes
are given for the lower range of operating temperatures and decrease with the onset of
thermal quenching as temperature is increased.

Phosphor Top (K) λex (nm) τem (µs) References

Eu:BAM 300–1000 266, 355 1 [18, 17, 16, 19, 20, 21, 15, 22,
23, 24, 25]

Pr:YAG 500–800 266 0.06 [23, 26, 27, 28, 29]

Ce:LuAG 600–900 355 0.06 [22, 23, 27, 30]

Ce,Pr:YAG 300–500 266 0.06 [31, 32]

Ce,Pr:LuAG 400–1000 266 0.06 [22, 31, 33, 34]

Ce:GdPO4 400–1200 266 0.031 [22, 23, 33, 35]

Ce:CSSO 400–1400 266 0.075 [33, 36]

Ce,Pr:CSSO 300–925 266 0.027 [22, 36]

Zn:ZnO 300–500 355 < 0.001 [16, 37]

Table 1: Excitation and emission properties for some phosphors used for gas flow phos-
phor thermography.

The most important phosphor selection criterion is the operating temperature range,
loosely defined as the set of temperatures where measured temperature uncertainty is
bounded by some prescribed value (e.g., σT < 30K) [23]. The fractional sensitivity of
intensity ratio is given by

ζ =
1

φ

dφ

dT
=

d

dT
(logφ) (6)

and is used to compute a theoretical temperature measurement standard deviation

σT = ζ−1η (7)

where

η =

√(
σIA

IA

)2

+

(
σIB

IB

)2

(8)

represents the normalized intensity ratio uncertainty due to variance in measured in-
tensities of each emission band. As shown by Equations 6–8, temperature variance is
minimized by selecting a phosphor with high temperature sensitivity and emission inten-
sity and using a detector with low shot-to-shot variance in measured intensity for constant
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incident intensity. These requirements are accomplished by selecting a phosphor with sig-
nificant spectral shift over the target temperature range, choosing wide bandpass filters,
one of which increases the integrated intensity with temperature and the other which is
invariant (or decreases) with temperature, and detecting the emission intensity using a
sensor with high signal-to-noise ratio.

Based on temperature traces collected from previous autoignition experiments [2], the
target temperature range for this investigation is 400–850 K. For this work, we chose the
phosphor BAM:Eu2+, which has been studied extensively for flow thermometry due to
its high quenching temperature, broadband excitation spectrum, and reasonably large
operating temperature range. It is a suitable phosphor for simultaneous velocity mea-
surements because it emits in the blue region, which prevents interference with 532 nm
light scattered for measurements using a conventional PIV setup. Additionally, its ab-
sorption spectrum allows for excitation by either 355 nm or 266 nm (Figure 8), which
was an important consideration for this project because multiple excitation sources were
applied for various surface and gas flow temperature calibration attempts.

Figure 8: Excitation (dotted line) and emission (solid line) spectra of BAM:Eu2+ at
room temperature (reproduced from [38]).

As described in Section 2, the measurement techniques employed for this project di-
rectly measure properties of the phosphor tracer particles to infer the associated property
in the fluid. Consequently, it is critical to ensure the seed particles faithfully track both
the local velocity and temperature of the flow. The characteristic kinematic time constant
using room temperature properties of air and approximate thermal and mechanical prop-
erties of BAM:Eu2+ was found to be τv ≈ 46µs, and the characteristic thermal relaxation
time was computed to be τT ≈ 40µs. Both characteristic times are orders of magnitude
smaller than the maximum expected flow timescale, which validates the assumption of
local equilibrium with the flow.

3.2 Light generation

The experimental setup consists of a light generation system, a test section, and a scat-
tering and luminescence detection system (Figure 9).

A second harmonic generator (SHG) and sheet-forming lens system (Figure 10) were
designed to generate sheets of light containing second and fourth harmonics of the
Nd:YAG lasing medium (532 and 266 nm) for scattering and particle excitation, respec-
tively. The output of a dual-cavity second harmonic Nd:YAG laser (Quantel EverGreen
model EVG00070) was processed by a half-wave plate (Thorlabs WPH05M-532) to rotate
the linear polarization of the light before entering a high-power polarizing beamsplitter
(Thorlabs PBS25-532-HP).
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Figure 9: Experimental setup (top view) for second harmonic generation, sheet-forming,
and imaging of particle scattering and emission. λ/2: half-wave plate, PBS: polarizing
beamsplitter, HBS: harmonic beamsplitter, BS: beamsplitter, L: lens, C: camera, M:
mirror, SDG: signal delay generator, BD: beam dump.

Figure 10: Schematic of the SHG and sheet-forming lenses used to produce a combined
532/266 nm light sheet.

The p-polarized component of the beam was transmitted through the polarizing
beamsplitter while the s-polarized component was reflected. The transmitted compo-
nent passed through a harmonic beamsplitter (Thorlabs HBSY134) before entering the
sheet-forming optics (L1, L2, and L3), and the reflected component was guided by a high-
power mirror (Thorlabs NB1-K12) through a nonlinear crystal (Edmund Optics #24-197)
mounted on a precision rotation mount inside a cage cube for fine angular adjustment.
A harmonic beamsplitter placed after the crystal reflected the fourth harmonic while
transmitting and discarding excess second harmonic light. A second harmonic beam-
splitter (Thorlabs HBSY134) was used to recombine the second and fourth harmonic
beams before sending both through the sheet-forming optics.

UV fused silica AR-coated lenses were used to expand the beam into a thin sheet of
light inside the test section. The lens types and focal lengths for lens 1 (L1), lens 2 (L2),
and lens 3 (L3) are given by, respectively, a bi-concave spherical lens (f1 = −50mm),
a plano-convex cylindrical lens (f2 = +100mm), and a bi-convex spherical lens (f3 =
+500mm). A 2D ray-tracing program was written to compute the laser sheet height at
the waist (Figure 11).
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Figure 11: Side and top views of the laser sheet profile calculated using 2D ray-tracing
with the small angle approximation.

3.3 Test section and particle seeding

A test section (10 cm × 10 cm × 10 cm) was designed to contain the particles suspended
in a heated mixture. The system was fabricated using a copper base plate with vertical
extruded metal standoffs with channels to accept transparent windows, two of which
were chosen to be quartz to transmit UV light. A stainless-steel sheet was placed atop
the metal standoffs to prevent particle leakage while remaining open to the atmosphere.
Holes were drilled in the sheet to accept a segment of copper tubing (to be discussed)
and a thermocouple.

Preliminary experiments to test solid particle suspension using the fan from oil particle
PIV experiments proved this approach would not work due to particle agglomeration and
sticking to the test section walls. A simple seeding mechanism was implemented by
impulsively forcing the particles with a short blast of air (Figure 12).

Figure 12: Test section and seeding mechanism for suspending tracer particles inside
an enclosed air volume.
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A compressed air supply was connected to a normally closed valve and fitted to a
piece of copper tubing (�1/16 in) positioned inside the test section through a hole in
the stainless-steel cover. A flow-adjustment valve was added downstream to modulate
the flow rate. A tube cap was fixed to the copper base plate and used to contain the
particles prior to suspension. The test section was heated using a hot plate capable of
reaching surface temperatures up to ∼ 625 ◦C. To provide the temperature associated
with calibration data, a thermocouple was suspended inside the test volume away from
the copper tubing (Figure 21).

3.4 Scattering and luminescence detection

An imaging system was required to measure scattered light and luminescence intensity
of the seeded phosphor particles. The setup used for this project consisted of a Vision
Research Phantom v710 high-speed camera (C1) and two PCO 2000 monochrome CCD
cameras (C2, C3) (Figure 13). The high-speed camera was equipped with a 105-mm
lens (Nikon AF Micro-NIKKOR, 105mm f/2.8), and 50-mm lenses (Nikon AF NIKKOR,
50mm f/1.8) were attached to the two CCD cameras. A 50:50 beamsplitter cube (Thor-
labs BS031) was used to divide light between the CCD cameras to capture full images
of two emission bands. A 532-10 nm bandpass filter (Edmund Optics #65-216) was
placed in front of C1 to measure scattered light for PIV analysis and an angled 515 nm
longpass colored glass filter (Edmund Optics #14-495) to prevent reflected luminescence
from interfering with the phosphor emission images. The first luminescence camera (C2)
detected the long wavelengths of the emission spectrum using a 450-25 nm filter (Ed-
mund Optics #86-665), and the second luminescence camera (C3) detected the short
wavelengths using either a 400-50 nm or 425-50 nm filter (Edmund Optics #84-793 and
#86-961, respectively).

Figure 13: Scattering and luminescence imaging systems for PIV and phosphor ther-
mography, respectively.

The pulsed laser and all cameras C1, C2, and C3 were synchronized to an internally
triggered signal delay generator (Berkeley Nucleonics Series 575).

3.5 Phosphor surface spectroscopy

To test the emission spectrum response to temperature changes prior to attempting a
gas flow calibration, surface spectra were recorded using a continuous wave broadband
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Figure 14: Signal delay generator timing diagram. Outputs are connected to (A) laser
cavity 1, (B) laser cavity 2, (C) PCO 2000 CCD cameras, and (D) Phantom v710 high-
speed camera.

UV excitation source. Bulk powder BAM:Eu2+ was placed on a horizontal stainless-
steel sheet and rested on a hot plate. The output of a laser-driven light source (LDLS)
(Energetiq Model EQ-99X-FC) was passed through a filter (SCHOTT UG11, Edmund
Optics #84-899) to extract only UV wavelengths from the broadband output (Figure
15). A focusing lens connected to a spectrometer (Ocean FX Miniature Spectrometer)
was directed toward the pile of phosphor powder and used to measure luminescence
intensity versus wavelength.

Figure 15: Surface temperature calibration setup (top view) using broadband UV exci-
tation and phosphor emission measurements using a spectrometer.
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4 Results

4.1 PIV with BAM:Eu2+

The test section and seeding mechanism were tested by performing PIV experiments of
decaying and forced convection flows using BAM:Eu2+ seed particles. The test volume
was seeded with < 5mg phosphor powder, but the exact quantity was below the preci-
sion of the digital balance and thus could not be measured. Several tests were executed
using various impulse intensities achieved using a flow-adjustment valve to change the up-
stream pressure in the tube. Preliminary investigations were performed to determine the
magnification required to resolve light scattered off the BAM:Eu2+ particles over multiple
pixels, which was found to be critical for successful PIV analysis. The field-of-view (FOV)
was measured using a dotted calibration target and found to be 1.18 in × 0.89 in. Image
pairs were collected at the maximum laser repetition rate, fs = 15Hz and an inter-frame
time ∆t = 620µs. Manual validation was applied by rejecting vectors outside half the
maximum interrogation window size. A parametric study was performed to analyze the
sensitivity of calculated displacement fields on image preprocessing, and no significant
difference was observed. Example displacement component fields (horizontal and vertical
components u and v, respectively) are provided to illustrate the post-processed result
prior to length scale calibration and division by ∆t (Figure 16).

Figure 16: Example of post-processed pixel displacement field (left: u, right: v) from
data collected by the PIV system with BAM:Eu2+ tracer particles.

This investigation confirmed successful particle suspension using the proposed seeding
approach and verified the feasibility of obtaining sufficient scattering intensity for running
the PIV algorithm. However, there is a fundamental limitation on the maximum FOV
possible for a given camera sensor pixel array and particle size distribution. Several
Nikon lenses with various focal lengths were tested to maximize the FOV without leading
to a significant number of spurious vectors in the post-processed results from PIVlab.
The FOV reported above (1.18 in × 0.89 in) was nearly the maximum achievable in this
study, which is quite small compared to the overall test volume size. This will need
to be considered for future experiments where a larger FOV is desired, especially for
overlapping the results with calculated temperature fields.
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4.2 Surface phosphor thermography

4.2.1 Broadband UV excitation

BAM:Eu2+ particles were first applied to a sheet of borosilicate glass, and the emis-
sion following broadband UV excitation by the LDLS was visualized to verify sufficient
luminescence for phosphor thermography (Figure 17).

Figure 17: Surface adhesion and emission of BAM:Eu2+ particles captured on a smart-
phone camera.

Due to the low thermal conductivity of glass and the difficulty of fixing a thermocouple
precisely to the location of excited particles without interfering with the signal, a stainless-
steel sheet was instead used for temperature calibration measurements. The phosphor
luminescence intensity and emission spectrum dependence on temperature were measured
using the setup in Figure 15. A Type K thermocouple was welded to the center of
the stainless-steel sheet, and emission spectra were recorded at several temperatures by
increasing the hot plate heating rate and waiting 15-25 minutes for the temperature to
reach a steady value (less than 2K/min drift). Prior to recording each spectrum, an
image without any particle luminescence, a so-called “dark” image, was saved and later
subtracted from the data image to isolate the intensity due to particle emission only. A
1-second integration time was applied to obtain high signal for recording data images,
particularly at high temperatures when thermal quenching reduces the total emission
intensity.

The normalized emission spectra during heating and cooling the plate illustrate the
spectral broadening and blue-shift with increasing temperature (Figure 18). Except at
long wavelengths where the emission signal decays close to zero, the collected spectra
are found to be considerably less noisy than previous measurements due to improved
positioning of the test article and focusing lens. UV interference from the filtered LDLS
output (< 390 nm) was minimized by strategic positioning of the spectrometer to reduce
UV reflection entering the lens.

To simulate the two-color intensity ratio calibration that will be applied for gas flow
measurements, the transmission functions of two bandpass filters (Thorlabs FBH400-40
and FBH460-10) were used to digitally integrate against the measured spectra, and the
simulated intensity ratios were plotted against temperature (Figure 19). A least-squares
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(a) Heating phase (b) Cooling phase

Figure 18: Normalized spectra collected during the heating and cooling phases of a
horizontal stainless-steel plate on a hot plate.

quadratic fit was applied to the heating data, and the difference between predicted tem-
perature using the calibration curve and the thermocouple measurement of each cooling
data point was evaluated (Figure 19, right). There is a clear and consistent bias for the
measured intensity ratio to predict a temperature substantially lower than the thermcou-
ple reading, particularly at higher temperatures.

Figure 19: Simulated temperature calibration curve and out-of-sample measurement
errors using example bandpass filters commonly employed for phosphor thermography.

The bias can be attributed in most part to thermal non-equilibrium between the ther-
mocouple and phosphor particles. For the spectrometer to obtain sufficient signal for
these measurements, the region of particle illumination had to be made larger than the
thermocouple bead, which inevitably introduces a mismatch in the particle and ther-
mocouple temperatures due to spatial temperature gradients. The direction of the bias
further indicates a strong effect of thermal transients on the disparity in temperatures,
which appears to widen at high temperatures when the magnitude of heating is larger
and the temperature gradient between the heated surface and atmosphere becomes ex-
tremely sharp. The phosphor particles were placed on top of the thermocouple, so it is
possible that convective heat transfer with the atmosphere led to lower predicted phos-
phor temperatures, as observed. Finally, it should be noted that the heating phase data
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used for calibration are equally liable to be in error as the cooling data. Therefore, we
must not ascribe the blue data and quadratic regression as ground truth. It is useful only
to consider the difference in temperatures predicted by the heating and cooling phases
rather than suggesting one data set is in error to the other.

4.2.2 266 nm excitation

To assess the feasibility of using an alternate excitation source for BAM:Eu2+ temper-
ature calibration, a procedure similar to that described in Section 4.2.1 was performed
using the 266 nm pulsed laser to compare the emission spectra and calibration curve to
those obtained using the broadband UV excitation. A calibration curve was constructed
for each excitation source (LDLS and 266 nm) using the filters 425-50 nm and 450-25 nm
with 95% confidence intervals superposed to illustrate the distribution of new measure-
ments (Figure 20). The most important conclusion from this investigation is the emission
spectrum dependence on excitation spectrum, which shows that the excitation spectrum
used in experiment must match that applied for calibration.

Figure 20: Comparison of the calibration curve generated using BAM:Eu2+ phosphor
particles with different excitation spectra (left) and temperature measurement standard
deviations (right).

4.3 Gas flow 2D intensity ratio measurements

The surface spectroscopy results served to verify the measurement principle and inform
selection of bandpass filters for gas flow phosphor thermography. Initial testing was
performed using the filter combination 400-50 nm (Edmund Optics #84-793) and 450-
25 nm (Edmund Optics #86-665), but the 400-50 nm filter was found to attenuate the
detected signal so greatly that the luminescence image differed little from the background
image. This component was exchanged for a 425-50 nm filter (Edmund Optics #86-961),
which captures approximately five times the integrated intensity at room temperature.

Examples of raw filtered luminescence images collected by the PCO cameras are given
to provide a qualitative visualization of measured intensity and seeding concentration
(Figure 21). Due to the small particle size, there exist large local intensity gradients
that suggest the importance of excellent image alignment prior to pixelwise division for
two-color intensity ratio temperature calibration. Alternatively, software binning has
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been shown to reduce spatial variance of intensity ratio fields at the expense of spatial
resolution.

Figure 21: Luminescence intensity measured by PCO 2000 monochrome cameras with
425-50 nm (left) and 450-25 nm (right) bandpass filters.

Luminescence images were collected at several temperatures for decaying convection
flows following particle suspension. The temperatures were recorded using a thermocou-
ple suspended in the test volume, but this reading likely cannot be relied upon for an
accurate calibration due to poor thermal contact between the thermocouple and fluid (air
is a poor conductor), temporal transients especially during particle suspension, and high
spatial gradients of emission intensity. In spite of this limitation preventing a full gas
flow calibration, the raw intensity images were post-processed by performing background
subtraction, cutoff filtering, 4 × 4 software binning, and image registration to compute
intensity ratio fields (Figure 22). Note that intensity ratio field values outside the region
of phosphor excitation, such as the jump in magnitude at the bottom of Figure 22 or
the region masked by the thermocouple or copper tubing, cannot be relied upon for cali-
bration or experimental temperature measurements due to their misrepresentation of the
flow field and lack of luminescence signal. Despite the nonuniform particle seeding den-
sity and laser sheet profile (Figure 21), this spatial variance is not as pronounced in the
intensity ratio fields (Figure 22), a promising result for future attempts at implementing
gas flow phosphor thermography.

The change in intensity ratio due to the temperature increase is evident in the above
figures. However, even with 4×4 software binning, the standard deviation of the field over
the luminescence region is too large for a useful temperature calibration. For example,
at 24 ◦C, the spatial mean intensity ratio is φ = 0.902, and the standard deviation is
σφ = 0.122. The intensity ratio standard deviation decreased for the 71 ◦C and 113 ◦C
measurements but increased dramatically at higher temperatures due to decreasing signal
from thermal quenching.

To obtain reliable calibration data for gas flow experiments, several challenges must
be solved. First, there must be greater thermal contact between the temperature truth
measurement device and the phosphor particles, which is accomplished by fixing ther-
mocouples to a copper plate holding the particles. Next, the calibration will work best
with higher particle density (without saturating the CCD sensor) because higher inten-
sity reduces the intensity ratio uncertainty. Finally, accurate image alignment is critical
to ensure the pixel-wise image division matches locations in physical space for intensity
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Figure 22: Intensity ratio fields for thermocouple readings 71 ◦C (left) and 113 ◦C (right).
Note that these temperatures were not yet used for a full calibration due to limitations
discussed in the text.

ratio calculation.

4.4 2D surface temperature calibration

The above improvements were implemented in a 2D surface temperature calibration to
obtain the necessary data for measuring temperature using 266 nm excitation and PCO
camera images. The inhomogeneous spatial distribution of particles in bulk powder form
posed a challenge for obtaining quality results due to its effect on the spatial luminescence
intensity variance, which caused some CCD pixels to receive no light and others to become
saturated. To overcome this challenge, BAM:Eu2+ particles were adhered to a copper
plate (5 cm × 5 cm) by dissolving the particles in water, painting the solution on the
surface using a brush, and heating the plate to 30−40 ◦C to evaporate the liquid, leaving
behind a thin coat of particles. Although there was visible nonuniformity in the resulting
film, the particle mass distribution was a significant improvement over the bulk powder
approach and prevented the particles from moving during calibration data collection.

Four thermocouples were fixed around the perimeter of the copper plate using screws,
and the thermocouples were insulated to ensure contact with the copper only (Figure 23).
After depositing the phosphor film, the plate was placed on a hot plate, and alignment
images were captured to perform control point image registration using features visible
from ambient room lighting. Thirty offset frames (with no particle excitation or extra-
neous light) were collected. Intensity fields were captured by the two PCO cameras at
seven temperatures ranging from 22 ◦C to 422 ◦C. Temperature data were collected at 1
Hz over 30 seconds to verify low temporal temperature variance at the time of intensity
ratio field capture. The mean of the four thermocouple time-series means,

T =
1

4

4∑
i=1

1

30

30∑
k=1

Ti(tk), (9)

was used as the temperature of each calibration point.
The steps of image post-processing used to convert each pair of intensity fields to

intensity ratio fields were (1) offset subtraction, (2) image registration, (3) software bin-
ning, and (4) image division. A region of interest A containing n pixels was established
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Figure 23: Copper plate with thermocouples attached prior to surface deposition of
phosphor particles.

by manually selecting illuminated points inside a user-specified polygon. At each time
tk, a spatial average intensity ratio was computed by

φk(T ) =
1

n

∑
{(i,j)∈A}

φi,j,k(T ), (10)

where φi,j,k denotes the intensity ratio at pixel (i, j) at time tk. The spatial standard
deviation of each image pair’s intensity ratio was computed at each time by

σ̂φk
(T ) =

√
1

n− 1

∑
{(i,j)∈A}

(φi,j,k(T )− φk(T ))
2. (11)

Time-series plots of spatial mean and standard deviation of the intensity ratio are given
for all tested temperatures using 2× 2 and 4× 4 software binning in Figures 24 and 25,
respectively. These results illustrate that increasing the number of binned pixels does
not change the mean measured intensity ratio but reduces the time-average of spatial
standard deviation.
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Figure 24: Time-series intensity ratio spatial mean and standard deviation over thirty
frames at seven calibration temperatures using 2× 2 software binning.

Figure 25: Time-series intensity ratio spatial mean and standard deviation over thirty
frames at seven calibration temperatures using 4× 4 software binning.
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The temporal mean and standard deviation of these spatial quantities were computed
according to

φ(T ) =
1

nT

nT∑
k=1

φk(T ) (12)

and

σ̂φ(T ) =
1

nT

nT∑
k=1

σ̂φk
(T ), (13)

where nT denotes the number of frames used to compute the time-averaged statistics.
These estimates φ(T ) and σ̂φ(T ) were used to construct a calibration curve with ±1σ
bounds. Two calibration curves were constructed, one using 2× 2 software binning and
the other using 4× 4 software binning (Figure 26).

Figure 26: Calibration curves using spatial mean intensity ratio and ±1σ
bounds with 2× 2 (left) and 4× 4 (right) software binning.

Several lessons were learned throughout the process of obtaining and post-processing
data for 2D temperature calibration. First, the image alignment was found to be of
paramount importance in obtaining low-variance intensity ratio fields, especially in pre-
liminary experiments with nonuniform phosphor particle density and thus high intensity
gradients. This was less important for the particle film created by the dissolution and
evaporation technique, which promoted more uniform particle density, but still critical
due to the nonuniform excitation laser profile. Next, one limitation of the present fil-
ter combination evident in the calibration curves is the simultaneous increase in spatial
variance σφ and decrease in fractional sensitivity φ′/φ, as well as the decrease in over-
all luminescence intensity arising due to thermal quenching. These effects compound
to drastically increase the temperature measurement uncertainty given in Equation 7.
Consequently, a new filter combination with a more linear calibration curve profile may
be necessary for future experiments at higher temperatures (T > 300 ◦C). Lastly, the
calibration temperature “ground truth” used to construct the curves in Figure 26 were
based on the temporal mean of four thermocouples surrounding the particles, so there
are multiple sources of unaccounted error in the temperature measurements that should
be considered in a more detailed statistical analysis of the calibration results.
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5 Conclusions and future work

In this project, an experiment was designed to obtain simultaneous velocity and temper-
ature measurements inside a gas mixture using TPIV. Phosphor particles were selected
based on a target temperature range for measuring thermal ignition. The experimental
setup consisted of a dual-cavity pulsed laser, a second harmonic generator, sheet-forming
lenses, a test section, and scattering and luminescence detectors.

PIV was performed using BAM:Eu2+ phosphor particles, which have a ∼10X smaller
median diameter than the oil droplets used in previous studies. This investigation found
that a higher magnification is required for BAM:Eu2+ than oil particles due to size and
lower scattering efficiency. This poses a fundamental limit on the physical field-of-view
achievable with the present setup for a fixed CMOS sensor resolution.

Two-color thermography using BAM:Eu2+ with continuous, broadband excitation and
single-line excitation (266 nm) was applied to generate temperature calibration curves
and their associated 95% confidence intervals for out-of-sample measurements over the
temperature range 20−550 ◦C. The calibration curves were found to have non-overlapping
95% confidence intervals above 160 ◦C with the gap widening at higher temperature.
This proves the importance of using the same excitation spectrum in calibration and
experiment.

In-situ gas flow calibration has yet to be successful due to challenges associated with
large temperature gradients in the test volume, thermal non-equilibrium between the air
and thermocouple, and lack of luminescence intensity as the particles settle following im-
pulsive suspension. However, a successful 2D surface calibration using 266 nm excitation
motivates continued work on gas flow calibration by developing a more accurate system
for measuring temperature ground truth. An in-situ calibration will provide data to con-
vert gas flow intensity ratio images into full temperature fields, enabling visualization of
a combustible mixture prior to ignition.
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[12] J Brübach, A Patt, and A Dreizler. Spray thermometry using thermographic phos-
phors. Applied Physics B, 83:499–502, 2006.
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