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1.  Introduction

Jet engines of the future will need to have increased efficien-
cies to meet the challenges of rising fuel costs and increasing 
emissions regulations. Engine performance is strongly depen-
dent on the temperatures attained at the turbine inlet, which 
are typically limited by material degradation of the turbine 
blades. It is desirable to operate at the highest allowable 
temperatures that the turbine blades can withstand to maxi-
mize efficiency [1]. Under such conditions, methods for moni-
toring turbine blade temperature are needed to ensure that the 

material limits are not exceeded. Current methods for mea-
suring blade temperature are mainly based on optical pyrom-
etery, which can suffer from errors inherent to the gas turbine 
operating environment [2]. These errors can be substantial and 
are due to signal contamination from reflections, uncertainty 
in emissivity, and the fouling of windows by soot and other 
particulates.

Thermographic phosphors applied to the thermal bar-
rier coatings (TBCs) of turbine blades have shown promise 
as an alternative method of temperature measurement that 
may not be as prone to error [3–10]. In luminescence lifetime 
methods, a phosphor is excited by a light source and the time 
for the resulting luminescence to decay is an indicator of the 
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temperature. The method can be made robust against a bright 
flame background by selecting a phosphor with luminescence 
wavelengths that are shorter than the prominent thermal emis-
sion wavelengths so that the infrared background can be spec-
trally filtered out.

Thermographic phosphor temperature sensors have been 
applied to TBCs in turbine engines since the early nineties 
[11]. The method can involve either applying the phosphor to 
the surface of the TBC [3, 6] or embedding it as a thin layer 
within the coating [4, 5, 12–14]. The excitation light source is 
typically a laser or light emitting diode. In addition to the lumi-
nescence lifetime approach, a change in spectral distribution 
of the luminescence with temperature may also be employed 
as the sensing mechanism. However, the luminescence life-
time approach is generally found to be more accurate, espe-
cially at high temperatures, since lifetime based techniques 
can provide a higher level of immunity to window fouling 
and changes in emissivity and tend to have greater sensitivity 
compared to spectral intensity techniques [3]. Temperature 
measurements have been demonstrated using luminescence 
lifetime-based phosphor thermometry on a TBC-coated super-
alloy substrate at temperatures of up to 1400 °C in hot gas 
flows from a jet fuel spray flame [15], and on a nozzle guide 
vane at up to 1250 °C in a turbojet engine exhaust [16, 17].  
Allison et  al [8] demonstrated temperature measurements 
using a thulium-based phosphor on a stator vane in an oper-
ating engine using a fiber optic probe and found good temper
ature sensitivity during start-up and shut-down phases of 
engine operation. A later effort to measure temperatures on 
a nozzle guide vane on a full-scale aero gas turbine revealed 
challenges caused by high background emission levels for 
blades near the combustor [18]. Feist et al [19] demonstrated 
phosphor thermometry measurements of temperatures near 
500 °C on a moving turbine blade at 13 000 RPM in an oper-
ating aero engine using free-space optics to couple the laser 
into the engine and convey the luminescence signal out. The 
optics in their experiment were external to the engine, relying 
on alignment of components placed 0.4 m from the measure-
ment location.

In the present work, we report on a demonstration of tur-
bine blade temperature measurements in a full-scale aircraft 
turbofan engine using a fiber optic probe attached to the 
engine that does not rely on the alignment of beams from 
external sources into the engine. The effects of motion are 
compensated for by taking the ratio of signals from two phos-
phors, one with a luminescence lifetime that is short relative to 
the blade passing duration and the other with a longer relative 
lifetime. Interference from naturally present luminosity of the 
gases and hot surfaces in the engine is avoided by selecting 
phosphors with short wavelength emission bands.

2.  Methods

2.1.  Fundamental concepts

The method involves measuring the luminescence decay life-
time of a phosphor after a short laser excitation pulse. Higher 
temperatures result in shorter decays since a greater number of 

energy transition pathways are active. Since the luminescence 
is confined to specific spectral bands, it is possible to avoid 
interference from background laser light, blackbody radia-
tion, and reflections of the flame. Furthermore, the technique 
is based on a relative comparison of signal levels at various 
delays, so absolute intensity variations, such as those due to 
the accumulation of soot or other deposits on windows, do 
not hinder the measurement significantly. An advantage of the 
phosphor thermometry technique over conventional pyrom-
etry is that the emissivity of the coating material, which may 
vary during engine operation due to oxidation or accumula-
tion of soot, does not need to be known.

A challenge when making time-varying optical measure-
ments in an operating engine is that the collection efficiency 
changes as the blade moves. Figure 1 shows the position of 
the probe relative to the blade representing the experimental 
configuration used, in which the suction side of the blade was 
interrogated. The blade positions at the start and end of the 
measurement cycle are shown. At the start of the cycle, the 
blade enters the field of view and the solid angle of collec-
tion is given by Ω = A/r2

max, where A is the area of the laser 
spot on the blade and rmax is the probe-to-spot distance. As the 
blade moves through the field of view, the distance decreases, 
becoming rmin where it exits the field of view. Thus, the col-
lection efficiency, which is proportional to Ω, increases by 
a factor of (rmax/rmin)2 throughout the measurement cycle. 
For the present probe, the angle Δα, shown in figure 1, was 
20°, and the nominal distance from the probe to the spot 
was 25 mm. This results in a ratio rmax/rmin of 1.5, or a ratio 
Ωmax/Ωmin of 2.3. Therefore, the signal level can be expected 
to increase by a factor of 2.3 during the measurement period.

To account for this variation in collection efficiency with 
blade position, two phosphors were used, one with a lumines-
cence decay lifetime that was short compared to the measure-
ment window, and the other with a decay lifetime that was 
long. Measurements of luminescence were obtained from two 
different turbine blades adjacent to each other, each coated 
with a different phosphor. By obtaining measurements from 
both phosphors at a given engine condition, the temperature 
was related to the ratio of intensities, which is independent of 
the blade motion.

Figure 1.  Location of the probe relative to a moving blade in an 
engine.
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The signal from phosphor i, denoted Si, is modeled as a 
function of time, t, as

Si = ηq,iηtr,inσi (T) Ω (t)EL exp

Å
− t
τi(T)

ã
,� (1)

where ηq,i is the quantum efficiency of the detector, ηtr,i is 
the transmission efficiency of the optical system, σi(T) is the 
temperature dependent luminescence cross section per active 
ion (accounting for absorption and emission), n is the number 
of active ions, Ω(t) is the time dependent solid angle of collec-
tion, EL is the laser pulse energy, and τi(T) is the temperature 
dependent luminescence lifetime. Note that in equation  (1), 
the only quantities that depend on temperature are σi and τi.

Letting S1 and S2 be the short- and long-lifetime phosphors, 
respectively, their ratio, R, is

R =
S1

S2
=

ηq,1ηtr,1n1σ1

ηq,2ηtr,2n2σ2
exp

Å
−
Å

1
τ1

− 1
τ2

ã
t
ã

.� (2)

Note that the dependence on solid angle, and therefore the 
effects of blade motion, have canceled out in the ratio of sig-
nals. Equation (2) shows that if each phosphor exhibits single 
exponential decay behavior, then the ratio of the signals, R, 
also exhibits single exponential decay behavior. The effective 
decay time for R can be defined as τR  =  (1/τ1  −  1/τ2)−1. Note 
that τR is the decay time for the signal ratio, which is not equal 
to the ratio of the phosphor decay times. Because R has no 
dependence on blade motion, τR can be simply obtained by fit-
ting a single exponential to the decay of R. Basing the temper
ature measurement on the decay of R provides the significant 
simplification of eliminating the requirement of determining 
the effect of blade motion on the individual phosphor decays. 
Thus, there is no need to determine the YAP:Tm decay time by 
removing the effect of motion. Rather, the goal is to determine 
τR, which is not actually a lifetime but a mathematical con-
struct from the two decay times. As shown by equation (2), the 
effects of motion are fully removed by taking the signal ratio.

The absolute temperature sensitivity, Sabs, and relative 
temperature sensitivity, Srel, of τR are given by:

Sabs =
dτR

dT
=

1
τ 2

1

dτ1
dT − 1

τ 2
2

dτ2
dT

( 1
τ1

− 1
τ2
)

2� (3a)
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1
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Temperature sensitivity by itself is not a good predictor of 
temperature measurement precision because the signal-to-
noise ratio (ratio of signal mean to standard deviation) also 
has a large effect on measurement precision. An estimate of 
temperature measurement precision can then be given by the 
noise equivalent temperature difference (NETD) [15, 20], 
given by:

NETD =
στR

Sabs
=

…
σ2
τ1
τ 4

1
+

σ2
τ2
τ 4

2

1
τ 2

1

dτ1
dT − 1

τ 2
2

dτ2
dT

,� (4)

where στR, στ1, and στ2 are the standard deviations of τR, 
τ1, and τ2, respectively. NETD is essentially the temperature 
range associated with the uncertainties in τ1 and τ2. This 
expression can be used to minimize temperature measure-
ment uncertainty by selecting phosphors that will minimize 
the numerator and maximize the denominator. To maximize 
the denominator of equation (4), the first term of the denomi-
nator should be as large as possible while the second term 
should be as small as possible. Therefore, it is desirable to 
maximize the temperature sensitivity of phosphor 1 (in the 
temperature range of interest) while minimizing the temper
ature sensitivity of phosphor 2. The terms in the denomi-
nator also reveal that increasing τ2 has the beneficial effect 
of decreasing NETD, while increasing τ1 has the undesirable 
effect of increasing NETD. Therefore, it is beneficial to select 
a long luminescence lifetime for phosphor 2 and a short life-
time for phosphor 1. Tm-doped yttrium aluminum perovskite 
(YAP:Tm) was chosen as phosphor 1 because it has a short 
luminescence lifetime, reasonable temperature sensitivity, 
and a wide temperature range. The wide temperature range 
necessarily means that the temperature dependence cannot be 
too steep, but the sensitivity is reasonable and this phosphor 
was selected as a compromise. Dy-doped yttrium aluminum 
garnet (YAG:Dy) was chosen as phosphor 2 because it has a 
long luminescence lifetime and minimal temperature sensi-
tivity within the range of interest. These considerations, along 
with the requirement of short emission wavelengths, were the 
rationale for selecting the two phosphors used.

2.2.  Calibration

Calibration consisted of measuring luminescence decay 
times of the two phosphors over the range of relevant temper
atures. Although no blade motion was involved in the fur-
nace calibration measurements, τR could still be accurately 
determined from the decay times τ1 and τ2 obtained from 
the individual phosphor decay curves by the relationship as 
τR  =  (1/τ1  −  1/τ2)−1. The blade to be calibrated was placed 
inside a box furnace (MTI model KSL1100X) on an alumina 
stand. Holes in the door of the furnace allowed optical access 
to the blade. The beam was generated by a pulsed laser with 
a wavelength of 355 nm and pulse duration of 10 ns and had 
a diameter of about 1 mm, striking the sample at a 45° angle 
from the surface normal. The laser pulse had a duration of 
about 10 ns, a repetition rate of 200 Hz, and an energy of 
about 50 µJ. Luminescence from the measurement spot was 
collected with a 50 mm-diameter lens of focal length 100 mm 
onto the face of a fiber optic with a core diameter of 600 µm, 
which conveyed it to a photomultiplier tube (Hamamatsu 
R3896) for measurement.

The 200 Hz laser pulse repetition rate used for the cali-
bration was substantially greater than the 10 Hz rate that was 
used for the engine measurements, to be described later. The 
higher pulse rate was selected because this facilitated a more 
precise calibration, since it enabled collecting a larger number 
of decay curves over which to average. Although the pulse 
energy was lower (50 µJ for the calibration versus 3 mJ for the 
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engine measurement), this was offset by a smaller spot size 
(1 mm for the calibration versus 7 mm for the engine measure-
ment), resulting in the laser fluence being the same to within a 
factor of two. Measurements to investigate the effect of laser 
fluence on luminescence lifetime were performed at fluences 
ranging from 5 to 10 mJ cm−2, encompassing the calibration 
and engine measurement conditions. These measurements 
revealed that the measured lifetime changed by less than 2% 
over this range for both phosphors.

The collected light conveyed by the fiber to the photo-
multiplier tube passed through a bandpass filter centered at 
456 nm for the YAP:Tm phosphor and 485 nm for the YAG:Dy 
phosphor. The same photomultiplier tube was used for both 
measurements, and one measurement was performed at a 
time. The same gain settings were used on the photomultiplier 
tube for calibration and engine measurements and the signal 
levels were similar. Signals from the photomultiplier tube 
were digitized at a rate of 100 MSamples s−1 with an oscillo-
scope (Tektronix TDS3032) and transferred to a computer via 
a GPIB interface. Records of 10 000 data points were acquired 
for each laser pulse, for a total record duration of 100 µs.

The calibration procedure consisted of heating the furnace 
to a temperature of 920 °C, then turning off the furnace and 
acquiring luminescence decay records as it cooled naturally. 
In post processing, a single exponential function of time of the 
form S  =  S0e−t/τ was fit to the data over the range 1 to 4.5 µs 
after the laser pulse, which will later be shown to be a range 
of good sensitivity to temperature at engine conditions while 
staying within the time window between blade passages. 
Prior to fitting, the DC baseline, obtained from averaging the 
pre-pulse portion of the data, was subtracted off. This two-
parameter curve fit resulted in extracted values of the pre-
exponential constant (S0) and lifetime (τ) for each decay.

Two blades of the high-pressure turbine disk were used for 
the measurements and each was coated with a 25 µm-thick 
phosphor layer on top of a 200 µm thick yttria stabilized zir-
conia TBC. The phosphor layer on one blade was a YAP:Tm 
coating deposited by electron beam physical vapor deposition 
(EB-PVD), and on the other blade was a YAG:Dy coating, 

deposited by the solution precursor plasma spray method [21]. 
Figure  2 shows lifetimes obtained from the two phosphor 
coated blades, in which the data are shown as black squares 
and curve fits are shown as white lines. The temperature 
dependence of the decay from the YAP:Tm-coated blade, τ(T), 
could be fit well by a simple thermal activation energy model:

τ =
τrad

1 + αe−∆E/kT� (5)

where τrad is the non-temperature-sensitive radiative decay 
rate, α  =  τrad/τnr, where τnr is the temperature-dependent non-
radiative decay time, ΔE is the activation energy, and k is the 
Boltzmann constant. Because the decay from the YAG:Dy-
coated blade was more complex, its temperature dependence 
could not be fit well using a single thermal activation energy, 
so a dual thermal activation energy model was used to achieve 
a better fit:

τ =
τrad

1 + α1e−∆E1/kT + α2e−∆E2/kT� (6)

where ΔE1 and ΔE2 are the two activation energies, 
α1  =  τrad/τnr1, α2  =  τrad/τnr2, and τnr1 and τnr2 are the two non-
radiative decay times. The resulting fit parameters for each 
phosphor are given in table 1. It should be stressed that these 
models are only intended to provide good fits to the data and 
that the fit parameters may not be physically meaningful. The 
selected fit range of 1 to 4.5 µs after the laser pulse occurs 
during the initial, faster portion of the YAG:Dy decay and 

Figure 2.  Luminescence lifetime versus temperature for two 
phosphor-coated turbine blades, showing two subranges for each 
that exhibited exponential decay.

Table 1.  Fit parameters in equations (5) and (6) for the calibration 
data of the two phosphor-coated turbine blades.

Fit parameter YAP:Tm YAG:Dy

τrad 9.184 µs 72.94 µs
α 545.3 —
α1 — 742.6

α2 — 1.303  ×  1013

ΔE 4406 cm−1 —
ΔE1 — 5046 cm−1

ΔE2 — 24 740 cm−1

Figure 3.  Calibration curve for the ratio decay time, derived from 
the YAP:Tm/YAG:Dy phosphor pair.

Meas. Sci. Technol. 31 (2020) 044003
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therefore the lifetime values plotted in figure  2 are much 
shorter than values typically reported in the literature for 
this phosphor. While the YAG:Dy-coated blade exhibited the 
desired longer decay compared to the YAP:Tm-coated blade, 
the YAG:Dy initial decay used here did not show the desired 
delayed onset of temperature sensitivity to 1100 °C that the 
longer term YAG:Dy decay is known to exhibit. Still, the 
decay time characteristics were acceptable.

A calibration curve for the effective decay lifetime of R 
was constructed from the calibration curves of the individual 
phosphors and is shown in figure 3. This curve was obtained 
by computing τR  =  (1/τ1  −  1/τ2) at each temperature in the 
range 400 °C to 920 °C. It can be seen that every value of 
τR within this range has a corresponding unique temperature. 
The effects of the individual decays can be observed in the 
τR temperature dependence as follows. The initial downturn 
to higher temperature sensitivity at about 500 °C in figure 3 
corresponds to the onset of YAP:Tm temperature sensitivity 
in figure  2, and the upturn to lower temperature sensitivity 
at about 800 °C in figure 3 corresponds to the onset of steep 
temperature dependence of YAG:Dy in figure 2. Overall, the 
ratio decay time, τR, can be seen to have a reasonable sensi-
tivity over the range 400 °C to 900 °C.

3.  Experiment

The technique was implemented in a turbofan aircraft engine 
from a business jet with an approximate thrust of 4000 lbf 
using a custom probe, which is shown in figure 4. The probe 
consisted of a beamsplitter housed in a rugged casing attached 
to an endoscope that relayed the laser beam to the measure-
ment location and transmitted the collected luminescence 
to a fiber optic bundle attached to the photomultiplier tube 
mentioned earlier, located outside the engine. Thus, no align-
ment of beams into the engine was required, and all light 
passed into and out of the engine via fiber optics. Light from 
a 355 nm pulsed laser (pulse energy 6 mJ, pulse duration  

10 ns, pulse repetition rate 10 Hz) provided the excitation, 
and a dichroic beamsplitter was used to separate the excitation 
beam from the collected signal beam. The beam exiting the 
laser was coupled into a fiber optic that had an efficiency of 
about 50% and thus delivered about 3 mJ to the measurement 
spot, which was about 7 mm in diameter. A narrowband laser 
clean-up filter, centered at 355 nm with a 1 nm bandwidth, was 
used to remove unwanted Raman scattering, which otherwise 
resulted from the laser delivery fiber. A prism at the tip of 
the probe turned the excitation and signal collection beams by 
85°, as shown in figure 4, enabling the measurement region to 
be viewed from this angle. Signals from the photomultiplier 
tube were digitized at a rate of 100 MSamples s−1 by the oscil-
loscope mentioned earlier and transferred to a computer via 
GPIB. Various bandpass filters were used at the photomulti-
plier to select the desired luminescence band depending on the 
phosphor under interrogation.

The two blades were adjacent to each other with an angular 
separation of 8°. The probe was inserted radially into the tur-
bine case and protruded a few millimeters into the flow path 
between the high and low-pressure turbine disks. It viewed 
the suction side of the high-pressure turbine blades with a 
standoff distance of about 25 mm.

Synchronization of the laser with the engine was accom-
plished using a multichannel delay generator (Berkeley 
Nucleonics BNC-575) that was triggered by a once-per-rev 
signal from the engine provided by a proximity probe. Pulses 
were sent from the delay generator to the laser to fire the laser 
flashlamps and q-switch when the desired blade was within 
the field of view of the probe. In this way, the desired blade 
could be selected by properly setting the laser timing delay. 
Data collection occurred while the engine was operating in 
a steady mode, and consisted of setting the delay to corre-
spond to first the YAP:Tm blade, acquiring a sequence of data, 
then changing the delay to correspond to the adjacent YAG:Dy 
blade and acquiring again. The delay time offset between the 
blades was chosen to exactly correspond to 8° angular rotation 

Figure 4.  Probe for measuring turbine blade temperature in an engine using thermographic phosphors.
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so that data collection for each blade was performed over the 
same range of motion of the blade passing in front of the 
probe in order for the effects of motion, Ω(t), to cancel out of 
the ratio measurement given by equation (2). The process of 
acquiring data from both blades took about five minutes.

4.  Results and discussion

Figure 5 shows raw data acquired during engine operation 
from the YAP:Tm-coated blade, which is the fast-decaying 
phosphor, using a 10 nm bandwidth filter centered at 456 nm 
on the photomultiplier tube. The vertical axis is the lumi-
nescence signal measured by the photomultiplier tube in 
volts, and the horizontal axis is the time after a sync signal 
that was generated about 10 µs before the laser pulse. The 
curves are color coded to indicate engine speed in revolutions 
per minute, as indicated in the legend. Each curve is a phase 
average of two laser pulses while the laser was firing at a rep-
etition rate of 10 Hz. Considering the averaging, the effective 
measurement update rate was 5 Hz, and the signal voltages 
were digitized and stored on the computer. A load resistance 
at the oscilloscope of 50 ohms was used, corresponding to an 
RC time constant of about 60 ns. A small DC offset was inten-
tionally added via the oscilloscope to raise the signal level 
above zero to avoid losing data when taking the logarithm for 
later analysis. Similar data (not shown) was obtained from 
the same blade using a bandpass filter at 365 nm, which had 
similar decay rates but had signal levels that were weaker by 
about a factor of five.

Figure 7 shows luminescence signals from the same blade 
during the engine test averaged over 200 laser pulses. The 
portion of the data just before the laser pulse was used for 
determining the DC baseline, which was subtracted off before 
plotting. Figure 7 reveals that most of the temperature depend
ence seems to reside within the first 5 µs. This can be observed 
considering two regions, marked ‘1’ and ‘2’ in figure  7, in 
which the slopes of the curves in region 1 vary significantly, as 

indicated by black lines, presumably due to different temper
atures at the different engine settings, but the slopes in region 
2 are all quite similar. This behavior suggests that in addition to 
the temperature dependent decay with timescales on the order 
of a few microseconds, there was a temperature independent 
longer-lived component. The source of the longer-lived comp
onent was found to be a significant fraction of YAG:Tm (con-
firmed by x-ray diffraction) present in the nominal YAP:Tm 
blade coating. Time-resolved emission spectra were obtained, 
shown in figure  6, which revealed that spectral emission at 
long decay times was dominated by YAG:Tm.

The presence of both YAP and YAG phases from the Y2O3–
Al2O3 phase system is most likely a consequence of different 
rates of evaporation among the constituents of the ingot 
during coating deposition by EB-PVD. Since the phosphor-
coated blades were themselves used in both the calibration 
and engine measurements, any effects from the YAG phase on 
the decay time would be the same in both cases. Therefore, no 
errors specifically due to the presence of YAG are expected in 
the engine measurements. However, the shorter lifetimes of 
YAP:Tm are more beneficial from a measurement precision 
standpoint. Therefore, for the determination of temperature, 
data from this longer-lived YAG:Tm dominated region was 
discarded and only the shorter lived YAP:Tm-dominated data 
from region 1 was used.

Figure 8 shows data from the adjacent YAG:Dy blade 
during the engine tests, which is the more slowly decaying 
phosphor. Two wavelength bands of the luminescence spec-
trum were investigated, centered at 456 nm and 485 nm, 
but only the data taken at 485 nm are shown. The data from 
456 nm was similar in shape but had signals that were weaker 
by about a factor of four. Note that the effect of blade motion 
is very evident as observed by the initial increase in lumi-
nescence intensity as the blade moves towards the detector. 
Figure  8 is best understood by considering figure  1, which 
shows the geometry of the light collection system. It shows 
that the solid angle of collection is not constant but varying 
in time as the blade moves towards the probe. The increasing 
collection angle can cause the signal to rise, even though it 
is experiencing a natural decay after the laser pulse. If the 

Figure 5.  Luminescence from a YAP:Tm-coated turbine blade in an 
operating engine using a bandpass filter at 456 nm, averages of two 
laser pulses.

Figure 6.  Time-resolved emission spectra from nominal YAP:Tm 
coated blade obtained 0 µs (2.5 µs duration) and 100 µs (10 µs 
duration) after 355 nm excitation pulse.

Meas. Sci. Technol. 31 (2020) 044003
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effect of increasing solid angle is great enough to overcome 
the decrease due to natural luminescence decay, there will be 
a rise in signal with time, at least until the blade passes the 
probe and the signal disappears.

Figure 9 shows luminescence data from the YAG:Dy blade 
during the engine tests phase averaged over 200 laser pulses. 
The signal can be seen to increase with time as the blade 
moves closer to the probe, as described above and shown in 
figure 1. After the initial spike in the signal, which is due to 
laser light scattering off the blade, the luminescence signal 
rises to a maximum of 2.3 times the value at the start, con-
sistent with the geometric analysis described in section 2.1.

At a given engine speed, the data from the two blades were 
collected about five minutes apart. During this time, the engine 
was at a stable operating condition, so the temperatures of the 
blades can be assumed to be the same. Thus, the ratio of lumi-
nescence signals from the two blades should be a valid way of 
determining the temperature in this case, and time decays of 
this ratio are shown in figure 10 for a range of engine speeds. 
In each case, the ratio reaches a peak within one microsecond 

after the laser pulse, and then decays with time. The decay 
curves were approximated as single-exponential functions of 
the form given by equation (2), and the corresponding effec-
tive lifetimes were obtained from curve fits over the range of 
1.0 to 4.5 µs after the laser pulse. This range was selected 
because it provided good sensitivity to temperature, and 
should be least affected by the longer-lived YAG:Tm lumines-
cence mentioned above.

Values of τR were extracted by fitting the data shown in 
figure 10 to equation (2), and the calibration curve of figure 3 
was used for converting these lifetimes to temperatures. 
Predicted temperatures were provided by the engine manu-
facturer, which were derived from a 1D analysis based on the 
engine thermodynamic cycle model. Figure 11 shows temper
atures obtained from the thermographic phosphors (TP), 
which range from 513 °C to 767 °C, plotted together with the 
predicted temperatures over a range of engine speeds.

Due to difficulties in predicting the combustion gas temper
atures, the values shown as ‘predicted’ in figure 11 are under-
stood to be approximations. Therefore, the predictions are not 
exact, and the measured temperatures are considered to be in 

Figure 7.  Averaged luminescence from a YAP:Tm-coated turbine 
blade in an operating engine filtered at 456 nm, averages of 200 
laser pulses.

Figure 8.  Luminescence from a YAG:Dy-coated turbine blade in an 
operating engine using a bandpass filter at 485 nm, averages of two 
laser pulses.

Figure 9.  Averaged luminescence from a YAG:Dy-coated turbine 
blade in an operating engine filtered at 485 nm, averages of 200 
laser pulses.

Figure 10.  Ratio of luminescence signals from YAP:Tm blade 
(filtered at 456 nm) to the YAG:Dy blade (filtered at 485 nm).

Meas. Sci. Technol. 31 (2020) 044003
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good agreement with them. Error bars are shown for the TGP 
measurements based on the reproducibility of the calibration 
curves. The TGP data show the same trend as the predictions, 
but the temperatures are about 25 °C greater, which is within 
the measurement error. No correction has been made for small 
differences in decay time that can occur at temperatures above 
750 °C for YAG:Dy due to differences in oxygen quenching 
[6, 22] and may also occur for YAP:Tm. Differences in 
oxygen content between the calibration furnace and engine 
environments can lead to small differences in decay time at 
high temperature, but the difference has been shown to be 
above a few percent only at the very low oxygen concentra-
tions [22] that might be attained in rich-burn engine environ
ments. Temperature measurements were somewhat limited by 
the ‘contaminating’ long-lived YAG:Tm contribution to the 
decays measured from the nominal YAP:Tm blade coating. 
Because of the long-lived YAG:Tm decay component, the 
decay curve fitting window could not be extended beyond 
4.5 µs and therefore could not include the later stages of the 
YAP:Tm decay in the fitting window (figure 10). Single phase 
YAP:Tm coatings would improve the temperature measure-
ment range and accuracy, and extended temperature range 
phosphors like Y2O3:Er would enable temperature measure-
ments from engine off to maximum engine power [23].

The effective measurement time is limited by the fact that 
the data from each blade were acquired in sequence, with a 
delay between measurements on different blades on the order 
of a few minutes in this demonstration. A possible method for 
enabling shorter measurement times may be to create a phos-
phor coating containing both short and long lifetime comp
onents in a single coating, the luminescence from which can 
be separated out spectrally at the detector. This suggestion 
could enable single-shot measurements of temperature that 
may be useful for measuring transient events.

5.  Conclusions

A method of phosphor thermometry was introduced in which 
the effects of motion on the time-dependent signals was 

compensated for by utilizing the ratio of the response of a 
temperature-sensitive short-lifetime phosphor to that of a less 
sensitive long-lifetime phosphor. Temperature measurements 
on moving turbine blades during engine operation were dem-
onstrated and found to be within 25 °C of those estimated 
by the engine manufacturer over a range of engine oper-
ating conditions, which is within the measurement error. The 
method requires two phosphor-coated blades to be at the same 
temperature during the measurement, requiring steady engine 
conditions during data collection. Future variations may be 
developed for mixtures of phosphors to enable simultaneous 
long and short lifetime measurements from the same blade, 
which should enable simpler and faster measurements.
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