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WALL TEMPERATURE MEASUREMENTS IN GAS TURBINE COMBUSTORS WITH
THERMOGRAPHIC PHOSPHORS

Patrick Nau; Zhiyao Yin, Oliver Lammel, Wolfgang Meier

Institute of Combustion Technology
German Aerospace Center (DLR)
70569 Stuttgart, Germany

Email: patrick.nau@dIr.de

ABSTRACT

Phosphor thermometry has been developed for wall temper-
ature measurements in gas turbines and gas turbine model com-
bustors. An array of phosphors has been examined in detail for
spatially and temporally resolved surface temperature measure-
ments. Two examples are provided, one at high pressure (8 bar)
and high temperature and one at atmospheric pressure with high
time resolution.

To study the feasibility of this technique for full scale gas
turbine applications a high momentum confined jet combustor at
8 bar was used. Successful measurements up to 1700K on a ce-
ramic surface are shown with good accuracy. In the same com-
bustor, temperatures on the combustor quartz walls were mea-
sured, which can be used as boundary conditions for numerical
simulations.

An atmospheric swirl-stabilized flame was used to study
transient temperature changes on the bluff body. For this pur-
pose, a high-speed setup (1 kHz) was used to measure the wall
temperatures at an operating condition where the flame switches
between being attached (M-flame) and being lifted (V-flame) (bi-
stable). The influence of a precessing vortex core (PVC) present
during M-flame periods is identified on the bluff body tip, but not
at positions further inside the nozzle.

*Address all correspondence to this author.
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NOMENCLATURE
Acronyms
FFT Fast Fourier Transformation
FLOX Flameless oxidation
HBK-S Optical high-pressure test rig of the DLR
Institute of Combustion Technology
LIF Laser Induced Fluorescence
LIP Laser Induced Phosphorescence
PIV Particle Image Velocimetry
PMT Photomultiplier Tube
PVC Precessing Vortex Core
TBC Thermal Barrier Coating
uv Ultraviolet
YAG Yttrium Aluminum Garnet
Symbols
A Amplitude of exponential decay curve
f Focal length
(1) Intensity of signal at time ¢
o Offset
T Temperature
t Time

Istart: tend ~ Start and end time of the fitting window

X, Y, 2 Burner coordinates

A Air excess ratio

c Standard deviation

T Phosphorescence decay rate
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INTRODUCTION

The wall temperatures of gas turbine combustors play an im-
portant role in the performance of gas turbines. In order to pro-
tect the wall material from excessive temperatures, cooling air
is needed. However, this reduces the efficiency of the gas tur-
bine and can cause higher CO emissions due to the presence of
cold zones near the walls. An exact knowledge of the wall tem-
perature is important to determine an optimal cooling air flow.
Furthermore, numerical simulations are generally applied for the
development of gas turbines. To evaluate and improve the re-
liability of numerical predictions, comprehensive data sets are
needed in technically-relevant flames under elevated pressures
with well-defined boundary conditions. An important parameter
in this respect is the temperature of the combustor wall. Increas-
ing attention has been drawn in recent years to heat loss to the
confinement and the influence on flame stabilization. Due to the
lack of accurate measurements, this is often neglected in numer-
ical simulations e.g. with assumed adiabatic walls.

Various wall temperature measurement techniques exist.
Online techniques (like thermocouples, or pyrometry) can pro-
vide time-resolved temperatures, while offline techniques (like
thermal paints) can only provide the maximum temperature dur-
ing the experiment. Thermocouples are widely used, well un-
derstood and can provide temperatures with high accuracy. Be-
cause a thermocouple requires direct contact to the component of
interest, it is intrusive, which is the main drawback of the tech-
nique. Furthermore only point measurements are possible and
the wiring can be difficult.

Pyrometry offers several advantages compared to thermo-
couples. It uses the thermal radiation emitted from the sample
to obtain the temperature and is therefore non-intrusive. A high
temporal and spatial resolution of the measured temperature is
possible. However the technique can suffer from flame emis-
sions and reflected radiation in combustors [1,2]. These effects
can limit the accuracy in gas turbine applications.

A widely applied offline measurement technique is ther-
mal indicating paint. These paints undergo an irreversible color
change, when heated above a certain temperature. The color
change is interpreted after testing and isotherms at the color
change temperature are obtained [3]. Other techniques use the
physical change of a material due to heat treatment. Thermal
crystals are irradiated before the experiment and later analysed
with X-ray diffraction to obtain the temperature [4]. Thermal
history paints rely on ceramic materials doped with lumines-
cent transition or rare-earth ions [5]. The luminescent lifetime
changes irreversibly, when treated with high temperatures. This
change in lifetime is measured precisely after testing. One of the
advantages of offline techniques is that they do not require optical
access to the surface of interest during testing. As a main draw-
back only the maximum temperature during testing is obtained.
Therefore a large number on individual tests may be needed.

As an alternative, surface thermometry with laser-induced
phosphorescence (LIP) employing temperature-sensitive phos-
phorescent particles can provide precise temperature measure-
ments with high spatial and temporal resolution [6-9]. For this
purpose, the surface is coated with a thin phosphorescent layer,
similar to thermal history paints. However, the change in lu-
minescent lifetime is reversible and therefore the temperature is
measured online. The phosphorescent particles usually consist
of a ceramic host doped with transition or rare earth metals. Af-
ter excitation by a light source (mostly ultraviolet (UV), prefer-
eably a short pulse laser), these materials emit light after several
internal energy transfer processes. At high temperatures the non-
radiative quenching reduces the lifetime of the phosphorescence.
Because of the resulting temperature dependence of the lifetime,
this approach is often used to obtain the temperature from the
temporal decay of the phosphorescence. The temperature depen-
dence of the thermal quenching depends on the actual energy
levels and is therefore material specific. It can often be described
by an exponential dependence on the energy gap [10, 11]. Al-
ternatively to the decay rate method, the intensity ratio of two
emission lines can be used for some phosphors to determine the
temperature [12]. This approach is generally much less sensi-
tive [13].

One phosphor is typically sensitive in a range of about 300—
400 K. Moreover, the decay rate of the phosphor at the temper-
ature of interest must be considered, when high temporal reso-
lution is required [14]. Some applications in gas turbines have
already been reported. Examples include temperatures on stator
vanes [15, 16] or on rotating turbine blades [17].

Critical aspects of the technique for measurements in gas
turbines are the maximum temperature range and high tempo-
ral resolution, to capture transient changes or for measurements
on moving objects. In this work we want to address both as-
pects. For applications in a full scale gas turbine, or a gas tur-
bine model combustor, wall temperatures cover a few hundred
Kelvin up to almost 2000 K. For this broad temperature range
several phosphors have to be used. We will present results from
five phosphors (Al,03:Cr (ruby), YAG:Dy, YAG:Eu, YAG:Tb
and Mg4FGeOg:Mn) and discuss their sensitivity and reliabil-
ity. These phosphors will allow wall temperature measurements
from room temperature up to 1800 K. Two applications will be
shown to demonstrate wall temperature measurements at high
temperatures (up to 1800 K) and pressures (8 bar), and with high
temporal resolution (1 kHz) using a high-speed laser and cam-
era system. While conditions in the high pressure combustor are
close to conditions in a full scale gas turbine, an atmospheric
pressure combustor was used to demonstrate the high-speed ca-
pabilities of the technique for capturing transient wall tempera-
ture changes.
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EXPERIMENTAL SETUPS AND DATA EVALUATION

Depending on the experiment, different optical setups were
used. Phosphor samples were excited either with a Nd:YAG
laser (532nm, 355nm or 266nm) or a high-speed dye laser
(283 nm), while phosphorescence signals were detected with a
photomultiplier tube (PMT), a spectrometer or a high-speed cam-
era.

Data evaluation
The phosphorescence signal can be described as an expo-
nentially decaying curve

I(t)=04A-e7'/7 (1

with intensity / at time ¢, amplitude A, offset 0 and decay rate
7. The offset was substracted from the measurement data before
further data analysis. For decay curves acquired with a PMT
and oscilloscope the region of the time trace just before the de-
cay curve was used to determine the offset 0. For measurements
with a camera the offset was determied from a background im-
age with the laser beam blocked. The decay rate is determined
with a nonlinear least-square fitting process. However, in reality
the decay curve shows multi-exponential behavior. For a multi-
exponential curve the number of free fitting parameters is very
high, therefore it is not practical to fit this to the measured sig-
nal. Instead a mono-exponential model is combined with a care-
fully controlled fitting window. This is necessary, because for
multi-exponential decays the determined decay rate depends on
the section of the decay curve used for the data evaluation. One
approach proposed by Briibach er al. [18] defines the start and
end time (fstart and fopq respectively) of the fitting window based
on the decay rate (fstart = ¢1 X T and tepq = ¢2 X 7). Therefore an
iterative fitting process is needed to determine 7. This approach
is useful for curves with pronounced multi-exponential behavior
or in case of a short spike (e.g. from interfering fluorescence
or laser scattering) at the beginning of the curve. Alternatively
the fitting window is described as the time, when the intensity
has dropped below a certain fraction of the initial amplitude A.
This approach is for example often used for Cavity Ring-down
Spectroscopy [19], but only useful for weak multi-exponential
behavior.

Calibration and characterization

Before measuring temperatures with a thermographic phos-
phor, calibration measurements must be performed. For this pur-
pose the sample (powder or coated surface) was placed inside a
furnace (LAC, VP 10/16, Boldt Wirmetechnik GmbH) and a ref-
erence thermocouple (type B or type K) was placed as close as
possible to the sample. The decay rate of the phosphorescence

was then measured at different temperatures. Excitation and de-
tection setup and data evaluation procedures were kept as close
as possible to the conditions during the actual temperature mea-
surements to avoid systematic errors.

In addition to decay rate measurements, emission spectra of
the phosphors were measured. For these measurements the phos-
phor sample was placed inside a furnace to perform measure-
ments at elevated temperatures. Spectra at high temperatures
were captured with an echelle spectrograph (ESA 4000EV/i,
LLA Instruments GmbH) equipped with an intensified camera.
Gating of the camera helps to suppress the thermal background
at high temperatures. Room temperature spectra were cap-
tured with a Czerny-Turner spectrometer (AvaSpec-2048-USB2,
Avantes).

Phosphor coating

Phosphor coatings were applied with a mixture of a commer-
cial binder (Zyp coatings) with the phosphor powder (Al,O3:Cr,
YAG:Dy and YAG:Eu from Phosphor Technology, YAG:Tb from
Leuchtstoffwerk GmbH and SV67 from Osram GmbH). A mix-
ing ratio of 0.1 g phosphor powder to 1 mL binder was used. The
mixture was spray painted onto the surface with an air brush
(Badger 100). To increase homogeneity of the coating, several
layers were painted on the window and dried with a heat gun
after each layer. After that, the substrates were heated in a fur-
nace at 350 °C for 1h and 1000 °C for 1 h. The layer thickness
was controlled with a coating thickness gauge (Sauter, TE 1250-
0.1FN) to achieve a thickness of about 20 pm. In previous stud-
ies [20] no temperature gradient could be found for a thickness
below 20 um, and therefore only a minor influence of the coating
on the heat flux is expected. The homogeneity of the coating was
measured with the coating thickness gauge at 3—5 positions and
inspected visually.

Several commercial binders (Zyp coatings) were qualita-
tively tested to determine a binder that gives best durability at
high temperatures and easy handling. For this purpose the binder
mixture was spray painted on several substrates, heated to a
given temperature and the coating visually inspected after cool-
ing down to room temperature. The results are summarized in
Tab. 1. The tested substrates include a polished quartz plate, a
stainless steel plate, a magnesia substrate and a piece of thermal
barrier coating (TBC). The TBC is an yttrium stabilized zirco-
nia that had been plasma sprayed onto a steel substrate. A piece
of the coated substrate was treated with aqua regia (hydrochloric
and nitric acid, ratio 1:3) for several hours until the coating sep-
arated from the steel substrate. The TBC coating was then tested
in the high temperature furnace without the metal substrate. HPC
binder performed best for coatings on quartz and steel, while on
ceramic substrates LRC gives the best results. Both binders are
water based and therefore easy to apply and not toxic.
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tested substrate and temperature
binder | quartz steel MgO MgO TBC
1300K 1300K 1300K 1700K 1700K

Gel-P - - + -

HPC + + + + o

LRC o 0 + + +
BNSL o - - -

ZAP + - 0 -

TABLE 1. Qualitative results for the durability of the coating us-
ing commercial binders from Zyp coatings. + = good (no degrada-
tion visible), o = medium (coating degradation visible, but still more
than about 50 % left), - = bad (coating almost completely gone).

High-speed measurements

High-speed measurements were performed in an atmo-
spheric pressure model combustor. The combustor used in this
work has already been studied in several investigations [21,22].
For details we refer to the literature and will only give a brief
description here. A schematic of the setup is shown in Fig. 1. A
mixture of methane and air (air excess ratio A = 1.43, thermal
load 20 kW) was delivered into a cylindrical plenum (78 mm di-
ameter), passed a swirl generator with 12 vanes and entered the
combustor via a converging nozzle (27.85 mm diameter) with a
central conical bluff body. The combustor had a square cross
section of 85 x 85 mm?, is 114 mm long, with an exhaust duct of
40 mm diameter. All four walls of the combustor were equipped
with quartz windows to allow optical access. The operating con-
dition discussed here was recently investigated by Yin et al. [23].

For excitation of the phosphor a commercial high-speed dye
laser system (Cobra-Stretch HRR, Sirah GmbH) pumped by the
second harmonic output of a diode-pumped solid state Nd:YLF
laser (IS-811E, Edgewave) was used. The dye laser was fre-
quency doubled and tuned to 283.2 nm (1 kHz, 50 uJ pulse en-
ergy). This wavelength allowed convenient excitation of OH rad-
icals in the flame as well as the phosphor coating (SV67 used
here, see Tab. 2). The laser beam was expanded to a sheet with
two cylindrical lenses (f; = -50mm and f, = 250 mm) and then
softly focused waist-wise with a f3 = 1000 mm cylindrical lens.
The laser sheet passed the center of the combustion chamber for
OH laser induced fluorescence (LIF) measurements and was then
directed with a periscope back onto the base plate and the bluff
body of the combustor for simultaneous phosphorescence mea-
surements. The base plate and bluff body were coated with a
4 x 80 mm? wide strip of SV67 using the HPC binder (Zyp coat-
ings). This way a 80 mm line of the phosphor coating could be
excited.

a)

3. Combustor

4. Phosphor coating o/

1. Laser sheet
2. Periscope

6. OH PLIF
imaging
system

5. Surface
thermometry
imaging system

Base plate

FIGURE 1. a) Schematic of the optical setup for simultaneous
phosphor thermometry and OH LIF measurements [23]. b) Phos-
phor coating on the base plate and bluff body of the combustor.
Measurement positions 1-5 on the bluff body are marked.

Phosphorescence was collected by a CMOS camera (LaVi-
sion HSS8, active sensor size 960x40 pixels) equipped with a
lens (f = 85 mm, f/1.4, Canon). The angle between burner sur-
face and camera was about 60°. No additional interference filter
was used since the lens is not transmissive to the wavelength of
the UV beam. The viewing angle of the camera and the angle
of the excitation laser sheet allowed measurements on the bluff
body at y < Omm. Decay rates were evaluated for five posi-
tions on the bluff body. Position 1 is the tip of the bluff body at
y = 0mm and position 5 is at about y = —2 mm (see Fig. 1b).

The camera was triggered at 70 kHz with a gate width of
about 14 ps, resulting in 70 data points for each decay trace. A
software binning of 7 x 7 pixels was used to smooth the signal,
resulting in a spatial resolution of 0.8 x 0.8 mm?. A background
image was obtained prior to each set of measurements by block-
ing the laser beam. This background was subtracted from each
image. An exponential curve (Eq. 1) was fitted to the decay
curve between 90 % and 5 % of the peak intensity. Due to the
used frame rate of the camera (70 kHz) the minimum measurable
phosphorescence decay rate was limited to about 50 ps.
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High pressure premixed jet flames

The experiments were carried out at the high pressure test
rig HBK-S at DLR Stuttgart. Because the FLOX®combustor
used here has been discussed in detail in previous publications,
only a brief desciption is given here [24, 25]. This burner was
designed to provide a fuel-flexible combustor (gaseous and lig-
uid fuels) to gain deeper insight into jet stabilized flames with
or without a pilot flame. The combustion chamber has a square
cross section of 95 x 95 mm? and a length of 843 mm. Optical
access was accomplished from all four sides with quartz window
segments of 160 x 90 mm?. The coordinate system is shown in
Fig. 2. The origin is located at the burner base plate x = 0 mm
and centered for y and z within the combustor chamber. The main
nozzle with a diameter of 40 mm was off-centered by 10 mm and
located at z = Omm and y = —10 mm. The operating conditions
investigated here had a pressure of 8 bar, a preheat temperature
of 725K and a jet velocity of 111 m/s. Premixed natural gas/air
flames with air excess ratios A between 1.9 — 3.1 were investi-
gated. The pilot flame was not used in this investigation.

A Nd:YAG laser (Spitlight 600, Innolas GmbH, 15 Hz repe-
tition rate, 6 ns pulse length) was used for excitation of the phos-
phors. Depending on the phosphor an excitation wavelength of
266, 355 or 532 nm was used (see Tab. 2). An aperture (1.5 mm
diameter) reduced the size of the laser beam. Depending on the
phosphor and signal level laser energies between 0.3 and 3 mJ
were used. A lens (f = 100 mm) focused the phosphorescence
light onto a pinhole (diameter 300 ym) to reduce the detection
volume and the collection of unwanted light. The light was col-
limated with a second lens and passed several filters depending
on the phosphor. Typically a long pass filter (GG400, cut-off
wavelength 400 nm for UV excitation) was used to remove stray
light from the laser and a band pass filter with a bandwidth of
10 nm centered on the emission line of the phosphor (see Tab. 2).
Transmitted light was then detected with a photomultiplier tube
(PMT) (Hamamatsu R3896). PMT signals were captured with an
oscilloscope (Agilent Technologies DSO7034B, 350 MHz) and
transferred to a computer running a LabVIEW program for on-
line signal processing and data storage.

Temperatures on the quartz walls were measured for case U
described in Severin et al. [25] (A = 1.83) and complement ex-
isting measurements from particle image velocimetry (PIV) and
OH laser induced fluorescence (LIF). The phosphor (YAG:Eu
and YAG:Dy) was coated at several positions as 4 x 4 mm?
square points using the HPC binder. For excitation of these mea-
surement points the laser beam and detection optics were moved
with a stepper motor. Laser and detection optics were located
at the same side of the window at a small angle. Excitation
was accomplished from the back of the coating, therefore laser
beam and phosphorescence signal did not have to pass through
the flame (see Fig. 2). This way influences from beam steering
were avoided.

A cylindrical alumina probe (diameter 20 mm, 40 mm tall)

Air + Fuel

Pilot y
Main Air + Fuel 3’Lg(
iy WPeT S

Detection
optics

Laser beam

Coated window
Coated alumina Exhaust

cylinder

FIGURE 2. Schematic of the FLOX®model combustor with coor-
dinate system, dimensions and optical arrangement for wall tem-
perature measurements.

was placed in the exhaust region of the flame at x = 680 mm
and z = Omm (see Fig. 2). The measurement position was at
y = —14 mm, which means 33 mm from the combustor wall. A
phosphor (YAG:Dy) coating was applied on the surface of the
alumina probe.

PHOSPHOR SELECTION AND CHARACTERIZATION

For characterization and testing of different phosphors, mea-
surements in a furnace were performed. Overall five different
types of phosphors were tested to cover temperatures from room
temperature up to 1800 K. Table 2 gives an overview over the in-
vestigated phosphors, their excitation and detection wavelengths
and the usable temperature ranges.

Emission spectra

Figure 3 shows emission spectra of all investigated phos-
phors. Spectra of YAG:Dy and YAG:Tb were measured at
1100K, while the spectra of YAG:Eu [26], Al,O3:Cr (ruby)
and Mg4FGeOg:Mn (SV67) were measured at room temperature.
The detection wavelengths listed in Tab. 2 allow minimal overlap
of the emission spectra. In addition, the excitation wavelength
can be changed to further minimize the cross talk. Therefore it
is possible to mix different phosphors to extend the temperature
range that can be measured with a single coating. It should be
noted that, for YAG:Dy and SV67 it is possible to use the ratio
of two emission lines to measure the temperature as well. How-
ever, because this approach is less sensitive (by about one order
of magnitude), it was not used in this investigation [13].
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TABLE 2. Excitation- and emission wavelengths and accessible temperature range of the investigated phosphors.

phosphor excitation [nm] detection [nm]  range [K] comment
YAG:Dy 355 458 1400-1800 intensity ratio approach possible at T< 1450 K
YAG:Eu 266 614 1000-1600 influence from reducing atmospheres (~ 25 K)
YAG:Tb 266 543 1000-1450 multi-exponential; influence from substrate
Mg4FGeOg:Mn (SV67) 266 /283 /355 656 300-1050 broad temperature range
Al O3:Cr (ruby) 532 694 300-800 only for low temperatures
12 T ——— Sy coam which is essentially the normalized first derivative of the calibra-
Dy | { 656nm | tion curve 7(T). It is computed from the polynomial fits to the
1.0 —— YAG:Eu 300K ! § calibration data shown in Fig. 4. The sensitivity factor allows a
_:J/S; 33885 good visualization of the sensitive regions of the phosphor and
'S5 0.8 estimation of the expected precision (Fig. 5). For example an er-
% 458 nm ror in the determined decay rate T of 5 % at a sensitivity factor of
@ 0.6 20 corresponds to an error in the temperature 7" of only 0.25 %.
c
2 The precision was determined from the standard deviation
T 044 ) of individual laser shots at a constant temperature in the furnace.
\ For the setup utilizing PMT and oscilloscope the precision is be-
0.2 ‘ tween 0.1-0.5 %. Due to the reduced number of data points of the
\ J,MJ\ decay curves obtained with the camera (70 compared to 1000)
0.0 daee \ s the precision is slightly lower in this case (0.5-0.9 %).

400 500 600
wavelength [nm]

FIGURE 3. Emission spectra of the investigated phosphors af-
ter excitation at 355nm (YAG:Dy and SV67), 266 nm (YAG:Eu
and YAG:Tb) or 532 nm (ruby). Spectra of YAG:Dy and YAG:Th
were measured in a furnace at 1100 K. The spectrum of YAG:Eu is
adapted from Kissel at al. [26] and measured at room temperature,
as well as the spectra of SV67 and ruby.

Calibration and uncertainty analysis

The calibration curves (decay rate T against temperature 7')
for these phosphors are shown in Fig. 4. All curves have been
measured with the low speed laser setup and a PMT for detection.
Calibration measurements obtained using the high-speed camera
setup have been omitted for simplicity since they are consistent
with the ones shown here. A polynomial is fitted to this curve
to allow convenient calculation of the temperature from the mea-
sured decay rate in the experiment. From the calibration curves
a sensitivity factor k is calculated:

d
:’ T/T 2

dT|T

The measurement accuracy mainly depends on errors from
the calibration procedure and is comparable for both setups
(high-speed camera or PMT). This includes the accuracy of
the reference thermocouple (0.25 %), a temperature gradient be-
tween thermocouple and sample inside the furnace (estimated to
0.2 %) and temperature stability inside the furnace (£ 1 K). This
sums up to a maximum contribution to the error between 3 K at
400K and 9K at 1800K or 0.5 — 0.75 %.

In addition, systematic errors can contribute to the uncer-
tainty. The influence of the laser energy has been investigated
for some phosphors before (for example SV67 [27], YAG:Dy
and YAG:Eu [28] and CdWOy4 [29]). Considering pulse-to-pulse
laser energy fluctuations of less than 10%, the contribution is
well below 0.1 % and therefore of minor importance. Differences
in the detection system (for example PMT and oscilloscope set-
tings) can cause systematic errors of several Kelvin [29]. Fur-
thermore the data evaluation procedure influences the obtained
decay rate. Especially the selection of the fitting window can
have a significant impact, as will be shown in the next section
in Fig. 6, when comparing the phosphors YAG:Tb and YAG:Eu.
Therefore, these settings were kept identical between calibration
and experiment to avoid systematic errors.

Discussion of different phosphors
Mg,FGeOg:Mn has already been used in various experi-
ments (see [9] and references therein). It is sold as SV67 from
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FIGURE 4. Calibration curves for the investigated phosphors. A
polynomial fitted to the measured data points is drawn as a line.

Osram GmbH and named SV67 hereinafter for simplicity. This
phosphor shows no influence from gas composition or absolute
pressure and can therefore provide reliable temperature measure-
ments [27,30]. The calibration curve shows two temperature sen-
sitive regions. A region with low sensitivity at low temperatures
(300-650K) and a region with high sensitivity at temperatures
above 650 K. This makes it possible to measure a very broad
temperature range with a single phosphor. The sensitivity, and
therefore precision, is about a factor of 10 lower in the low tem-
perature (<650 K) region (Fig. 5).

Al O3:Cr (ruby) is an alternative to SV67 for temperatures
below 650 K. The sensitivity is higher than for SV67 in this re-
gion. This phosphor shows strong emission as a sharp peak at
694 nm and can be excited at 532 nm.

For high temperatures yttrium aluminum garnet Y3AlsOq,
(YAG) is a well suited host material because of its high melting
point (about 2220 K). Many activators show higher temperature
ranges of sensitivity in this host than in other host materials [7].

YAG:Tb and YAG:Eu were investigated for temperatures
above 1000 K. Both phosphors cover a similar temperature range
and were compared regarding emission wavelengths, multi-
exponential decay characteristics and influences from substrate
or gas composition. YAG:Tb seems to be a very good candidate
due to its strong emission at 543 nm. The green emission re-
duces influences from thermal radiation compared to phosphors
emitting in the red (i.e. YAG:Eu at 614 nm). However, the de-
cay curve of this phosphor shows a strong multi-exponential be-
havior (Fig. 6). The inset in Fig. 6 shows the determined decay
rate depending on the fitting window using the fitting approach
of Briibach et al. [18]. While for YAG:Tb the influence is very
strong, for YAG:Eu, which has a similar decay rate at 1100 K,
only a weak influence is visible. Possible systematic errors are

50 T T T T T T T T
30
E 20
=
5
= 10+ 1
)
P
= 5
2
3 3 —— YAG:Eu
2 —YAG:Dy
—SV67
Ruby
1

200 400 600 800 1000 1200 1400 1600 1800
temperature [K]

FIGURE 5. Sensitivity of the investigated phosphors calculated
with Eq. 2 from the calibration curves (decay rate T against tem-
perature 7') shown in Fig. 4.

therefore much lower for YAG:Eu. In addition, the choice of sub-
strate influences the measured decay rate for YAG:Tb, while no
influence is found for YAG:Eu (see Fig. 4). The calibration curve
of YAG:Tb for a coating on quartz differs significantly from the
powder sample. Such behavior has already been observed for
other phosphors and substrates [27,31]. It was speculated that
this might be caused by changes in the structure of the phosphor.
Furthermore, fluorescence from the quartz substrate, which can
occur at an excitation wavelength of 266 nm, might influence the
phosphorescence measurements. However, it seems unlikely that
the short fluorescence influences the decay measurement at long
decay rates. Moreover, this effect was not observed for YAG:Eu,
which is also excited at 266 nm. For YAG:Eu it has been re-
ported that a reducing methane/nitrogen atmosphere will shift
the calibration curve by about 25 K, probably due to redox reac-
tions [26]. However, for a gas turbine application with typically
lean conditions this should not cause systematic errors. Alto-
gether YAG:Eu is a more reliable choice for temperatures above
1000 K. Using a sufficiently fast detection system temperatures
up to 1600K can be measured. At higher temperatures, how-
ever, thermal radiation becomes significant. At about 1300 K the
thermal background is already as strong as the amplitude A of
the decay curve, when using an excitation energy of 1 mJ. Aver-
aging is therefore necessary to improve the signal-to-noise ratio
and avoid errors from fluctuating background. Therefore a blue
emitting phosphor is preferred.

YAG:Dy is a phosphor that can provide measurements at
very high temperatures. Values up to 1970 K have been reported
[32]. Typically emission lines at 490nm or 458 nm are used,
while the line at 458 nm is only populated at high temperatures.
The emission line at 458 nm is preferred, due to the reduced in-
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FIGURE 6. Decay curves of YAG:Tb and YAG:Eu at 1100 K. The
inset shows the influence of the fitting window (fg¢qt = ¢1 X 7 and
tend = €2 X T as defined in [18]) on the obtained decay rate.

fluence from thermal radiation at this shorter wavelength. A dop-
ing level of 3 % has been reported to provide the highest signal
levels [33]. Co-doping with a sensitizer like Er, Tm, Tb, Pr or
BN has been investigated for this phosphor [33-35]. However,
at least for Er co-doping (1.5 % Dy, 0.5 % Er) we found a pro-
nounced multi-exponential behavior of the decay curve. There-
fore we recommend using the not co-doped YAG:Dy phosphor,
when the decay rate method is used.

RESULTS OF WALL TEMPERATURE MEASUREMENTS

In this section, the results from wall temperature measure-
ments at high temperatures and pressures in confined jet flames
and high-speed measurements at atmospheric pressure will be
presented.

High-speed measurements at atmospheric pressure
Wall temperature measurements using a high-speed laser
and camera setup were performed in an atmospheric swirl flame.
The flame investigated here is bi-stable and randomly transitions
between a lifted flame (M-shape) and a flame attached to the bluff
body (V-shape). Average OH* chemiluminescence images dur-
ing both periods are shown in Fig. 7 illustrating the V- and M-
shaped flames [23]. The transition from an attached V-flame to a
lifted M-flame occurs after a local extinction near the flame root
and formation of a precessing vortex core (PVC), while the PVC
is suppressed when the flame transitions back to the V-flame [36].
Periods of M- and V-flame were identified with simultane-
ous OH-LIF measurements [23]. Fig. 8 shows the temperature
on the bluff body for a period of four seconds. The temperature

V-flame

M-flame

B A T B A S

FIGURE 7. Average OH* chemiluminescence images taken dur-
ing the V- and M-flame periods adopted from Yin et al. [23].

increases up to a certain point during attached V-flame opera-
tion (white regions) and decreases when lifted (M-flame regions
marked grey). During the attached flame periods (V-flame) the
flame is close to the bluff body surface, which can explain the
higher wall temperatures. While the change between M- and V-
flame is very pronounced in the temperature on the bluff body
tip (position 1) it becomes less obvious with increasing distance
to the tip. During M-flame periods, the fluctuations of the tem-
perature are quite strong. These fluctuations are strongest on the
tip (position 1). While during M-flame periods the standard de-
viation of the temperature is about 17K, it is only 10K during
V-flame periods. To investigate this further the time traces dur-
ing M-flame operation were transferred into the frequency do-
main using a Fast Fourier Transformation (FFT). The resulting
spectrum for the M-flame shows a peak at 475 Hz, while no peak
is visible for the V-flame. This peak has an amplitude of about
7 K at position 1 (y = 0 mm), but becomes gradually smaller and
finally completely vanishes for position 5 (y = —2 mm). The fre-
quency matches very well to the PVC frequency of 490 Hz mea-
sured before for this condition with pressure transducers [37].
The results suggests that the larger temperature fluctuations on
the bluff body during lifted M-flame periods can be attributed
to the more dynamic environment and the presence of a PVC.
Small discrepancies in the frequency reported in [37] and the
one observed here might be attributed to slightly different oper-
ating conditions. The results clearly demonstrate the possibility
to capture even fast temperature changes on the surface. The re-
duced influence of the PVC on the wall temperature for y < 0 mm
gives additional information on the penetration of the PVC into
the nozzle. PIV measurements have not been performed so far
for y < O mm due to difficulties from laser scattering inside the
nozzle. Therefore the origin and penetration of the PVC inside
the nozzle remains an ongoing question [37].
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regions in the time traces denote M-shape flame operation and were used for the calculation of the FFT (right).

High pressure wall temperature measurements

To mimic the conditions of a TBC-coated gas turbine com-
bustor wall, temperature measurements were carried out on the
surface of a cylindrical alumina probe placed in the exhaust re-
gion of a jet stabilized enclosed natural gas flame at 8 bar. To
achieve different temperatures on the probe, the air excess ratio
A of the flame was varied between 1.9 — 3.1. Starting at A =2.2
the stoichiometry was step wise changed to A = 2.55, then A
was decreased up to 1.8 and then again increased up to 3.1. This
way a possible hysteresis can be identified. In Fig. 9 the temper-
atures on the probe are plotted against the calculated adiabatic
flame temperature using the program Gaseq [24, 38]. The rel-
ative standard deviation 6/7, determined from 150 individual
laser shots, is plotted in the lower section. The wall temperature
shows a linear dependence on the gas temperature and no hys-

teresis is visible. The relative standard deviation is below 0.5 %
for all investigated conditions except for the two hottest condi-
tions, were it is below 1 %. This shows the high precision and
reliability of the method. The shot-to-shot standard deviation in-
cludes influences from laser energy fluctuations, the error of the
decay rate fitting procedure and temperature fluctuations on the
wall. The accuracy of the calibration procedure in this tempera-
ture region is about 0.5 %, as described in the section Phosphor
Selection and Characterization. Therefore the total measurement
uncertainty is 0.5-1.0 % (or 7-17 K).

In addition to the measurements on the ceramic cylinder,
measurements on the combustor quartz walls were performed
in this combustor. These measurements are in particular valu-
able parameters for improved boundary conditions of numeri-
cal simulations. In Fig. 10 the temperature field obtained using
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FIGURE 9. Temperature on a ceramic probe for different flame
conditions. Errors bars include errors from the calibration proce-
dure and the measurement precision. The relative standard devia-
tion of individual laser shots is shown in the bottom.

17 measurement positions is shown. Measured values are in the
range of 1050-1400 K. Even higher values are expected further
downstream and values below 1000 K are expected at larger ab-
solute values of y. Temperatures increase along the x-axis and
the maximum is slightly asymmetric along the y-axis due to the
location of the main nozzle at y = —10mm. The temperature
field is in qualitative agreement with the flame location obtained
from OH* chemiluminescence and with gas temperatures ob-
tained from OH-LIF measurements [24,25].

Temperature measurements on the quartz walls were chal-
lenging for two reasons: Interfering fluorescence, probably from
the quartz, and window degradation, especially for temperatures
above 1400 K. It should be noted that these problems were not
associated with the measurements on the ceramic probe men-
tioned above, where measurements up to 1700 K were possible.
Window degradation results in the windows becoming opaque
over time. In addition, the coating starts to degrade and therefore
the signal level drops considerably. Interfering fluorescence was
problematic in case of YAG:Eu. This phosphor is excited in the
UV at 266 nm, in contrast to YAG:Dy which is excited at 355 nm,
where fluorescence from quartz is unlikely. Similar problems
have been reported before for phosphor thermometry in an opti-
cal engine [39]. Furthermore the decay rates of YAG:Eu are very
short at high temperatures (about 1 ps at 1450 K), which makes
it difficult to distinguish the already short phosphorescence from
fluorescence (a few ns long). The short fluorescence (lifetime
< 20ns) causes a strong spike at the beginning of the phospho-
rescence decay curve. Therefore the phosphorescence curve is
affected by the fluorescence due to excess photoelectrons in the
PMT. This would result in apparently too short decay rates and
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FIGURE 10. Temperatures on the combustor quartz walls. The
temperature field was interpolated between the measurement points
(YAG:Eu: squares and YAG:Dy: diamonds).

therefore too high temperatures. The gain of the PMT must there-
fore be controlled carefully. This prevents using a higher gain at
low signal levels. The measurement uncertainty on the quartz
walls is therefore higher than on the ceramic probe (up to about
2 %). For measurements further downstream, a gated PMT could
be used to remove the fluorescence spike from the beginning of
the decay curve. This way a higher PMT gain could still be used
in cases with low signal levels (e.g. due to window and coating
degradation).

CONCLUSION

The capabilities of phosphor thermometry for wall tem-
perature measurements in gas turbines and gas turbine model
combustors were investigated. Several phosphors were tested
and evaluated regarding sensitivity and reliability. A combi-
nation of three phosphors can be used to cover temperatures
from room temperature up to 1800 K (Mg4FGeOg:Mn, YAG:Eu
and YAG:Dy). These phosphors can be mixed in a single coat-
ing, when proper excitation and detection wavelengths are used.
Coatings of combustor walls were accomplished with commer-
cial chemical binders. Several binders were tested and the best
binders identified for coatings on quartz glass, ceramic substrates
and steel.

Successful wall temperature measurements were performed
in two combustors: A swirl stabilized gas turbine model combus-
tor at atmospheric pressure and a confined jet stabilized flame
at 8 bar. These studies demonstrate temperature measurements
at high temperatures and pressures and the possibility to resolve
transient events in gas turbine combustors. Transient temperature
changes were measured with a high-speed laser system (1 kHz)
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in the atmospheric swirl flame. A bi-stable operating condition
was chosen, where transitions between an attached V-flame and a
lifted M-flame occur irregularly. The frequency of the PVC dur-
ing M-flame periods is clearly visible in the frequency domain of
the measured temperatures at 475 Hz, while it is not present dur-
ing V-flame periods. By selecting a viewing angle from the top,
it was possible to measure temperatures on the bluff body inside
the nozzle. At larger distances from the nozzle exit (y < 0 mm)
the peak in the frequency spectrum becomes smaller and finally
disappears at y = —2mm. These measurements might provide
further insight into the formation and origin of the PVC.

Measurements at high pressure were performed to demon-
strate the feasibility of the technique for applications in real gas
turbines. A coated ceramic probe was used to mimic a TBC
coated wall of a gas turbine combustor. Temperatures up to
1700 K were measured with high precision and accuracy. In ad-
dition, the wall temperatures of the combustor quartz walls were
measured. These values can be used as boundary conditions for
numerical simulations and complement existing optical measure-
ments in this combustor.
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