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Abstract This paper documents the application of high-
speed phosphor thermometry to measure cylinder head
temperatures under fired engine conditions. The thermo-
graphic phosphor Gd;Gas0;,:Cr,Ce was synthesized with a
special composition to meet the requirements of the mea-
surement technique and the device under test. Calibration
measurements are given in the first section, providing the
temperature lifetime characteristic and temporal standard
deviations in order to quantify single-shot precision.
Accuracy was investigated for laser-induced heating.
Measurements inside an optically accessible combustion
engine are presented in the second section. Measurement
locations at the cylinder head were determined, as well as
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temperature evolutions for variations in spark timing and
air—fuel ratio.

1 Introduction

Temperature distributions of in-cylinder surfaces play a
crucial role in the development of internal combustion
engines (ICE). In particular, in the context of downsizing,
temperatures and temperature gradients along the surface
of engine components during operation are increasing in
importance. Wall temperatures are needed as boundary
conditions in computational fluid dynamics (CFD) to pre-
dict, i.e., heat losses and gas-phase temperatures accurately
[1]. In the past, surface temperature measurements inside
ICEs were mainly taken using surface thermocouples and
thermographic phosphors. The use of thermocouples is
widely established and regularly [2—4]. However, it is
limited to zero-dimensional measurements, and the com-
plexity of the installation of thermocouples in ICEs is
significant. Thermographic phosphors are usually used to
determine surface temperatures zero- or two-dimensionally
[5-7]. Phosphor thermometry relies on the temperature-
dependent change in emission properties of ceramic
materials, doped with rare earth or transition metals. To
perform surface temperature measurements, the thermo-
graphic phosphor material has to be coated on the device
under test. Upon laser excitation, either the ratio of two
spectrally separated signals (intensity ratio approach) [8—
11] or the temporally resolved (lifetime approach) lumi-
nescence [12-15] can be detected with an appropriate
device and subsequently evaluated for thermometry pur-
poses. A recent investigation revealed the high potential for
systematic errors in the intensity ratio approach [16].
Therefore, the determination of the temperature-dependent
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luminescence lifetime was chosen for the application in
this work.

The application of phosphor thermometry in ICEs was
first demonstrated by Armfield et al. [17] in a study that
comprised zero-dimensional temperature determinations of
cylinder head and intake valves in an optically accessible
ICE using the lifetime approach. Further studies included
recordings of two-dimensional temperature fields using
error-prone spectrally integrated measurements [18] as
well as point-wise determined piston and cylinder wall
temperatures (lifetime approach) [19, 20]. The lifetime
approach was extended to two-dimensions by the use of a
CCD framing camera [18] or modern CMOS high-speed
cameras [21, 22]. All of the aforementioned studies were
carried out using conventional laser systems with repetition
rates in the order of 10 Hz. This implies that single-shot
measurements can only be performed in subsequent cycles
that are not statistically correlated. To overcome this lim-
itation, a high-speed laser system was applied and char-
acterized to determine temperatures point-wise in a
motored engine (no combustion) [23]. This investigation
demonstrated that temperature information can be obtained
with one measurement per crank angle at 1,000 rpm using
high-speed phosphor thermometry.

This paper investigates the use of this technique in a
fired ICE (with combustion), whereas previous studies
based on the high-speed phosphor thermometry were
restricted to motored engine operation only. For this pur-
pose, the thermographic phosphor Gd3;GasO;,:Cr,Ce is
synthesized to match the temperature range specific for
fired engine operation. Prior to its engine application, the
co-doped phosphor was characterized in terms of precision
and accuracy. Application-oriented synthesis of well-
defined thermographic phosphors has proven to result in
broad applicability of this method for temperature mea-
surements [24, 25]. The in-cylinder measurements per-
formed incorporate zero-dimensional surface thermometry
at different positions at the cylinder head and a variation in
spark timing (ST) and air—fuel ratio.

2 Experimental setup

This Section documents experimental setups for charac-
terization, calibration, and in-cylinder measurements.
Instrumentation was the same in both experimental
arrangements.

2.1 X-ray diffraction

X-ray powder diffraction data of the synthesized

Gd3Gas0,,:Cr,Ce were collected at room temperature by a
powder diffractometer (STOE Stadi P, linear PSD) with Cu
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radiation (Ge monochromator, A = 1.540598 A, flat plate
sample holder, transmission geometry). For Rietveld
refinement, the published structure [26] was chosen as a
starting model and the TOPAS suite of programs [27] was
used. All atoms were refined freely using positional and
isotropic displacement parameters.

2.2 Calibration measurements

Luminescence was excited by a frequency quadrupled,
diode-laser-pumped Nd:YAG laser (Edgewave CX16II-E
80 W). Single-shot laser energies were adjusted by the
combination of a half-wave plate and a glan polarizer. The
power of the laser beam was monitored by a power meter
(Gentec UP19K-150W-H5-D0). The calibration measure-
ments were performed inside a tube furnace (Carbolite,
CTF 12/100/00). For calibration purposes, the laser beam
has been directed onto a phosphor-coated stainless steel
substrate that was mounted to a type N thermocouple inside
the furnace.

The detection of the time-resolved phosphorescence
decay was accomplished by a photomultiplier tube (Ham-
amatsu, H6780-20), employing a Carl Zeiss T*85 mm photo
lens, a planar convex lens, and an interference filter
(A = 700 nm, FWHM = 40 nm). The spatial resolution of
the system was approximately 0.8 mm?”. The photomulti-
plier current was read out by an oscilloscope (Tektronix
TDS 5032B) at an input resistance of 512Q. The laser
optical setup is shown in Fig. 1. The acquisition of the
temperature lifetime characteristic was performed in the
following order: First, the furnace was heated until the ref-
erence thermocouple indicated the maximum desired tem-
perature. Subsequently, the heating was switched off and
data were acquired during cooling. The average cooling rate
was 0.03 Ks™', which corresponds to an average tempera-
ture change of 6 mK during the acquisition of 500 single-
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Fig. 1 Laser optical setup for calibration measurements
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shots at 1 kHz. The experimental setup for the detection of
the luminescence spectra was basically the same as the one
shown in Fig. 1. In order to resolve the luminescence
intensity spectrally, the photomultiplier tube has been
replaced by a fiber-coupled spectrometer (Stellar Net STE-
EPP2000-C, grating 600 lines/mm, slit width 50 pm, max-
imum resolution 1.5 nm). The transfer function of the
spectrometer was corrected by a spectrally calibrated light
source (Ulbricht sphere, Gigahertz-Optik UMBB-300).

2.3 Optically accessible internal combustion engine

The device under test was the optically accessible four-
stroke ICE at Technische Universitit Darmstadt. The
engine featured a pent-roof cylinder head and was equip-
ped with a quartz glass ring and piston insert to guarantee
optical access. The geometry and operational parameters of
the ICE are listed in Table 1. The engine was operated in
work-rest mode with 400 fired and 800 motored cycles.
The laser optical setup is shown in Fig. 2. Excitation and
emission are both reflected by the broadband mirror above
the crank case and transmitted through the flat piston
window. A dichroic mirror (Rogenm > 97 %, T700-750nm >
85 %) separated excitation and emission. The entire cyl-
inder head was coated with a dispersion of SP-115 (VHT
Paints, AZ, USA) and the phosphor Gd3GasO,:Cr,Ce
using an airbrush so that measurement locations could be
chosen individually. The thickness of the phosphor coating
could not be determined accurately due to the complex

Table 1 Engine parameters

Displacement volume 499 cm’
Stroke 86 mm
Bore 86 mm
Compression ratio 8.5:1
Temperature of cooling fluids 333 K
Temperature of intake air 313K
Intake valves
Open at 326 CAD
Close at —126 CAD
Lift 10 mm
Exhaust valves
Open at 106 CAD
Close at —344 CAD
Lift 10 mm
Speed 1,000 rpm
Injection port-fuel, iso-octane
Starting at —120 CAD
Duration 6.7 ms
Air/fuel ratio 1.2
Mean effective pressure 5.36 bar

Spark plug

Intake valves Exhaust valves

I
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Fig. 2 Laser optical setup for in-cylinder measurements
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Fig. 3 Location of measurement points at the cylinder head

geometry and topology of the cylinder head surface.
However, reference measurements under controlled con-
ditions showed a coating thickness of about 20 um using
identical settings for the airbrush gun, the phosphor binder
mixture, and the coating timing. According to the mea-
surements conducted by Knappe et al. [20], thicknesses
above 30 pm result in systematic errors of several K. The
results shown in this study are therefore believed to be free
of major systematic errors concerning this heat conduc-
tivity issue discussed in the literature [20, 28]. The dif-
ferent measurement points (MP) are shown in Fig. 3. The
reference spot, which was also subject to changes in air—
fuel ratio and spark timing, was located between the
exhaust valves (MP1). For spatial variations, locations in
between exhaust and intake valves (MP2) as well as in
between the intake valves (MP3) were selected.

3 Data evaluation

3.1 Lifetime determination

To evaluate the decay curves on a single-shot basis, the
linear regression of the sum (LRS) was applied to deter-

mine the decay time t [29]. The waveform is modeled as
mono-exponential decay of the form
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I(t) = Ipe " + b, (1)

where t denotes the time, I, is the intensity at ¢t = 0, and
b is an offset that is usually determined by averaging signal
prior to laser excitation (Sect. 3.2). LRS uses the fact that
the integral of Eq. 1 with known parameter b equals

t t

/ I(t)dt = / (1, exp~4)dr = tlo — <I(2). 2)

0 0

Rearranging Eq. 2 leads to

10 =t [ 10ar, (3)

0

showing that I(f) can be written as a function of its own
integral. Hence, conventional least-squares fitting or an
analytic solution by approximating the integral as a sum
can then be applied to determine t [29]. LRS has precision
levels comparable to those achieved when using a Leven-
berg—Marquardt algorithm but has computational time
benefits to a factor of 20 [30].

To determine the temporal boundaries where fitting is
performed, an iteratively adapted fitting window was
applied [31]. This procedure defines the start (#) and the
end (#,) of the fitting window in dependence of t:

H =17, (4)
I = €1, (5)

where ¢; and ¢, are two constants that have to be set
individually for each thermographic phosphor material.
According to previous publications, the constants were
¢y = 0.5 and ¢, = 3.5 for the phosphor used in this study
[32, 22].

3.2 Offset determination

As stated above, the time-independent offset b can be
determined by averaging signal for # < ;. However, during
combustion, phosphorescence and flame luminosity inter-
fere. The offset b in Eq. 1 then becomes time-dependent.
To accomplish fitting in an accurate way, b() needs to be
determined. Generally, this can be accomplished in two
ways:

1. Determination of b(f) by phase averaging signals with
flame luminosity but without laser excitation

2. In-situ extraction of b(f) by isolating flame luminosity
from phosphorescence on a single-shot basis.

Since cyclic fluctuations were significant, phase averaging
of background signal using the first method and subsequent
subtraction from single-shot phosphorescence signals of
corresponding crank angles led to high systematic errors.
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The second strategy resulted in fewer error-prone results
and is therefore the method of choice here. Accordingly,
this approach is discussed and explained in more detail.

Single-shots where the decaying waveform and flame
luminosity interfered were identified by either higher mean
signal values or increased standard deviations of the single-
shot signal intensity for ¢ < f,. During engine measurements,
the temporal discretization was set to 0.8 | s and the number
of data points per decay curve was 500. This resulted in a total
observation time for each measurement of 2.4 crank angle
degrees (CAD) at an engine speed of 1000 rpm. Flame
luminosity was assumed to result in a constant intensity
gradient within this relatively short temporal window. Hence,
the signal for r < 7y was approximated by a linear regression
and extrapolated for ¢ > #,. Subsequently, b(r) was subtracted
from I(7) and the lifetime determination was performed. The
entire procedure is illustrated in Fig. 4 for the example of a
single-shot at 6 CAD.

10.1 Conventional offset subtraction
S 102
£
z 10° .
s Nl
1077 = <
10°

Intensity (mV )
o

o Time-dependent offset correction

Intensity (mV)

Fig. 4 Offset correction for a phosphorescence decay curve interfer-
ing with flame luminescence: Conventional offset subtraction (top),
uncorrected signal and linear regression of the offset (middle) and
subsequently performed correction (bottom)



Cylinder head temperature determination using high-speed phosphor thermometry

297

(2]
€ 15.000 Measured
8 --- Calculated
< — Difference
£’ 10.000 1
[0
c i
S |
£ : : :
o 5.0001 ] i
5 ! . ; , BE .
S e Y w— I T I :
D =e Headialh pd RS & AA
2 I —
< 0 o .
1 'I 1 I' | I I | I'I 1 1 |'||||| |I'||||| 11 |'||||||||||'||||||
10 20 30 40 50 60 70 80

26 (°)

Fig. 5 Measured and calculated powder pattern and difference curve for Gd;Gas0O;,:Cr,Ce. Vertical dashes indicate the positions of the
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Fig. 6 Effect of reduced afterglow by co-doping Gd;GasO;,:Cr with
Ce at room temperature

4 Phosphor Thermometry

Previous studies identified Gd3;GasO;,:Cr as an appropriate
candidate for lifetime-based phosphor thermometry in ICEs
[32, 22]. The temperature lifetime characteristics of this
material are such that decay times are fast enough to per-
form measurements at a repetition rate of up to 1 kHz at
room temperature. However, when applying high-speed
phosphor thermometry, it is vitally important for the lumi-
nescence to completely decay in between two laser shots to
avoid interactions between subsequent measurements.
Since Gd3GasO;,:Cr has a significant afterglow, the com-
mercially available powder (Phosphor Technology Ltd.) is
not suitable for this application. However, according to
Blasse and co-workers [33], this afterglow can be reduced
by co-doping the material with a small amount of Ce.
Therefore, the following Sections document the synthesis
and characterization of custom-made Gd;GasO;,:Cr,Ce.

4.1 Synthesis of Gd;GasO;,:Cr,Ce

For the synthesis of chromium-doped (2 mol%), cerium-
co-doped (0.034 mol%) gadolinium gallium garnet

(Gd;Gas04,:Cr,Ce), which crystallizes in the cubic crystal
system (space group Ia 3d), Gd,O3 (Chempur, 99.99 %),
Cr(NOs), - 9H,0 (Sigma-Aldrich, 99 %) and
(NH4),Ce(NO3)¢s (Merck, 99 %) were dissolved in hot,
diluted nitric acid (HNOj3) under magnetic stirring. A
stoichiometric amount of fine-powdered Ga,O; (Chempur,
99.99 %) was suspended in this solution. After two hours
of stirring continuously, an NH,OH solution was slowly
added to increase the pH value of the suspension to 8§,
followed by stirring for a further hour. The obtained pre-
cipitate was filtered and then dried in air overnight at
378 K. Subsequently, the powder was ball-milled and
finally fired in air at 1673 K for 6 hours.

In order to wverify the successful synthesis of
Gd3Gas0;,:Cr,Ce in the form of pure crystalline powder,
X-ray diffraction was performed. Calculated data were
obtained by employing Rietveld refinements [34]. The
results are shown in Fig. 5. The sample scattered very well
and could easily be indexed. There were no additional or
missing reflections that would indicate the choice of a
different unit cell or the presence of unknown byproducts.
For more details see supplemental material.

4.2 Characterization of Gd;GasO,:Cr,Ce

The effect of co-doping Gd;GasO,:Cr with Ce is shown in
Fig. 6. The Figure compares at room temperature two
single-shot decay waveforms to the commercially available
powder and the one synthesized in this work. The long
afterglow on the right-hand side of Fig. 6 vanishes due to
the co-doping of Gd;GasO;,:Cr with Ce (left hand side of
Fig. 6).

Figure 7 presents the emission spectrum of
Gd3Gas0;,:Cr,Ce upon laser excitation at 266 nm. The
spectrum corresponds well with previous studies [32, 35],
revealing its maximum at 730 nm and a broadband
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Fig. 7 Emission spectra of Gd;Gas0O;,:Cr,Ce upon UV laser
excitation
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Fig. 8 Temperature lifetime characteristic of Gd;GasO;,:Cr and
Gd3G35012:Cr,Ce

luminescence in the range of 650 and 850 nm, where the
upper end corresponds to the limit of the spectral range of
the spectrometer. An investigation by Khalid and Kontis
discussed the effect of blackbody radiation on phosphor
thermometry and revealed a significant influence on tem-
peratures above 1120 K [36]. Since the maximum tem-
peratures measured in this work are well below 500 K,
systematic influence is neglected.

Figure 8 shows a comparison of the temperature lifetime
characteristic of the commercially available phosphor
Gd;Gas0;,:Cr and the custom-synthesized material with a
Cr concentration of 2 mol% and co-doping with
0.034 mol% of Ce. Calibration data were acquired from
300 to 500 K with a laser repetition rate of 1 kHz. Each dot
represents the mean value of N = 500 individually evalu-
ated single-shots at a laser energy of 0.13 mJ per pulse.
The custom-made material has a faster decay time across
the entire temperature range, which can be traced back to
the concentration of the main dopant [37], which is
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Gd3Ga5012:Cr,Ce.

identified to be higher than the one from the commercially
available powder (unknown Cr concentration).

Figure 9 presents the relative temporal standard devia-
tions that have been computed using

1 Ni

@1, (6)

i=1

with T = %25\21 T;, are plotted versus temperature to
indicate temperature-dependent single-shot precision. Up
until 400 K, both materials investigated reveal very similar
precisions in the order of 0.5 to 0.7 %. For higher tem-
peratures, the precision of the custom-made material is
superior by almost a factor of 2 compared to the com-
mercially available phosphor. However, this difference
could not explicitly be traced back to the material and
could be due to the settings of the detection system.
Laser-induced heating has to be investigated when
applying high-speed phosphor thermometry in order to
avoid systematic errors [23]. Therefore, an energy scan was
performed at MP1 while the engine was at standstill, with
cooling fluid temperatures of 333 K. The results are shown
in Fig. 10. Note that the temperatures presented in this
Figure were computed using the temperature lifetime
characteristic in Fig. 8, which was acquired at a single-shot
laser energy of 0.13 mJ. For each setting of laser pulse
energy, mean values and standard deviations (according to
Eq. 6) are shown. Additionally, a quadratic polynomial has
been added to guide the eyes. It can be seen that increasing
single-shot energies leads to an increase in apparent tem-
peratures. In order to select the optimum energy for the
subsequent measurements, the least heating is desired at an
optimum signal-to-noise ratio (SNR), which means that the
signal is slightly below the saturation limit of the photo-
multiplier tube. According to this, a single-shot energy of
0.13 mJ was chosen for the acquisition of the temperature
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Fig. 11 Single-shot results of the standard operational point for 36
consecutive cycles of 4 consecutive work-rest sets. Data were
acquired at —180 CAD

lifetime characteristic and the measurements shown in
Sect. 5.

The systematic error caused by laser heating was cor-
rected for by the calibration procedure. To measure the
temperature lifetime characteristic presented in Fig. 8, the
phosphor was coated on the front end of a
20 x 10 x 2 mm?® stainless steel substrate. The thermo-
couple to which the lifetimes were referred was fixed at the
opposite side. When illuminating the phosphor coating
using the pulsed UV laser, the temperature measured by the
thermocouple at the opposite side was not influenced. This
is due to the high thermal inertia and heat capacity of the
stainless steel substrate. Because of this, phosphor lifetimes
as measured for apparent temperatures (including the effect
of laser heating) were related to unbiased temperatures
yielding an accurate calibration for this specific laser
energy density. For the scenario presented in Fig. 10, a
cylinder head temperature of approximately 323 K could
be determined, which is in agreement with previous mea-
surements using identical engine settings [23].

Additionally, this result was verified by the temperature
reading of a surface-mounted type K thermocouple.

5 In-cylinder measurements

As a reference for all parameter variations performed, a
standard operational point was defined with A = 1.2 and
ignition at —19 CAD. In the following subsections, the
standard operational point is discussed for MP1 first. The
measurements at different locations are then compared,
followed by discussions on variations of the spark timing
and the air—fuel ratio.

5.1 Standard operational point

To ensure statistically stationary boundary conditions, the
engine was operated in work-rest mode, with 400 fired
cycles followed by 800 motored ones. Measurements were
performed when the minimum and maximum exhaust gas
temperatures of consecutive work-rest sets were stable.

With a repetition rate of 1 kHz at 1000 rpm, tempera-
tures were measured every 6th crank angle degree. Due to
the settings and the on-board memory of the oscilloscope, a
maximum of 36 consecutive cycles could be acquired at
once. Therefore, the last 36 of every 400 fired cycles within
a work-rest set were recorded. Figure 11 shows single-shot
temperatures for —180 CAD of cycles 365 to 400 for 4
consecutive work-rest sets. It is obvious that the tempera-
ture is not only constant for consecutive work-rest sets but
for consecutive cycles within the sets. The mean value of
all measurements shown in Fig. 11 corresponds to
400.14 K with a temporal standard deviation of 1.85 K,
which is very similar to the value observed during cali-
bration measurements, which justifies the assumption of
statistically stationary boundary conditions. Hence, for the
following measurements, phase-locked statistics were
computed for 4 consecutive work-rest sets, resulting in a
total of 144 cycles.

Figure 12 shows phase-locked mean values and standard
deviations for temperature and pressure for the standard
operational point. Valve timing is indicated by IO—intake
opening, IC—intake closing, EO—exhaust opening, and
EC—exhaust closing.

During intake stroke, a slight decrease can be observed
in phase-averaged temperatures due to fresh air. Subse-
quently to IC, compression leads to a moderate increase in
temperature. Upon ignition, a steep temperature gradient
can be observed, which is caused by the flame front
impinging on the cylinder head. Expansion results in a
decrease in temperatures, starting at 12 CAD. Following
the opening of the exhaust valves, a second increase in
temperatures with a delay of approximately 26 CAD with
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Fig. 12 Phase-averaged temperatures, in-cylinder pressures (upper
plot), and corresponding temporal standard deviations (lower plot) at
MP1 for the standard scenario

respect to EO can be seen. This is caused by high Nusselt
numbers at the cylinder head in between the exhaust
valves. Subsequently, temperatures decrease, superimposed
by an oscillation. This oscillation can also be seen with a
slight phase-shift in the averaged in-cylinder pressure trace
and is therefore assumed to be caused by pulsations of the
exhaust gas system, as discussed in [22]. Values in the
order of 2 K are observed in temporal standard deviations
shown in Fig. 12, which corresponds well to the mea-
surement precision shown in Fig. 9. Exceptions occur for
—12 CAD to 90 CAD, where standard deviations of up to
11 K were measured. This can be explained by the three
following reasons:

e Standard deviations of pressure, which are shown in the
lower part of Fig. 12, show fluctuations of up to 9 %
around top dead center (TDC). This implies cycle-to-
cycle temperature fluctuations at the surface of the
cylinder head.

e The correction of the time-dependent offset due to the
presence of flame luminosity leads to additional
uncertainty in the determination of the decay time.

e Flame luminosity is accompanied by a decrease in SNR
of the phosphorescence signal of up to 80 %. This leads
to additional uncertainties in the determination of t.

The resulting measurement uncertainty is a convolution of
these effects and equals in the worst case 2.6 % of the
phase-averaged temperature.

5.2 Spatial variation

Figure 13 illustrates phase-averaged temperature evolu-
tions of probe volume locations between the exhaust valves
(MP1), between the intake and exhaust valves (MP2), and
between the intake valves (MP3). The lower plot shows the
corresponding temporal standard deviations. The overall
temperature level for MP1 is highest, while the temperature
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Fig. 13 Phase-averaged temperatures (upper plot) and corresponding
temporal standard deviations (lower plot) at various measurement
points for the standard operational point

of MP2 and MP3 are about 25 and 35 K lower, respec-
tively. Qualitatively, temperatures of different locations
show similar temporal evolutions prior to ignition. The
temperature gradient caused by combustion can be
observed first at MP1 compared to the other measurement
locations. The position and the absolute value of the
maximum averaged temperature are identical for MP1-
MP3. Hence, a stronger thermal cycling is evident for MP2
and MP3. During expansion and exhaust, the second
maximum, which could be observed for MP1, vanishes for
MP2 and MP3. A slight increase in phase-averaged tem-
peratures is observable between 190 CAD, and 230 CAD
for all measurement locations, which is shifted toward the
end of the cycle with increasing distance to MP1. This
supports the hypothesis that acoustic waves are responsible
for these effects.

Temporal standard deviations presented in Fig. 13 are in
the same order of magnitude independent of measurement
locations. Around TDC, standard deviations for MP2 and
MP3 are higher compared to MPI1. Since cycle-to-cycle
temperature fluctuations are expected to be similar for all
locations, the differences in standard deviations are
attributed to local differences in the flame luminescence
intensities.

5.3 Variation in spark timing

To quantify the effect of spark timing on the cylinder
head temperature evolution, temperatures were deter-
mined at MP1 for a spark timing of —9 CAD, —19 CAD
and —29 CAD. The results for phase-locked temperatures
and standard deviations are shown in Fig. 14. To aid
interpretation of temperature evolutions, Fig. 15 presents
phase-locked pressures and corresponding standard
deviations.
In general, the following effects can be observed:
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Fig. 15 Phase-averaged pressures (upper plot) and corresponding
temporal standard deviations (lower plot) at various spark timings

The later the spark timing, the lower the temperature
level of the corresponding cycles. The overall differ-
ence in temperature levels during intake equals about
2 K per spark timing shift of 10 CAD.

The instance in time of the combustion-caused tem-
perature gradient corresponds well to the evolution of
in-cylinder pressures. Hence, early spark timing leads
to an early temperature gradient. This effect can also be
seen in the corresponding standard deviations of
temperature and pressure.

The temperature oscillation during expansion and
exhaust is independent of spark timing. Phase and
amplitude of all three STs shown reveal an identical
systematic, with a common local temperature maxi-
mum at 156 CAD.

The temporal standard deviation is about 2 K except for
crank angles near TDC where flame luminosity is high.
This corresponds well to the precision of the calibration
measurements (Sect. 4.2) and indicates stable wall
temperatures within the observed cycles.

5.4 Variation in air—fuel ratio

The final experiment incorporates measurements with dif-
ferent air—fuel ratios investigated at MP1. To ensure stable
engine conditions, parameters were adjusted according to
Table 2.

Results of the temperature measurements are presented
in Fig. 16 for mean values (upper plot) and temporal
standard deviations (lower plot). As in the preceding

Table 2 Engine operational parameters for air—fuel ratio variations

Air—fuel Spark Injection Mean effective
ratio timing period pressure
1.0 —19 CAD  7.65 ms 5.36 bar
1.2 —19 CAD  6.65 ms 5.11 bar
1.4 —32.5 CAD 5.65 ms 4.42 bar
450
v 440
o 430
5 420
g 410
g— 400}
2 390}
380
_ __,-.EC IC
g 9 15 T }
5 |
K T SR

-360-270-180-90 0 90 180 270 360
Crank angle ( °)
Fig. 16 Phase-averaged temperatures (upper plot) and corresponding

temporal standard deviations (lower plot) at various air—fuel ratios for
MPI
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Fig. 17 Phase-averaged pressures (upper plot) and corresponding
temporal standard deviations (lower plot) at various air—fuel ratios

@ Springer



302

N. Fuhrmann et al.

Section, corresponding in-cylinder pressure data are shown
in Fig. 17.

The highest temperature level is observed in stoichi-
ometric conditions. The lowest level of temporal temper-
ature standard deviations around TDC is measured at
A = 1.4. The excess of air is accompanied by lower flame
luminosity and leads to more precise offset and tempera-
ture determination.

In temporal pressure standard deviations, the pressure
fluctuations are identical for the engine conditions inves-
tigated, which supports the hypothesis that the variations in
phase-locked temperature standard deviations are attribut-
able to the measurement technique.

6 Summary

High-speed phosphor thermometry was applied to measure
cylinder head temperatures within an optically accessible
internal combustion engine under fired operation. The
thermographic phosphor material Gd;GasO,:Cr,Ce was
synthesized with a special composition to satisfy the
requirements of the measurement technique and the device
under test. In addition to the characterization of the sensor
material for precision and accuracy, measurements of
temperature evolutions for different positions at the cylin-
der head under fired engine conditions were shown. The
effects of spark timing and air—fuel ratio on cylinder head
temperatures were investigated. The results of these
experiments confirm the ability of high-speed phosphor
thermometry to determine fast temperature gradients with a
high degree of precision and accuracy. Additionally, the
total time for performing the engine experiments with these
statistics was orders of magnitude lower than it would have
been when using conventional phosphor thermometry at
repetition rates in the order of 10 Hz.
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