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Abstract

Two-dimensional thermographic particle image velocimetry (T-PIV) is presented for the in situ measurement in optically
accessible internal combustion (IC) engines. Temperature and velocity measurements are combined using thermographic
phosphor particles as tracers for PIV. For three commerecially available phosphors (BAM:Eu**, ZnO, and ZnO:Zn), tem-
perature sensitivity, luminescence intensity at high temperatures and laser-fluence dependence were evaluated for
phosphor-coated surfaces in a high-temperature cell. ZnO:Zn was identified as the best-suited candidate for engine in-
cylinder measurements and further analyzed in the aerosolized state at temperatures up to 775K to generate calibration
data required for signal quantification in engine experiments. T-PIV was successfully applied in the IC engine to simultane-
ously obtain instantaneous two-dimensional velocity and temperature fields using the intensity-ratio method. Despite a
measurement uncertainty (* | o basis) of only 3.7K at 317K (1.2%) to 24.4K (4.2%) at 575K, this technique suffers from
low signal intensities due to thermal quenching at increasing temperatures, which leads to reduced accuracy as the pis-
ton approaches top dead center. Thermographic measurements were successful to visualize local temperature changes
due to evaporative cooling after fuel injection. The measured mean gas temperatures agreed well with zero-dimensional
simulations that use additional wall-temperature measurements from thermographic phosphor measurements based on
the lifetime method as input for heat transfer calculations.
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Introduction tracer-LIF'C or filtered Rayleigh scattering.” However,
the latter is related to a considerable experimental effort
and complexity as the presence of particles used for PIV
interferes with the elastically scattered laser light for
Rayleigh measurements.

Temperature measurements using thermographic
phosphors are frequently performed for surface mea-
surements, but recently this technique has been

The knowledge of fluid temperature and velocity is cru-
cial in many practical combustion processes to design
and improve these processes. For reciprocating internal
combustion engines (ICEs), both parameters play an
important role for almost all processes throughout an
engine cycle, such as fuel evaporation, mixing, chemical
kinetics, wall heat transfer and pollutant formation.'
For velocity measurements in fluid flows, particle image
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extended to gas-phase temperature measurements.'? It
is of interest to combine temperature and velocity mea-
surements using thermographic phosphors to simplify
experimental complexity and to share equipment.
Thermographic particle image velocimetry (T-PIV)
enables the simultaneous imaging measurement of tem-
perature and flow velocity in challenging conditions as
those found in ICEs. In T-PIV, thermographic phos-
phor (TP) particles are seeded into the flow and are
exploited for two diagnostics methods. Firstly, the par-
ticles can be used as tracers for velocity measurements
following the conventional double-pulse PIV approach.
But secondly, the luminescence from the same particles
is employed to measure the local temperature of the
fluid. TPs feature temperature-dependent luminescence
upon laser excitation and the emitted luminescence can
therefore be used for temperature sensing. This method
is of particular interest for the application in reacting
flows, since most of TPs are chemically inert and insen-
sitive to pressure.'* While the luminescence properties
of BAM:Eu®>" was found to be insensitive to oxygen
for gas compositions up to 200 mbar partial pressure,'*
no systematic investigations of the influence of oxygen
on ZnO are available in literature so far. However,
annealing conditions to change the luminescence prop-
erties of ZnO are usually on the order of hours in oxy-
gen atmosphere at high temperatures (up to 1050°C),">
thus luminescence properties are not expected to be
affected from short residence times and moderate tem-
peratures as found during compression and expansion
in the engine.

While the feasibility of this combined technique has
been demonstrated in turbulent gas flows,'® the appli-
cation in internal combustion engines faces various
challenges such as fast fluid motion, seeding fluctua-
tions due to inherent cyclic variations in the intake
manifold, and low signal intensities. For fired opera-
tion, the signal can also interfere with flame lumines-
cence and particles can deteriorate once exposed to the
flame.'” Therefore, TPs with short radiative lifetimes as
well as strong signal yield at high temperatures are pre-
ferred. It is equally important to select a phosphor with
a high temperature sensitivity to obtain good measure-
ment precision in the temperature range of interest.

Phosphor thermometry was carried out before in an
engine environment using phosphors with long lumines-
cence lifetimes for time-averaged surface temperature
measurements on a piston crown using La,0,S:Eu®*!®
or on a transparent cylinder wall.'>?* Hasegawa et al.”!
performed gas-phase TP measurements before and dur-
ing HCCI combustion and they were able to identify
flame kernels from temperature measurements using
YAG:Dy’ ", but interference from combustion lumines-
cence emission prevented measurements later than
350 CAD due to long luminescence lifetimes of the
phosphor (~100 ps).?'*? Aerosol temperature measure-
ments were conducted in a Diesel piston bowl with
YAG:Dy’* and BAM:Eu?>", where the latter was used
when the piston approaches TDC due to stronger

emission intensities. However, the temperature sensitiv-
ity of BAM:Eu?" is usually in the range of 0.2%/K,
and thus the limiting factor for a high measurement
precision. Furthermore, measurements using thermo-
graphic phosphors were only possible up to 3CAD
after start of injection (ASI) due to strong signal contri-
bution from chemiluminescence.”> Combined T-PIV
measurements in an optical engine were performed for
the first time by Neal et al.** using YAG:Pr** at three
different crank angle positions in the compression
stroke, achieving a single-shot precision (1o) as good as
20K at 600 K. Due to phosphor excitation at 266 nm
using YAG:Pr? ™, the authors found systematic interfer-
ence from the window material.

Measurement strategy

With thermographic phosphors, temperature can be
measured by either exploiting the temperature-
dependence of the luminescence lifetime, the shape of
the emission spectra, or the signal intensity. The life-
time method evaluates the signal decay in the time
domain. The temperature-dependent variation in emis-
sion spectra is often recorded based on the intensity
ratio from two spectrally separated wavelength ranges
selected by filters. For 2D imaging measurements, the
first requires a single camera with a frame rate fast
enough to capture the signal decay after laser excitation
in multiple frames, the second requires two cameras
with a single exposure per laser pulse. For both
approaches, the temperature is then inferred from a
calibration curve, where the lifetime or the intensity
ratio has been measured for a respective temperature
range in a controlled environment. The intensity-based
method requires a reference such as temperature-
independent elastic scattering (Mie signal) and there-
fore, also two separate detectors.?

For all strategies, it is crucial to know the related
temperature-dependent signal changes from reliable
calibration measurements. Several previous studies
revealed that the luminescence properties of thermo-
graphic phosphors vary according to its agglomeration
state (bulk powder, surface coating, liquid dispersion,
or aerosol). Jovicic et al. observed different optical
properties for YAG:Dy® " and YAG:Er* ", Dy’ " when
varying the agglomeration state. They found an error
0f 9.4% in determining the temperature at 447 K that is
caused by applying calibration data from coatings to
aerosol measurements.”® Fond et al. investigated vari-
ous phosphors (BAM:Eu®", Mg,FGeOgMn*", (Sr,
Mg);(PO,)»:Sn* ", ZnO) and showed that the emission
properties vary significantly between bulk powder and
liquid dispersion.?” For ZnO they found a signal per
unit mass that was 500 times stronger in liquid disper-
sion compared to powder. For BAM:Eu? ", Witkowski
and Rothamer®® observed red-shifted emission in pow-
der measurements compared to aerosol measurements
attributed to radiative trapping in the powder. This
leads to an underestimation of temperature, larger than
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100K at 700 K for measurements in environments with
high phosphor concentrations such as bulk powder in a
furnace. Hertle et al. characterized (Sr,Ca)SiAINy:Eu? "
in bulk powder and surface coatings between ambient
temperature and 773 and 548 K, respectively. The spec-
tral emission from the surface coatings at room tem-
perature showed a significant blue-shift compared to
the bulk powder measurements that was attributed to
radiative trapping in the powder and to decreased crys-
tal field strength in the coated phosphor due to the
presence of the binder.?” These studies strongly suggest
that the agglomeration state of a phosphor should be
consistent throughout the calibration and the measure-
ments in the system of interest.

One of the main objectives of this study is to test
various phosphors (BAM:Eu®>", ZnO and ZnO:Zn)
with short radiative lifetimes, high temperature sensitiv-
ity, and strong signal levels at elevated temperatures
with the aim of improving measurement reliability at
high temperature and under fast transient conditions in
an optical engine. BAM:Eu?" (referred to here as
BAM:Eu) and ZnO have been frequently applied for
temperature measurements, but only limited informa-
tion about the properties of ZnO:Zn is available in lit-
erature. In this work, a preliminary screening from
measurements on coated surfaces was carried out to
compare three commercially available phosphors with
limited experimental effort, followed by a comprehen-
sive aerosol characterization for the most promising
phosphor. In screening measurements, ZnO:Zn showed
promising properties such as high quenching tempera-
ture and low non-linear dependence on laser fluence,
and the highest temperature sensitivity of all three
phosphors for the temperature range of interest in the
engine (400-700 K). Therefore, the aerosol characteri-
zation focused on ZnO:Zn, investigating the influence
of the seeding density and the laser fluence on the lumi-
nescence properties. Spectrally-resolved calibration
data was acquired from aerosols heated in a tube fur-
nace covering the temperature range from 300 to
775K. A ratio-based temperature calibration curve is
obtained from the spectral calibration data using the
transmission characteristics of the dichroic mirror and
bandpass filters used in the engine measurements. T-
PIV imaging is then carried out in an optically-
accessible engine under motored conditions with and
without fuel injection using ZnO:Zn. To the authors’
knowledge, these are the first in-cylinder thermographic
phosphor measurements employing aerosol-based
calibration.

This paper is organized as follows. Firstly, the lumi-
nescence properties of three commercial phosphors
(BAM:Eu, ZnO, and ZnO:Zn) are described based on
measurements on coated surfaces in a high-temperature
cell to evaluate the most suitable phosphor for engine
measurements. ZnO:Zn was chosen based on its prop-
erties in terms of thermal quenching, temperature sensi-
tivity, and laser fluence dependence. Secondly, the
arrangement for aerosol characterization and engine

measurements subsequently shown, followed by the
procedure for data post-processing The last methodic
section describes a zero-dimensional describes a
dimensional simulation of the engine process using
additional wall-temperature measurements as input for
the heat transfer calculation. In the last chapter, all
results are presented and the engine measurements are
compared to the simulation results and error sources
are analyzed.

Materials and methods

Phosphor selection

For applications in engines combining two-color phos-
phor thermometry and PIV, the following optical
requirements must be met: Small particle diameters to
quickly follow changes in temperature and velocity,
high temperature sensitivity in the range of 400-700 K
to provide good measurement precision, short radiative
lifetimes and strong signal intensities at increased tem-
peratures and to discriminate against signal interference
from combustion or blackbody radiation, and resis-
tance to combustion for post-flame measurements.
Furthermore, there are hardware limitations using an
optical engine: High hardness of the phosphor will
accelerate wear of engine parts such as the optical cylin-
der or piston rings. This effect has not been analyzed
quantitatively, but significant differences were found
for the phosphor materials. Phosphor excitation at
355nm is preferred over 266 nm to reduce interference
from fluorescence from fuel components, intermediate
combustion species, or optical elements. Additionally, a
measurement campaign requires several 100 g of phos-
phor material, which favors the use of off-the-shelf
materials. Three commercially available phosphors
(BAM:Eu, ZnO, ZnO:Zn, provided by Phosphor
Technology KEMK 63, Sigma Aldrich 96479, Phosphor
Technology GK30, respectively), all excitable at
355nm, were evaluated first based on measurements on
a coated surfaces in a high-temperature cell. BAM:Eu
and ZnO are well characterized and one of the most fre-
quently applied phosphors for fluid measurements,>”>°
therefore the focus was placed on ZnO:Zn.

ZnO is a direct semiconductor with a band gap of
3.37 eV and exciton binding energy of 59 meV at ambi-
ent temperature.'>*' Upon laser excitation, ZnO exhi-
bits a near-band-edge emission from the exciton states,
centered at ~380nm with an emission lifetime of less
than 1ns."”” ZnO shows broadband emission centered
at 510nm with an emission decay (l/e) of ~1 s at
room temperature, which is three orders of magnitude
longer than the one of the near-UV emission.*> The
green emission has been attributed to ZnO annealing in
low-oxygen atmosphere leading to oxygen vacancies
that result in Zn-enriched zinc oxide (ZnO:Zn) with
510-nm (2.43eV) intraband emission.'® Both emissions
can be exploited for temperature measurements: The
UV emission shows a pronounced redshift that can be
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used for high-sensitivity intensity-ratio temperature
measurements, whereas the temperature dependence of
the green emission enables temperature sensing in the
time domain showing a change in luminescence lifetime
of a factor larger than 30 between room temperature
and 460 K.** When performing intensity-ratio measure-
ments, the green emission can interfere with the spectral
acquisition band used for intensity-ratio measurements,
however it can be efficiently suppressed using a gated
camera. In literature, the intensity-ratio method was
applied using ZnO:Zn to monitor the temperature dis-
tribution on a burner plate with a sensitivity superior to
60mK.* ZnO:Ga was used for 2D temperature mea-
surements in a burning methanol droplet.** The combi-
nation of a short radiative lifetime (< 1 ns) and strong
sensitivity to temperature changes makes this phosphor
an excellent candidate for temperature measurements
in challenging environments such as IC engines.

Phosphor screening on surface measurements

The phosphor particles were coated on a metal surface
(HPC binder, ZYP coating) and heated to 920K in a
high-temperature cell. The phosphors were excited with
the radiation from a frequency-tripled Nd:YAG laser
(355 nm, SpectraPhysics, INDI-50) with beam homoge-
nizer with a fluence of 10mJ/cm?. The luminescence
was collected with a spherical lens (f = 300 mm), spec-
trally dispersed (Acton SP-300, grating 3001/mm,
300 wm entrance slit) and detected with an ICCD cam-
era (PIMAX, Princeton Instruments). The spectral res-
olution was 1nm (full-width at half maximum) as
determined with a mercury lamp and the wavelength-
dependent sensitivity of the detection system was cali-
brated against a tungsten halogen lamp.

Figure 1(a) to (c¢) shows the temperature-dependent
emission spectra for ZnO, BAM:Eu, and ZnO:Zn. The
spectra are normalized toward maximum intensity for
each temperature. Figure 1(d) represents the integrated
emission over the entire spectral range shown in the fig-
ure (370-520 nm for BAM:Eu and 370-600 nm for both
ZnO phosphors) to evaluate the influence of thermal
quenching. The quenching temperature T'sg, where the
band-integrated luminescence drops to 50% of its value
at room temperature is an important measure to esti-
mate signal yields at increasing temperatures. The
quenching temperatures for BAM:Eu, ZnO, and
Zn0O:Zn were 825, 448, and 502 K, respectively. If the
measurement of ZnO at ambient temperature (300 K)
is considered an experimental outlier, 75y for ZnO
would be even lower.

Non-linear signal response on laser fluence can lead
to a bias in temperature determination if it is not
accounted for. Linear signal increase with the excitation
fluence from 0.45 to 2 mJ/cm® was found for BAM:Eu,
followed by non-linear signal response up to 10 mJ/cm?>.
This is qualitatively in agreement with literature data
for aerosolized BAM:Eu.* Similarly to BAM:Eu, a
non-linear signal response was found for ZnO from 5 to

10mJ/em?, which was previously described in Abram
et al.’*® On the contrary, the luminescence intensity of
ZnO:Zn increased linearly up to 10mlJ/cm? which
decreases the bias in temperature calculation for vary-
ing fluences.

For thermometry applications, finding phosphors
with a high temperature sensitivity is equally important
as to overcome the limitation from low signal intensity
at high temperatures. The shift in the spectrum of
BAM:Eu is less distinct than for both ZnO phosphors,
leading to a relatively lower temperature sensitivity.
While the emission of both ZnO-based phosphors is
qualitatively similar, ZnO:Zn features a more pro-
nounced red-shift than ZnO, making it more sensitive
to temperature variations. Figure 2 shows the intensity
ratio and the calculated temperature sensitivity
assuming idealized bandpass filters with a top-hat
transmission characteristic (blue: 370430nm, red:
430-550nm for both ZnO phosphors and blue: 370-
430 nm, red: 430-500 nm for BAM:Eu, cf. color-shaded
areas in Figure la-c). These filter characteristics for
BAM:Eu are similar to the filter combinations sug-
gested in Fond et al."* and the filters for both ZnO-
phosphors are identical to enable direct comparison. In
the range between 400 and 700 K, ZnO:Zn has an aver-
age temperature sensitivity of around 1.42% /K, which
is slightly higher than ZnO (1.29%/K) and more than
ten times higher than the temperature sensitivity for
BAM:Eu (0.13%/K).

The characterization of the phosphors’ luminescence
properties from coated-surface experiments shows that
BAM:Eu has a higher quenching temperature than the
two ZnO-based phosphors, but is significantly lower in
sensitivity to a change in temperature. However, ZnO
has higher per-particle luminescence emission than
BAM:Eu, but ZnO shows stronger non-linear depen-
dence on laser fluence.?’*° The higher temperature sen-
sitivity and the more elevated quenching temperature
Tso of ZnO:Zn relatively to ZnO, and the absence of
saturation effects in the investigated range of fluences
make ZnO:Zn the most attractive phosphor for highly
sensitive thermographic measurements in the tempera-
ture range relevant for in-cylinder measurements.

Phosphor characterization in the aerosol phase

Figure 3 shows the experimental layout for the charac-
terization of a phosphor aerosol. A high-temperature
furnace with controlled heating up to 775K was used
for heating an aerosol flow of ZnO:Zn (dso = 3.5 um)
in a 17-mm diameter quartz tube. A 1.5-mm diameter
K-type thermocouple was used to measure the gas tem-
perature at the furnace outlet in the proximity of the
probe volume of the optical detection system. The par-
ticles were dispersed in the air using an in-house seeder
equipped with a magnetic stirrer and flown through the
tube with an exit velocity between ~23 and 46cm/s.
The seeding density was controlled by adapting the
nitrogen mass flow rate through the seeder at constant



Kopf et al.

117

1 1 [
\Z‘ (a) ZnO
'z 0.8 e —300K| 1
g M\ A — 400K
= 061 || \ i 500 K| 1
IS [ 111 600 K
TE 047 || \ 700 K| 1
5 f \ 800 K
=027 KA —900K|

o X — : |

400 450 500 550 600
Wavelength / nm
1 1 | T o) T T
~ | £\ (c) ZnO:Zn
b ‘ ‘\ y’ \
208 ||| [ —300K| 1
2 Wi ‘ ' —400K
S 061 [ 1‘. { 500 K| 1
IS (1 VY | 600K
Té 04r1 |/ \ 700 K| 1
= [ M\ / 800 K
i 021 | y — 900 K| T
% ‘
= 0 ' AN ‘
400 450 500 550 600
Wavelength / nm

Co , .
= 4 i‘-ﬁ.‘ (b) BAM:Eu
i i L'
'z 0.8 i\ 1
5 [\ ——370K
=06 ‘ —— 420K | .
3 il 500 K
S04F 600K | |
= W \ 700 K
Q / / L\
=02 i LN 800 K | -
] Iy W/——920K
< / /4 a\
S o LA ! .\ .
400 450 500 550 600
Wavelength / nm
. e ,
5 ooy, o (@
< ¢ - T \,:"C\\\%’ e
<08 D
£ Qs
é v \
306 i R
= I N O I~
S04} , Nite
£ O BAMEu| O
O :Eu LT
S 0 2 Il 7ZnO ’ i \ —;\./‘—
= Zn0:Zn ARK
Ll 0 T T T T L I Ll L
300 400 500 600 700 800 900
Temperature / K

Figure 1. Normalized emission spectra from coated surface experiments for ZnO, BAM:Eu, and ZnO:Zn (a—c). The band-
integrated emission intensity for all three phosphors is shown in (d), where the quenching temperatures Tsq are pointed out with a

dashed line. The spectral regions highlighted in red and blue (a—c) show the ideal filter transmission bands used for intensity ratio

and temperature sensitivity calculations, see text.

10" m'&(@mc:' ' P
~ 5
= Nhl
S 1otk
5 10 XXX
z X
g XXX O EAS/I:Eu
= 2 x X X /n
= 105 Zn0:Zn

300 400 500 600 700 800 900
Temperature / K
(a)

>
W

ok
(9]

o
)

Temperature sensitivity 1 / %/K

w O

\S]

—
T

W(T) = 1 GF ~& BAM:Eu
—%-Zn0
Zn0:Zn
NgP Lo
KT EXAXX M
o e
/>( >"\>\<‘><
X
X7 GO
S O00600600600GHORER

00 400 500 600 700 800 900

Temperature / K
(b)

Figure 2. Intensity ratio (a) and normalized temperature sensitivity ¢ (b) for the investigated phosphors. The intensity ratio was

calculated by dividing the band-integrated emission intensity determined by the filters. |dealized filter transmission characteristics are
assumed for all phosphors, see text. The temperature sensitivity was calculated from the intensity ratio according to the formula

shown in the top left corner.

seeding operation. Prior to the measurements, phos-
phor particles were dried at 150°C for 4h to decrease
particle agglomeration. The aerosol homogeneity was

improved by adding nanometer-sized SiO, particles
that prevent agglomeration of phosphor particles, fol-

lowing the procedure of similar works.

37-39
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Figure 3. Experimental layout for the spectral characterization of aerosolized ZnO:Zn and particle counting system.

A dual-cavity Nd:YAG laser (BMI Double Channel
Series 5000, PVL 400) illuminated the test section
through two beams of different wavelengths: The
frequency-tripled 355-nm output was used for phos-
phor excitation, while the frequency-doubled output at
532nm was used to measure the particle number den-
sity via Mie scattering. Both beams are overlapped by a
dichroic beam combiner (BC) and formed into a laser
sheet (800 pm thick and 20 mm high) using two cylind-
rical lenses (f; = —150mm, f> = 200 mm) and a spheri-
cal lens (f3 = 60mm). The fluence of the 355nm beam
in the probe volume was 20-90 mJ/cm?. The phosphor
emission was collected by an optical fiber with focusing
optics, spectrally dispersed by a spectrometer (Horiba
iHR 320, /= 320mm, 3001/mm grating, 1-mm slit
width) and detected by an interline-transfer CCD cam-
era (UV-VIS Syncerity) with an exposure time of 1 ps.
The spectral sensitivity of the detection system was
detected against a calibrated tungsten halogen lamp
integrated in an Ulbricht sphere. A consumer camera
(Nikon D5100, 2464 X 1632 pixels, 16 X 16 um?® pixel
size) equipped with a Nikkor lens (f= 105mm, f/2.8)
and a transmission interference filter (IF, 532 = 4 nm,
ML1 Microcoatings Inc.) was used for detecting the
number density of individual particles via elastic scat-
tering of the 532-nm laser beam. A color glass filter
(CF, Schott OG515) was necessary to suppress signal
contribution from phosphorescence and scattering of
the 355 nm laser light, despite the strong light rejection
of the interference filter.

Optical engine experiments

For in-cylinder measurements in an optically accessible
engine, ZnO:Zn particles were dispersed in the air fed
into the engine intake manifold and used to measure
temperature through two-color phosphor thermometry
and fluid flow velocity via PIV.

A single-cylinder, four-valve double over-head cam-
shaft (DOHC) optical research engine with a fully
transparent cylinder (fused silica, corning 7980) is used
for simultaneous temperature and velocity measure-
ments. The displacement volume of the engine is
399.5cm® with a bore and stroke of 77 and 85.8 mm,
respectively, and a geometric compression ratio
¢ =10.5. The engine is equipped with a flat piston
crown in Bowditch layout* and a pent-roof cylinder
head. The direct injection, spark-ignition (DISI) engine
is designed and manufactured by IFPEN*' and features
a five-hole centrally mounted injector Bosch GDI
HDEV 5.2.

A standard test case and two parametric variations
(intake temperature, tumble ratio) are investigated in
this work under motored conditions. The nominal
engine speed is 1200 RPM and the injection system is
operated at 200 bar. The intake manifold temperature
for the reference condition is 298 K with a tumble ratio
of TR =1.1. The tumble is characterized on an in-
house flow bench according to the methodology in.*!
The calculation of the tumble ratio is detailed in the
Appendix. In the second test case, the intake tempera-
ture is increased to 333 K. For the third operating con-
dition, the engine is operated with standard intake
temperature (298 K) and the tumble ratio is increased
by 15% (TR = 1.25) using tumble flaps. For all three
test cases the temperature and velocity field are calcu-
lated during the compression and expansion stroke
over a wide range of crank angle degrees.

Due to the engine layout, visualization around top-
dead center is not possible after 330 and before
390 CAD due to blockage of the optical cylinder by the
piston. The 355-nm (SpectraPhysics, Quanta-Ray
GCR-150, 20mJ/pulse, laser fluence: 50 mJ/cm?) and
532-nm (Quantronix, Hawk-Duo, 5mlJ/pulse) laser
sheets are combined using a dichroic mirror and pene-
trate the optical cylinder vertically, resulting in an
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Figure 5. Optical layout used for in-cylinder temperature and
velocity measurements. f; = 1000 mm, f, =f3=—100 mm,
f4= 1100 mm, fs =2000 mm.

illuminated area of 70 X 74mm?. The cylindrical shape
of the optical cylinder further focuses the light sheets,
leading to ~0.5-mm thick light sheets inside the optical
cylinder. Both lasers are operated at 10 Hz and syn-
chronized with the engine through a crank-angle
encoder.

The signals were detected at right angles through the
transparent cylinder wall (Figure 5). The distortion of
the collected images resulting from the cylindrical shape
of the optical cylinder is neglected, except from near-
cylinder regions, which were excluded from the field of
view (Figure 4). The PIV signal was separated with a

Figure 6. Timing diagram for simultaneous temperature and
velocity measurements in an engine.

515nm long-pass filter (CF, Schott OGS515) and a
532 = 4nm interference filter (IF, ML1 Microcoatings
Inc.) and detected with a Photron SA1 high-repetition-
rate camera. The color glass filter was tilted to approx.
45° to minimize reflections on the cameras on the oppo-
site side of the engine. The phosphorescence signal was
collected by two intensified CCD cameras (PIMAX2,
Princeton instrument, 16 bit, 1024 X 1024 pixel, 10 s
detection) from the opposite side, separated by a
dichroic beamsplitter (Chroma Technology, T410lpxt)
with a cut-on wavelength of 410nm and two bandpass
filters (BP, Semrock FF01-665/SP) with a FWHM of
266 nm centered at 507nm (507 = 133 nm). The cam-
eras were equipped with Nikon lenses (f = 50 mm, f/
1.2) and are hardware-binned (2 X 2 pixel). The result-
ing spatial resolution of the temperature imaging setup
is 280 wm as measured with a 1951 USAF resolution
target. The entire detection system for phosphor ther-
mometry, mounted on a separate optical table, was
height-adjustable to optimize the field of view and mini-
mize vignetting effects at higher crank angles, when the
field-of-view was partially blocked by the piston. The
measurements were carried out with the detector sys-
tems set to two heights: An elevated camera position is
optimized for 300420 CAD and a low position for all
other measurements.

The timing diagram is Figure 6. shows the timing
diagram for simultaneous temperature and velocity
measurements in the engine. The main signal was trig-
gered by the crank angle encoder from the engine at
the desired crank angle (Target CAD). Cameras and
lasers were triggered based on this signal to account for
slight deviations from the nominal engine speed. The
measurements were performed at 1200 RPM nominal
engine speed between 180 and 520 CAD at 20 CAD
increments from 180-300 CAD to 400-520 CAD, as
well as 330 and 390 CAD. The following measurement
sequence was applied for data acquisition: (i)
Background images are taken over 200 consecutive
engine cycles for each camera and each CAD
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Figure 7. Pressure trace before and after dismounting and
cleaning the optical engine under motored operation. Bottom:
enlargement around TDC. Transparent overlay: variation in
pressure from 500 consecutive cycles. The mean pressure
traces are shown with a solid line.

individually to account for signal contribution from scat-
tered laser light in the absence of phosphor particles. (ii)
Particle seeding is activated and the engine is operated
for a few cycles until the seeding system operates steadily.
Mie scattering images are used to monitor the homoge-
neity of the particle distribution. (iii) Once the seeding is
stabilized, PIV and thermometry data are acquired over
200 consecutive engine cycles at the target CAD.

Measurements were carried out alternatingly in the
compression and expansion stroke to minimize sys-
tematic errors. Preceding every measurement day, a
compression test of the optical engine was performed
to ensure repeatability of the measurements. The piston
rings and the optical cylinder were replaced if the com-
pression ratio was significantly impacted by material
wear or if the transparency of the cylinder was limited
through scratches. In general, seeded engine operation
was reduced to a minimum to limit wear of the optical
cylinder and thus change in background signal. After
three measurement sequences, the cylinder head was
dismounted for cleaning. Compression tests were also
performed before and after cleaning to ensure repeat-
ability. The pressure traces from 500 consecutive cycles
in motored operation are shown in The pressure traces
are shown in Figure 7. The variation of the mean pres-
sure traces from each run are within the cycle-to-cycle
variations of the other.

Data processing

Two-color luminescence and Mie scattering (PIV) raw
images are mapped to a global reference coordinate sys-
tem using a transformation matrix generated in DaVis
8.0 (LaVision GmbH), based on a double-sided calibra-
tion plate (LaVision 106-10). The PIV images are then
processed using a multi-pass cross-correlation algo-
rithm with iteratively decreasing the interrogation win-
dow size from 64 X 64 to 16 X 16 pixels with 50%
overlap, leading to a final vector resolution of 1.6 mm®.

The raw images from the two luminescence cameras
were corrected for non-uniform light collection and signal
background. Background images recorded for each CAD
were subtracted. A dynamic cut-off filter was applied to
the resulting images with an upper and lower threshold
of 90% and 10% of the dynamic range of the camera to
avoid non-linearities close to the saturation limit of the
detector and to discriminate against areas where the sig-
nal is governed by background, for example, by scattered
and reflected luminescence. Subsequently, the images
from both cameras were spatially averaged by a 5 X 5
pixel median filter to reduce noise. The signal ratio map
is calculated on a pixel-by-pixel basis. Sub-pixel misalign-
ment between both cameras is considered negligible as
the spatial resolution of the cameras is not high enough
to resolve individual particles (~0.2 mm/px). Due to pixel
binning and spatial averaging, a quasi-continuous tem-
perature map is was achieved.

A flatfield correction accounts for non-uniform light
collection in the optical system, an effect that is domi-
nated by the spectral angle-dependence of the dichroic
mirror used as beam splitter between both cameras.
Spatially varying laser fluence over the height of the
laser light sheet does not influence the temperature cal-
culation in a ratio-based method as no significant
cross-dependence of the laser fluence on the phosphor
emission in the signal response of this phosphor was
found in the fluence regime of the measurements
(Laser-fluence dependence). Performing a reliable flat-
field correction in an engine is difficult because the
optical system changes at each CAD due to varying
positions of moving parts (piston, valves). Therefore, in
our measurements, the flatfield correction was achieved
by dividing the ratio image from the condition of inter-
est by the ratio image measured at bottom dead center
(180 CAD), where the in-cylinder temperature distribu-
tion is expected to be close to uniform. Using the tem-
perature at 180 CAD from a zero-dimensional (0D)
simulation, the calculated signal-ratio calibration curve
from the spectral calibration measurements can be
applied to derive the temperature from the two-color
signal ratio at each location in the image.

Temperature determination from 0D simulations

A 0D simulation is carried out to estimate the in-
cylinder temperature during the compression and
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expansion stroke and to verify measured temperatures
from phosphor thermometry. This is based on the
IFPEN engine library developed in the simulation soft-
ware AMESim® environment.*** In motored opera-
tion, the bulk-gas temperature distribution is expected
to be homogeneous except for near-wall regions, where
heat transfer is not negligible. Under these conditions,
the change of the in-cylinder bulk temperature can be
calculated with good accuracy following the ideal gas
law and wall heat transfer using the heat transfer coeffi-
cients introduced by Woschni.** The engine geometry
is taken into account as well as valve lift and timing.
Boundary conditions for intake and exhaust pressure
and temperature are acquired during the optical mea-
surements using thermocouples and a piezoelectric
pressure sensor (AVL QC34D) resolving the measured
value respectively every 1/10CAD (72kHz at
1200 RPM). The measurements are averaged over all
200 engine cycles. Heat transfer coefficients from the
Woschni model are adjusted in order to match the mea-
sured pressure trace.

Cylinder surface temperature measurements

The calculation of the heat transfer from the in-cylinder
gases toward the cylinder requires knowledge of the
temperature of the inner surface of the quartz cylinder.
The wall temperature was measured with phosphor
thermometry using a thin layer of ZnO:Zn (HPC
Binder, ZYP Coatings Inc.). An optical fiber is used for
illumination (355 nm) and signal collection for detection
with a photomultiplier (PMT) equipped with a band
pass filter (BP, 505+ 10nm) according to Figure 8.
There are no focusing optics attached to the fiber as it
was very close to the optical cylinder (approx. 20 mm).
The measurements are performed for various CAD,
averaging 500 engine cycles under motored operation
and temperatures are determined form the temporal sig-
nal lifetime according to Kashdan and Bruneaux.?® The
results reveal that the in-cylinder wall temperature is
approximately constant 357K (o0 =5K) during
motored operation.

Excitation/detection
optical fiber

Intake

1
-1 : E% PMT
Piston ! ! Phos;?hor T3
\ v A/l 2 coating S
N
Quartz Oscilloscope
cylinder

Figure 8. Setup for measurement of the in-cylinder wall
temperature in the motored engine via phosphor thermometry
using the luminescence lifetime approach.

Results and discussion

Spectral aerosol characterization

For interpretation and calibration of the two-color
phosphor thermometry measurements in the engine,
the spectral properties of aerosolized ZnO:Zn must be
known. Previous work showed that spectral data from
powder measurements cannot be transferred to aerosol
measurements without causing major bias. It was also
observed that the seeding density (particle number den-
sity, PND) influences the spectral response.”
Variations in PND are not only inherently present in a
reciprocal engine for measurements in various CAD, as
the volume of the particle-laden air changes during the
compression and expansion process, but are also sub-
ject to cycle-to-cycle variations in the flow, at the
intake manifold and in the particle seeding system.
Fluctuations in laser fluence also occur in practical
diagnostics system, leading to potential errors due to
non-linear signal response.'® This requires the investi-
gation of the effect to these parameters (PND, laser flu-
ence) on the emission spectrum of ZnO:Zn.

Temperature dependence. Figure 9 shows normalized
phosphor emission spectra for a temperature range
between 300 and 775K, expressing a pronounced shift
toward longer wavelengths as temperature increases.
This feature is exploited for temperature measurements.
To measure temperature in the environment of interest,
the ratio between phosphor luminescence from two dif-
ferent emission bands, defined by the optical filter set,
is calculated. Therefore, a temperature-ratio calibration
is required for each combination of filters. The inten-
sity for each channel is obtained by convoluting the
spectrum with the filter transmission profiles.

A dichroic beam splitter with 410 nm cut-on wave-
length (Chroma Technology, T410Ipxt) and two band-
pass filters (507 = 133 nm, Semrock FF01-665/SP) were

—
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Figure 9. Normalized phosphor emission intensity for
aerosolized ZnO:Zn phosphor at 50 mj/cm? for temperatures
between 300 and 775 K (30 K increments). Transmission
characteristics of the filters and mirrors are shown in color.
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Figure 10. Signal ratio-based temperature calibration for
ZnO:Zn with a quadratic fit of the experimental data. The
dashed lines show the 95% confidence interval of the fitted
calibration curve. The logarithmic plot (bottom) helps to
visualize the limited confidence of the fit for low temperatures.

used for temperature measurements in the engine and
thus the calibration curve was calculated using the
transmission profile of these filters. The laser excitation
fluence is 50 mJ/cm?, similar to engine measurements.
A dichroic beam splitter was used to increase the signal
yield compared to a 50/50 beam splitter. This is particu-
larly important as the global emission intensity at
increased temperatures is low due to thermal quench-
ing. However, due to the angle-dependence of the
dichroic coating, it is suggested for further measure-
ments to separate the spectral bandpass region from
the filters from the cut-on wavelength of the dichroic
mirrors for future measurements.

Figure 10 shows the calibration curve which is used
in the engine experiments to convert measured ratio to
temperature. The logarithmic plot (bottom) helps to
visualize the increased uncertainty for the ratio estima-
tion at lower temperatures, which directly results from
the filter choice. The uncertainties from the fit are also
shown in Figure 16. The combination of filters is cho-
sen to favor the high-temperature regime, which is of
interest in the engine conditions.

Laser-fluence dependence. The signal dependence on the
laser fluence was investigated in the 20-90mJ/cm?

range at 300, 470, and 650K (Figure 11). The contribu-
tion of readout noise is reduced by recording 200
hardware-accumulated spectra for each condition. The
intensity peak at 355nm on the spectrometer from elas-
tically scattered laser light is used as a measure of the
seeding density and to account for seeding densities
variations throughout a measurement series. The global
emission intensity of each hardware-accumulated spec-
tra is corrected by the luminescence-equivalent of the
seeding density, assuming that the scattering intensity
increases linearly with the seeding density. The data
shown are not filtered or smoothened and the spectra
are intensity-normalized for each temperature. The
relative standard deviation between spectra for differ-
ent laser energies, based on the normalized integrated
emission between 370 and 500nm, is o = 0.6% for
300K. This shows that there is negligible influence of
the laser fluence on the spectral shape of phosphores-
cence emission of ZnO:Zn for near-ambient tempera-
tures in the fluence range applied here.

For increased temperatures (470 and 650K), the
spectra show a slight deviation of o = 1.7 and 2.1%,
respectively. A slight systematic blue-shift of the spec-
tra is observed at 470K for increasing fluences, where
the peak position shifts from 405 to 402 nm. Given the
fact that ZnO:Zn emission spectra shift toward the red
at increasing temperature, this effect cannot be attrib-
uted to laser-induced particle heating.

Figure 11 (top right) shows the signal intensity ratio
from the emission spectra for various laser fluences at
three different temperatures The ratios are calculated
by convoluting the filter transmission curves, which
were used for the measurements in the engine and con-
verted to temperature with the aerosol ratio-
temperature calibration curve (Figure 10). The bottom
figure shows the temperature deviation for varying
laser fluences. The temperature deviation is normalized
toward the temperature at 50 mJ/cm?, which is the flu-
ence used in engine measurements. The estimated tem-
perature shows a maximum error of 13K (4.4%), 22K
(4.7%), and 18K (2.7%) at 300, 470, and 650K,
respectively. This error is considered negligible for tem-
perature determination, especially as the calibration
and measurements in the engine are performed at the
same fluence.

Influence of the seeding density. In the literature, spectral
broadening is reported for increasing seeding density
for aerosolized BAM:Eu.?® The origin of this behavior
is inconclusive, but this implies that varying PND can
lead to a potential bias in temperature calculation.
Therefore, the influence of the PND on the spectral
properties of ZnO:Zn is studied in the aerosol charac-
terization setup Figure 3. The procedure of particle
detection and counting is similar to that in Fond et al.*
The collection apparatus provided a field of view of
40 X 30 mm?* with a 16-um pixel size. The resolution is
sufficient to resolve PNDs in the order of 10'°-10"!
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Figure I 1. Left: Emission intensities at 300, 470, and 650K at varying laser fluences for aerosolized ZnO:Zn. Emission intensities
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relatively to the fluence of 50 mj/cm?. The filter combination used for measurements in the engine is used to calculate the ratio and
temperature is estimated from the aerosol calibration curve (Figure 10).
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Figure 12. One hundred single shot emission spectra (left) and estimated temperature (right) as a function of the seeding density
for aerosolized ZnO:Zn particles at 20 mjJ/cm? at ambient temperature (298 K). The filter combination and calibration curve used
for temperature estimation are presented in section Temperature dependence.

particles/m®, neglecting out-of-plane signal contribu-
tion from indirect illumination. Given the fact that a
particle, including its flare effects, is projected on four
pixels on the particle counting camera, the maximum
measurable PND is 1.4 X 10'! particles/m?, under the
prerequisite that two particles need to be separated by
at least one pixel in the camera to be detected as two
distinctive particles.

This study is performed at ambient temperatures
and the laser fluence is set to 20 mJ/cm? with negligi-
ble shot-to-shot fluctuations (+0.2mJ/cm?). The
PND is changed by varying the nitrogen mass flow
through the seeder at constant magnetic agitation.
The PND, measurement obtained from the particle
counting system, and the acquired emission spectra

are studied to assess the influence of PND on the tem-
perature calculation. Figure 12 (left) shows 100 emis-
sion spectra from ZnO:Zn at 298K, where the
variation of absolute intensities observed in the raw
spectra is related to varying PND. By convoluting the
filter transmission curves, used in the engine measure-
ments, with the collected spectra, the luminescence of
each channel is calculated to obtain the ratio between
both luminescence channels. The calibration curve
from aerosol measurements is used to transpose the
ratio to temperature. Figure 12 (right) shows the cal-
culated temperature as a function of the PND. This
study shows that the influence of the seeding density
on temperature calculation is negligible for the inves-
tigated range of PND.
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Figure 13. Ensemble-averaged maps of the in-cylinder temperature distribution in motored operation in the reference condition
for various crank angles. Systematic non-uniformities are pointed out as i—iv. The red box at 200 CAD highlights the region used to

extract temperature profiles (10 pixel rows).

Measurements in the optical engine

Temperature  measurements. In-cylinder temperature
measurements for motored engine operation are pre-
sented in Figure 13 for 200-500 CAD. The images are
corrected and post-processed according to the proce-
dure described in section Data processing. The tempera-
ture fields are calculated from 200 averaged images and
show a uniform in-cylinder temperature distribution.
However, some systematic non-uniformities are
observed and are considered as artifacts of the mea-
surement. Horizontal lines, highlighted with red (i), are
visible at some crank angles which are marks on the
optical cylinder from the piston rings when the piston
is located at TDC. Vertical lines (ii) are likely to stem
from progressing cylinder wear throughout the mea-
surements. Other features include some areas, where
the background correction was not sufficient to elimi-
nate scattered laser light (iii) due to increasing cylinder
wear or particle sticking to the cylinder. White areas on
the temperature maps (iv) represent zones, where a
local particle number density, thus low signal level, or
excessive pixel intensity prevents temperature

calculations. This becomes even more predominant in
the single shot images as shown at the end of this sec-
tion (Figure 15).

A horizontal temperature profile is extracted from
ten pixel rows close to the cylinder head (annotated
with a surrounding red box in the temperature map at
200 CAD in Figure 13). As expected, the in-cylinder
temperature increases during compression and
decreases during expansion stroke. For some condi-
tions, a blank spot (shown in white) is visible due to
insufficient signal (i.e., particles) in the respective
regions.

Figure 14 shows spatial temperature profiles for sev-
eral CAD during the compression and expansion
stroke at standard conditions (7 ke = 298 K, Figure
14(a) and (b)) and increased intake temperature
(Tingaxe = 333K, Figure 14(c) and (d)). Note that tem-
perature images from different measurement conditions
(reference condition, increased tumble or increased
intake temperature condition) are corrected by the
same flatfield, which was taken at bottom dead center
of the reference condition. This shows the robustness
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Figure 14. Averaged temperature profile across the cylinder for reference condition (Tiycke =298 K, (2 and b)) and increased
intake temperature (Ti ke = 333 K, (c and d)) for compression (left) and expansion stroke (right). The region highlighted with a

black ellipse is considered an artifact, which are also annotated in the average temperature maps in Figure |13 as region (iii).
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Figure 15. Single-shot temperature field for reference conditions. Note that 180 CAD (bottom dead center) is not shown as it is

used for determining flatfield information, assuming homogeneous temperature. White: Areas excluded from analysis because of

insufficient signal. The area highlighted with a box at 330 CAD is used for single-shot precision calculations.
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Figure 16. Simulated in-cylinder temperature calculated from
the 0D model (solid black line) and measured temperatures
derived from two-color phosphor thermometry. The error bars
show the estimated calibration error as discussed in section
Temperature dependence.

of this measurement approach and enables compari-
sons of measurements obtained wunder varying
conditions.

The increased intake temperature leads to higher in-
cylinder temperatures during the entire compression
and expansion stroke, relatively to the reference condi-
tion. While the temperature profiles are flat in the early
compression and in the late expansion stroke, a gradi-
ent is progressively appearing when approaching TDC,
starting at 300 CAD. The increasing steep, fluctuating
~10 K/mm local gradients in the center of the cylinder
at high temperatures (320420 CAD) are due to the
increasing sensitivity for temperatures above 400 K but
is also influenced by increasing uncertainty at high tem-
peratures, as the luminescence signal of ZnO:Zn
decreases due to thermal quenching. This significantly
reduces the signal-to-background ratio and it induces
higher uncertainty. In Figure 14, the horizontal tem-
perature profiles show lower temperatures toward the
cylinder walls in (c) relatively to (a), which could poten-
tially be attributed to increasing heat transfer on the
cylinder wall at increasing temperatures. The local tem-
perature peaks at r=<20mm are artifacts caused by
light reflection, which can also be see in the 2D tem-
perature images in Figure 13. However, the position
used to extract a temperature profile (red box in
Figure 13, 200 CAD) is close to the cylinder head. This
position was chosen as it enables a direct comparison
between all measured CAD, but features some
unwanted scattering from the top of the pent-roof com-
bustion chamber, which becomes predominant toward
the cylinder walls at the “high” camera position.
Generally, the temperature profiles show systematic
structures between the two camera positions (“low” at
180280 CAD and 440-520CAD; “high” at 300~
330 CAD and 390420 CAD). Even if two different
flatfields for both camera positions were acquired (both

at 180 CAD), it is possible that other systematic errors
are introduced, for example, due the higher particle
number density. This does not change the luminescence
properties of the phosphor (see section Influence of the
seeding density) but may alter the contribution of
elastically-scattered light from particles in the engine,
which increases the probability of out-of-plane illumi-
nation or the signal contribution from particles sticking
to the walls of the optical cylinder. Also, systematic
errors become more significant at high temperatures as
the signal intensity decreases due to thermal quenching
section Uncertainty quantification.

The temperature profiles in the expansion stroke are
invariably lower compared to those at the equivalent
CAD in the compression stroke (Figure 14 (d) vs (c)),
for example, 480 versus 240 CAD, which is due to the
non-isentropic nature of the compression process.
Despite systematic errors, this demonstrates the capa-
bility of this diagnostics to capture small changes in
temperature in challenging measurement conditions.

Figure 15 shows the single-shot temperature maps
from the reference condition between 200 and
330 CAD. The white areas were excluded from tem-
perature calculation because the pixel intensity is too
low, for example, from low particle number density, or
too high from areas, where the background subtraction
could not account for, for example, elastically scattered
laser light.

Measurement accuracy and precision. Figure 16 shows the
temporal temperature trace calculated from the in-
cylinder pressure from the 0D simulation together with
the gas temperature derived from two-color phosphor
thermometry measurements for two operating condi-
tions. The rise in temperature starting at 500 CAD in
the 0D model is due to the fact that the exhaust mani-
fold pressure is higher than in-cylinder pressure.
Therefore, the cylinder pressure (and thus the tempera-
ture calculated in the model) increases as soon as the
exhaust valve opens (0.7mm exhaust valve lift at
500 CAD).

The temperatures measured with phosphor thermo-
metry show good agreement with the simulation. The
error bars for the temperatures from optical measure-
ments visualize an estimated error from the filter com-
bination wused in this work for -calibration and
measurements section Temperature dependence. For
300420 CAD, the thermographic measurements are
systematically lower than the simulated values, which
might be related to systematic errors or to the applica-
tion of the flatfield. The upper and the lower limit of
the confidence interval (95%) is used to estimate the
accuracy of this technique. The measurement uncer-
tainty at 300K is found to be 55K (18%) and 2K
(0.3%) at 614K due to errors in the calibration. It is
clear that the current filter combination chosen for
engine measurements favors elevated temperatures.
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Figure 17. Luminescence and background signal intensities at
increasing in-cylinder temperatures.

The measurement precision is derived from 200 sin-
gle shot images (=1 basis) around the mean value
from a constant ROI (62 X 5mm?) throughout all
crank angle degrees where the temperature was close to
uniform. The ROI used for precision calculation is
highlighted in Figure 15. The measurement precision
for the reference condition decreases from 3.7K at
317K (1.2%) to 17.3K at 515K (3.3%) at 200 and
320 CAD, respectively. For the increased intake tem-
perature case, the uncertainty increases from 2.3K
(0.6% at 343K) to 24.4K (4.2% at 575K) at 200 and
320 CAD.

Uncertainty quantification. The accuracy and precision
have been discussed in the previous section, however,
this technique also suffers from low signal intensities at
high temperatures due to thermal quenching, affecting
both accuracy and precision. Figure 17 shows the evo-
lution of the measured background and luminescence
signal at increasing temperatures. The background

consists of spatially and temporally varying sources,
including out-of-plane illumination or particles sticking
to the piston or cylinder walls. The luminescence cam-
era counts were extracted from an area of 8 X 8 mm?,
where the signal is approximately uniform. The signal
to noise ratio (SNR) decreases from 3.9 at 300K to
1.033 at 614 K. It is possible that this is responsible for
the underestimation in temperature at 330 and
390 CAD for the increased intake temperature condi-
tion. Furthermore, the average temperature needs to be
interpreted with care in the regions, where temperature
calculation is not possible from all cycles, because one
or both cameras are below the intensity threshold, as
the overall average might be biased toward lower tem-
peratures. This shows the intrinsic problem of increas-
ing uncertainty at high temperatures for measurement

using thermographic phosphors due to thermal
quenching.
Spray injection. Temperature measurements using

phosphor thermometry were also carried out after fuel
injection at increased intake temperature (330 K). Non-
fluorescent fuel (n-pentane) is injected at 170 CAD
using a five-hole injector (Bosch GDI HDEV 5.2) oper-
ated at 200 bar injection pressure. Figure 18 shows the
average temperature map at 190 CAD (left) and the
temperature profile (right) derived from an average
over ten pixels 55 mm below the injector tip after injec-
tion. At 190 and 200 CAD (not shown) there is a tem-
perature difference of approximately 15 and 10K,
respectively. A comparison with the reference tempera-
ture profile from motored operation (no fuel injection)
shows that the temperature drop due to evaporative
cooling can be visualized. The single shot precision
(£1o basis) from the evaluated temperature profile
without injection is 4.7K (1.5% at 324 K), so it is clear
that the measured temperature difference is of non-
statistical nature. To verify these results, an estimation
of the expected temperature was performed based on
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Figure 18. Average temperature field (left and center) of the in-cylinder gas and temperature profile (right) with and without fuel
injection. The reference temperature profile from motored operation (no fuel injection) is annotated in blue. The vertical position is

given relatively to the viewing plane shown in Figure 4.
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Figure 19. Simultaneous temperature and velocity fields from the operation condition “increased tumble”. The intake valves are
located on the top right, and the exhaust valve on the top left of the image. The flatfield correction is performed toward bottom
dead center of the reference condition. For improved visibility, only every second velocity vector is shown.

adiabatic fuel-air mixing using the one-dimensional
spray model developed in.*> For the conditions of this
study, the two temperature gaps of 15 and 10 K, mea-
sured at 190 and 200 CAD, correspond to a fuel mass
fraction of Y,= 0.34 and 0.24, respectively. These val-
ues are expected at this stage of mixing and also
obtained in similar studies.*

Simultaneous T-PIV measurements in the engine. Results of
simultaneous temperature and velocity measurements
are shown in Figure 19 for the increased tumble operat-
ing condition. While the temperature measurements
have been discussed in the previous sections, velocity
measurements will be emphasized in this section. The
velocity field during the compression stroke shows the
emergence of a main vortex centered in the middle of
the combustion chamber, corresponding to the typical
tumble flow motion. As these measurements are carried
out in motored operation, the flow field is not affected
by fuel injection or evaporation. The center of the tum-
ble flow moves upwards as the piston approaches TDC

and the flow does not collapse until 320 CAD. The flow
field during the expansion stroke is mainly governed by
the down movement of the piston as there is no further
turbulence induced by combustion. At 520 CAD the
impact of the reverse flow from the exhaust toward the
cylinder can be clearly seen, occurring due to the posi-
tive pressure difference between exhaust manifold an
in-cylinder pressure at exhaust valve opening. These
results demonstrate that this diagnostics approach is
capable to capture the main aerodynamic features
found in a spark-ignition engine.*®

Summary and conclusions

In this work, simultaneous measurements of in-cylinder
temperature and velocity fields were performed under
motored conditions using thermographic phosphor par-
ticles as tracers. From spectroscopic measurements of
three commercially available phosphors (BAM:Eu,
Zn0O, Zn0O:Zn), ZnO:Zn was selected for the engine
measurements due to favorable luminescent properties
such as high temperature sensitivity, short radiative
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lifetimes, and the absence of non-linear dependence of
the laser fluence on the luminescent emissions. The
spectroscopic properties of aerosolized ZnO:Zn were
determined up to 775K. These measurements showed
that variations in particle number density and laser flu-
ence have a negligible influence on the spectral proper-
ties that are the basis of two-color thermometry.

Combined thermometry and velocimetry measure-
ments (T-PIV) were successfully performed in the
engine over a wide range of crank angles (180—
520 CAD) using ZnO:Zn as a thermographic phosphor
tracer particles. At increasing CAD, artifacts are
observed at the outer zones close to the walls of the
optical cylinder. They are attributed to signal contribu-
tion from the cylinder walls and deficiencies of the flat-
field correction that is based on the temperature field of
the reference condition at bottom dead center for all
measurements. The temperatures, derived from two-
color detection of the luminescence of ZnO:Zn showed
excellent agreement with the in-cylinder bulk gas tem-
peratures from a 0D simulation. Despite the good pre-
cision (24.4 K or 4.2% uncertainty at 575K in averaged
images), for measurements at high temperatures, this
technique suffers from low signal intensities at increas-
ing temperature, inherently increasing the measurement
uncertainty. This diagnostics method was also success-
fully applied to visualize evaporative cooling effects of
the cylinder charge following a direct-injection event.
This technique can be further improved by using phos-
phors with higher quenching temperatures at short
emission decay times to decrease the uncertainty.
Additionally, a deeper understanding of phosphor
degradation mechanisms is required to enable measure-
ment in the post-combustion regime.
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Appendix

Tumble calculation

The dimensionless tumble ratio (7R) is defined as the
quotient between the tangential (v,) and the vertical gas
velocity v, along the axis perpendicular to the axis of
the of the engine cylinder.

Vt

Vy
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The tumble ratio of the cylinder head is calibrated
on a static aecrodynamic flow bench. The vertical velo-
city is calculated from the pressure py in the intake
manifold and the pressure difference Ap from the intake
manifold and the outlet tube representing the engine
cylinder, measured by pressure transducers, where p is
the density and k the isentropic exponent of the gas.

k=1
s K_ Do [1 - (p—OAp)T]
k—1 pg Po
The tangential velocity is calculated from the angular
momentum of a gas flow, where the righting torque M
exerted by the flow is measured directly with a honey-
comb torquemeter (Entran ELC-16), the averaged mass

flowrate Q from both ports of the intake manifold and
the diameter d of the tube representing the engine bore.

4-M
"o
Abbreviations and acronyms
BC Beam combiner
BP Band pass

CI Confidence interval

DM

IF

MFC
PND
AMESim

ASI

€

CA
CAD
CCD
FWHM
HCCI

ICE
LIF
PIV
PMT
RPM
TDC
TR
TP
Y,

Dichroic mirror

Interference filter

Mass flow controller

Particle number density

Advanced modeling environment for
performing simulations of engineering
systems

After start of injection

Geometric compression ratio
Crank angle

Crank angle degree
Charge-coupled device

Full width at half maximum
Homogeneous-charge compression
ignition

Internal combustion engine
Laser-induced fluorescence
Particle image velocimetry
Photomultiplier tube

Revolutions per minute

Top dead center

Tumble ratio

Thermographic phosphor

Fuel mass fraction
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