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Outline:
¢ in-cylinder H,O absorption thermometry

¢ line-of-sight, tomographic, and probe measurement examples
¢ fused fiber-lenses for optical access
# choosing among:

¢ Fourier transform spectrometers

& grating spectrometers

¢ custom laser sources



H,O vapor absorption spectroscopy in practical environments

Beer-Lambert Law:
T, = (), = exp(-k, L)
k, = f(T,P,x;)
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10-100 kHz repetition rate measurements m engines

piston engines

gas turbine engine test articles




Setup for measurements 1n a HCCI engine

swept-wavelength laser preamplifier and digitizer
1333-1377 nm every 10 ps (60 MS/s) connected here

connected here

\

piston moves in and out of
the screen through this region
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Engine transmission data: single laser sweep
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o Laser swept 1333-1377 nm every 10us = 100 kHz thermometry.
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Inferring gas properties from a measured spectrum
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# For this case, the gas is assigned a line-of-sight-average temperature of 1966 K



Results: 4580 T, Xy, values measured during a single engine cycle
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Caswell, Andrew W.,
“Water Vapor Absorption
Thermometry for
Practical Combustion
Applications,” Ph.D.
Thesis, University of
Wisconsin-Madison,
2009
(http://digital.library.wisc.
edu/1793/35125)



Comparing measured and simulated temperatures

JERC simulation —-
2000 HKIVA with PRF mechanism
1(47 species, 142 reactions)

absorption
spectroscopy
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Managing path-integrated measurements

line-of-sight

tomography

probe

use in ~
homogeneous
environments

~ 5-mm spatial
resolution

local but
Intrusive
measurements
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Setup for measurements in PDE using a swept-wavelength laser

turbine
downstream
upstream measurement
measurement station

station

+ Pulse detonation engine operatingat 10 Hz on H, / air, ¢ = 1
+ Wright-Patterson Air Force Base, OH
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Multi-parameter measurements in a PDE

—— upstream of turbine
—— downstream of turbine

pressure [bar] temperature [K]
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Managing path-integrated measurements

line-of-sight

tomography

probe

use in ~
homogeneous
environments

~ 5-mm spatial
resolution

local but
Intrusive
measurements

12



Planar temperature 1maging in J85 exhaust
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¢ augmentor-equipped J85
turbojet engine, Arnold
Engineering Development
Center, TN

+ swept-wavelength laser split
32 ways, 30 beams through test
plane = 30 photodetectors = 30
digitizers

& reconstruction post-processed
according to An, Kraetschmer,
Takami, Sanders, Ma, Cai, Li,
Roy, and Gord, Applied Optics,
2011
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Planar temperature 1maging in J85 exhaust
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# 100 consecutive frames at 20 us per frame (2 ms total record)
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Managing path-integrated measurements

line-of-sight

tomography

probe

use in ~
homogeneous
environments

~ 5-mm spatial
resolution

local but
Intrusive
measurements
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6 mm

In-cylinder Fourier-transform spectrometry

¢ FT instruments have
moving mirrors (slow)

¢ However, in repeatable
test articles they offer high
effective time resolution

¢ Here, FTIR data is
collected for ~ 20 minutes
while an engine operates
repeatably

Rein and Sanders, Applied Optics,
August 2010
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In-cylinder Fourier-transform results
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Commercial thermometry system now offered by LaVision

18
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Commercial grating spectrometer system now offered by LaVision

single-cycle results:

¢ 4-cylinder automotive direct injection spark
ignition engine running on standard gasoline

+ 1000 rpm, @ = 0.87, throttled SV

19 LAVISION
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Managing path-integrated measurements

line-of-sight

tomography

probe

use in ~
homogeneous
environments

~ 5-mm spatial
resolution

local but
Intrusive
measurements
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Fused fiber lenses

¢ Fiber 1s laser- or electric-arc-fused directly to

lens pellet
14 mm + Air gap between fiber and lens 1s eliminated
) 16.9 mm ¢ no interfering absorption

¢ ctalon interference minimized

o Allows stable, well-defined collimation and
pointing simply by droppinginto a reamed hole

UW Confidential

¢ Our group has used over 300 of these already

pre-fuse post-fuse

N

N /

J.M. Whitney, K. Takami, S.T. Sanders, and Y. Okura, electrode
“Design of System for Rugged, Low-noise Fiber-

optic Access to High-temperature, High-pressure Environments.”
IEEE Sensors, vol PP, issue 99, May 2011 21
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Fused fiber lenses: Line-of-sight access

¢ Fused fiber-lens tolerates 1100 °C 1n furnace, entire
assembly tolerates 500 °C during testing

22



Fused fiber lenses: optical access for tomography
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Fused fiber lenses: Probe optical access

stainless steel mirror
measured gas

fused fiber lens

v M5 thread

\close-up of tip re,V

~

rah

-

S‘\“g\e /

¢ Short path = modest
beamsteering =2 > 10%
return into single-mode

fiber
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Hyperspectral sensing now possible throughout 225 — 5000 nm

¢ Telecom range (1300 — 1700 nm)

+ Excellent fiber-optic components: polarization-maintaining
optical amplifiers, 1solators, etc.

¢ Fused fiber-lenses
¢ H,O - temperature, velocimetry
¢ H,0,, CH,, ... also possible

1018 _ Adapted from a figure provided by Mark Allen, PSI Inc.
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Hyperspectral sensing now possible throughout 225 — 5000 nm

# Ultraviolet (220-390 nm)
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¢ Fused fiber-lenses

¢ Strong absorption = minor species

¢ OH (284, 308 nm) - temperature, velocimetry
¢ NO, CH,O0, ... also possible
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Hyperspectral sensing now possible throughout 225 — 5000 nm

& Mid-IR (2000-5000 nm)
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# Chalcogenide, fluoride, sapphire fibers
# Sapphire windows (~ 5000 nm limit)
¢ Strong absorption > minor species

¢ CO (4800 nm), ...
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Instrumentation selection

Cyclic yes

test article?

no (e.g., single-shot or
variable process)

# of probes or

step-scan or quasi-
step-scan FT
spectrometer

Rein and Sanders, fiber
Applied Optics, 2010

lines-of-sight
needed:

> 3 (e.g., tomography)

custom laser

grating
spectrometer /
high-speed camera

Conrad and Sanders,
Applied Physics B, 2009

3-line-of-sight-laser systems

molecule

H20
CO
OH

center wave- approx.

length [nm] cost
1350 $100k
4800 $200k
308 $500k

tomography adds at least $100k

FT spectrometer

engine

camera
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spectro-
meter

fiber
input
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High-repetition-rate hyperspectral sources for H,O vapor

T=1861.3 K, P=21.26 bar, nH20=11.7 moles/m?>
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New MEMS laser: single-shot measurements

¢ Dynamic linewidth
<600 MHz

¢ Used primarily for
measurements where
P exceeds 5 bar

1360 nm
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High-repetition-rate hyperspectral sources for H,O vapor

T=1861.3 K, P=21.26 bar, nH20=11.7 moles/m?>
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2-VCSEL system

2 VCSELS \

Optical

Amplifiers g
(BOA)
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H,O reference cell

¢ Used primarily for 0.01 bar <P <5 bar

/ Polarization controllers

8 outputs

\

Interferometer (MZI)
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Complete system including MEMS and 2-VCSEL source

MEMS source

VCSEL source
NI Chassis

function generators
and data acquisition

VCSEL Drivers

Optical Spectrum
Analyzer

amplifier drivers
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High-repetition-rate hyperspectral sources for H,O vapor

T=1861.3 K, P=21.26 bar, nH20=11.7 moles/m?>
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8-DFB lasers in water-tight box

+ Lowest data acquisition load = advantages for high-beam-count tomography

# Easiest source to extend to UV, mid-IR, but still expensive
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Conclusions

+ H,0O absorption spectroscopy equipment is becoming very
well developed and continuing to transition into commercial
Sensors

¢ Consider Fourier transform, grating spectrometers 15t

Ongoing work

¢ Deploying MEMS / 2-VCSEL source and 8-DFB source
< & Developing H,O tomography
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£ o Fundamental H,O spectroscopy at high T and high P
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