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Synopsis of Year 3 Accomplishments
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Outline

e Relevance & Approach
 Year 3 Progress - On-Engine fiber system
 Technology Transfer & Collaborations
 Future Plans
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Motivation: Increased Combustion
Stability
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Motivation: Avoid Spark
Plug Erosion

Spark Plugs

 Significant erosion problems for lean- g
burn, high-bmep engines

 Problem is exacerbated as in-
cylinder pressures rise

Laser Ignition
e Unaffected by erosion

 |gnition becomes easier as In-
cylinder pressures rise

DOE Peer Review, 7/12/05 5



Relation to DOE Goals

* One of the most challenging obstacles to DOE’s
goals of ultra-high efficiency and ultra-low
emissions Is ignition

o Current ignition systems have serious life and
performance limitations

e Laser ignition has the potential to eliminate spark
plug erosion, improve engine performance, and
reduce emissions

DOE Peer Review, 7/12/05 6



ALIS Goal: Product to ARES
Engine Companies by 2006
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http://www.energy.ca.gov/index.html

Refocus on Fiber Optic Delivery

 ALIS researchers met formally at ANL in January
2003

 Significant skepticism from manufacturers about
applicablility of laser ignition due to open-path
beam delivery

o Early on-engine testing already underway at NETL

* Clear preference towards refocusing on early
Investigation of fiber optic beam delivery

DOE Peer Review, 7/12/05 8



Objectives of the
Fiber Delivery Program

Develop an understanding of fiber delivery
parameters

Design a fiber and fiber launch system
Design a plug for use with fiber delivery
Test in an engine

Seemed easy atthe time .. . .

DOE Peer Review, 7/12/05 9



Challenge of Focusing
Fiber Optically Delivered Light

o Sparking with open path lasers is relatively straightforward.

 The challenge is to maintain a sufficiently high optical
Intensity at the desired spark location after passage of laser
beam through an optical fiber.
— The fiber has a finite intensity damage threshold.

— The fiber supports propagation modes which degrade the spatial quality of
the beam (increase the M? parameter).

DOE Peer Review, 7/12/05 10



Approach & Solution for Fiber
Spark Delivery

e Analysis (and experiment) have shown that
conventional solid-core silica fibers are
Inappropriate

 Recent analysis (and experiment) shows that
hollow core fibers and fiber lasers can be used

— CSU has demonstrated spark delivery and engine
Ignition with hollow fibers

— CSU is working with Air Force Research Laboratory
(AFRL) on fiber laser

DOE Peer Review, 7/12/05 11



Outline

 Relevance & Approach

e Year 3 Progress - On-Engine

fiber system

— Figure of Merit - Hollow Fiber, Fiber Laser
— Bench-top sparking with hollow fiber

— Engine ignition with hollow fiber delivery

. echnology

e Future Plans

ransfer & Collaborations
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Fundamentals of

Pulsed
Nd:YAG Laser

Initial beam power
~2 MW

Typical Parameters

Pulse Energy: 10-20 mJ
Pulse Duration: 7 ns
Beam Diameter at laser: 4 mm
Beam Diameter at laser: 40 um

~. _gd
e

Breakdown occurs
when beam is
concentrated to

~100-200 GW/cm?
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Open-Path Spark Creation
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Fiber Optic Delivery Challenges

 Light exiting the fiber must be focused to sufficient intensity to breakdown

the gas. X
1
Ispark — Iﬁber ( 2f#9 i 1)

exit

Fiber

y 4 spark
Iﬁber _ focal length
*lens diameter
* Focusing the light to high intensity, /., requires:

*High intensity at fiber exit <> fiber damage
Low divergence (6.,;) at fiber exit <> fiber selection / launch
*High demagnification imaging <> lens design and laser M?

« Conventional fibers have been ineffective for
spark delivery
e Fiber selection needs theoretical “guidance”
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Figure of Merit (FOM) for Source Comparison (1/3)

 We develop a Figure of Merit (FOM) to compare the ease
with which different sources (i.e. fiber types or fiber lasers)
can be focused to high intensity to produce sparks.

« The FOM is proportional to the optical intensity at the spark
location.

 Because we wish to compare sources, the FOM is defined in
a way that is independent of the final focusing optics.
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Figure of Merit (FOM) for Source Comparison (2/3)

(Linear) De-Maqgnification Equation (for uniform exit profiles)
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Figure of Merit (FOM) for Source Comparison (3/3)
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Prognosis for Different Fibers

Solid Fibers

*Prospects are marginal. Challenge is to simultaneously achieve high
output intensity with low output divergence (M?).

Hollow Fibers

*Published data indicates that certain hollow fibers will be amenable to
spark formation. Bending must be investigated.

CSU research has demonstrated use of hollow fibers (from
Tohoku University) for sparking.

Fiber Lasers

*Recently published fiber laser data indicates they are attractive
method for (fiber delivered) spark formation.

*\We have initiated a CRADA with Air Force Research Lab (AFRL)
to pursue fiber laser implementations.

DOE Peer Review, 7/12/05
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Bench-Top Fiber Evaluation

Goals:

 Evaluate various fiber candidates
« Validate Figure Of Merit analysis

Methodology:
« Develop instrumentation for fiber characterization

« Perform low-power tests to study fiber launch and alignment
procedures, and beam exit divergence (M?)

« Perform high-power tests to study intensity limits and fiber transmission
at high power

« Perform modeling and FOM evaluations

DOE Peer Review, 7/12/05 20



Optical Profiling — Low Power Tests
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Lau.nch Filters CW images) Optics
Optics (interchangeable)

(interchangeable)

Beam

Fiber Profiler

Launch =

Fiber Exit

DOE Peer Review, 7/12/05 21



Proflllng Results - Example
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Hollow Fiber - Introduction

Fiber from Tohoku University o
(Matsuura and Miyagi): A — Quartz tbe
: j Ag layer

COP layer

DOE Peer Review, 7/12/05 23



Past Work: Rigid Uncoated Hollow
Fiber

» Hollow fiber sparks reliably and suggests hollow core path.
o Fiber flexibility is limitation.

DOE Peer Review, 7/12/05 24



Coated Hollow Fiber: Concept

Cladding n,,,

Ngore > Nyag CAUSES light guiding

Solid Fiber: by total internal reflection (TIR).

Cladding n,,,>1
Hollow Fiber

(uncoated): N.... <N,y Yields leaky guide

core

=1 (especially when bent).

core

Air Core n

Cladding n,,,>1
Hollow Fiber

(coated): Coatings (metallic and/or

core =1 dielectric) can provide high
reflectivity and reduced loss.

Air Core n

Coating
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Flexible Coated Hollow Fibers

*Recent work in Japan (by Matsuura et al) has used coated hollow
fibers to transmit relatively high optical intensities (2.5 GW/cm?) with
relatively low exit divergence (NA=0.03).These parameters give
favorable FOM and should allow focusing.

«Coating Is a thin silver layer followed by a dielectric (cyclic olefin
polymer). The silver improves the reflectivity, which is further enhanced
by the COP due to interference effects.
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Hollow Fibers — Bench Tests

sLow power tests with continuous helium-neon laser have vyielded
expected behavior.

Beam Conditioning

/ . (Filters, etc.)

DOE Peer Review, 7/12/05 27



Hollow Fiber — Bench Top Sparking

Spark formation with hollow core fiber and TEM,, laser
at atmospheric pressure.

* Hollow fiber enables low light
divergence and high intensity at
fiber exit —» sparks. 5N
. Straight fiber: ®
— Fiber Energy Transmission ~ 85%
— Threshold (Exit) Energy ~ 40 mJ
— Peak (Exit) Energy ~ 50 mJ
— Spark Percentage ~ 90 %
e Bent fiber. Decrease In
transmission and beam quality at
fiber exit reduces ability to spark.

First demonstration of (gas phase) spark
delivery with ns lasers.

DOE Peer Review, 7/12/05 28



FOM Validation

* Figure of Merit is computed for sparking and non-sparking

configurations.

Computation is based on experimentally measured fiber

exit intensity and divergence angle.

Table 1. Effect of Launch Geometry on Fiber Output and on Ability to

Spark

.1'1;.|:|.|.II'||_'|'| ﬁ|| unch "r"r1|.5'|l.ll'|-_-|'| ﬁ|||_ Il'i-iil. II; ICLL3

(em) (rad) (pm) (rad) M-, (GW/em?)  (GW/em?)

15 0.023 47 0.026 1.6 130

30 0.012 H5 0.017 1.6 260
0.007 T7 0.011 300

 Experimental results validate FOM analysis (i.e.

FOM > FOM, ., required to spark.)

DOE Peer Review, 7/12/05
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Optical Modeling — Guassian Code

Model has been validated for a c-w laser through a straight fiber with a

single focusing lens. More detailed validations are in progress.
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On-Engine Hollow Fiber System

e Goal:
sDemonstrate (for first time) reliable fiber-optic spark delivery system
on engine.
(Detailed combustion data will be a subsequent step.)

e Challenges and Proposed Solutions:

*Bench-top system used large research laser.

—Use compact Nd:YAG laser.

*Bench-top system does not spark on every shot.

—Elevated engine pressures facilitate (optical) sparking.
—>Rough vacuum will be used to suppress breakdown at fiber
Input.

*Alignment sensitive to vibrations (as observed in March 05 testing).
—Vibration damping and isolation.

DOE Peer Review, 7/12/05 31



Schematic Design
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Note: Current design has fiber held vertically (not bent).
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Plug D
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Plug D window mounting
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Engine Test Results

* Fiber spark delivery was 100% successful
(zero misfires).

e This was first demonstration of fiber-coupling
a remote laser for engine ignition.

DOE Peer Review, 7/12/05 36



Engine Test Results

 Initial (unoptimized) combustion data promising.

« Day One: limited to idle, sparking was regular and engine
ran for ~ one hour on laser ignition. Zero misfires.

« Day Two: 35% load, 1500 rpm, engine ran ~ 3 hours on
laser ignition. Recorded one data point (1000 cycles). Zero

misfires.

DOE Peer Review, 7/12/05 37
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Peak Pressures
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Mass
Fraction
Burned

Cylinder | Spark Timing | 0-10% Burn 10-50% Burn 10-90% Burn
# (°BTDC) (CAD) (CAD) (CAD)
1 14 22.8 115 29.0
2 14 24 12.3 26.3
K 14 23.8 12.0 27.8
4 14 24 12.8 26.3
53 8 15 11.8 28.0
6 14 23.3 11.8 28.3

Mass Fraction Burned
(@] (@] (@] (@] (@] (@] (@] (@] (@]
(@] = N w SN ol (@)] N (0] (o] =
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Outline

 Relevance & Approach
 Year 3 Progress - On-Engine fiber system

e Collaborations & Technology Transfer
— ALIS, Tohoku University, AFRL
— Publications

— Education
e Future Plans
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ALIS Consortium (Advanced Laser
Ignition System)

gnition Systems

Consortium

ALIS:

Advanced Laser |
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http://www.energy.ca.gov/index.html

Technology Transfer:
Engine Manufacturers
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Technology Transfer:
Ilgnition System Manufacturers
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« Manufacturing partner for
DOE Laser Ignition Project

o Other joint products:
— Auto balancing fuel injection
— High pressure fuel injection

Manufacturing partner for
Pipeline Laser Ignition
project
Other joint products:
— Multi-strike ignition (CPU-
2000)
— High pressure fuel injection
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Hollow Fiber — Tohoku Collaboration

 Tohoku University and creator and leader in coated
hollow fibers for high power applications.

e CSU visited Tohoku Group (November, 2004).
e Tohoku is currently working with CSU to explore

performance of other fiber materials/dimensions in

spark delivery applications.
| i
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Fiber Lasers — AFRL Collaboration

« CSU and AFRL are collaborating under a CRADA
(Cooperative Research and Development Agreement).

lllllllllll
Az '-'-“ll:EI.l .'lﬂbh FACa Y

F_'Hh- |

_

DOE Peer Review, 7/12/05 46



Technology Transfer:
National Laboratories

National Energy Technology Laboratory
— Development of compact low-cost diode pumped laser

Argonne National Laboratory
— Fiber optic implementation

DOE Peer Review, 7/12/05 47



Technology Transfer:
Woodward Governor

e CSU team is working with Woodward with goal of
developing proto-systems for manufacturers.

 Woodward intends to build proto-systems based on
CSU designs.

 Although design improvements are planned, Woodward
views the current configuration as sufficient for initial
systems.

DOE Peer Review, 7/12/05 48






Jenbacher /
Technical University
of Vienna

Diode-pumped Nd:YA
w/ fiber delivery of
pump light — but
only 1-2 mJ!!
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Dr. Doug Dale

“Father of Laser Ignition”
EECL, 6/30/05




Recent Papers & Presentations

Archival Journals:
« Journal paper accepted for publication in Optics Letters:

PROOF COPY [59239] 0135160PL y - _
August 15, 2005 / Vol. 30, No. 16 / OPTICS LETTERS 1

Use of hollow-core fibers to deliver nanosecond
Nd:YAG laser pulses to form sparks in

Recent Conference Presentations:

— 2nd Annual Advanced Stationary Reciprocating Engines Conference -
Moving Forward in Low-Emissions and High-Efficiency Technologies,
DOE and California Energy Commission, March 15-16, 2005, Diamond
Bar, CA

DOE Peer Review, 7/12/05
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Future Papers & Presentations

Upcoming Conference Presentations:

— “Laser Ignition of Natural Gas Engines Using Fiber Delivery”,
ASME Internal Combustion Engine Division 2005, Fall Technical
Conference, Sept. 11-14 Ottawa, Canada

— “Development of an open path laser ignition system for a large
bore natural gas engine: part 2 Single cylinder demonstration”,
ASME Internal Combustion Engine Division 2005, Fall Technical
Conference, Sept. 11-14 Ottawa, Canada

— GMRC 2005 Conference, October 3-5, 2005 Covington, KY

DOE Peer Review, 7/12/05
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Educational Benefits

PhD students:

1) Morgan DeFoort, expected completion fall 05
2) Sachin Joshi, started spring 05

MS students:

3) David Ahrens, expected completion summer 05
4) Adam Reynolds, started spring 05

Supporting students:

Engine Installation / Modification:

5) Nathan Lorenz (MS), 6) Tim Bauer (MS)
Engine Operation:

5) Kirk Evans, 6) Pat Ginger (AS), 7) Tory Rupp (BS), 8) Nick Sabey (BS)
Mechanical Design:

9) Walt Hull (BS)

Laser Ignition Lab Support: _
10) Flint Jamison (BS), 11) Matt Moosman (BS), 12) Aaron Zimenoff (BS)

DOE Peer Review, 7/12/05
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Outline

 Relevance & Approach
e Year 3 Progress - On-Engine fiber system
 Technology Transfer & Collaborations

e Future Plans
— Miniaturization and Flexibility
— Multiplexing
— Diagnostics
— Fiber Laser

DOE Peer Review, 7/12/05 55



Reduction In System Size

e An area of current attention is reducing the size of both the
fiber launch and the final focusing optics through improved
optical designs.

/r Current launch

Launch NA is

\L _'7\_'_'_'7Tnaﬁt'ai_néd_'_'

\u/ Combination of stronger
converging lens with a

diverging |ensoe peer Review, 7/12/05 56




Improved Flexibility

 The hollow fibers are flexible, but transmission and mode
guality decrease with bending:

Curvature (1/m)

* In atmospheric pressure we have demonstrated sparking
with ROC~1m.

o Areas of effort:
Minimum ROC for sparking at engine pressure.

*Tohoku University collaborators are preparing new fibers

(differing in material and dimension) for our testing.
DOE Peer Review, 7/12/05 57



Multiplexing: 1 laser = n cylinders

e Goal is to use one laser multiplexed to multiple cylinders.

« Approaches based on mechanical and optical switches are being
evaluated based on performance, cost, reliability etc.

 CSU is working with Woodward to leverage their expertise in this area.

. Switch “ Off”:
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A/”me’d QuantumScan-5

Moving Magnet Galvanometer
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Faster Step Response
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Diagnostics - Step 1: Spark Monitoring

Spark Formation in

air is sensed by the Photo transistor is placed inside the
phototransistor/circuit Laser Gate Pulse optical plug

.50 Hia's Mg §

- BT - B
I E T
- I
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Diagnostic Development
Next generation optical plug (added diagnostic ability)

Nd:YAG
Laser
Energy Meter 1064nm
eProvide real time Hollow Core
data on laser “— | Fiber
energy |
"""""""" «— | Optical
Plug
“Cold Mirror” | Diagnostic Leg

Transmits IR, reflects

visible.

*One side of cold mirror
used as beam splitter to
monitor spark energy.
*Other side reflects visible
light from engine cylinder

for diagnostics.

Cylinder light — spectrometer
eVerify Spark Formation
eMeasure Ignition Delay, A:F
Ratio, Temperature...

"Spark
Location

DOE Peer Review, 7/12/05
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Spectral Diagnostics - Measurements

Laser Induced Breakdown
Spectroscopy (LIBS) from spark light:

— Atomic lines from O and H can be
used to measure local fuel:air ratio

— Atomic lines from H (or O) can be
used to measure spark temperature

Optical emission spectroscopy (OES)
from the combustion light:

— Molecular lines (e.g. OH) can be
used to measure gas temperature

— Detection of certain pollutants and
knock will be investigated E-A determination

DOE Peer Review, 7/12/05 61



Fiber Lasers — State of the Art

*Performance of both c-w and pulsed fiber lasers has increased by
several orders of magnitude in the last 3 years.

*Pulsed fiber lasers can be operated single mode with core diameters up
to ~30-40 microns. Coupling to higher order modes is suppressed by

coiling.

*Recently reported pulsed fiber laser parameters yields high FOMs and

should spark readily.

Iexi eexi dexi ﬁ“ FOM
sSource et | @ | e | oem | M (GWicm2vats
Fiber Laser
(U. Michigan) 8 200 | 1.06 6.5 19,000 v
Fiber Laser
(IAP. Jena) 11 30 | 1.06 | 1.1 15,000 v*

DOE Peer Review, 7/12/05
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Fiber Laser - Concept

Pump light (from a diode laser) is coupled into multi-mode
fiber cladding

Gain medium is doped single-mode fiber core

Laser output Is ~single-mode, fiber delivered, and has
high intensity and beam quality

Pump
light Outer cladding

P.F. Moulton
PhAST 2004

DOE Peer Review, 7/12/05
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Fiber Lasers — AFRL Collaboration (1/2)

sAFRL (Air Force Research Labs) in Albuquerque, NM,
are among the current leaders in fiber laser development.

*CSU project team has initiated a CRADA (Cooperative
Research and Development Agreement) with AFRL to
develop fiber lasers for laser ignition.

*CSU project team will develop focusing optics and engine
Implementations.

AICHNED W O
ABVARCED LABEH waceirr
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Fiber Lasers — AFRL Collaboration (2/2)

*As of Summer 2005, AFRL has develop a 1 mJ, 1 ns (1 MW) fiber laser
with M?<1.5 and diameter of 20-30 microns. Such a system has high FOM
and should spark readily. Ignition ability (for 1mJ) needs to be
iInvestigated, but trajectory should allow ~10mJ in ~2006.

AFRL Pulsed Fiber Amplifier Schematic

Master ‘
Oscillator

(1064 n m) Optical Achromatic Lens
Isolator

Achromatic Lenses

(matched to NA's of fibers)

Ignition

DOE Peer Review, 7/12/05
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Roadmap

Milestones for 2005 completed (or upcoming):

MS-1: First demonstration of high power fiber optic delivery appropriate for engine sparking (using
coated hollow fiber and compact laser). 11/2004
MS-2: First demonstration of reliable single-cvlinder engine operation using fiber delivered laser

ignition. 6/2005
MS-3: Analysis and Idullltmmun of multi "lL“II]" strategy. |J| wrogress. (*: expected 8/2003)

Milestones for 2006:

Future Research - Milestones (MS) for Next Period:
Research in the next period will extend current progress. improve system reliability, and demonstrate
extended multi-cvlinder engine operation with fiber delivered laser ignition.

e  MS-4; Demonstration of bench-top multiplexer (with tiber). Due: 4/2006
o  MS-5: Optimization of high power fiber optic delivery appropriate for engine sparking. Due: 6/2006
e MS-6: Completion of extended engine test. Due: 82006

DOE Peer Review, 7/12/05 66



Conclusions

At the beginning of this project, laser ignition was viewed as being
an impractical technology — “for the research labs only”.

Figure of Merit analysis guided the selection of hollow fiber
and fiber lasers

Hollow fibers and fiber lasers should allow significant
progress towards fiber delivery implementations.

— Engine operation with hollow fiber delivery demonstrated
(6/2005)

— Testing with fiber laser in collaboration with AFRL
upcoming

Considerable success achieved through cooperative efforts of
CSU, national labs, ignition system manufacturers, and engine
manufacturers.

Now realistic to think that laser ignition can be an important
solution for the ARES and ARICE programs in the near term.

DOE Peer Review, 7/12/05
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Contact Information
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