U.S. DEPARTMENT OF

ENERGY

Office of
ENERGY EFFICIENCY &
RENEWABLE ENERGY

The Science Behind Liquid Hydrogen Fueling Station
Footprint Reduction

Ethan Hecht, Sandia National Laboratories

This presentation does not contain any proprietary, confidential, or otherwise restricted information
SAND2018-13194 PE

Fuel Cell Technologies Office Webinar
November 27, 2018

b &




Question and Answer

* Please type your questions to the chat box. Send to: (HOST)

v Chat X

S5end to: | Everyone

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY FUEL CELL TECHNOLOGIES OFFICE



Acknowledgements

* Funding support from:

— United States Department of Energy, Energy Efficiency & Renewable Energy,
Fuel Cell Technologies Office, Safety, Codes, and Standards subprogram
managed by Laura Hill

— Industry support including the OEM Group at the California Fuel Cell
Partnership, Linde, and Shell

* Hydrogen Research Team at Sandia including:

— Jon Zimmerman (H, program manager), Bikram Roy Chowdhury (experiments),
Chris LaFleur (Risk, Codes & Standards) , Alice Muna (Risk), Brian Ehrhart
(H,FIRST), Gaby Bran-Anleu (H,FIRST), Scott Bisson (optics), Tony McDaniel
(experiments), Rad Bozinoski (modeling), Myra Blaylock (CFD), Chris San
Marchi (materials/metal interactions with H,), Joe Ronevich(materials/metal
interactions with H,), John Reynolds (HyRAM), Nalini Menon (polymer
interactions with H,)

— Previous researchers: Pratikash Panda, Joe Pratt, Katrina Groth, Isaac Ekoto,
Adam Ruggles, Bob Schefer, Bill Houf, Greg Evans, Bill Winters

Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly
owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | FUEL CELL TECHNOLOGIES OFFICE



In the U.S., authorities look to NFPA 2 for standards on how
to site hydrogen fueling stations

 Different distances for different oo EcpLoaEsco:

Table 7.3.2.3.1.1{a) Minimum Distance (D) from Outdoor [GH ,] Systems to Exposures — Typical Maxirum Pipe Size

eXpOSu res =15to =250 to =3000 to =>7500 to

Pressure =250 psig =3000 psig <7500 psig 15000 psig

H H Internal P D meter (D) ;11;.234%0 ;orééi% 5?10'7?814;3 ﬂ>g51’12111|t<?>
* Some distances able to be reduced with e el FECT G U D S L el
Group 1 Exposures m ft m ft m ft m ft

mitigations (barrier wall, insulation, etc.) T R

() Operable openings in buildings and sructures
(d) lgnition sources such as open flamesand welding

* Gaseous separation distances related to . e e
diameter and pressure s

5 17 6 19 4 12 4 14

Combiai

* Liquid separation distances related to
storage volume

° Justification for gaseous Separation 2-58 HYDROGEN TECHNOLOGIES CODE

Tahle 8.3.2.3.1.6{A)} Minimum Distance from Bulk Liquefied Hydrogen [LH ] Systerns to Exposures

distances provided in annex ot

PJgEto 150Lw 330lealtn 13251L to 1L500lgalto 567821 to

— Separation distance reductions in NFPA 2 e S —
2011 (previously based on OSHA tables) fzv“:;"EF"”f;inh°?T;“§‘§},ﬁ s s am

‘oup 2

and 2020 (under review) enabled by T e BB R B R R

contaner fill connection)

G ‘oup 3
7B\dg

Sandia-led scientific analyses s ot

Imw(edmmbumbl material \
(1)S|1 rkler mmld g r sructure or
ict)
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Separation distances for liquid hydrogen are onerous
_and lack detailed scientific justification
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Quantitative risk assessment (QRA) forms a basis for
_gaseous hydrogen separation distances

e Conservative: assess worst
possible accident scenario(s) Selected text from annex (I - NFPA 2,
(e.g., full line shear, tank rupture) | ™~ NFPAS5)

— Low frequency

Size. The development ol separation distances for hydrogen
facilities can be determined in several ways. A conservative ap-
proach is to use the worst possible accidents in terms of conse-

— Prohibitive distance quences. Such accidents can be of very low frequency such
. . that they likely would never occur. Although this approach
— Sepa ration d|Stance does not (and bounds separation distances, the resulting distances are gen-
* . . erally prohibitive. The current separation distances do not re-
should not*) protect against this flect this approach. missi
scenario * Author’s opinion

Component leak [requencies as a function of leak size were
° RiSk informed generated for several hydrogen components. The hydr(}gt_?n-

specific leakage rates were used to estimate the leakage fre-
quency for four example systems used as the basis for the risk

—_ Fa ctor |n Ieak frequency evaluation used in the study. The cumulative probability for
different leak sizes was then calculated to determine what
— Potentlal methOdS. range of leaks represents the most likely leak sizes. The results
of this analysis indicated that leaks less than 0.1 percent of the
* Perform QRA on each system of interest component flow areas represent 95 percent of the leakage fre-
quency for the example systems. Leak areas less than 10 per-
* Use QRA results from typica| system to cent of the flow area are estimated to result in 99 percent of
L. . the leaks that could occur based on the results of the analysis.

relate deterministic distance(s) to :

acceptable risk

e Determine probable maximum leak size
and assess accident scenario(s) (cover
95%, 99%, etc. of probable leaks)
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Risk informed approach: acceptable risk must be decided
_along with a ‘typical’ system

Selected text from annex (I - NFPA 2, 5.0E-05 Total Risk - 20.7 MPa System
H — NFPA 55) aseosd | | —Sum

= .
: _ 2 4% concentration distance Jet Fires
The risks resulting from diflerent size leaks were also evalu- 2 4.0E-05 - /_fur 0.1% leak area = Flash Fires
ated for four standard gas storage configurations. The risk =
) . L. N . =] N5 -
evaluations indicate that the use of 0.1 percent of the compo 2 3.5E-05 4% concentration distance
nent flow area as the basis for determining separation dis- s for 1% leak area
tancesﬁresul‘ts in 17151( estimates that significantly exce:ed tl'le 2 3.0E-05 ¢ ! " 4% concentration distance
2 % 107 /yr risk guideline selected by the NFPA separation dis- S for 10% leak area
tance working group, particularly for the 7500 psig and 3. 2.5E-05
15,000 psig systems. On the other hand, use of a leak size equal @ \ \
to between 1 percent and 10 percent of the component flow "; 2.0E-05 - - -
area results in risk estimates that are reasonably close to the . ]
risk guideline. The fact that the risk estimates are a factor of & 1.5E-05
: S
E
Based on the results of both the system leakage frequency
evaluation and the associated risk assessment, a diameter of 5.0E-06 . ' ' ' . !
'3 percent of the flow area corresponding to the largest inter- 0 5 10 15 20 25 30 35

' nal pipe downstream of the highest pressure source in the
) Harm Distance (m)
system is used in the model. The use of a 3 percent leak area
results in capturing an estimated 98 percent of the leaks that
have been determined to be probable based on detailed analy-
sis of the typical systems employed. Typical systems to_include

Gaseous distance reduction method:
— QRA performed on typical system

— Overall risk compared to deterministic hazard
distances (jet flame radiation, unignited
flammable concentration)

3% leak area reduced to 1% in proposed NFPA
2 update — gaseous hydrogen setback
distances further reduced
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Key component of QRA is leak frequency

* More ‘leaky’ components -> more

. 5 Hoses risk
#— Cylinders .

< 10 & compressors* Hazard/harm distance related to
5107 e e pressure (and temperature for LH,)
g 207 - rlanges and flow area
Em-S ¥ Filters
% 1070 =+ o — Separation distances for gas also

1077 related to pressure and flow area

1078 . . .

' o T - e — Separation distance for liquid related to

leak size (% of pipe area) capacity — analysis may show this to be
poor criteria

* More specificity could improve

§ 1:) : ! accuracy — compression joint not

i; o0 | going to have the same leak

5 70 frequency as threaded as weld, etc.
f ] s E.t?s e Lack of leak frequency data for

E jz Fp:npmtm Lo Vatves liquid hydrogen components

0.01 0.1 1 10 100
leak size (% of pipe area)
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The NFPA 2 liquid hydrogen setback distance task group has a path for
separation distance reduction, but there are gaps for LH,

Gaseous Liquid

v' Determine list of exposures v" Determine list of exposures

v" Conduct hazard analysis v" Conduct hazard analysis

v’ Create representative system v Create representative system —
v" Acquire leak data additional parameters for LH,
v’ Calculate leak frequency (using * Temperature

representative system and leak data)
Calculate consequence distances
using physics models and

representative leak parameters

e Unignited concentration of 8%
e Heat flux of 4.7 kW/m?2

v' Determine separation distance using
frequency calculations and

conseqguence calculations
— Function of size and pressure

AN

DO

* Phase (liquid or gas)
Acquire leak/vent data

O Unanticipated leaks
O Vent rates

Calculate leak/vent frequency
Calculate consequence distances using
physics models and representative
leak/vent parameters

Determine separation distance using
frequency calculations and

consequence calculations
— Function of LH, volume or something else?
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Sandia H, Safety Codes and Standards research includes coordinated
activities that facilitate deployment of hydrogen technologies

5 bar, 50 K, 1.0 mm orifice
* Hydrogen Behavior N |“5
. . .pe E
— Develop and validate scientific models to £ _
accurately predict hazards and harm from 30 Iu ,
liquid releases, flames, etc. -
. : E .
* Quantitative Risk Assessment, tools R&D E Z
— Develop integrated methods and 5 I‘hih

algorithms enabling consistent, traceable, . I

. . . . ~
and rigorous QRA (Quantitative Risk E =
Assessment) for H, facilities and vehicles 50 ll{;

* Enable Hydrogen Infrastructure through
Science-based Codes and Standards V
— Apply QRA and behavior models to real I IYRAM
problems in hydrogen infrastructure and MYDROGEN RISK ASSESSMENT MOPELS

emerging technology

— Facilitate updates to NFPA 2 through deep
technical analyses

tHa

73 150
heat flux [kw/m ~2]
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Sandia developed software — HyRAM - enables QRA of
_gaseous hydrogen systems

" HyRAM -SEW + Documented,
lﬁﬁls%:zpl PEOMece | [Rick Metrics repeatable QRA
_ ; Calculate the risk in terms of FAR, PLL, and AIR methodology
* Frequency &
— ) o probability data
Average individual risk (AIR) 492307 | Fataliiesyear f O r hy d r O g e n
V HYR AM component
Scenario Stats HYDROGEN RISK ASSESSMENT MODELS failures
| e Fast-running

models of
hydrogen gas and
flame behaviors

Mass Flow Rats (kg
s & B B B
e & E E

Free download at
http://hyram.sandia.gov
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A variety of validated physical models are used in HyRAM

fz=0.00 ; {x=259 !

* Unignited dispersion

n o

Height (y) [m]
o N ow;

o

— Distance to certain

v =101 -10 -5 0 5
. _ 751 Perpendicular Distance (z) [m]
concentration E ]
* Flame model B
— Temperature field g 254 I'SH-:IS LA
5 5.0 [=F] ux m~™
— Heat flux field & _15]
-10.0 o=ttt
* Overpressure for delayed ” Horizgntal Distasnce(x) [nlw{]} " 2080
ignition of indoor releases 1880
1680
White contour is at 0.04 1480 =
=
1280 %
a 1080 E
x (m) ga0 =
0000 0076 0152 0228 0304 0380 0456 0532 I].E:DB D.EIEA 680
Hydrogen Mole Fraction 480
P =134 bar, T=290K, d =3.6mm 250
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Model validation is a priority

A unique experimental platform has been developed at Sandia to release
cryogenic hydrogen through approximately 1 mm orifices at up to 10 bar

Research and validation for models of: roof exhaust
" A A
— lIgnition (EII k
compressed
— Flames hydrogen —t |
— Dispersion UUU ﬁriﬁg{e (,5,,
2.
P =1 bar, T=37K, ignition distance = 325 mm .? ment ®
B - TN Rl haust o
A liquid X nelium i 9
nit(r?gen PN 'D_Jr
o)
1 )

/ __exhaust hood \

experiment

liquid
nitrogen

vacuum
insulated enclosure

stage 1: /
liquid N,
stage 2:
gaseous He
stage 3:
liquid He

temperature fipressure
sensor ftransduce

vacuum jacketed line *
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We have measured and can calculate the maximum ignition
distance for cryogenic hydrogen

300 : 300
350 Py (baraps) @ Py (bargys)
. gg . gg ® g 40071e 2.0 = 40 6.0 4 cryo-data fit CZ)
¥ 3.0 ¢ 6. v . i i
30011 39389, _ 240 & 3.0 «#50 % 10-'? Fr|edr|ch.IJHE 2012 240 N
Yo . ® 30011:05 bar, 295 K, 1.91 mm ®
2501 | — p Schefér |JHE 20117, ™ .-™ —
© e I 180 5 S 5 bar, 290 K,/4 mm AL W 180 g
3 veu Ao e = Veser IJHE 201150 ae’urrent
2200 o A ®? S Ml j ?
< . s fwe . * ® < 200 ’ S data fit @
R8T DR 120 & | 120 9
1501 , v S o¢ c
oy U ® . " ®
100} » ¥ 60 = R IR o =
o < .=} 9.8 bar, 295K 1.5 mm e
L e’ Ruggles IJHE 2012
0.2 0.4 0 02 04 06 08 1.0
H, mass flow rate (g/s) [ Orvosl 0o

» for a given mass flow, ignition of cold H, occurs much further from the
release point

» a larger ignition distance is observed at a lower mass flow rate of hydrogen
for the colder jets

» lgnition distance linearly varies as a function of effective diameter (same as
literature reported room temperature releases)
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We have measured and can calculate the radiant heat flux for
cryogenic hydrogen jet flames

0.20 300
S CH, [Turns e
e C&F 1991] g
| W]
© ] CH4 [Molina 4 240 N
& 015 PCI 2007] | N
c H, Lab [Molina PCl 2007] —
© PCI 2007] 1180 %’
30.10- . 3
- H2 Larg%%g'{'ﬁ? - current fit @

P Q

E zgﬁﬂ (power law) 1120 =
r_DU 005’ .o (_B
= ks 60 z
S 77

0-0?013 1014 1015 1016

TgapTe (ms m~1 K?%)

» Radiometers placed at 5 axial locations along the flame length to measure radiative heat
flux
Hydrogen flames have lower radiant heat flux compared to methane or syngas flames

An increase in radiant fraction is observed for colder H, jets (for a given nozzle size and
pressure) due to longer flame residence time (more mass flux)

Y VY

radiant heat flux « (radiant fraction)(mass flow)(heat of combustion)(transmissivity)
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We have a model (MassTran) for internal, phase-changing
flow

* Flow out a vent stack is no longer at LH, temperature
* Valves, piping, and other components represented as an electrical network

* Need details (heat transfer rate, component orifice sizes, etc.) to accurately
calculate conditions at release point

—» > —»
Q> P2 Q23 P3 Q34 Py
® tubing ® L]

vessel

Liquid hydrogen storage tank
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H,-N, Raman imaging and particle imaging velocimetry are used to measure
concentration, temperature, and velocity of cryogenic H,

=

Concentration and

Nd:YAG (Raman).ﬁ 610nm bandpass )
laser (532 nm) | ~(10nm FWHM) temperature fields
PIV laser— | ' & 532nm notch from Raman imaging
)| /| intensified camera .
/[ (nitrogen) fhak:o9 I, 2.0 mim orffice Velocity vectors

_.unintensified it 0.5
\ camera (hydrogen)
«‘PIV camera

superimposed on

Mie scattering
R S e T ey

>
&

90
100~ — 08

70

60
Independent model parameters o
measured:
v' T - temperature 2
v" x - mole fraction 30 mm— ud
v v - velocity r (mm)

v B - halfwidth (both velocity and
concentration
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ColdPLUME model shows good agreement with the data

oW
establishment

e Experimental results
shown by shading and
thick, dashed lines

e ColdPLUME model results

are thin, solid lines

self-similar
established flow

100

90 1

80

z (mm)
S

average Xy,

100

T, P et r
901 t.-.'} -
80 1
—_— .
£
£ 70
N
60
p 3.0 bar 3.0 bar
50 58 K 58 K
1.00 mm 1.00 mm
40 : . .
=20 -10 20 30 30

r(mm)

» Model accurately simulates mole fraction, temperature, and velocity -
- can be used as a predictive tool
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Lab-scale experiments have been used to validate the model, but larger
experiments are needed to study interactions with wind and vaporization

* Required: quantitative concentration measurements with <1 m resolution

* Desired: non-intrusive concentration, temperature and velocity
measurements in 3-dimensions + time

Sensors optical diagnostic

* Low cost * Placed in flow, or * High spatial * H, is difficult to
e Straightforward suction, disturbs flow resolution possible  measure optically
implementation ¢ Point measurement  High temporal (no strong
(challenging to get resolution possible  absorption
spatial resolution) * Non-intrusive features, no
e Usually slow response fluorescence

time (poor temporal transitions)
resolution)

e Can be affected by
environmental factors
(not specific to only H,)

» Decision: pursue
optical techniques
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The large-scale diagnostic will take advantage of a
powerful Raman signal dependence on wavelength

Signal scales inversely with wavelength to the 4t power
Cameras/sensors can have reduced efficiency at low wavelength
Laser harmonic generation reduces output power

Net win in signal (>3x) going from 532->355 nm
6

R N> canfera 2
5_ ! | |

. _new operation
point (355 nm)

relative signal
w A

N

initial operation
/" point (532 nm)

[

300 350 400 450 500
excitation wavelength (nm)

Raman signal « (incident energy)(cross — section)(number density)

U.S. DEPARTMENT

cross — section « (1/wavelength + Aenergy)*
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A Fresnel lens will be used as the primary collector

fresnel Iens]
achromat

~—
* Large diameter — large solid N mter\\
. as agin EHS]I .
angle of collection \/ A

it

e Fast (f/0.8)
e Off-the-shelf
* Low cost

* Field lenses to achieve larger
field of view, maintaining
parallel rays for filter

e Signal detected @ > 20 ftin
the lab
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The diagnostic will be applied to LH, vents and large-scale
experiments

.

Nd:¥AG laser (532

* Remaining priorities for LH,:
— Lab-scale: -
* Develop models relating concentration :
data to ignition distance
e Study non-circular orifices

— Characterization and modeling of
* Interactions with ambient (i.e. wind)
e Pooling

 Evaporation from LH, pools - ‘

610nm bandpass
—{10nm FWHM)
& 532nm notch
intensified
-camera
( {nitrogen)

| unintensified
era

—illumination source
{laser or diode array)

* Apply diagnostic to high-frequency outdoor releases (normally occurring events sucjh as
venting after LH, fill, this summer) to validate ColdPLUME model in non-ideal conditions

* Dedicated validation experiments (pooling, cross-wind) at well-controlled facilities next
fiscal year (late 2019-early 2020)
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Summary of liquid H, research and modeling efforts
_towards fueling station footprint reduction

* Coordinated research and development activities that facilitate deployment of
hydrogen technologies by developing validated physical models, integrating models
into HYRAM (risk assessment toolkit), applying models and analyzing real-world
scenarios

e Close coordination with NFPA 2 liquid hydrogen setback distance task group

 Measured and developed correlation for the centerline light-up boundary for
cryogenic hydrogen

* Measured and developed models to calculate the heat flux from cryogenic hydrogen
flames

 Developed a model for internal (pipe, pump, etc.), multi-phase flows

* Validated ColdPLUME model for cryogenic hydrogen dispersion by simultaneous
Raman imaging and particle imaging velocimetry

* Continued lab-scale experiments to study other cryogenic hydrogen phenomena
(e.g., non-circular releases)

* Developing large-scale diagnostic for quantifying real-world, full-scale cryogenic
hydrogen dispersion
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Question and Answer

* Please type your questions to the chat box. Send to: (HOST)

v Chat X

S5end to: | Everyone
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Thank you

Ethan Hecht
ehecht@sandia.qov

Laura Hill Eric Parker
Laura.hill@ee.doe.gov DOEFuelCellWebinars@ee.doe.gov

hydrogenandfuelcells.energy.gov
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General NFPA 2 Requirements for Hybrid Hydrogen
System

e The hybrid hydrogen system
includes both liquid and
compressed gas storage

* Compressor

* Evaporator

* Cryogenic pump
e Liquid and gaseous portions of

the combined system must be
separated by at least 4.6 m (15 ft)

- 7214 "
- m i

e Vertical tanks
shall be located
at a distance not 19
less than 1 tank

diameter from

the enclosing LHN% '

walls
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Moisture and air freeze on the nozzle as the
temperature drops

Air and moisture icing around liquid H, jet column — improves dispersion and
reduces hazard distance
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Fast-running, first order models are used in HyRAM to predict
hydrogen trajectory and concentration contours (and flames)

e Captures buoyancy effects
without full CFD

e Makes it possible to rapidly run
many scenarios

e Physical plume/jet (and flame)
model coupled to probability of
component failure and ignition
models to quantify risk
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Common optical techniques to visualize gas flows

Shadowgraphy Refractive index gradients bend light rays as they
pass through density variations.

Schlieren Same as shadowgraphy. Knife edge enables focused
image to form rather than simply shadow.

Fluorescence Photons are absorbed by molecules at a resonant
transition and light is reemitted at a shifted
wavelength

Absorption Gases have absorption features for certain
wavelengths of light.

Rayleigh Elastic scattering off of different molecules is

scattering proportional to their cross-sections and number
density.

Raman scattering Inelastic scattering off of different molecules gives
each component a spectral fingerprint.
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Schlieren imaging

 Measures gradients in density (15t derivative)
* For quantitative measurements:

— Calibrated schlieren — uniform light source, light intensity quantifies
refraction angles

— Rainbow schlieren — color cutoff filter in place of knife edge, color
guantifies refraction angles

— Diverging light background oriented schlieren (BOS) — pixel offset from
original position determines refraction angle

* BOS (using sunlight) possible for H,, however:
— Need semi-ordered background
— Density gradients caused by both temperature and composition

— Line-integrated, total refraction measured, extremely complex to
quantify, even with tomography

— No symmetries for an open plume
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Fluorescence

* OH fluorescence possible, but only for flames, not
unignited H,

* Unignited concentration measurement would require
seeding hydrogen with fluorescent tracer material (aliphatic
ketones like acetone or 3-pentanone often used)

— For cryogenic H,, no gaseous or liquid options at LH,
temperatures

— Very challenging to get solid particles dispersed in liquid, and
get them to follow gas flow during phase change
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Absorption

* H, lacks strong absorption features (unlike CH,)

* Would require illumination and light collection on opposite
sides of plume (or mirror to reflect light)

* Line-integrated absorption, to quantify, requires multiple
angles, tomography

1 absorption by different gases 0_8&%3r3t|0n by different gases
= T 1 l 0.99
0 - - - - 0.0000 - o -
1 0.000005 0.96 8
0 - - - - 0.000000 : : : 0.93 5
1 o1 o
) S 0.90 g-
0 ; : : . 0.0
i 1 0.87
2 2 - ]
T T 5 1.0
0 0 .0
i 7 g 0.95 2.
< =+ =
5 5 g 0.90 1)
- 0 - S : — 10.5
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 start end
Wavelength (nm) Data from HITRAN Application Programing Wavelength (nm)

Interface (HAPI): 10.1016/j.jgsrt.2016.03.005
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Rayleigh scattering

H, Rayleigh cross-section = 102/ cm?

* Planar laser Rayleigh scattering used at Sandia for
atmospheric temperature hydrogen releases

*  Scatter proportional to number density; variations
are caused by both composition and temperature

*  For warm releases, always measured in atmospheric
temperature region to eliminate this variable and
enable composition quantification

* Not feasible to wait until cryogenic plume has
warmed back to atmospheric temperature

* Rayleigh imaging will have signal overwhelmed by
Mie scattering off of condensed entrained moisture
in cryogenic plume

*  Filtered Rayleigh has insufficient Mie scattering
(condensed, entrained moisture) light suppression
(OD=3)
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Challenges abound for technical hardware solutions to enable the
large-scale diagnostic

Challenge: need large field of view and large aperture
to collect small number of photons emitted

— Reflective optics (large telescope mirror)

— Refractive optics (Fresnel lens)
Challenge: reasonable cost illumination system with
high-power, low-wavelength, pulsed system

— High-power laser with volumetric illumination

— High-repetition rate laser scanned across the area quickly

— High-power diodes/diode arrays
Challenge: Effective background light suppression
(both sunlight and reflected illumination light from
condensed water vapor)

— Time gating

— Spectral gating
Challenge: Improved temporal, spectral, and/or spatial
resolution

— Coded aperture sensing

— Tomography

|
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—{10nm FWHM)
/ &532nm notch
/ intensified
/ ——camera
(nitrogen)

Nd:YAG laser (532
sheet forming
optics /;
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E e
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Quantification of Raman signals

* Signalis proportional to number density

of molecules

* We use the ideal gas law to relate
temperature and mole fraction to
number density

NiotalXX — PtotalXx
14 RT
— other equation of state could be

used but may not have analytical
solution

* Cross-section dependence matters for
high-T (flames), but not low-T
(cryogenic)
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XH, * unknown 1
T < unknown 2
calibration constants
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