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As FCEV fueling stations serve higher capacity, liquid hydrogen
delivery and on-site storage is the likely technology

e For a similar vehicle/day capacity as gasoline,
liquid H, tankers make sense

— Underground gasoline stations tanks hold on the
order of 10,000 gallons

— Liquid H, tankers can hold up to approximately

4,000 kg

— Compressed tube trailers hold approximately
300 kg

— Lack of hydrogen pipelines where stations are
needed

e High purity hydrogen needed for FCEVs

Linde’s cryo pump fueling station system

compression and dispensing efficient and fast
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Current experiments are focused on understanding cryogenic
hydrogen systems to provide a scientific basis for setback distances

Previous work by this group led
to science-based, reduced,
gaseous H, separation
distances

Higher energy density of liquid
hydrogen over compressed H,
makes it more economically
favorable for larger fueling
stations

Even with credits for insulation
and fire-rated barrier wall 75 ft.
offset to building intakes and
parking make footprint large
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Coordinated activities at Sandia National Labs facilitate deployment of
hydrogen technologies
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Develop integrated

Develop and validate methods and
scientific models to algorithms enabling
accurately predict consistent, traceable, v
hazards and harm and rigorous I I Y RAM
from liquid releases, Quantitative Risk HYPROGEN RISK ASEESSUENT Mop=ie
flames, etc. Assessment for H2

facilities and vehicles

Apply QRA and
behavior models to
real problems in
hydrogen
infrastructure and
emerging technology
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NFPA 2 code committee has identifie
impact separation distances, and venting LH2 is a regular occurrence

Current focus: validated ColdPLUME model Additional experiments/modeling and frequency data needed
v Flow from vent of ultra-cold hydrogen  Release from pipe containing liquid H,
— Why? — Why?
e Trailer venting excess pressure after normal LH, delivery e Thermal cycles of line leading from tank to vaporizer or
e Pressure relief if tank underutilized vaporizer itself causes leak
e Burst disk rupture e |ce falling from vaporizer shears line
e A (small) liquid leak vaporizes rapidly, forming a cold gas — Qutcomes — ability to model
— Outcomes e Flashing

Pooling

Evaporation from pools

Heat flux from a subsequent fire
QRA for large, pooling leaks

* Are vent stacks appropriately designed?

e Are separation distance from air intakes and overhead
utilities appropriate?

e Quantitative risk assessment for leaks of non-pooling LH,
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- because we couple the behavior moa‘eis to risk models, we use fast-
running engineering and integral models

air
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Previously developed model requires additional validation data

— Several model parameters based on empirical data
— Data only from warm hydrogen or other warm gases

— Are more physics required?
Use experimental platform commissioned in FY16 to generate cryogenic hydrogen releases

Use refined optical techniques to measure parameters of flow



m Sandia National Laboratories I'é F(CHydrogen and Fuel Cells Program

—

: r . . —— ; . __ = . B ‘_ ‘ ‘
m;nar Raman imaging and particle imaging velocimetry off of the —
condensed moisture are used to measure all model parameters in 2D

e Previous lab approach of Planar

Rayleigh imaging had signal |
overwhelmed by Mie scattering off of Nd:YAG (Raman) " 610nm bandpass
. . . laser (532nm)” [ §  ~(10nm FWHM)
condensed entrained moisture in jet PIV laser- ;| [&532nmmmmh Independent model
P d intensified camera

N j" gw(ﬂi@m) " parameters:
Ny /| mﬁ%@m con) v' T - temperature
PIVamen ¥ X - mole fraction
| v’ v - velocity
v B - halfwidth (velocity,
concentration,
temperature)

e Filtered Rayleigh had insufficient Mie
scattering light suppression (OD=3) RS B

i

e Raman scattering enables higher
optical density filters to remove
unwanted Mie scatter

— 10 nm FWHM bandpass filters at
wavelengths of interest

— OD of 12 @ all wavelengths

— ODof18 @ 532 nm

e (Condensed, entrained moisture acts as
particles for stereo-PIV
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Several experimental campaigns have had variations in temperature,

pressure, and nozzle size

Tnoz
[K]
58

Tthroat
[K]

2 1 435 4
56 3 1 419 4
53 4 1 396 4
50 5 1 374 5
61 2 125 457 6
51 2.5 1.25 382 2
51 3 125 382 6
55 35 1.25 412 3
54 4 125 404 2
143 4 1 321 2
x | 59 3 1 442 6
= 56 35 1 419 1
= |80 3 1 603 5
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In general, the model shows good agreement with the data
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average X,
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average z velocity (m/s)
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he centerline mass fraction and temperature decay linearly when
plotted against the normalized distance
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. With two-dimensional images, we can also ensure that the widths of

the jets are behaving as expected

2@ NN M
| —— datafit «0.07954 - .
__ 150 § :
‘ € AR ,
' | o ° ® o //
E 125 E & : .w"'jx:‘ P zal
% w K .:. :a‘ ® w ¢ 4
- =3 > o8 -; Bﬁ‘ Al g —
2 | E s =g
= et ke W
@ 7.5 P g 10 ” . ,q.*:’“
2 ’ &
g 5.0 T 5
%
| —— datafit «0.06303-& S
251 o il
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
normalized distance (& = z/ro2) normalized distance (£ = z/rnoz)
e Literature mass-fraction half-width spreading rate: 0.1- ® 2bar, 58K, 1.00 mm  4bar, 54K, 1.25mm
e 3bar, 56K, 1.00 mm e 4bar, 45K, 1.25 mm
0.11 mm e  4bar, 53K, 1.00 mm e 3.0bar, 58K, 1.00 mm
p % . ¥ 2 e 5bpar, 50K, 1.00 mm e 3.0bar, 82K, 1.00 mm
NormaI|2|ng by radius of nozzle (as is donfe in the - obar 61K 125 mm . 35bar 55K 1.00 mm
literature) does not allow model or experimental data e 25bar,51K 1.25mm s 4.0 bar, 40K, 1.00 mm
t “ e 3bar, 51K, 1.25mm e 4.0bar, 63K, 1.00 mm
0 COo apse e 3.5bar 55K, 1.25 mm



rl‘ Sandia National Laboratories IéFCHydragen and Fuel Cells Program

S

Centerline velocity data is much noisier, but also shows reasonable
agreement with the model predictions

80 e 3.0bar, 58 K, 1.00 mm
g + 3.0 bar, 82K, 1.00 mm
f(ﬁ . e 35bar, 55K, 1.00 mm
g ) e 4.0bar, 40K, 1.00 mm
e 60 - 4.0 bar, 63K, 1.00 mm
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for 40 m/s, but not much faster (close to
nozzle)
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e Enable characterization and modeling of

: implement diagnostic to measure large-scale release dispersion

— Interactions with ambient (i.e. wind) Pursuing coded-aperture Raman imaging
— Pooling I S e
— Evaporation from LH, pools N i i |
e Currently developing an imaging T . B - /ﬁ
diagnostic for outdoor and large-scale ﬁ' l ﬁ) / / =
experiments 4& k_.fN--'”\ % G B /

Spectral

— Quantitative concentration measurements
— 2-or 3-dimensions

— Video frame rates

— Portable

e Will apply diagnostic to normally
occurring outdoor releases (e.g., venting
after LH, fill)

e Dedicated validation experiments at
well-controlled facilities next fiscal year
(FY19)

dx.doi.org://10.1109/MSP.2013.2278763
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Used advanced imaging diagnostics (planar
laser Raman imaging, PIV) to measure
cryogenic hydrogen mixing with air and
warming

Centerline mass fraction decay rate for
cryogenic hydrogen similar to warm hydrogen

Centerline temperature also increases linearly
against normalized distance

Mass-fraction, temperature, and velocity
profiles are self-similar, Gaussian, and match
model predictions with reasonable accuracy

Virtual origin is further upstream than original
model prediction — model was adjusted

Model can be used to predict cryogenic
hydrogen dispersion with good confidence

Future Work:

Implement model into risk assessment toolkit
HyRAM

Perform truly simultaneous Raman/PIV
experiments using different laser wavelengths
for each diagnostic to give further insight into
turbulent entrainment

Develop diagnostic for outdoor and large-scale
experiments

Perform large-scale experiments and develop
models for pooling and evaporation

Use models to advise NFPA 2 code committee
on hazards and harm for high priority
scenarios (to inform 2022 edition of NFPA 2)
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