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Approach: Use high-fidelity data to develop & validate

simplified models that augment quantitative risk modeling.

o . 7ges

r Dispersion Characteristics
' - Laminar Flow

- Turbulent jet
- Volumetric rupture
- Enclosure Accumulation

Ignition Probability
- Ignition mechanism
- Mixture ignitability
w—— | - Ignition delay/location
T " | - sustained light-up Hazard Characteristics

- Flame radiation
- Qverpressure (deflagration/detonation)

- O, dilution/depletion

Risk o« }; ik P(Releasei)P(Ignition}- |Releasei)P(Hazardk |Ignition; N Releasei)P(Harm|Hazardk)

Terms in red obtained from physical behavior models, while terms in




Example:

FY14 Accomplishment: 0verpressure mode

_ Vp + Vi Vp + Vstowh (0 —

Ap = po v
T

Bauwens & Dorofeev, ICHS, 2013. Y-

Vi
1)] — 1} V;toich:
O.

development

Ambient pressure

Facility volume

Expanded volume of pure H2
Stoichiometric consumed H2 volume
Stoichiometric H2 expansion ratio
Air specific heat ratio (1.4)

H2 indoor refueling experiments & modeling
Ekoto et al. JHE 2012
Houf et al. IJHE 2013

SNL H2 Jet/Plume Model
Houf & Schefer, JHE 2008

SNL Network Flow Model (NETFLOW)
Winters, SAND 2001-8422

Exercise demonstrates how previous reduced-
order model development work can be leveraged

H2 Layer Accumulation Model

Lowesmith et al. IJHE 2009
0.15 : : : 1.0

—— Concentration [Sensor]

—— Concentration [Sensor]

0.12+F = Concentration [Sensor] | 0.8

— — Layer Concentration [Simplified Tools]
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e
Economic analyses for a proposed CA network of 68 H2 fuel

stations suggests LH2 has long-term benefit over GH2.

700,000 [Existing, Pending, and Needed Hydrogen Stations n 2015 for the State of Galfomial
.g 600,000 +— -——?/E:HRS\:ERate /
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Brown et al., JHE, 2013 T
Total financial | Total potential | Weighted average | Onset of positive | Total H2
support required profit cots of H2 cash flow dispensed
[$MM] [$MM] [2011 $/kg] [year] [MMkg] | ROSP
LH2 Only
100% of Historic HEV Sales 427 543.1 6.81 2017 155 11.72
50% of Historic HEV Sales 60.3 488.0 7.16 2018 141 7.09
20% of Historic HEV Sales 84.2 366.6 8.07 2019 112 3.35
10% of Historic HEV Sales 106.1 168.1 10.73 2021 67 0.58
GH2 Only
100% of Historic HEV Sales 28.0 230.5 8.13 2016 87 7.23
50% of Historic HEV Sales 39.8 205.2 8.57 2018 79 4.16
20% of Historic HEV Sales 56.8 164.2 9.45 2019 66 1.89
10% of Historic HEV Sales 70.0 132.4 10.39 2020 57 0.89

Analysis does not consider feasibility based on safety requirements.



Survey of California Energy Commission preferred stations
suggest LH2 separation distances would be prohibitive.

Separation Distances (nepa2-2011) and Areas required for two station concepts
{eritical d and ar mphasized 123 »
Fueling System Description At !
H2:12.5 1 0.4"1D tubing with a barrier wall 150 ft
LH2: 3500-15000 gallon (910-1300kg) with barrier wall and insulation . s s
Building Opsrirgs & .
HVAL Intakes g
Lot lines (ft) 24 33 JU— 175h) =
Public Streets, Alleys (ft) 24 33 Classified Electrical (15R]
Parking (public assembly] (ft) 13 75 [ ) L [ ]
Buildings (sprinkled, fire rated) (ft) 10 5 ® [ ]
Building Openings or air intakes (ft) 24 75 - Flammable Liquid
. \\ Starage, Vents & Fills
Flammable and Combustible liquid storage, vents ar fill ports (ft) 10 50 -5 {758y
Parking from fill connections on bulk storage (ft) 13 25 \
Class 1 Div. 2 area diameter (ft) 15 15 \\
Max Bulk Storage Dimensions with Sep. Distances (ft) 78 123 &
Min Bulk Storage Dimension with Sep. Distances (ft) 68 123 Gasoline Tanks
(Fill and Vent)
Max Bulk Storage Equipment Dimension with lot lines (ft) 54 40
Min Bulk Storage Equipment Dimension with lot lines (ft) 49 40
Reference Bulk Storage Equipment Area with lot lines (sqft) 2646 1600 [
Reference Storage Area with Sep. Distances (sqgft) 5304 15129
Mote: Add 5 feet for vehicle protection on vehicle facing sides of equipment

Harris, SAND-2014-XXXX |[: ( [j

Of 70 stations surveyed (out of 343), none met the NFPA
2 Ch. 6 separation distance requirements.

Improved LH2 modeling needed to reduce separation distances and

increase the viakb 0 kK informed certification (e.q.., N
a
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SNL conceptual model for LH2 releases has already been
developed — FY09

§=84 §=56
1

Zone 4

=m, < m, { m, <m;

Zone 2: Zone of initial entraintgnt and heating
Zone 3: Zone of flow establishmeM
Zone 4: Zone of established flow

£
=
= GH2
o = Saturated
@ B
o = (> mu,hy(P)
- /%" |~
V=VClFxp(-r2!BZ) E’I‘J:E T < S ::_H2t d
rd 0: N i«" N aturate
Zg:: 1: Zone of under expagded flow g \. |:> mHz h’l (RS)

Zone 0 modeled assuming saturation storage conditions

Winters, SAND Report 2009-0035 and conserved enthalpy from the gas or liquid space.
Winters & Houf, IJHE, 2011 Winters, SAND 2001-8422

Houf & Winters, IJHE, 2013

SNL Network Flow Analysis Code (NETFLOW) used to model internal

conditions in piping, valve, and tanks.
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Pseudo source models are used to account for chokec
behavior (Zone 1).

Several source models have been developed to predict the mass weighted effective
diameter, (i.e., the critical scaling parameter): d* = deff\/peff/pamb

50
Ruggles & Ekoto, IJHE, 2012
Lic rnwllfwﬂ‘l:::fmfm Calculated Mole Fraction |
ght=ip . anf Using SNL Source Diameter |
6 ' R
z Poor 4" prediction
3
E 30}
£, Reflected Measured Mole
g ey M «Shock X Fraction I Neglects Mach Disk
= 2 > w 11 . .
E 2 Y, MacITDisk 20 D\ P——— pp— (i.e., fully supersonic)
N L B ~ Birch of oL [195%) — SNL preferred model
1 Region Shock } Ew ) )
10k wan & Moodie (1986) 0,993
. e N Birch et al. (1987) 0.790
- e S h Yuceil & Otugen (2002)  0.790 Assumes all flow goes through
Harstad & Bellan (2006) 1.440 Mach disk (i.e., fully subsonic)
. ¢ 0 10 Molkov (2008) 0.993
Stagnation Pressure: 10 bar y[em] | SNL Data (2011) 0.867
Nozzle Diameter: 1.5mm

*All models updated w/ Able-Noble EOS

Reality is that fluid is split between the slip and Mach disk regions

Two-zone source model that accounts for the fluid split ratio
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Plug flow assumption invoked for Zone 2.

unknowns
mau”
\ assumed value

Mass My, —» —> I My = My, + My I

0
Momentum iy, Vy,—» < —> I MsVs =y, Vy, I

Mair hamb

Energy Tlez th_’ < — I mshs = My, by, + MairRamp I

State modeling by NIST H, EOS: [/ = fCirs a7 ]

m, =, ¢ m, ¢ m, ¢ m,

| —

T
/ mulluumﬂww -
R

H : /
\\« V=Vccaxp(-rszz) :
Zone 0: Zone of accelerating flow

Zone 1: Zone of under expanded flow
Zone 2: Zone of initial entrainment and heating
Zone 3: Zone of flow establishment
Zone 4: Zone of established flow

Winters, SAND Report 2009-0035

Species conservation used to ‘ s = i Y3 ‘
close system of equations: Y, 3
Turbulent jet entrainment rate ] o
H . E = = 1 Mair = ¢ = My where E = a (nDHz ﬂHzVHZ)z
used to estimate zone length: mom = R D Sy = mom = Oy =5
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Zone 3 treated as discrete region w/ boundary conditions
specified from self-similar profiles at Zone 4.

s=sd s=s5
unknowns
fn, = th, <, ¢t < i assumed value
s=s2=0 air ) %
e ) %
N = =
® = 6=
/lelmll ' ?’ g V — V
—s / = CL4 3
V: VCLsxp(-ﬁBz) %
Zone 1: Zone of nder beaanded o :
Zone 2: Zone of initial entrainment and heating b
Zi 3: Zone of flow establishment
Zone 4: Zone of established flow
D2 ' 2
Mass P—=sz ———(p —p
3 4 4 amb /12 +1 amb CL.4

Pamb A?
Momentum — (pgmp — P3) 4 = Bf a; 222 41 (pamb - pCLA')]

\ J
| \ J

Winters, SAND Report 2009-0035

Y
S4




Zone 4 modeled with previous SNL 1D integral jet/plume

models that invoke self-similarity - FY08. ,

m, =, ¢ m, ¢ m, ¢ m,

=\

x-Mom

y-Mom

Species

Energy

r
-—

Houf & Schefer, IJHE, 2008

P VA

- f [ pyrdrds = punn

0 2

—Sf f pVecosBrdrddp =0

a 2T oo

a—f f 2sin @ rdrdg = f f (Pamp — p)grdrde
o Jo

d

ﬁf f pVY¥rdrde =0

0

—Sf f pV(h — hypp)rdrdg = 0
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Zone 4 modeled using previously developed SNL
integral jet/plume models - FY08

(= ="\ | Entrainment modeled to

m, =, ¢ m, ¢ m, ¢ m,

1
nD? pV?\2
include buoyancy & Emom = Qm = 5
amb
momentum effects
F;: Jet Froude length

(74
Epuoy = F—b (27V,, B) sin 0

1 . .
£t a,: Buoyancy entrainment coefficient TL
Leak % . . . 2
o = | a,,: Momentum entrainment coefficient po— VEL Pexit
N B :  Qravity constant LT
¥ 5 \ & Y 9B (Pamp = pec1)

<
<
©

=
3
B

Houf & Schefer, JHE, 2008

e 0: Zone of accelerating flow -
1: Zone of under expanded flow

e 2: Zone of initial entrainment and heating
e 3: Zon

e 4: Zon

of flow establishment
one of established flow

\- J

d A2 Pamp\Emom t Ep
Mass d—{VCLB [Pamb 2+ 1 (Pamb — PcL) } = ( mo:;l uO;V)
d , 242 '
x-Mom 'L LB cos & | pamp — S+ 1 (Pamp — PCL)_ =0
d Pamb A -
y'MOWl d—{VCLBZ [ a;l - 2&2 +1 (pamb - pCL) } = (pamb - pCL)AZBZ
. d |
Species d_{ CLB (PampYamp — PcLYcr)} =0
d
Energy 65{ pv[h(Pamb: P) amb (Pamb:pamb )]?"d?"} =0

Solution possible via commonly available 1D ODE solvers.
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Model results compare favorably to experiments from
Karlsruhe Institute of Technology.

Measured & Calculated H2 Centerline Concentration

Reservoir | Reservoir Leak
pressure [|temperature| diameter
Case [MPa] [K] [mm]
1 1.7 298 2 x
2 6.85 298 1 -
3 0.825 80 2
4 3.2 80 1

0 500 1000 1800 2000 2500

+
Xiao et al, JHE, 2011 (s+s,)D,

Houf & Winters, IJHE, 2013

However, no well-controlled validation data is available at lower

- doxpeciadidie TS Ll




Multi-phase behavior—particularly for high-humidity
conditions—is important.

Liquid and vapor phases have different velocities due to density differences —
slip models have captured these effects in CFD simulations.

4 meurements
0.25m — - - prediction
umidity

— e ir-fIUM

g0 - amnnmunm UM-dir-slip2

80
70 1

60 -

HSL Measurements: Sample probes

50 Hooker et al, ICHS, 2011

40 -

30 1

Peak concentration (%w/v)

20 1

ADREA-HF CFD Simulations
LFL Giannissi et al, ICHS, 2013

10

downwind distance {m)

Substantial differences in model results suggest 2-phase
effects cannot be neglected for LH2 releases

Experiments had poor control of release and environmental boundary




Proposal is to build an LH2 delivery system hat can be

3 ,:? | ’5 | & 8Hydrogen and Fuel Cells Program

integrated w/ existing SNL laboratory infrastructure.

Delivery system would generate
ultra-cold vapor and liquid H2 jets

Exhaust

0

Outdoor Gas Storage

LLNL to SNL from an available LH2 tank

7
/]

Y ;

LH2 or /]
LHe .

__/ /]

PSS ’ _~"Exhaust Hood™.__
y )
P Experiment
A ﬂ Nozzle
y 2nd Stage
A Cooler ®——®
; Vacuum Jacketed Lines LH2 or LHe generation via a
g commercial cryo-refrigerator
7
A P: Pressure
A T:Temperature
y R: Regulator Alternatively, LH2 could be transported from
A FM: Flow Meter
/1
/]

System design, construction, & verification ~12 months, w/ another 6-12
months for measurements — system cost ~$150K plus labor.

Y —

— e S SRS




_4 L’E’rl-lydragen and Fuel Cells Program

Scalar field to be measured via Rayleigh scatter imaging in
established flow zone to validate LH2 release model.

P1XIS 400B low noise CCD Camera

* 2 x 2 binning for high signal-to-noise (~400:1)
» Multiple interrogation regions to image full jet
* Multiple images for converged statistics

Air co-flow & barriers to minimize Nd:YAG injection seeded laser
impact of room currents (1 J/pulse @ 532 nm)

Opportunity for additional upstream measurements using

N a eolalTe a e D E
) LD

YMYNN O aYa a
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Jet Flame Radiation Modeling
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Three jet flame radiative heat flux model categories:

Single Point Source (SPS) models Single Surface models
Flame shape:
Flame shape: « Assumed flame shape (e.g., cone) w/
b Non'dimenSionaI radiant pOWGI’ tO eStImate emp|r|ca”y tuned rad|at|ng Surface
radiant load distribution - Geometric View Factors to calculate 142
Radiant fraction models: radiation transfer
«  Empirical function: temperature, composition, * Empirical wind/buoyancy corrections
release rate, soot, residence time, heat release Chamberlain, Chem Eng Res Des, 1987
Johnson et al., Process Safety Environ Prot, 1994
Sivathanu & Gore, Combust Flame, 1993 CcoS 91 CcoS 92

Molina et al., Proc Combust Inst, 2007

VFi 2 =

S2

Radiant fraction models:
« Empirical function of exit velocity

Single Point Source Model
Flame Length (L)

i
Observer

Multi Source
Models (MSM)

Weighted Multi Source Model

1 i N

R D, X
if
Observer

Flame shape: Radiant fraction models:

+ Weighted source emitters along flame centerline = Same as SPS models
De-Faveri et al., Hydrocarbon Processing, 1985
Hankinson & Lowesmith, Combust Flame, 2012




Previous AccomplishH%F

Lvis Po TO Tamb Pamb
[mm] [kg/s]  [m] [barg] [K] [K] [bar]
50.8 74 485 62.1 288 280 1.01
Single Point Source Model
« Flame Length (L ) >
: X
R
—b- Observer

Old model used to inform NFPA 2/55

Weighted Multi Source Model

Observer

Large-scale flame data supplied by Air Products and Chemicals Inc.
dj

{ydroge \anq Fuel Cells Program

Houf and Schefer, IJHE, 2007
Single Point Source Model (Houf and Schefer, 2007)

st

50
E g 40
L] -
&0 20 2
/ 0 40 20 0

0
20 40 B0 BO 100 120 140
% [m]
Weighted Multi-Source Model (Ekoto et al. 2012)
Ekoto et al., Proc IPC, 2012

oo 1 OB RRT el

-50

z [m]

50

60 -40

0
-20 0 20 40 B0 80

100 120 140
% [m]
Improved radiative heat flux boundaries for more accurate harm & improved recommendations
for reduced separation distances.
n

Model can be improved with a better prediction of flame trajectory to better




Cheng et al, Combust FIame 1992 lg

1.2
a y
i (o) _ D
1.0 ooooo x/0 = 7 . Discharge P _ oy
’Q‘R ooooa }.:?D = 45 Point _*: ------ T"‘
i - sasae /0 = 30 o
H2 jet flame o0& . eeo0e x/D = 50 z % F'TameCenterIine
Re=13600 o, .| xxxxx x/D = 100 |
— 'TERE 0= 150 .
T:D ) asass i?n - 175 Species are no longer conserved & excess
' I wxpl—0. r .,:-zw' i . .
o sstR state variable profiles depend on the
02k . .
degree of chemical reaction
EII::' S -’|. Srfe 4
0.0 'I.ID 2.IIZI-L 5.0 4.4

Self-similar, Gaussian mixture fraction profiles observed at all radials throughout the flame

2w poo d 2T ~00 MWHZ
%fo fo pVYrdrdé replaced by, EJ; J; pVfrdrdp =0 where, [ =Yy, +Yuo Mg
\ J \ J
| |
H, Species Conservation Mixture Fraction Conservation

Mixture fraction is a conserved scalar that can replace H, mass fraction in the

conservation equations
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Flame integral model is similar to existing 1D jet models

Lvis
|9 3

Cheng et al, Combust Flame, 1992

1.2 -
{a) - >
1.0 coooo x/D = 7 4 Discharge ~— »
’\ noooa x?g = %DE Point /% 2~~~ " ° .
. | Sh 0NN YW = -
HZJEt flame 0.8 . BOG00 x{,f_[] = 5 z F‘Tame Centerline r
Re=13600 o, .| _. xig = 123 |
e L "SRR I s .
T‘:D ) asons x/D = 175 Species are no longer conserved & excess
T expl —0.65(r .,:-2‘ ] o .
P(=0.85(r/Ri)") state variable profiles depend on the
02 . .
degree of chemical reaction
0.0 ’I.ID 2.IIZI-L 3.0 4.0

Self-similar, Gaussian mixture fraction profiles observed at all radials throughout the flame

Barlow & Carter, Combust Flame, 1994

x = 3Lf4

Mole Fraction

H2 jet flame; Re = 10,000

Composition/Temperature at most points was close to equilibrium solution —
energy conservation can be neglected if equilibrium kinetics are assumed




o All Radials f/f

VIV, fif,

O Barlow et al. (1999)

X Flury & Schlatter (1996)
Present Flame Integral Model

120

yiL

Centerline trajectory results highly
dependent on choked source model

Discharge P -
Point

Entrainment rate coefficients & jet
spreading ratios adjusted to match

experimental data

t = 54 sec after spark
— Birch et al (1984) w/ Abel-Noble

— Yiiceil & Otiigen (2002) w/ Abel-Noble
— — Harstad & Bellan (2006) w/ Abel-Noble
. -~V — Schefer et al. (2007)
=

Molkov et al. (2009)

0 15 20 25 30
x [m]

t=15 sec after spark
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Integral flame model developed to |mprove downstream H2
jet flame heat flux prediction.

d; m Po To RH Tonp  Pamb  Uwing Wind dir
[mm] [kg/s] [barg] [K] [%] [K] [mbar] [mis] [°]

Ekoto et al. ICHS 2013 T T
925 14 gl er g S0 00 01l fes 34.0

l g ,L‘”S Yuciel & Otugen (2002) w/ Abel-Noble - Curved Flame
3 S S PP e e, - 25:237 kwinf} -

Discharge
Point

= I = ............... ................... ................. .1.5771("’"‘25

S .
z =0 Flame Centerline r

-50
Adjusts placement of radiative emitters fornew £ o
multi-source model — FY12 accomplishment 0

x[m
I-f Qrad (Stralght) Arad (Curved)
Notional Nozzle Model . [kW/m?] [kW/m?]
45 9 23.9
Birch et al. (1984) w/ Abel-Noble 49.3 97.3 29.9

| Yiicel 8 Otiigen (2002) wi Abel-Noble _|SSEEEER: 23.8

Schefer et al. (2007) 44.0 34.6 28.1

Harstad & Bellan (2006) w/ Abel-Noble 52.7 189.8 13.2
Molkov et al. (2009) 49.9 113.2 25.6

Similar wind corrections in progress

SNL preferred
source model
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Slot Nozzle Modeling




= e jet profiles
-~ ud.c

X

2|

ta

01

005 =

Axisymmetric Jet |
002 1 1 . 1 1 1

1 p) 5 10 0 50 100 200
XD

Distinct 2D region with inverse % power centerline decay rate exists

S— Unclear if models are agellcable to choked slot jets

Krothapalli et al., J Fluid Mech, 1981
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Close-up schlieren imaging reveals unique slot nozzle behavior
- FY13

Slip A
Region™  Mach Disk
M>>1 . Barrel

Shock
-—

Strong, sharply converging incident corner
shock is missing from the minor axis plane

Major Axis Minor Axis: AR 8

Reflected

Corner Shock Reflected

_Reflected
<~ Shock

9 W < Shock

—

Expansion
Fan ——

\W/

«~__Incident

WCorner Shock

Unclear if existing choked flows notional nozzle models predict
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e
Mean mass fraction slot jet contours confirm axis switching in

the scalar field

AR: 8 AR: 8
major axis minor axis
I I 10.4
150 r r

—30 15 0 15 30 45 60 75 90 -30-15 0 15 30 45 60 75 90 -30-15 0 15 30 45 60 75 90

10.3

10.2

Jet Axial length (mm)

0.1

Jet Radius (mm) Jet Radius (mm) Jet Radius (mm)
. D.,, =1.5mm
Elevated downstream mass fraction p, =10bar

contours for the axisymmetric jet



Concentration decay rates remained relatively linear
throughout the measurement region

Planar decay region (half-power) not observed
e Upstream of interrogation region?

[=]
© [T T

35
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a g PR Ao

_ . . A RS YT e -

: £ < .:'l‘.“ gd%QQ%AAﬂ:

: © [ ® : QB A :

: % S ...’."880 Eﬁg&ﬂ jA """""" A AR1 ]

! [ SKA : ] AR2 - major axis | ]

: SR ;':-. ,,,,,,, ©<(>D ogg} ,,,,,,,,,,,,,,, o B AR2 - minor axis | ]

: ~F ® o&‘? = 3 3 <o AR4 - major axis

: F Q@Qpp: : j ¢ AR4 - minor axis | T

: O e O ARS8 - major axis |-

F : ; 1 3 : 5 : : ® ARS8 -minor axis | ]
of ot ; @ | | ] — ; ‘ ; ‘ ]
750 100 150 200 250 300 350 50 100 150 200 250 300 350

zlr zlr

Major & minor axis jet half widths appear to converge
e Half widths larger than for corresponding axisymmetric jet
e Slightly non-linear growth rates — unclear when convergence occurs
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Normalized concentration radial profiles along the
major/minor axes do not collapse

Axisymmetric profiles collapsed to uniform curves as expected
Normalized profiles grew wider along the major axis and narrower
along the minor axis

Ma jor Axis Minor Axis

Z/D,, = 35, 69, 102, 136, & 161

0.2r Downstream s

0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0. 25 0.3
n=r/z n=r/z

Minor axis peak H, near-field concentrations observed away from the
centerline — not predicted by planar integral models

These data will be used to refine jet release characteristics for different




