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Experiments and calculations have shown that

" consequence distances increase as refueling pressure
> ’ increases.
- T
« As leak source pressure increases ....  C°nsequence Distance Calculations 103.5 MPa
» Jet flame lengths increase o oo oo o)
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-
We have performed a study of barriers to determine if they are
= ) an effective mitigation strategy to reduce safety distances.

- T
* Goal: Determine if barriers are an effective jet mitigation
technique for reducing safety distances

. . . = Stabilized flame
« Combined experimental and modeling approach

H, Jet Flames

* Issues of importance: =i
 Jet flame deflection and protection from impingement =
* Reduction of thermal radiation exposure
* Reduction of unignited jet flammability envelope ol f
* Ignition overpressure and attenuation by barrier JI (©)

« Collaborating with the HYPER project in Europe on barriers |
Radiometers

+ Experimental data shared with HYSAFE for modeling

« Combine data and analysis with quantitative risk assessment
for barrier configuration guidance.

Over-pressure from ignition

Barrier of premixed hydrogen / air

Pressure

Axial Distance
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- 'We have looked at several barrier configurations for
= ’ evaluation with experiments and modeling.

1-Wall Vertical Barrier 1-Wall Vertical Barrier
(Jet at Wall Center) (Jet at Wall Top)

Barrier Barrier
Wall Wall
H2 Jet

Free Jet

Side View

H2 Jet

it

1 Based of NFPA 68 guidelines for barrier walls.

2 Recommended by IFC 2006.

T
1-Wall Tilted Barrier?

Side View

Barrier
Wall

60 degrees

V /) Ground |7 %

3-Wall Barrier?
Barrier Top VleW

Wall

135 deglies‘K
H2 Jet

O —»
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> _ We initiated the barrier modeling effort by validating our
‘ - in house CFD code to predict concentration decay in unignited
- ’ H, free jets and temperatures in H, flames.

* Turbulent jet characteristics
* Hyperbolic variation of jet centerline mass (or mole) fraction with axial distance

Concentration Decay Data Concentration and Velocity Decay Simulations
—e— CH4 (Q=10 sim) Present study « 50 T 1 T T 1T I/'/l"
40 | = He Jet (Pitts) d | [— velocity; std k¢ slope=0.13 (C,=7.5) R
T"H-'M Bl Rnd —— mass fraction; std k-& slope=0.14 (C,=7.1} ’///
¢ H2 Jet(Q=22.9 slm) Present stud J“T g 40 || == velocity, RNG: slope=0.185 (C'=5.4) //: ’
= >/ — . mass fraction; RNG: slape-0.2 (C;~5.1) .
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°F H, Flame Simulation 2 iet axi
uego H, Flame simulatio temperature along jet axis
» Barlow flame A (ref. Combustion and Flame, v. 117, pp. 4-31, 1999) 259 : l T T T
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* Houf, Evans, and Schefer, “Analysis of Jet Flames and Unignited Jets from Unintended Sandia
Releases of Hydrogen,” Inter. Jour. of Hydrogen Energy, Feb, 20009. m I[\Iat}mn?I S
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scenarios and barrier geomet
experiments.

Different Leak Scenarios

* Source pressure
 Leak to barrier spacing
 Leak trajectory

* Leak location

* Barrier geometry

Side View

s Aoo

_Ind
2328
1801
1274
747
220

* Vertical Wall - +45deg impingement
Top View

_Tnd
2309
1786
1264
742
220

* Vertical Wall - Jet centerline aligned with top of wall

e investigated many different barrier jet flame impingement

ries with modeling and full-scale

Different Barrier Geometries

* 60° Tilted Wall

» 3 Wall Configuration (135° between walls)
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15.2¢cm ID

H2 storage cylinders: 6 cylinders
connected through manifold. Cylinder
volume 49 liters .

* Spark (igniter)
mmssm  Pencil Pressure Transducer
Il Pressure Transducer
[=m Radiometer (Heat Flux)
=== Radiometer (300 us response)
——— Dosplacement sensor
T1  Thermocouple

0.508 cm 1.".‘
Jet Nozzle
Details

T dj=0.3175 cm ID

0.79 cm ID

Top View

<
-

18”

Schematic of flow delivery system barrier wall test series
and detector layout for single wall test.

Source Pressure = 13.79 MPa (2000 psig)
Jet Diameter = 3.175 mm
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e

'—lydrogen jet flame barrier wall impingement tests have been

completed and used to assess the effectiveness of barriers.

L —
Jet Centered on 1- Wall Jet Centered on Top of 1-Wall

1-Wall Tilted at 60° 3-Wall (135°)

Vertical wall - 2.4 m x 2.4 m cinderblock
Tilted walls - backerboard (reinforced cement/concrete board)
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Barrier Wall Tests: Effect on Overpressure

Pressure Before Wall

10 [ 1 rrrrrrrr T
gt 1-Wall
— N (Jet at Center)
© [ 1-Wall ]
6 [ . 3-Wall ]
% : Tilted :
+ 4L 1-Wall i
o - Free jet (Jet at Top) :
2L i
o B " " 1 " " 1 " " 1 " " " 1 " " " "
1 2 3 4 5
Test Number
Pressure Attenuation
1.2 N LN L L L BRI | T T ]
1.0 _ Free jet _
L 1-Wall 3
0.80 [ (Jet at Top) ]
< " |
& o060} ]
% oa40f 1-Wall ]
. Tilted zjx\tlaalllt Center) ]
.20 [ ]
0.20 - 3-Wall
0_0 C S 1 e Je 0 0 Iyl ||—|
1 2 3 4 5

Test Number

Wall-centered jet results in a factor of
2.5 increase in overpressure prior to
wall.

Maximum overpressure reduction
achieved by three-sided wall (pressure
behind wall reduced by a factor of 14).

————= Dosplacemen t sensor

* Spark (igniter)
mmmsm Pencil Pressure Transducer
I Pressure Transducer
[[= Radiometer (Heat Flux)
=== Radiometer (300 us response) Top View

T1  Thermocouple A

T9-T12 (Depth:| 8 ft (2.4 m)
1/8,1/4,1/2,1%)
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R (KW/m?)

R (kW/m?)

25

20 |
15

10 |

R4_vs_Test.gpa

5 Heat Flux Behind Wall

| t‘= 25‘ seconds

Wall-top 1
[ jet ]
- Inclined  \y)l-center B
wall jet Three-side]
’ﬁ wall
. . . . . . . . . | . . . | | . . .
1 2 3 4 5

Heat Flux at Jet Origin

Test Number

R1_vs_Test.gpa
L

T T
Wall-center

t= 25 seconds
i jet 1
! Wall-top Inclined _ ]
jet wall Three-side]
B wall ]
- Free jet i
i . . . . | . . . . . . . . . . . . . .
1 2 3 4 5

Test Number

Barrier Wall Tests: Effect on Radiative Heat flux

* Maximum radiative heat flux behind wall occurs
with jet at top of wall jet configuration

* Heat flux levels with all walls are well below
harmful levels.

+ Walls are an effective mitigation strategy for
radiative heat flux hazards as long as flame is
confined by wall.

+ Walls significantly increase heat flux levels at leak
origin.
* Heat flux levels at leak origin for jet centered on

wall exceed pain threshold limit (19.87 kW/m? for 2
sec exposure time).

Top View
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4 BARRIER WALL TESTS

= I
- Jet centered at top of wall
* Wall Displacement * Melted Cinderblock Wall
displacement_Test1&2.qpa
44—
[ . e Disp1-07 (in) |}
Jetimpacts thewall @~ = | ===== Displ 2-07 (in) |l
I (pre-ignition) |
0.03 B 8
0.02 | .
- [ Wall beginsd to tilt
[= 0.01 |- from heat loading |
= ]
o
£ 0
o
L2
2 [
8 00|
-0.02 |
- I 5 Hz ringoi
003 1 When blast
I reaches the wall
_0_04"‘H\‘H‘\HH\‘H‘\HH\HH\HH
2 -1 0 1 2 3 4 5

. iona
Time (sec) Laboratories




. Full-scale jet flame impingement experiments provided valuable
= } insight on barrier behavior as well as modeling validation data.

Jet Centerline Aligned with Center of Barrier
* Full-scale experiments provide model validation data for

. imulati
Experiment Simulation simulations of jet flames

* Barriers reduce downstream flame impingement hazard

* No flame stabilization behind barrier (top of wall configuration)

BN ° Validated model is used to predict flame deflection for
2354103 barrier and leak configurations not tested

1.314e+03
7.946e+02
2.749¢+02

Jet Centerline Aligned with Top of Barrier
Experiment Simulation

_Tnd
2.394¢+03
+03

1334¢+03
8.046e+02
2.749¢+02
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Barriers can reduce the exposure from jet flame radiation heat
flux as well as reduce jet flame impingement hazard.

——

Free H, jet flame H, Jet Flame Impinging on Barrier
4.7 Kw/m? surface 4.7 Kw/m? surface

4.7 kW/m isosurtace

4.7 kW/m" isosurface

~Tnd
2.470e+03
1.921e+03 H
1.372¢+03
8.237¢+02
2.749¢+02
Free jet flame radiation heat flux Comparison free iet and barrier
comparison with experiment P J
Free H2 jet flame radiative heat flux (137.6 cm from jet centerline) " . 7.93
1o symmetry axis in calculation: with ground plane; TN 8 -
20 T T T T T T T
o exp:mwnml dm]a (SRI4-07) .
—— prediction (length scale 1 m: scale factor 0.2)
S 5.64
_ 15 —
: (m)
E 10 3.36
T T e 1.07
00 ‘ l(‘](] : 2[‘)0 ‘ 3(‘](] : 4[|)0 ‘ 500
distance from jet opening (cm) ’
Jet opening (cm) ; i : . 1 -1.22 Sandla
13.60 10.20 6.80 3.40 0.0 ||'| National 13
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Horizontal distances to hazardous levels of radiative heat
flux from hydrogen jet flames can be reduced with barriers.

* Both experiments and simulations show reduced radiative heat flux levels

downstream of barriers

experiment
25 e e ey L T T Tyt
:t= 25 seconds Wall-center
20 b RER ]
o F Heat Flux at Origin
15 L ]
[ - Inclined
o ! '
5|
0 .
1 2 3 4 5
5 N LI L | T T . 1T 1 1T
X Wall-top t = 25 seconds
SRR | ) 3
S 3L Heat Flux Behind Wall
= 2 _ E
-+ L
o« . .
1L Inclined  \yaji-center e
: wall jet Three-sidé}
0 E wall

Test Number

simulation

Horizontal and Vertical Extent of Radiation Heat Flux
with and without a Barrier

4.7 kW/m? isosurfaces

side view; t=6.35 seconds

without barrier —_ with barrier

comparison of experiment and simulation

Do
(&2}

Do
o

15

—_
(@]

radiative heat flux (kW/mZ)

s |
0 100

H, jet flame radiative heat flux (137.6 cm from jet centerline)

abs. coeff. len. scale = 100 cm: abs. coeff. scale fac. = 0.2; TN 12
free jet (horizontal with ground plane): single vertical barrier (8" x 8°)

T T T
start of barrier | "
\l & cnd of barrier

|
I
I
[ o free jet data (x comp. of qrad)
: : = free jet (x comp. of qrad)
| = free jet (magnitude of grad)
| = jet against barrier (magnitude of qrad)
|

t=6.35 seconds

] | ]
200 300 400
distance from jet opening (cm)

500
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We have performed simulations of unignited H,
releases around barrier to assess how barriers effect
~ . .

o ) concentration decay distances.

* Conditions of Sandia/SRI jet flame tests
» Barriers shorten concentration decay distances in direction of jet release

Simulations of 4% and 8% H, mole fraction surfaces

Free Jet Flame 1-Wall Vertical Barrier

mole fraction isosurface

8% H, mole fraction isosurface

1-Wall Tilted Barrier
3-Wall Vertical Barrier y ~y,

4% H, mole fraction \/

jet inlet tube

ndia
..Jtional 15
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We have investigated the overpressure from the
> ’ ignition of impinging hydrogen jet releases on barriers.

High-speed movie frames of H, ignition near barrier wall

Frame 1 (t = 137 msec)
Spark ignition

Frame 5 (t = 145 msec) * We have investigated overpressure around barriers from H, ignition
* Measurements of overpressure on front and back of barrier

» Different barrier configurations

* Time of release before ignition

* Point of ignition

* Combined experimental and modeling approach

» Simulations are used to guide large-scale experiments

Frame 10 (t = 155 msec) Frame 15 (t = 165 msec)
Comparison of Simulation and Experiment Simulation of Peak Overpressures
for Overpressure Sandia/SRI For Different Ignition Times
1-Wall Test 1-Wall and 3-Wall
10 L] L] L] L] L] 42 T T 1] T T T 0'5
In Front of Barrier 5 3-Wall (Overpressure)
Simulati o L
st Pip oma 1 Baof o £
c
: ; 1-Wall (Overpressure) - 0.4 =
[ ] -
— &f { Tesl F7 et Nl ®
. © = g, S mOme O =9
o =
] _Smgle Wall Test =, Behind Barrier] £ 36 - {038
Simulation - Overpressure (barg) ® Simulation § 5
t =143 msec 2 o AN 3
m e B g 34 025
o 2 5 1-Wall (Cloud) 1 0-2 5.
0.14 o > (1]
l 0 o3 3-Wall (Cloud) s
012 ﬁ 0 1 g
.10 -2 & 30 Iy
0.08 3“
i -4 1 1 1 1 1 28 1 1 1 1 1 1 0
130 135 140 145 150 155 160 0 1000 2000 3000 4000 5000 6000 7000
0.04 TIME (msec) Ignition Delay Time (msec)
Yim !’K () I E + Tests performed at SRI Corral Hollow test site
5 2 3 Below

0.01 i
Job=000002 Var=P (barg). Time= 0.143 [s) ﬁa?_dlal 16
2.34 Y=-0.54: 20 Z=D.04:202m ational
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- We have performed addition barrier tests to look at
— ’ the effect of ignition delay time and confinement.
- T

Barrier Wall Configurations for
Over-pressure Experiments

* Peak over-pressures (P,) are between 5 - 7kPa
near leak source for all wall configurations

« Over-pressure is approximately constant with
respect to ignition delay time (> 100 msec)

« Over-pressure not sensitive to ignition location

1-Wall [ E—

3-Wall 135°

3-Wall 900

Effect of Ignition Delay Time on Overpressure (P,)
for Different Barrier Configurations
(Experimental Data)

Comparison of Overpressure and Impulse 10.0 prv g P Dty
. . . . . [ ¢ lwa
Time-Traces for Different Barrier Configurations [ 4 S
I BRI R R R B 9.0 |
1 1-wan P4 F ]
| —— Pressure - y ]
"7 inpue T b g sof :
7 3-wall 135 Test 35-08 | ~ [ ]
0] —— Pressure ooz = Lo *
- - - Impulse N o 3 A4 3-wall 90 °*
— ] 3-waloo° ~ = 7.0 - 3 _
& | — Pressure 3 7] e °
% 2 - ---Impulse ~ 0.01 é 8 [ 4
% ] % :E—_ 60,9 R e  3-wall 135 * .
§ 0 - 000 S
3 ] K (@)
2] 001
4] E -0.02
o.oool - Io.olosl o Io.olml - I0.1;15' o 'o.gzo' - Io.(:zsl - '0.030 "0 1 2 3 4 5 6 7 m ﬁgﬂgﬁal 17
Time (seconds) Ignition Delay Time (SEC) Laboratories
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'Model simulations allow evaluations to be made at conditions

where experimental measurements were not taken.

Model Simulations for Comparison of Radiation Heat Flux Levels

for Various Barrier Configurations with Free Jet Flame
(Dia = 3.175mm, Source Pressure = 13.8 MPa)

};ilia(tll(v\:’/l{nf;; Geometry Ax1a(1n]li)x tent Lateral Extent (m)
1.5 free jet >13.5 5.7@z=3.9
1.5 1-wall vertical barrier 4.9 >6.3 (@ z<3.7
1.5 T-wall tilted barrier 9.1 >6.3 @ 2<6.5
1.5 3-wall barrier 5 >7.6 @ z<1.9
4.7 free jet 8.8 2.8 @ z=3.8
47 T-wall vertical barrier || 3. @ x2.3 || 49 @ z-1.1
47 L-wall tilted barrier || 4.5 @ y=2.2||__42 @224
47 3-wall barrier 29 @y 38|66 @z—2.6
20 free jet 5.2 1. @ z=3.5
20 T-wall vertical barrier || 1.5 @ x=1.7]| 2.4 @ z-1.2
20 T-wall tilted barrier || 2.0 @ y=2 || 1.6 @ 1.6
20 3-wall barrier S@y=2 || _42@z-2.1
25 free jet 4.7 0.8 @ z=3.5
25 T-wall vertical barrier || 1.4 @ x=1.6 || 2. @ z-1.2
25 1-wall tilted barrier 1.6 @ y=1.1 0.86-@ z=1.6
25 3-wall barrier 3@y-18] 39@zL6

e Radiation Heat Flux Levels
* 1.5 kW/m? - Lot line
* 4.7 kW/m? - Employee exposure
for
3 minutes
* 20 kW/m2- Combustible
Equipment
* 25 kW/m2- Non-combustible
Equipment

e Source Pressures

e 1.8 MPa (250 psig)
e 20.7 MPa (3000 psig)
 51.8 MPa (7500 psig)

* 103.5 MPa (15,000 psig)

e Barriers reduce horizontal
distances (all rad. Heat fluxes)
» Tables also generated for
Codes and Standards
Source Pressures and diameters
* 3-wall (135°) most effective

Sandia
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T~ 'Validated barrier wall simulations are

Simulation of Ignition Peak Overpressures
around 3-Wall 135° Barrier*

Ovepressure (kPa gage)
- N w S a [<2}
o o o o o o

o

used for code development basis.

zZ (m)4

. . . 3-wall barrier
Simulations of Ignition Peak Overpressure

Reduction by 1-Wall Barrier for
NFPA 55/2 Source Pressures*

@ Overpressure in front of wal
.| [ Overpressure behind wall

L

1

Leak dia. = 3.175 mm

1

1.8

20.7

51.8

103.5

30
28
26
24

Below 1

* Barriers reduce over-pressure behind wall

» factor of 5x for 1-wall

 factor of 20x for 3-wall configurations
 New NFPA 55/2 separation distance table

incorporates credit of 50% reduction in distances
for use of 2 hr fire barrier wall

« HYPER IPG incorporates experimental and
modeling results for barrier design guidance

Simulations of Ignition Peak Overpressure for
Different Delay Times for 1-Wall Barrier and
NFPA 55/2 Source Pressures and Leak Diameters (3%)

Peak Overpressure (kPa gage)

100

2 |

80
70
60

50 |
40 |
30 |

20
10
0

TN
|

1.825 MPa (Leak Dia. = 9.09 mm) |

YA

-Q-—-g——___e__

20.78 MPa (Leak Dia. = 3.28 mm)

oy —_—

i- . —] — o -:--"Q'sj_ more

e

51.81 MPa (Leak Dia. = 1.37 mm)
103.52 MPa (Leak Dia. = 1.24 mm) |

0

Source Pressure (MPa) * Results for ignition 1 sec after release (dia. = 3.175 mm)

1

2 3 4 5 6 7 8 9 10
Ignition Delay Time (sec)
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S We provided valuable experimental and simulation results
to the (EU) HYPER Project, IEA Task 19 and ISO Standard.

* HYPER Project - EU Project to create permitting guidance for stationary fuel cells
Scenario A: High Pressure Releases

« Sandia providing free jet flame data and simulations
« Simulation of data from Sandia/SRI
6000 psi vertical H2 jet flame by University of Ulster

Scenario E: Effects of barriers and walls on releases
» Sandia leading Scenario E
» Chapter 6 of WP4 HYPER Report on effects of barriers
« Sandia provided barrier simulations and experiments
for barrier wall interactions
« Sandia/SRI large-scale free and impinging jet flame experiments
modeled as part of HYSAFE (coordinated through FZK)
* Collaborated with HSE/HSL
* HSE/HSL performed additional barrier tests
« Joint HYPER WP5 Report on Barrier Exper. - Sandia / HSL

o F e

Barrier Test Performed by HSL (UK) as part of
HYPER Project

* [EA Task 19, NFPA 2, ISO Standard

* Engineering Models for Separation Distances, Quantitative Risk Assessment Guidelines
with incorporation of hydrogen specific leak frequency data (NFPA 2)

* Collaboration with HSL on autoignition work at Princeton

» Sharing information with Canadians on simplified underexpanded

) Sandia
jet source models fl'l National 20
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Summary and Conclusions

e _—

* For Conditions Studied
(1) Barriers reduce horizontal jet flame impingement hazard
(2) Barriers reduce radiation hazard distances for horizontal jet flames
(3) Barriers reduce horizontal unignited jet flammability hazard distances
(4) Barriers attenuate ignition overpressure
» 3-Wall 135° most effective at mitigation of overpressure, radiation, and unignited release
* Ignition overpressure relatively constant with ignition delay time for all barriers (1 - 6 sec)
* New NFPA 55/2 separation distance table incorporates credit of 50%
reduction in distances for use of 2 hr fire barrier wall

Jet Centered on 1-Wall Barrier Jet Centered on Top of 1-Wall Barrier
Dia. = 3.175 mm (1/8 in); Source Press. = 13.8 MPa (2000 psi) Dia. = 3.175 mm (1/8 in); Source Press. = 13.8 MPa (2000 psi)
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Summary and Conclusions

¢ —

* For Conditions Studied
(1) Barriers reduce horizontal jet flame impingement hazard
(2) Barriers reduce radiation hazard distances for horizontal jet flames
(3) Barriers reduce horizontal unignited jet flammability hazard distances
(4) Barriers attenuate ignition overpressure
» 3-Wall 135° most effective at mitigation of overpressure, radiation, and unignited release
* Ignition overpressure relatively constant with ignition delay time for all barriers (1 - 6 sec)
* New NFPA 55/2 separation distance table incorporates credit of 50%
reduction in distances for use of 2 hr fire barrier wall

Jet Centered on 1-Wall Barrier Jet Centered on Top of 1-Wall Barrier
Dia. = 3.175 mm (1/8 in); Source Press. = 13.8 MPa (2000 psi) Dia. = 3.175 mm (1/8 in); Source Press. = 13.8 MPa (2000 psi)

Barrier
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