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Licansacd Preoisssiegkl Engmeer- aliiernia

Pribir \OOJJ:‘CI SGiEnce-UnivaohCalifoniabavis
WBrkEdNor LN for 36 years, recently retired
Flelgeel greziie ,‘_d manage Liguefied Gaseous Fuels Program
Meztpiziejee] jOJ_rJ_E_s} ojects with
S @lcempany participants including AMOCO, Shell, Exxon, etc.
= J"b RI aﬁ:h Institute
== S ( astGuard
= Otf T-CUmpanles and government agencies
rﬁ’fwtness at trials
eﬂgressmnal testimony on transport of hazardous materials
" California legislative testimony on safety of refineries
Conducted! vulnerability assessments at refineries after 9/11

Member of team of independent consultants reviewing LNG import terminal
proposed for Vallejo, CA

® Currently consulting on LNG safety analysis with BHP Billiton, Sandia
National Laboratory and others
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g uefied natural_gas LING) IS a cryogenlc
]J(JI]J(] rlf( [SHTESUYAIUTIENIIETRARE
— Jenh ty 26.5 Ib/fte (424 kg/m=) lighter than water
= ”OJJ EG point: -260 °F (-162 °C)
- J\er. iallgas is lighter than air and rises

e \ff orlzed LNG/air mixtures from spills are

._-;___-,‘ Jeavier than air because they are cold
ﬁ- ~ Natural gas Is flammable between 5% (LFL)

-

~  and 15% (UFL) by volume in air
e  Combustible mixtures will detonate in confined
SpPaces
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cause an LNﬁ sp|II’>
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Whatthappens'when ENG spills?

‘ - — - Jb
=6ifis e pool B —
Velplizesenidly iasternonavater than onland

FOMIS & vapor/alr cloud that Is heavier than air
ZENeyes downwind

i vrno'r"'"' encounters an ignition source, It
WJH i back to source and form a pool fire

:_,- = \/z vc)r cloud can explode if confined
= °*On water, it can undergo rapid phase transition

- Thls explosive boiling produces a damaging
- shock wave but does not involve combustion

® |t can cause brittle fracture of carbon steel ship
structures




‘ DOE/DOT initiated an LNG s
ESEANCIIED rograrﬁ With these: es

SREEII 0N ESEANCHI NECESSANALO UNEENSTANE
IIEICIT AN MItIgate e CoNSEqUENCES of large
ElEe! se\o LING anadfother hazardous gases

E\/cl.JL_l_g anc develop as needed computer
mﬁf sicapable of predicting these conseguences

o= J-.G onduct field tests to obtain required data

.'-"'_ _|-l-"

= Work clesely with industry and government to

" solve specific problems
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Whyawas th ‘research _prwdg?

-

oIl Haven's 1977 USCE report cited model
= (Hs_r. ACES om0/ 5 to 50 mittor

elliel Sl _phlc 25,000 m= LNG spill

e OX ﬁard/Port Hueneme 1977 Safety and Site
Analysisitsed these model results to estimate

&=thiat a catastrophic 100,000 m LNG spill from
_ =an import terminal storage tank would yield LFL
: " distances from 3 mi to 127 mi

- » Something needed to be done to reduce this
uncertainty
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dlevtesting was: the first pﬂgng
Ie testmg@mence 1980's

POLIIINITIE]

l\/lorlelJ;c predictions prior to that time varied
greatly fandl accuracy was unknown

l\/}ﬁv scientific principles governing spills and
_-'_'_-._.-c gas dispersion In the atmosphere were
5{ - *nvot known or verified

e Scallng laws for large spills were not known



C d experiments in the % -
aterial o "&i rae peser SPONSor

m3/min
il Sl | Dispersi Shell
. ombustion
LNG 3 24-39 | 12-18 Dispersion DOE
LING 18 |3-28 6-19 Combustion, RPT [ DOE
> | Freon 43 | 2000 Inst - Dispersion, UK HSE
)83 | (gas) | 300 Obstacles
11084
“IDesert | 1983 | Ammonia |4 | 15-60 | 7-10 Dispersion USCG,
{Tooice | TE
Eagle 1983 |N,O, 6 |14 0.5-2 Dispersion, Source | USAF
Goldfish | 1986 | HF §) 4 0.1-2 Dispersion, Amoco
Mitigation
Falcon 1987 |LNG 5 20-66 | 9-30 Model Validation GRI,
DOT
Hawk 1988 | HE 88 [0.2 0.02 Mitigation Mobil
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dime line for scientific experimentation and modelyalidation

conclucied rrrro, gh DOE LLENL Lio id Gaseous FUEIS P rograrrr
1976 1978 1980 1982 1984 1986 1989
Dense gas drspersron modeling based on trace gas models -ﬁi

DOE Lawrence Lrvermore National Lab LGF program begrns

[ i e S

SmaII scale tests at Chrna Lake (Avocet)

- ;' Larger Chrna Lake Test Facility Constructed
- I NG Spill testing at China Lake (Burro , Coyote)

Phase-I| ‘ Large Scale Testing commences at NTS

Large Scale Test facility constructed at the Nevada Test Site I

e . T o

Large Scale testing at NTS (Desert Tortoise, Eagle, Goldfish, Hawk) IE——
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i Large Scale LNG testing at NTS (Falcon) [HS
" Resullts of testing and validation programs become available IR

n
|

- Accurate validated modeling developed ~— I—



065 ’m~predictions eff HSE dense @gas
INVarEd By more thanasacter ol 100

o Pretiial dispersion model
predictions of instantaneous
release ofi Freon (2x air density)
e Simple, small release.

e |sothermal, flat terrain,

no chemical reactions,

no thermodynamic effects

X, m

eEarly model predictions were not based on adequate
understanding of dense gas dispersion in the atmosphere
eThe scientific basis was developed through experiments and
models during the 1980’s



Coyote LNG vapor cloud burn experiment, China Lake, 1981




B_uir] rJ]rJ:*_I Atinerconcrete
" _ Reg rate = 3.3x10%m/s
= 0.14 kg/m?s
e \/aporization only on water
— Reg rate = 4x10-*m/s
= 0.17 kg/m?s
* Burn on water (sum above)
— Reg rate = 7.3x10*m/s
= 0.31 kg/m?s

B . o ey AR ?‘l,%ﬂ

China Lake, CA




REpidohase tran3|t|on (RPT) explosit _._,
voIv.e the eggpis'r'lve lielease of energy

_SSOCJaﬂtad,\\ Jigloelline)..
relolel o ase chamnge not combustion

Trigjee *Ur When a cold liguid is immersed in a
nor 1 H1d andi heated to Its superheat limit

e superheat limit, the cold liquid
gr,?efspontaneously and explosively vaporizes

—*FIPT accidents occur iIn metal foundries and the
~ paper pulp industry also
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can be dramatic and damagmg
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Burro O'RPIF data

83Y0 methane

==

Time? Side-on Pressure® TNT equivalent®

(s) (psi) (g)

at = 0 is start of spill-valve opening.
bMeasured at distance of 30 m.
©Equivalent free-air point-source explosion of TNT.



g

B






T

.

- - . g —
L= Fireballs form when a rich

— compact vapor cloud s

riISes, creating a vortex

that rapidly incorporates

the rest of the fuel

® They burn in seconds
releasing a large amount
of radiant energy

® They are common for
propane and butane but
not LNG

Fireball from accidental ignition
of Falcon5 LNG test in 1987



\/aporclotrexplosions and detonations
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st Unconfinedlerdinany: LNG
applEciouds humbut denet. .
detonate
e At higher hydrocarbon levels

of 409 or more detonations
togan, o531 can occur in unconfined clouds

® Detonations can always occur
. when vapor clouds are

% HIGHER HYDROCARBONS IN THE FUEL Conflned by Wa”S, bu”dlngs’

equipment racks or terrain

USED AS IGNITION SOURCE
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Detonation threshold

NWC data with LLNL model
for stoichometric fuel-air
mixtures
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iSIVersecientific data 01 ENG splll and dense
JESRIENENVIOIMOINNOUEI N EVEIO! zlfle
Velidaen

2 VIOEE]S to Eccurately predict the consequences and
oemru o of LNG and other dense gases

P, .,E_&: AC 1ty for large scale experiments

—
1—-—— =

5-‘ o ——
i

-
=
S

o Eiaf)

_— —_—
i

| The ultimate product was confidence that the
modeling programs and techniques were based
Upon good science, observation, measurement,
and understanding of actual behavior.
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