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Learningfrom Critical Analysis ofHazard
Studies andfrom Accidents in France

]. P. Pineau, J. Chaineaux, Y. Lefln, and G. Mawothalassitis

Chechar—B.P. 2—60550 Vemeuil en Halatte—France

l . / INTRODUCTION.

According to the European Directive (l) related to the
prevention of major technological hazards, a lot of individual
hazards investigations wore performed for oil, liquefled gas,
chemicals, grain, fertilizers plants and storages.

Individual hazards investigation are generally carried out for
each individual facility and, according to French regulations
(2) , three different reports might be issued :

- a survey of thc hazards (Etüde des dangers) to emphasize the
main hazards in the facility and preventive and protective
measures,

- an Infernal Operation Programme (Plan d'Operation Interne -
POI -) with the aim of organizing fire fighting and other
safety measures,

- in some cases, administrative authorities may ask a third
party for a critical survey (etude de sdrete ou analyse
critique de l'etude de dangers) of the hazards and related
infernal Operation Programme issued under the responsibility
of the plant's owner.

In addition, general survey of an industrial estate is
sometimes required by the administrative authorities.

The authors were personnally involved in some of these
individual and general actions äs well äs in accident
investigations.

In the first part of this. gaper, acceptable pressure and heat
radiation thresholds and-energy thresholds for missile effect
have been choosen for the scenarios of major technological
hazards such äs fires and explosions, The effects on the
Population and on the facilities are critically analysed and
emphasis on energy thresholds- for fragment dispersion will be
given when presenting means of assessing the effects.

The three following parts will be devoted respectively to
caiculatlon means used for evaluation of the effects Of pool
fires, bleve and explosions (both confined and unconfined).
Observations drawn from the Investigations of accidents will
be critically reviewed.

International Conference and Workshop on Modeling and Mitigating
Consequences of Accident Release of Hazardous Materials, Hartford,
20-24 mal 1991, pp. 563-84.
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II. / PRESSURE ftNP HEAT  RflDIRTIO N THRESHOLDS flND ENERGY
THRESHOLDS FOR MISSIL E EFFECT.

11.1 .  Pressur e effects .

II.l.l.  Effects  o n individuais.

Afte r  a  dos e examinatio n o f  existin g daf a th e followin o
threshol d value s fo r  huma n bein g wer e accepte d :

'••- '  17 0 mbar ,  threshol d fo r  a  significan t  lethality ,

-  5 0 mbar,  under  this  threshold,  pressure  effects  o n ma n are
reversible.

The level s ar e consisten t  wit h th e value s fixe d I n Frenc h
regulatio n relate d t o safet y distance s I n pyrotechni c plant s
(3 )  whe n usin g th e pressur e versu s th e scale d distanc e curve s
determine d wit h trinitrotoluen e detonation s ä s exemplifie d i n
tabl e l .
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r  (m )  :  radiu s fro m th e cente r  o f  th e explosio n
m(kg )  :  welgh t  o f  TNT involve d

These threshold s value s ar e define d i n terra s o f  Inciden t
pressure .  We d o kno w thi s i s a n over-estimatio n fo r  smal l
explosion s (fo r  instanc e 10 0 k g TNT equivalent) .

I n fact ,  tim e ha s t o b e considere d :  th e Impuls e effect s hav e
an importan t  influenc e o n men an d facilities .  Fo r  men ,  tw o
type s o f  effect s ar e i n fac t  t o b e examine d :

-  injurie s t o eardrum s an d lung s

-  peopl e se t  i n motlo n b y th e shoc k wave .

I t  i s  wel l  know n tha t  eardrum s d o no t  withstan d a  rapi d ris e
i n pressure .  Tim e i s a  paramete r  t o b e take n int o accoun t  b y
th e mean s o f  Impulse .  Transien t  effect s may appea r  whe n
surpressio n exceed s 0.01 5 bar ,  i f  positiv e Impuls e -I -  i s  ove r
0.0 2 bar .  ms .  Eardrum s may b e rupture d wit h a  surpressio n up  t o
0.3 5 ba r  an d a n Impuls e ove r  0. 5 bar.ms .
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Figure l : Physiological effects of pressure
(private conununication)

A sudde n overpressur e o n th e thora x may easil y caus e pulmonar y
injuries .  Importanc e o f  th e diseas e i s a n increasin g functio n
of  th e rati o P/Pat m (overpressure/atmopheri c pressure) -  an d o f
th e rati o I/M 1/ ^  Patm 1/ ^  ä s exemplifie d o n figur e l  'wher e I
i s th e positiv e Impuls e an d M th e weigh t  o f  th e individual .

But  peopl e may als o b e se t  i n motio n b y th e shoc k wave .  Th e
initia l  spee d i s functio n o f  th e overpressur e P ,  an d o f
I/M /̂3 .  When thi s spee d i s les s tha n 3  m/s, ther e i s  n o
particula r  risk .  B y collisio n o f  th e hea d agains t  a  par i  o f  a
fixe d Installation ,  a  fractur e o f  th e skul l  may happe n whe n
thi s spee d i s 4  m/s ; i t  wil l  happe n quit e surel y whe n th e
spee d i s 7  m/s an d wit h 5 0 % probabilit y  whe n spee d i s 5. 5
m/s. B y collisio n o f  a n othe r  part  o f  th e bod y tha n th e hea d
th e correspondin g values  fo r  spee d ar e 6.4 ,  4 2 an d 16. 5 m/S .

11.1.2 .  Effect s o n structures .

Dat a ar e availabl e abou t  th e behaviou r  o f  wall s structura l
equipmen t  an d windo w pane s (23) .  Structura l  equipmen t  desig n
may includ e layou t  an d device s t o limi t  explosio n damage .
Nevertheles s th e analys t  ha s t o bea r  i n min d th e synergeti c
effect s a  blas t  wav e may  produc e o n th e surroundin g
equipments -  Onl y fe w information s i s avalabl e fo r  instanc e i n
an existin g plant,  th e main  difficult y lyin g i n th e lac k o f
data  fo r  previou s designs .

As regard s th e pressur e effec t  o n facilities ,  TN T curve s (4 )
glv e th e inciden t  pea k overpressure s versu s scale d
distance s .  Bu t  th e effect s o f  reflection s ar e t o b e
considere d ;  thes e curve s ar e consisten t  fo r  explosive s an d
mainly  i n th e fa r  fields .  Fo r  detonatio n o f  gase s (5) ,
evaluatio n test s ar e summarize d o n figur e 2 .
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Figur e 2  :  Detonatio n pea k overpressur e o f  unconfine d
air-hydrocarbo n mixture s (spherica l  geoinetry )

[fro m A .  Lanno y (5) ]

'Tw o extrem e case s ar e possibl e :

-  unconfine d explosion s ar e mostl y deflagration s th e flam e
speed s o f  whic h ar e mainl y variabl e i n relationshi p wit h
ignitlo n source s (6 )  an d geometr y o f  th e confinement .
However ,  i n som e cases ,  transitio n fro m deflagratio n t o
detonatio n may  occu r  (7 )  (B) ,

-  burstin g o f  vessel s i n relationshi p with  productio n o f
missiles .

Currently ,  onl y scattere d result s ar e know n (5 )  an d
experimenta l  investigation s t o validat e physica l  modei s ar e
needed .

11.2 .  Heat  radiation  thresholds  from  fires  and  bleve.

11.2.1 .  Effec t  o n individuais .

For  th e surve y o f  hazard s th e followin g threshold s ar e
generall y considere d whe n th e duratio n o f  th e fir e i s quit e
hig h (mor e tha n 6 0 s) .  :

-  0.5 2 W/cm 2,  fo r  sever e casualtie s an d lethality ,

-  0.2 9 W/cm 2,  unde r  thi s threshold ,  th e radiatio n eftec t  o n
man i s reversible .

These threshold s ar e t o b e use d onl y whe n men ar e unabl e t o
escap e an d ru n awa y fro m hea t  effects .

Nevertheless ,  whe n peopl e i s properl y drilled ,  highe r  value s
coul d b e accepte d (fo r  instanc e :  0. 8 W/cm 2 fo r  fireme n wit h
suitabl e equipmen t  an d a  quit e shor t  stay) .

For  lon g duratio n effects ,  i t  i s  possibl e t o quot e
correlation s givin g th e threshol d valu e o f  injur y (a t  a  lo w
probability )  an d lethalit y  ä s a  functio n o f  tim e (9) .

I n th e cas e o f  Bleve ,  th e phenomeno n i s ver y quic k an d highe r
threshol d values ,  functio n o f  time ,  ar e thu s t o b e used .  Fo r
l  % fatalit y  level ,  th e threshol d flu x :

0 =  190.8 1 t-0.77 1

(0 kW/m 2 an d t  s )  i s give n o n figur e 3  accordin g t o EISENBERG
value s quote d b y MUDAN (9) .  Currently ,  on e may asses s tha t  th e
duratio n o f  a  Blev e i s i n th e orde r  o f  20-30 s fo r  sphere s
containin g 50 0 m3  t o 150 0 m3  o f  liquefie d gas .



Sometimes ,  thi s threshol d i s presente d i n ter m o f  dos e
(joules) .  I t  must  b e said ,  tha t  i n thi s case ,  thi s flu x 0  an d
tim e t  ar e connecte d b y th e followin g formul a ( 0 *  t  =
constant )  but  thi s relatio n i s n o mor s vali d whe n t  i s  highe r
tha n 1 0 s .

Figur e 3  [Fro m MUDAN (9) ]

11.2.2 .  Effect s o n facilities .

As regard s th e hea t  radiatio n effect s o n facilities ,  variou s
case s ar e t o b e take n int o account .  Thus ,  threshol d value s
canno t  b e easil y  an d univocall y given .  Many caiculation s ar e
possibl e whe n th e behaviou r  o f  th e materia l  i n presenc e o f
fir e i s known .  Fo r  exampl e LANNOY (10 )  deal s wit h hea t
conductio n i n concrete .  Bu t  spacin g distance s derive d fro m
therma l  radiatio n modei s ar e als o needed .  The y ar e fo r
instanc e give n b y CROCKER an d NAPIE R (11 )  i n tabl e 2 .
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Tlics o considerakion s ar c global  an d do  not :  involvc  probicni s t o
whic h th c analycl :  lias  t o pay  atkcnfcion.  Fo r  instance ,  th e
iiivcstigoL-ton  o f  accidcnt s lc d t o conclud c tha t  synergetl c
eJEfed s have  t o b c considorcd .  I n a  givcn  cas c study,  a  smal l
open fir c  i n a  drain  c u l :  o.C f  a  nunibcr  o f  proccs s scnsor s with
majo r  conscqucncc s fo r  th c plant.

11.3 .  Explosio n energ y threshold s fo r  missile  effect .

11.3.1 .  Energ y throsholds .

For  individuais,  tli c onl y importoni :  energ y thrcshol d fo r
missile s cfJEcct  i s  th c on c corrcspondin g t o Icthality .  I t  i s
no wort h worryin g about  dcfining  a  rcversibilit y  thrcshol d fo r
wlic n o  missil e pcnotrate s an y pari  o f  th c body .

The frcnc h pyrotcciini c rcgulatio n givc s thi s lethalit y
thrcshol d o s equa l  t o 2 0 Joules .  Thi s valu c i s connecte d t o
th c boundar y botwce n zon c Z ^  (dcfine d b y "seriou s an d may b e
lotha i  injuries" )  and  zon c 2 3 (dcfine d b y "injurics" )  (sc o
fabl e l) .

' '  "^ "'  fWhon a n explosio n occurs ,  th c impuls c J  pdt  whic h set s th e
fragmcnts  i n motio n i s o f  paramount  influcnce .

One ha s t o bea r  i n mind  tw o diffcrcn t  approache s :

-  th e firs t  on e relate d t o "smal l  fragments" .  I n -fchi s case ,
th e spatia l  distributio n i s o f  firs t  importanc e an d th e
questio n t o dea l  wit h i s abou t  possibl e penetratio n i n th e
human body ,

-  th e secon d pertalnin g t o "importan t  f̂ agments "  wher e th e
Penetratio n doe s no t  matter ,  bu t  wher' e th e iroportanc e i s

-given  t o injurie s b y percussio n o f  th e skull .  Th e skul l  may
be fracture d (a t  a  lo w probabilit y level )  whe n hi t  b y a
missil e th e spee d o f  whic h i s greate r  tha n 4  m/s .

The firs t  o f  thes e approache s i s vali d fo r  som e anununitions .
I n industry ,  fo r  th e vas t  majorit y  o f  accidenta l  explosion s
experienc e prove d tha t  th e mea n weigh t  o f  a  fragmen t  i s  o f  th e
orde r  o f  3 0 t o 10 0 kg .  When th e fragmen t  ha s a  10-1 5 k g weigh t
and a  4  m/ s speed ,  it s cineti c energ y i s 80-12 0 Joules .  Thu s
we hav e choose n a n energ y threshol d equa l  t o 10 0 Joules .

11.3.2 .  Missil e effects .

For  th e predictio n o f  th e missil e effec t  durin g accidenta l
explosions ,  simpl e caiculatio n method s wer e define d i n TN O
yello w boo k (18) .  The y wer e complete d i n th e UCSI P (Unio n de s
Chainbre s Syndicale s d e l'Industri e du  petrole )  guid e fo r
hazar d .evaluatio n i n th e petroleu m industr y (17) .

Thi s approac h ca n b e summarize d i n th e thre e followin g Step s :

-  energeti c caiculatio n o f  th e initia l  spee d o f  a  fragment ,

-  ballisti c  caiculatio n wit h possibl e consideratio n o f  a  dra g
coefficient ,

-  compariso n o f  th e ballisti c  result s t o letha l  energ y
threshold s fo r  individuai s an d t o impac t  Perforatio n speed s
fo r  piece s o f  equipment .

Even though ,  comple x software s hav e bee n developpe d ;  unti l
now th e mechanism s o f  burstin g fo r  differen t  type s o f  materia l
and vesse l  shape s wa s onl y validate d fo r  simpl e configuration s
and mainl y metalli c  material s unde r  dynami c loadin g fror n a n
explosion .

Therefor e th e firs t  main  difficult y i s  t o defin e th e burstin g
pressur e o f  th e vessel ,  th e locatio n wher e th e initia l
breakin g occur s an d th e numbe r  an d shape s o f  th e missiles .
Then durin g th e projection ,  th e directio n i  s  strongl y
dependen t  o n th e shap e an d mas s o f  th e missiles .

Keepin g i n min d al l  thes e remarks ,  th e followin g formula s ar e
applle d t o th e missil e :

-  fo r  th e initia l  spee d VMI S (m/s )  wit h a  fragil e ruptur e o f  a
vesse l  o f  volum e V  (m3 )  an d mas s M unde r  a  pressur e P
(pascal) ,

VMI S = 0.97 f^Pyl0-5

L " J
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-  fo r  th e maximum  height  Z ^  (m )

Z i  =  VMIS în /̂Z g (wit h «•( ,  angl e fo r  th e projection )

-  fo r  th e landing  distance  fro m th e vesse l  (m )

X2 =  VMIsZsin 2 ° < / g

These las t  tw o formula s do  no t  conside r  th e dra g coefficient s
and som e result s fo r  differen t  vesse l  volume s unde r  3  x  10 4

pasca l  pressur e with  th e assumptio n o f  ° < =  4 5 ar e give n fo r  a
mass o f  th e niissil e o f  10 0 k g i n tabl e 3 .

The influenc e o f  th e dra g coefficien t  DRAG « = k  a/nl/ 3 o n
landin g distanc e X 2 ( k :  empirica l  constan t  :  0.001 4 m~l  kg ~
1/ 3 fo r  a  subsoni c missil e with  a  betwee n 1. 5 an d 2 )  i s
emphasize d o n las t  coluni n o f  tabl e 3  fo r  x ^  Drag .

Tabl e 3

V
(m3)

1630

2900

3650

4500

6530

11600

14570

57600

VMIS
(m/s)

35.6

36.5

38.2

38.8

39.7

40.5

40.6

43.5

Zi
(m)

32

34

37

38

40

42

42

48

X2
(m)

129

136

149

154

161

167

168

192

X2*
(m)

138

144

156

161

166

173

174

198,6

X2 i s caiculate d assumin g th e missil e i s ejecte d
fro m groun d leve i

*  K Z dra g i s caiculate d assumin g th e missil e i s
ejecte d fro m th e to p o f  th e vesse l

Such assumption s ar e consisten t  wit h observatlon s made  fo r
exampl e i n Sa n Jüa n Ixhuatepe c acciden t  (15) .

But ,  fo r  apparatu s o f  comple x shape s an d buildings ,
directional'ieffect s an d th e exac t  locatio n o f  th e weakes t  par t
of  th e Syste m combine d wit h th e propagatio n mechanis m o f  th e
explosio n impl y grea t  uncertaintle s abou t  th e maximum  landin g
distanc e fo r  th e missil e an d it s  rando m distribution .

Therefore ,  w e hav e mor e confidenc e abou t  th e result s gaine d b y
investigatin g accidenta l  explosion s an d simpl e caiculation s
ar e sufficien t  fo r  previsio n purpose s i n hazar d studie s (se e
V.2) .

in. /  POOL FIRES.

The mai n purpos e i s t o asses s th e
For  this ,  thre e parameter s ar e
burnin g rate ,  flam e height ,  amoun t
fire .

radiu s o f  th e effec t  (r) .
successivel y caiculate d :
of  hea t  radiate d fro m th e

III.l .  Burning  rate.

The burnin g rat e value s ar e eithe r  publishe d i n th e literatur e
(22 )  o r  caiculate d usin g correlations .  Th e firs t  o f  the m i s
give n b y Burges s an d Zabetaki s :

Ymax =  1-27  x  10- 6 A^ c („/s )
A H v

wher e Ymax is ^ e rat e a t  whic h th e liqui d poo l  leve l
decrease s wit h tim e i n th e absenc e o f  externa l  supply .  &  H n
and &  H y ar e respectivel y th e ne t  hea t  o f  combustio n an d th e
heat  o f  vaporizatio n (i n J/kg )  a t  th e bollin g poin t  o f  th e
liqui d fuel .  Fo r  usua l  liqui d hydrocarbon s yma x ̂  l "  th e
räng e 2- 4 mm/min.
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Then,  th e burnin g rat e m (kg/m 2.s )  may  b e writte n :

m =  y/ >

with  (kg/m3 )  specifi c  mas s o f  th e fuel .

Äccordin g t o Mudan  (9 )  thi s wa y o f  assessin g th e mass burnin g
rat e underestimate s th e value  fo r  liquefie d gase s b y almos t  a
facto r  o f  two .  I n thi s case ,  th e correlatio n fo r  th e mas s
burnin g rat e may  b e preferabl y writte n :

m" =  l0- 3 AH c (kg/m 2,  s )
.̂Hv *

where A "v*  = A Hy +
/.

Tb

TO

Cp (T) dt

i f  th e boilin g temperatur e i s unde r  th e ambient ,  on e ha s t o
conside r  A  ny *  -AHy.

For  LPG,  theorica l  assumption s an d experiment s le d t o th e
valu e m"  =  0.1 1 kg/m 2.s .

'111.2. Flamî Jleight.

The flame height - h - 1s caiculated using Thomas's formula
with equivalent diameter or the correlation given by HESKESTAD
(12) for a C*t Hß 0^ molecule. THOMAS gives :

h/D 42 l 0.61

P : specifi c  mas s o f  ai r  (kg/m3 )
D :  equivalent  diameter  (m )
g :  acceleratio n o f  gravity  (m/s 2)
m"  :  ä s previousl y define d (kg/m 2.s )

111.3 .  Heat  radiated  from  the  fire.

For  LPG,  w e have  considere d a n emissiv e powe r  o f  6 0 kW/m 2

accordin g t o MIZNER an d EYRE (22 )  t o b e compare d t o 3 0 kW/m 2

fo r  liqui d hydrocarbons) .

Fro m thi s therma l  radiated  flu x on e ca n caiculat e th e flu x
receive d considerin g view  facto r  an d attenuation  throug h air .
The tabl e 4  gives  caiculation s o f  th e radi l  fo r  different  hea t
radiatio n threshold s with  2 0 an d 3 0 m lon g squar e pools .

As previousl y mentione d thes e firs t  typ e caiculation s ar e
conservativ e an d othe r  parameter s suc h ä s th e geometr y o f  th e
dyke ,  scree n effec t  o f  construction ,  vie w factor s ar e t o b e
take n int o accoun t  i f  mor e accurac y i s needed .

Tabl e 4

Radius  fro m th e edg e o f  th e poo l  a t
differen t  hea t  radiatio n threshold s -  L  -  (m )

:Jlll^;l„'llH': U

L,,'^,!
l.y<;;-o-
c.'irltoii;;

- L - ( m) | - L - ( m)

O.S2 W/cm2 0 .20 W/cm2

20 m long sq'iarc pool

'-in l • /(>
l

35 | /17

l
- L - ( i n) | - L - ( i n )

0.52 W/cni2 0.20 U/cm2

30 m long square pool

00 | 10<i

l
10 | - 6 5

l



The influenc e o f  th e win d coul d b e als o o f  paramount
importanc e leadin g t o th e til t  an d th e drag  o f  th e flame .

Then,  th e radiativ e effec t  may  b e caiculate d fro m a  tllte d
cylinde r  i n th e win d direction .  Th e are a involve d take s a n
elllptica l  shape .  Even ,  th e longes t  dimenslo n i s onl y 2 5 %
highe r  tha n th e previousl y caiculate d radius .  But,  th e
convectiv e effec t  may  becom e predominant .

Nevertheless ,  th e tiltin g angl e an d th e flam e lengt h ar e
usefu i  t o determin e th e piece s o f  equipmen t  engulfe d i n fires .

IV. /  BLEVE.

Thi s phenomenon ,  b y it s  therma l  effects ,  .  ca n trigge r  th e mos t
importan t  majo r  technologica l  hazards .  Comparison s betwee n
therma l  an d pressur e effect s ar e given .

For  examples ,  fo r  propan e o r  butan e sphere s (th e volum e o f
whic h räng e fro m 50 0 t o 150 0 m3)  th e followin g caiculation s
can b e made.

IV.l.  Thermal  effects  of  Bleve.

We have  considere d th e existin g empirica l  correlation s givin g
th e radius  an d th e duration  o f  th e fir e bal l  an d it s radiatio n
and compare d thes e caiculations .

Accordin g t o NAZARIO (14 )  th e duratio n o f  th e fir e bal l  i n
second s i s caiculate d b y :

t  =  0.45.MO-33 3

Where M (kg )  i s th e quantit y o f  LP G i n th e fir e bal l  typicall y
take n ä s th e maximum  conten t  o f  th e vessel .

The radiatio n fro m th e fir e bal l  ca n b e estimate d b y :

qf  =  (0.176.R .  LHV.  M2/3)  /  L2

wher e :
:  qf  i s  i n W/m2

:  R  i s th e radiativ e fractio n o f  combustio n energ y take n ä s
0. 3 i f  th e burstin g pressur e i s les s tha n th e se t
pressur e o f  th e pressur e relie f  valv e o r  0. 4 i f  th e
burstin g pressur e i s greate r  tha n th e pressur e relie f
valve  se t  poin t

:  LH V i s th e ne t  hea t  o f  combustio n fo r  th e materla l  (J/kg )

:  L  (m )  i s th e distanc e fro m th e cente r  o f  th e firebal l

'  :  M (kg )  i s th e conten t  o f  th e vesse l

TNO (18 )  propose s t o caiculat e th e duratio n o f  th e fir e bal l
and it s radiu s usin g th e formul a :

duratio n (seconds )  t  =  0.85 2 MO•2 6

radiu s (m )  =  3.2 4 nO-32 5

M (kg )  ä s previousl y define d

Assumin g th e hea t  radiatio n o n th e surfac e o f  th e bal l  1 s
200 kW/m2 ,  an d usin g th e threshol d curve s reporte d b y K .  S
MUDAN (9 )  about -  fatalit y level s fo r  therma l  radiation ,  i t  i s
possibl e t o caiculat e :

radiu s (m )  fo r  l  % lethallt y =3.1 2 M0-425

radiu s (m )  fo r  significan t  burn s =4.71  M0-407

These radi i  ar e caiculate d a t  groun d level ,  withou t
attenuatio n b y air .  1 1 woul d b e possibl e t o conside r  th e
heigh t  th e bal l  reache s i n th e atmosphere .  Accordin g t o LIHO U
and MAUND (16 )  thi s heigh t  1 s equa l  t o 10t* .  I n fact ,  th e
correctio n i t  introduce s i s include d i n thes e oversimplifie d
hypotheses ,  th e mai n unknow n dat a bein g th e hea t  radiatio n o n
th e surfac e o f  th e ball .
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Accordin g t o UCSI P (17) ,  th e radiu s o f  th e firebal l  may  b e
caiculate d b y :

radiu s (m )  o f  th e fir e bal l  =  2  M1/3

radiu s (m )  fo r  lethalit y  =  7.18 2 M1/3

radiu s (m )  fo r  significan t  burn s =  10.15 7 M1/3

BAKER,  COX,  WESTINE,  KULESZ an d STREHLOW (4 )  hav e developpe d a
means o f  assessin g th e diamete r  an d th e duratlo n o f  th e
fireball ,  usin g adimensiona l  number s :

diamete r  (in )  o f  th e firebal l  =  3.8 6 x  1.38 7 x  MO-32

(wher e 1.38 7 =  (1350/3600)- 1/ 3 i s  du e t o th e influenc e o f
temperature )

duratio n (s )  o f  th e firebal l  °  0.29 9 x  26.2 9 M°-3 2

(wher e 26.2 9 =  (3600/1350)10/ 3 i s du e t o th e temperature )

and radiu s (m )  fo r  unbearabl e pai n =  8.5 9 H1/3

* t  :  duratio n o f  firebal l

Wo havc coliiparcd Lhc rcsults rjivcn by tlic^o formula in table
5.
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When comparing  thes e results ,  i t  i s  evident  tha t  ther e ar e
larg e discrepancle s (mainl y relate d t o th e value s o f  emissiv e
powers ,  th e positio n o f  th e fireball ,  th e attenuatio n b y air) .
Ver y likely ,  thes e evaluations  b y STREHLOW o n on e han d an d b y
other s o n th e otlie r  han d canno t  b e compared .  Nevertheless ,  th e
use o f  adimensional  groupatio n i s interesting .

Until  no w w e propos e th e us e o f  TN O formul a (18) .

IV.  2 .  Pressure  effects  of  -th e Bleve.

Accordin g t o TNO Yello w boo k (18 )  th e pea k overpressur e o f  a
shoc k wave  wit h adiabati c flas h fo r  hydrocarbon s i s relate d t o
th e scale d distanc e r/(2M)0.3 3 wit h th e paramete r
"superheating "  (liqui d temperatur e o f  th e content s o f  th e
vesse l  jus t  befor e burstin g ope n -  th e atmospheri c boilin g
point s o f  th e liquid) .

Assumin g a n overheatin g o f  15 0 K ,  i t  i s possibl e t o caiculat e
th e radi i  fo r  pressur e threshold s o f  17 0 mbar  an d 5 0 mbar .

radiu s (m )  fo r  lethalit y  (a t  a  te w % probabilit y pressur e
threshol d =  17 0 mbar)  =  3.8 4 (M)1/3

radiu s (m )  fo r  reversibl e wound s (pressur e threshol d =
50 mbar)  »  8.7 0 (M) 1/ 3

For  exampl e fo r  a  150 0 m3 butan e sphere ,  th e radiu s fo r
significan t  burns ,  give n i n th e abov e mentione d table ,  i s
1162 m whil e th e radiu s fo r  reversibl e injurie s (pressur e
threshol d 5 0 mbar),  caiculate d b y th e abov e formul a i s 79 2 m.

I t  ca n b e conclude d tha t  th e pressur e effect s radl i  ar e lowe r
tha n thos e fo r  hea t  radiation .  Consequently ,  fo r  th e
protectio n o f  •th e population ,  (i f  w e d o no t  conside r  th e
missil e effect) ,  on e nee d t o conside r  mainl y th e radiatio n
effects .  Bu t  i t  might  b e pointe d ou t  that ,  unti l  now ,  th e
dela y o f  occurrenc e o f  a  BLEVE i s quit e unpredictable .

V./  CONFINED AN D UNCONFINED EXPLOSIONS.

Accidental  explosions  may  be  either  confined  o r  unconfined
with  hazardous  substances  äs  diverse  äs  explosives,
propellants,  fertilizers,  combustible  gases  and  vapors  and
flammabl e dusts.

Figurc- 5

y ("')

--;~.-..-^___ • 1_ '; t> 7 3 '"^-ll- " x LFL
->
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V.l .  Unconfined  explosions.

With  gase s an d vapors ,  DAVEMPORT (19 )  pointe d ou t  tha t  onl y a
smal l  par t  o f  th e release d ga s 1 s generall y involve d i n th e
explosion .

Such a n explosio n occurre d soni e year s ag o i n Franc e i n a
chemica l  plan t  afte r  th e accidenta l  releas e fro m a  vesse l
under  4 0 ba r  pressur e ;  16 0 k g o f  a-'Tntxtur e o n H^-CH^ (H2/CH 4
3)  wer e relaased ,  afte r  th e breakag e o f  a  connectin g duc t  ä s a
guillotin e opening .  I n thi s particula r  case ,  fron i  th e effec t
give n b y th e blas t  wave  an d th e mechanica l  damage s i t  may b e
conclude d tha t  onl y l  k g o f  H2-CH 4 mixtur e (ou t  o f  a n amoun t
of  16 0 k g released )  wa s Involve d i n th e explosion .  Afte r  dos e
examinatio n o f  th e mechanica l  damages ,  th e TNT equivalen t
coul d b e assume d ä s 5  kg .  I n thes e particula r  conditions ,
onl y th e turbulenc e wa s responsibl e o f  th e mixin g proces s
befor e thi s explosion .  Th e ignitio n sourc e wa s unknow n bu t  th e
ignitio n occurre d a  fe w second s afte r  th e release .

I n th e surve y o f  th e hazard s fo r  assumin g th e maximum  effect s
of  th e explosion ,  th e tim e la g a t  which'th e Initiatio n o f  th e
explosio n occurre d i s ä s importan t  ä s th e sourc e locatio n i n
orde r  t o defin e th e safet y distances .  Unfortunately ,  a  fe w
Codes ca n describ e th e generatio n o f  a  cloud ,  particularl y
when i t  result s fro m th e discharg e i n ai r  o f  a  vesse l
pressurize d b y a  flanunabl e gas .  We establishe d a  cod e
describin g th e Variatio n wit h tim e o f  th e dimenslon s o f  th e
flammabl e clou d an d validate d i t  b y testin g th e horizonta l
discharg e i n ai r  o f  a  12 0 dffl 3 vesse l  pressurize d b y 1 0 MPa o f
H2 o r  CH4 throug h a  hol e o f  dianiete r  d(6<d<2 4 mm).  Finall y  i t
was conclude d tha t  th e volum e o f  th e zone ,  wher e th e air-ga s
mixtur e i s  flammable,  i s characterize d b y a n increasin g phas e
followe d b y a  decreasin g phas e ;  th e profll e o f  th e
concentratio n versu s distanc e curv e (fig .  4 )  i s hyperboli c  ä s
i n a  stationar y je t  .  Caiculate d (JE T l  code )  an d experimenta l
value s fo r  th e distanc e a t  whic h th e lowe r  flanunabllit y limi t
-xLFL -  i s obtaine d 1 s give n i n fabl e 6  (20) .  An  exampl e o f  th e
caiculate d xLF L contou r  ca n b e see n o n figur e 5 .
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Figur e 4

The JE T l  cod e i s abl e t o caiculat e th e volum e o f  th e
flammabl e mixtur e i n th e decreasin g phas e i n th e choose n
operatin g conditions .  At  th e moment ,  test s wit h highe r  value s
of  th e vesse l  volume  an d o f  th e hol e diamete r  woul d b e
necessar y t o hav e longe r  increasin g phase s an d t o predic t  th e
instan t  o f  th e transitio n betwee n th e tw o phase s whe n th e
flammabl e volume  i s a  t  it s  maximum.  Nevertheles s thi s volum e
remain s ver y lo w ( 5 t o 1 0 % o f  th e initia l  amoun t  o f  flammabl e
gas) .

But  explosion s ar e als o possibl e i n confine d spaces .

V.2 .  Confined  explosions.

For  example ,  i n 198 6 i n a  castin g line ,  a  ver y violen t
aluminu m explosio n occurre d causin g the -  deat h o f  4  people ,
injurin g 2 5 other s an d wit h extensiv e materia l  damage .
Lightnin g wa s recognize d ä s th e initia l  facto r  o f  th e
explosion .  A  modes t  amoun t  o f  th e lightnin g energ y wa s
involve d i n th e Vaporisatio n an d atomisatio n proces s o f  liqui d
aluminum .  Th e resultin g vapor s an d droplets ,  mixe d wit h ai r
ignite d b y th e lightning ,  gav e a n explosio n o f  an d abov e th e
castin g lin e (groun d level) .  Then ,  a  secon d explosion ,  no t  ä s
powerfu i  ä s th e firs t  on e wa s initiate d i n th e castin g pi t  b y
th e actio n o f  liqui d aluminu m o n water .  B y examinatio n o f  th e
damages t o th e castin g pit  an d t o th e surroundin g buildings ,
evidenc e wa s gaine d tha t  th e TN T equivalen t  wa s abou t  20 0 k g
and 10 0 k g respectivel y fo r  th e firs t  an d secon d explosions .
Piece s o f  equipmen t  o f  th e castin g lin e wer e throw n up  t o
700 m ä s examplifie d o n figur e 6 .  Thi s figur e show s th e
asymetrica l  projectio n o f  debri s wit h som e screenin g effect s
give n b y th e foundr y equipmen t  locate d westward s fro m th e
cente r  o f  th e explosion .  Thi s projectio n fiel d i s hardl y
caiculable .
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Figure  6

Aluminum  explosio n :  projectio n fiel d o f  5 2 missile s (x )
(mean weight  :  6 2 kg,  maximum  landing  distance  :  60 0 m )

Ever y year ,  a  lo t  o f  accidenta l  dust  explosion s occurre d i n
elevato r  building s an d silos .  Damages ca n b e mor e o r  les s
extensiv e but  i n som e cases ,  whe n th e confinemen t  1 s
important ,  wit h rathe r  resistan t  concret e buldings ,  concret e
missile s mus t  b e thrown .  I n 198 2 a  barle y an d mal t  dus t
explosio n occurre d i n Metz ,  Franc e an d induce d th e collaps e o f
nin e ou t  o f  1 4 concret e cell s (ä s a  consequenc e o f  th e fac t
tha t  ther e wa s quit e n o link s betwee n th e cell s  -independen t
cells-) .  A  violen t  explosio n i n th e wor k towe r  resulte d i n a
shoc k wav e wit h th e projectio n o f  lightweigh t  panel s blow n i n
a verydirectiona l  are a (n o mor e tha n 10 0 m) .  Th e disperslo n o f
ver y importan t  concret e block s wa s no t  large r  tha n 8 0 m
correspondin g t o th e maximal  heigh t  o f  th e elevator .

The sam e year ,  anothe r  explosio n wa s initiate d i n th e uppe r
par t  o f  a  suga r  storag e plan t  ( 2 x  2 0 00 0 t  cell s  an d l  x
40 00 0 t  cell) .

The tw o 2 0 00 0 t  cell s  wer e covere d •wit h a n expande d concret e
roo f  an d durin g th e explosion, ,  guit e smal l  piece s wer e thrown '
up t o a  distanc e o f  50 0 m,  bu t  th e vertica l  wall s remalne d
Standin g eve n thoug h "som e crevice s appeared .  Fo r  th e larges t
cel l  (4 0 00 0 t )  th e reinforce d concret e roo f  firs t  wa s raise d
up wit h som e dismantH.n g I n larg e plece s bu t  the n fei l  agni n
int o th e sil o cell .

Wit h thes e example s o f  explosions ,  1 t  becam e eviden t  tha t
ther e i s a  lac k o f  validate d method s t o predic t  th e effect s o f
suc h accidents .  Effort s mus t  b e devote d t o validatin g th e
existin g modei s o r  t o improvin g them .

VI. /  CONCHJSION. •••-.•' -  - •

The critical '  analysi s o f  hazard s studie s an d acciden t
connecte d t o poo l  fires ,  BLEVES an d confine d an d unconflne d
explosion s pointe d ou t  many lack s o f  Informatio n t o evaluat e
th e pressure ,  hea t  an d missil e effects .

The acceptabl e pressur e an d hea t  radiatio n threshold s an d th e
energ y threshold s fo r  missil e effect s ar e generall y  base d o n
experienc e gaine d afte r  acciden t  investigatio n o r  intentiona l
explosions .

The effect s o n individuai s an d facilitie s ar e bot h t o b e
considere d separately .

For  pressur e thresholds ,  th e effect s o n human  being s ar e quit e
wel l  understoo d ;  but  fo r  facilities ,  onl y scattere d dat a ar e
avallable .  Validation s b y experiment s wit h existin g physica l
modei s ar e neede d wit h dos e examinatio n o f  th e effec t  o f
reflecte d pressure s an d o f  smal l  TNT charge s (les s tha n
100 kg) .
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Heat  radiatio n threshold s ar e t o b e choose n differentl y
whethe r  Bleve s o r  larg e poo l  fire s ar e involved .

As a n energ y threshol d fo r  missil e effect ,  value s betwee n
20 joule s (use d i n pyrotechni c plants )  an d 10 0 joule s (relate d
t o observation s afte r  accidenta l  explosions )  ar e likely .

For  th e maximum  landin g distance s o f  missile s energeti c  an d
simpl e ballisti c caiculation s gav e a n orde r  o f  magnitude  fo r
burstin g o f  vessels .  I n othe r  case s onl y result s galne d fro m
acciden t  investigatlon s ar e useful .

As regard s poo l  fires ,  caiculatio n mean s ar e consisten t  t o
evaluat e th e hea t  radiate d fro m LP G an d liqui d hydrocarbon a
fires .  Th e effec t  o f  convectio n need s mor e consideration .

For  Eleve ,  curren t  caiculation s ar e sufficien t  fo r  predictiv e
purpose s bu t  th e dela y o f  occurrenc e i s strongl y influence d b y
th e typ e o f  equipmen t  an d preventiv e mean s (insulation ,
externa l  water ,  stea m o r  foa m spraying )  an d rathe r
unpredictable .

More experimenta l  investigation s fo r  bot h confine d an d
unconfine d explosion s ar e neede d t o ge t  a  bette r  understandin g
of  th e mechanism s o f  th e explosion ,  an d o f  th e behavio r  o f
eguipmen t  an d building s unde r  dynami c load s glve n b y thes e
explosions .
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