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CONTRIBUTION T O BOILOVER AND FROTHOVER QUANTIFICATIO N

INTRODUCTION

Frothin g phenomen a ar e relate d t o th e presenc e o f  wate r  an d liqui d

hydrocarbon s i n a  tan k heate d b y a  fir e o r  heaters .

One may quot e accident s occurre d i n Signa l  Hil l  (USA) ,  Milfor d Have n

(UK) .  Perni s (NL) ,  Thessalonik i  (GR) ,  Por t  Edouar d Herrio t  (F) ,  Taco a

(VA) ,  Yokkaich i  (JN )  .. .  eac h o f  the m wit h importan t  damage .

One firs t  ha s t o distinguis h betwee n boilove r  an d frothover ,  th e mai n

differenc e bein g i n th e piston-effec t  created .

To hav e a  boilove r  thre e condition s ar e necessar y :  l )  generatio n o f  a

heat  wav e tha t  enter s int o contac t  wit h wate r  belo w th e hydrocarbon ,

2)  presenc e o f  wate r  t o b e converte d t o steam ,  3 )  a  viscou s

hydrocarbo n whic h stea m canno t  readil y pas s fro m below .

To hav e a  frothove r  similarl y :  l )  a  tan k heate d a t  a  temperatur e

exceedin g th e boilin g poin t  o f  th e accidenta l  fluid ,  2 )  eithe r  wate r

or  ligh t  hydrocarbo n bein g pumpe d int o th e tan k b y mistake ,  o r  a  laye r
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of  wate r  i n th e tan k botto m bein g disturbed ,  o r  a n emulsio n wate r  t o

hydrocarbo n bein g dissociated .  3 )  a  viscou s hydrocarbo n containe d i n

th e tank .

Piston  Effect

Creatio n o f  stea m generate s a  volum e resultin g fro m a n adiabati c

expansio n an d actin g lik e a  piston .  Th e positiv e displacemen t  o f  tha t

pisto n i s equa l  t o th e rati o o f  th e stea m volum e b y th e cros s sectio n

are a o f  th e tank .  Th e displacemen t  velocit y o f  th e pisto n ca n b e

quantifie d b y identifyin g th e adiabati c expansio n energ y wit h th e

cineti c energ y transmitte d t o th e liqui d hydrocarbo n containe d int o

th e tank .

Volume o f  stea m create d ca n be  simpl y caiculate d usin g th e Avogadr o

and Amper e law ,  th e idea l  ga s la w o r  th e Callenda r  an d Mollie r

equation .

I n cas e o f  boilove r  w e ca n write ,

VVAP =  (.25.Tt.DEQU 2.  EP.  ̂ 20 -  TWAV.R)/PVA P (m3 )  (eq .  l )

wit h DEQU,  th e diamete r  o f  th e tan k (m )

EP ,  th e thicknes s o f  wate r  botto m (m )

f̂ EZO'  tn e densit y o f  wate r  (kg/m3 )

TWAV, th e hea t  wav e temperatur e (K )  i s define d hereunde r

R ,  th e specifi c  idea l  ga s constan t  (J/kg.K )

PVAP, pressur e a t  th e interfac e hydrocarbon/wate r  botto m (Pa )

TWAV i s caiculate d :

TWAV =  F  (t).ex p ((I n DENSL -  3.094)/.594 )  (eq .  2 )

F(t )  =  (2.69 3 10- 6 /TBUL )  t 2 -  (2.69 3 10~ 5 ̂ TBUL )  t  +  .04 4 /TBU L



(eq .  3 )

t  =  (DENSL.CSPE.DEQU.TWAV)/ 4 $  (s )  (eq .  4 )

t  i s  th e tim e whe n hea t  wav e i s reachin g tan k botto m ;

DENSL,  th e gravit y o f  liqui d hydrocarbo n (kg/m3 )

TBUL,  th e boilin g poin t  o f  th e hydrocarbo n (K )

CSPE,  th e specifi c  hea t  o f  liqui d hydrocarbo n (J/k g .K )

<E,  th e radiatio n intensit y o f  th e tan k fir e devote d t o hea t  th e

hydrocarbo n deepe r  an d deepe r  (W/m 2) ,  take n equa l  t o 6 0 kW/m 2.

PVAP i s caiculate d :

PVAP =  PATM +  (HLIQo.DENS L .  9.8l )  (eq .  5 )

with ,  PATM,  th e atmospheri c pressur e (Pa )

HLIQo,  th e liqui d hydrocarbo n heigh t  whe n boilove r  occurs ,  (m )

The pisto n velocit y ca n b e expresse d ä s follow s :

VMAX =  142.3 3 [a/b]°- 5 (m/s )  wher e

a =  ( l  +  (9.68 4 10-5.HLIQo.DENSL))(VVAP-VO )  an d

b =  MLIQ o (/-l )  (eq.6 )

wit h :  Vo,  volum e o f  accidenta l  fluid e betör e expansio n (m3 )

MLIQO,  mas s o f  hydrocarbo n expelle d b y th e stea m pisto n (kg) .

Tank Roo f  EJection

The cineti c energ y o f  th e expelle d hydrocarbo n i s converte d int o

energ y fo r  tearin g sectio n o f  th e roo f  fro m th e shel l  o f  th e tan k

(cas e o f  frothover )  and/o r  int o energ y o f  frot h expulsio n fillin g an d

overflowin g o f  th e dike d area .

Tank roo f  ejectio n involve s th e proble m o f  quantifyin g trajector y an d

impac t  condition s o f  plate-lik e fragmen t  o r  missile .

Thre e mai n Step s ar e develope d ;



1)  Th e definitio n o f  th e roo f  Fragmen t  :  shape ,  mass ,  area .

We sugges t  t o conside r  th e missil e correspondin g t o a  circula r  brea k

i n th e roof ,  th e diamete r  o f  whic h i s 7 5 % of  tha t  o f  th e tank ,  an d

whic h i s tangen t  t o th e tan k shell .

2)  Th e caiculatio n o f  th e initia l  velocit y an d elevatio n angl e

The pisto n effec t  hereabov e described ,  increase s th e tan k pressur e

causin g th e roo f  t o rupture .

The initia l  velocit y o f  th e missil e i s a  functio n o f  th e availabl e

energ y a t  th e tim e o f  burstin g an d ca n be  writte n äs ,

VMIS =  [(2.F.öp.(VEQU-VLIQ))/(MEQ U (l+6pi,)3̂ - 3 (̂ /-i))]0. 5 (m/s )  (eq.7 )

wit h :  VEQU,  th e tan k capacit y (m3 )

VLIQ,  volum e o f  liqui d hydrocarbo n a t  tim e o f  frothin g (m3 )

MEQU, mas s o f  tan k +  liqui d content ,  a t  tim e o f  frothove r  (m3 )

ÖP, pressur e differenc e i n tan k a t  burstin g (Pa )

F,  yiel d facto r  fo r  fragmen t  energ y

F =  0, 2 wit h brittl e fractur e

F =  0, 6 wit h ductil e fractur e

€pr .  fractio n o f  strai n o f  th e tan k materia l  o n fractur e

\/, rati o o f  th e specifi c  heat s i n vapo r  phase .

The Syste m i s a  cylinde r  unde r  pressur e generatin g vertica l  forc e

fiel d withi n a  conica l  roo f  :  directio n o f  ejectio n wil l  b e quasi -

vertical ,  an d w e conside r  accordingl y a n elevatio n angl e o f  8 0 .

3)  Th e caiculatio n o f  th e trajector y

Once th e roo f  fragmen t  ha s acquire d it s initia l  velocity ,  ballisti c

caiculation s tak e accoun t  o f  gravitationa l  force s an d flui d dynami c

forces ,  namel y dra g an d lit t  components .

Drag coefficien t  i s quantifie d usin g CLANCEY' s velocit y relatio n

(mainl y vali d fo r  bulk y fragments) .  Lif t  coefficien t  i s determine d ä s



a functio n o f  th e angl e o f  attack .  Th e proble m implie s th e movement  o f

a soli d bod y expelle d wit h a n 80 °  elevatio n angl e int o a n unifor m

gravit y fiel d an d subjecte d t o resistin g environment .  Equation s o f

motio n ar e writte n fo r  acceleratio n i n th e vertica l  an d horizonta l

directions .  Solvin g o f  th e differentia l  equation s i s performe d usin g

RUNGE-KUTTA o r  EULER-CAUCHY methods .

Conservativ e solutio n may b e easil y expresse d neglectin g th e lit t

coefficien t  ;  th e maximu m impac t  distanc e o f  th e roo f  fragmen t

becomes,

RMIS =  (.102/CDG)l n ( l  +  1.70 3 VMIS .  tf.CDG )  (m )  (eq .  8) .

wit h :

CDG,  th e dra g ter m divide d b y gravitationa l  acceleratio n (s/m 2)

tf ,  th e tota l  tim e o f  flight ,  (s) .

Overflowing  an d spillage

The mode l  propose d t o asses s overflowin g phenomeno n insid e an d outsid e

dike d area ,  assume s a  concentri c strea m tube s configuration ,  an d

caiculate s fo r  ever y tub e th e maximu m horizonta l  impac t  distance .

bein g th e sourc e o f  a n elementar y spillage .

Four  step s ar e develope d :

1)  Th e definitio n o f  th e strea m tube s configuratio n upstrea m th e

passag e throug h th e tan k roo f  :  l  centra l  cylindrica l  strea m tub e an d

n- 1 annula r  strea m tube s wit h th e conditio n tha t  ever y strea m tub e

contain s th e sam e mas s o f  hydrocarbo n (se e fig .  l) .

2)  Th e alteratio n o f  th e strea m tube s configuratio n whe n passin g

troug h th e roo f  hole ,  du e t o constrictio n an d asymmetr y phenomen a :



l  annula r  externa l  strea m tub e tangen t  t o th e tan k shell ,  l  centra l

cylindrica l  strea m tube ,  an d n- 2 len s shape d strea m tube s between ,  al l

of  the m tangen t  t o th e cylindrica l  strea m tub e (se e fig .  l) .

3)  Th e velocit y an d angl e o f  elevatio n distribution .

Initia l  velocitie s ar e assume d t o b e distribute d accordin g a  paraboli c

law .  Fo r  tub e i ,  th e velocit y i s give n b y :

Vi  =  (VMAX'/̂ 2)̂ !  -  4  (rî DEQU 2) )  l  ä  i  -s, n  (eq .  9 )

with ,

CÜ ,  th e constrictio n facto r  (rati o betwee n are a o f  th e hol e i n th e

roof ,  an d tan k cros s section )

r̂ ,  th e radiu s o f  th e circl e bein g th e externa l  perimete r  o f  th e

strea m tub e i  i n th e roo f  cros s section .

VMAX' =  VMAX i n cas e o f  surfac e burnin g tank ,  th e roo f  bein g ye t

destroye d

VMAX' =  (2.(MLIQ.VMAX 2 -  MMIS.VMIS-̂ /MLIQ) 0^  (eq .  10) ,

otherwise .

The angl e o f  elevatio n a ^  (degrees )  o f  th e strea m line s leavin g th e

tan k varie s fro m 10 °  whe n th e strea m lin e i s i n contac t  wit h th e

shell ,  t o 45 °  whe n th e strea m lin e i s i n coincidenc e wit h th e tan k

axis ,  accordin g t o th e la w :

" i  =  Ki.(Vi/PERIi )  +  KZ  l  ̂  i  ä  n  (eq .  11) .

wit h :

KI  =  35.(PERIi/Vi )  /  ( l  -  (Vn.PERIi/Vi.PERIn )  )  (eq .  12 )

K2 =  1 0 -  (Ki.Vn/PERl J (eq .  13 )

PERÎ ,  th e externa l  contou r  o f  th e strea m tub e i  cros s sectio n i n

th e pla n o f  th e tan k roo f  (m) .



4)  Th e caiculatio n o f  th e expelle d hydrocarbo n trajectories .  Th e

trajectorie s ar e identifie d wit h th e movement  o f  a n unitar y mas s

partici e alon g th e meridiona l  strea m lin e o f  ever y strea m tube .

Horizonta l  räng e o f  an y trajector y ca n b e writte n ä s :

RI  =  Vj,.co s aj_.(.203 8 Vi  si n ai+,225 8 ̂  HEQU)+. 5 (ri+i+ri )  (eq .  14 )

wit h HEQU,  th e heigh t  o f  th e tan k abov e th e groun d leve l  (m) .

Those distance s R ^  allo w t o locat e th e sourc e strengt h fo r  th e n

elementar y spillage s generatin g th e Imag e o f  th e complet e overflowin g

phenomenon contour .

Model  propose d determine s geometry ,  contou r  an d maximu m spreadin g o f

th e liqui d poo l  develope d insid e an d outsid e th e dike d basin ,  assumin g

th e followin g approache s :

a)  Quantificatio n o f  hydrocarbo n mas s fillin g th e dike d basi n an d

overflowin g outsid e th e dikes .

b)  Definitio n o f  fou r  elementar y geometrica l  spillag e module s (se e

fig .  2 )  :

-  annula r  secto r  typ e spillag e :  norma l  us e fo r  outsid e dike d are a

spil l  descriptio n ;

-  rin g typ e spillag e :  t o describ e th e spillag e induce d b y th e annula r

strea m tub e tangen t  t o th e tan k shel l  ;

-  circula r  segmen t  typ e spillag e ;  applie d t o th e firs t  strea m tub e

exceedin g th e dike d are a i n a  certai n directio n ;  th e chor d o f  i t  i s

identifie d wit h th e dik e externa l  slop e ;

-  circula r  are a typ e spillag e :  i t  concern s th e strea m tub e wit h

maximum momentum an d elevatio n angle ,  whe n radiu s inheren t  i n th e

circula r  spillage ,  i s neithe r  secan t  no r  tangen t  t o th e externa l

perimete r  o f  th e precedin g elementar y spillage .



Accurac y o f  th e spillag e mode l  i s increasin g wit h th e numbe r  o f

elementar y strea m tubes .  A  minimum  o f  fou r  strea m tube s i s required .

The procedur e o f  quantificatio n i s t o b e iterate d i n ever y directio n

normal  t o eac h sid e o f  th e dike .

Fir e ball

Fir e bal l  i s a  comple x phenomeno n an d no t  eas y t o quantify .

At  th e star t  o f  a  stron g boilove r  a  quickl y ascendin g colum n o f  rie h

vapo r  burn s a t  a  hig h elevatio n whe n ai r  mixe s t o suppor t  combustion .

A mushroo m shape d flame ,  accompanie d b y suddenl y increase d radian t

heat ,  may b e th e spectacula r  par t  o f  th e phenomenon .

Vapor  mas s availabl e fo r  burnin g int o a  firebal l  i s caiculate d ä s

follow s :

1)  Determinatio n o f  th e liqui d mas s remainin g i n th e tan k whe n

boilove r  Starts .

I n th e cas e o f  a  tan k fire ,  on e may  writ e :

MLBO =  MLI Q -  (.25.n .  DENSL.  vl .  t.DEQü 2)  (kg )  (eq .  15 )

With  MLIQ ,  th e mas s o f  liqui d hydrocarbo n int o th e tan k a t  th e tim e

th e fir e Starts ,  (kg )

vl,  th e hydrocarbo n burnin g rat e (m/s )

2)  Caiculatio n o f  th e fictiv e increas e i n temperatur e o f  th e liqui d

mass MLBO whe n pisto n effec t  generate s depressurizatio n t o atmospheri c

pressur e :  OTI .

3)  Caiculatio n o f  temperatur e increas e du e t o hea t  exchang e b y

radiatio n an d convectio n throug h th e cylinde r  o f  flame s o f  th e burnin g

reservoi r  :  üT2 .



4)  Quantificatio n o f  th e fractio n o f  liqui d mas s MLBO flashin g of f  :

T =  TWAV +  üT l  +  öT 2 (K )  (eq .  l6 )

EVAP1 =  l  -  ex p [(CSP E (T)/CVA P (T)) .  (TBUL-T )  ]  (eq .  17 )

EVAP2 =  EVAP1.  [(!/(. 7 EVAP1 +  .3 )  )- 1 ]  (eq .  18 )

MVAP =  (EVAP 1 +  EVAP 2) .  MLBO (kg )  (eq .  19 )

An orde r  o f  magnitud e fo r  hydrocarbo n mas s participatin g t o firebal l

phenomenon i s abou t  l  percen t  o f  th e mas s containe d int o th e tan k

betör e fir e happens .

Firebal l  siz e an d therma l  radian t  hea t  flu x ar e quantifie d assumin g a

spherica l  model .

Firebal l  combustio n i s lamina r  an d assume d t o bur n a t  th e uppe r

flammabilit y  limit .  Intensit y o f  th e radiatio n a t  th e sourc e may b e

about  15 0 kW/m 2 i n thi s case .  Temperatur e o f  firebal l  i s  abou t  l44 0 K .

Thi s intensit y o f  radiatio n i s les s tha n th e valu e ordinaril y

considere d fo r  a  blev e firebal l  (20 0 t o 30 0 kW/m 2) .  Thi s i s likel y du e

t o smok e environmen t  o f  th e firebal l  i n th e cas e o f  liqui d

hydrocarbons .

For  estimatin g effec t  distance s t o receivers ,  on e ha s t o quantif y  th e

firebal l  duration ,  9  an d th e threshol d value s relate d t o radiatio n

effect s o n huma n being .

An othe r  approac h w e propose ,  i s  t o correlat e valu e o f  hea t  flu x

receive d o n targe t  wit h prequantifie d consequenc e ä s a  functio n o f  th e

tim e o f  exposur e :

$i  =  ex p (Ai.I n 9  +  Bi )  (kW/m 2)  (eq .  20 )

wit h lethalit y  threshold ,  AI  =  -  .82 3 B ^  =  5.03 1

pai n i s fei t  ,  A^  =  -  .77 6 B^  =  4.237 8

Distance s wit h damag e t o receiver s ca n the n be  expresse d ä s :

Ri  =  l>max 2 (̂ O.T/̂ -h 2:] ^  (eq .  21 )



wit h R^ ,  distanc e measure d fro m th e tan k axi s (m )

h,  cente r  heigh t  o f  fch e bal l  abov e groun d (m )

^max'  maximu m radiu s o f  firebal l  (m )

^max =  (.75.(MVAP/(UEL.DENSG)/7r)-33 3 (eq .  22 )

UEL,  uppe r  explosio n limi t  o f  hydrocarbo n {%  vol )

DENSG,  gravit y o f  vapou r  hydrocarbo n a t  firebal l

temperatur e (kg/m3 )

T,  attenuatio n factor .

Methods  t o prevent  boilover  o r  frothover

Boilove r  o r  frothove r  generatio n i s nowaday s uncompletel y understood .

Some idea s aris e whe n studyin g th e mechanisms .

A frothove r  ca n b e detecte d b y ver y hig h leve l  measurement ,  increas e

of  presur e senso r  an d frot h detector .  Moder n heate d tank s ar e

generall y  fitte d with .  Th e Signal s delivere d b y thes e sensor s ar e

usuall y actionnin g t o dos e valve s o n th e heatin g an d feedin g circuit s

of  th e tank .  Thes e device s reduc e th e energ y availabl e i n th e Syste m

and lesse n th e potentia l  effect s o f  th e phenomenon .  Reducin g th e

increas e o f  pressur e i n th e tan k may be  obtaine d b y weakenin g th e lin k

fro m roo f  t o shell .

About  boilover ,  fe w litteratur e i s available ,  amon g whic h Hasegaw a an d

Risinger .  Th e method s mentione d ar e :

-  drainin g o f  wate r  i n th e botto m o f  th e tan k o r  eliminatin g i t  betör e

th e hea t  wav e reache s it,

-  coolin g o f  tank s and/o r  extinguishmen t  o f  th e fir e b y bas e foa m

injection ,

-  us e o f  agitatio n method s (mechanica l  o r  pneumatical) .



These method s ar e t o b e tested .  Th e device s an d procedure s the y nee d

may ris e difficultie s an d mak e necessar y a  modelizatio n o f  wha t  may

happe n i n th e typica l  cas e studied .

CONCLUSION

A quantificatio n o f  boilove r  an d frothove r  ha s bee n proposed .  Thes e

phenomena nee d furthe r  research ,  mainl y relate d t o firebal l  aspects .

One o f  th e mai n feature s o f  thes e phenomen a i s tha t  the y nee d a  dela y

t o occur .

Method s t o preven t  boilove r  an d frothove r  ar e quoted .  The y hav e t o b e

tested .
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