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1 Inledning

Pa uppdrag av HK KRI Plan Anlagg anordnade FOI (d& FOA) ett internationel It
seminarium pa Taby Park Hotel 1999 08-31 — 09-01.

Seminar on FAE
Medarrangér var FBT (Forsvarets Bygningstjeneste) Norge.

Inbjudna forelasare var

Dr Ingar Moen, Department of National Defence, Ottawa, Canada
tidigare forskningschef vid Defence Research Establishment, Suffield,
Canada

Dr Steve Murray, forskningschef vid Defence Research Establishment,
Suffield, Canada

Prof Dag Bjerketvedt, Hogskolan i Trondheim, Norge
tidigare knuten till FBT

Prof emeritus Torstein K Fannel gp
Tidigare bl.a. professor vid ETH, Zirich och forskningschef vid SAAB

Samordnare var
MSc Svein Christensen, FBT, Oslo, Norge
Lab Siwert Eriksson, (dd) FOI, Stockholm, Sverige (Ansvarig for denna
sammanstallning)

Dennarapport avser att ge den aktuella bilden av FAE (State of the Art) med
seminariet som grund. Huvudinriktningen ar vapnets verkan pafasta
installationer/fortifikationer.

Fannel gps foredrag atergesi sin helhet och Murrays diabilder var beskrivande och
aterges med endast nagra fa kommentarer. Innehdllet fran dvriga foredrag ingar till
delar i den Gvriga textmassan.



2 Vadéar FAE

Man kan saga att FAE & den militaratillampningen av gas- och dammexplosion som
lange varit problem inom manga industrigrenar. Ett antal gasexplosioner med
omfattande person- och egendomsskador har &gt rum vid raffinaderier, inom den
kemiska processindustrin och i samband med transporter av brandfarliga @mnen. Och
varje ar sker alvarliga olyckor vid dammexplosioner. Manga gruvarbetare har dodats
eller skadats som resultat av koldammsexplosioner i gruvor. Liknande olyckor har
skett inom livsmedelsindustrin vid hantering av spannmal, inom lakemedel sindustrin
vid hantering av pulver och inom travaruindustrin. Nar det galler dammexplosioner
paverkas bade utspridningen och reaktiviteten av partikel storleken — mindre partiklar
utgor i regel ett storre hot — och liksom nér det galler gasexplosioner ar
koncentrationen och initiering (bade vad galler effekt och energi) styrande pa ett
brandforlopps utveckling.

| detta sammanhang kan det ocksa papekas att en olycka som en gas- eller en
dammexplosion naturligtvis ocksa kan arrangeras av terrorister.

Fran Nationalencyklopedien (1991) citeras:

FAE, eng. fuel—air explosive, ett brinsle—
luft-sprangmedel. En FAE-laddning kan f6-
rekomma bl.a. som flygbomb och verkar i
huvudsak med den tryckvig den genererar.
Nir bomben briserar sprids brénsle ut och
blandas med luften i sddana proportioner
att blandningen blir explosiv och ténds till
detonation. Inne i bréinslemolnet blir tryck-
et ca 2 MPa, men det avtar snabbt utanfor
molnet. Som brinsle anviinds ldttare kolva-
ten i gas- eller aerosolform, men éiven t.ex.
aluminiumpulver kan komma i fraga. FAE-
laddningar anvindes forsta gangen under
Vietnamkriget.

Beskrivningen ovan géller det ursprungliga FAE-konceptet och det beskrivsi detalj i
Murrays 1.aféredrag.

En utveckling har skett och man brukar tala om olika generationers FAE-vapen.
Numera finns ocksa hybrider och som vi ska se kan man numera astadkomma
avsevart hogre tryck an 2 MPa. For att forstd mekanismen kommer grundléggande
fysik att genomgas kortfattat.

Skillnaden mellan ett konventionellt sprangamne och FAE beror pa energitétheten.
Energitétheten, definierad som JKkg, ar stérre hos FAE-branslet an hos sprangdmnet.
Men jamfér man energitétheten definierad som Jm®, dvsi FAE-fallet raknat pa
molnvolymen, blir rangordningen den omvanda, se Fig. 2.1. Detta har till foljd att ett
kompakt sprangamne néra laddningsytan ger ett mycket hogre tryck (ps ca50 MPa) an
en energimassigt lika kraftig FAE-laddningen ger innei molnet (ca2 MPa).



MJ/liter
branse MJkg detonerbar
laddning
propan 50 0.003
TNT 5 8
Al 30

Fig. 2.1 FAE kan kallas volymladdning eftersom energitétheten i det
detonerbara molnet &r |18g. Ungefarliga siffror.

2.1 Tidigare FAE-vapen

FAE-bomber anvandesi krig forstagangen i Vietnam. Enligt de forsta rapporterna var
vapnet mycket effektivt och anvandes for att sékra landningsplatser for helikoptrar
genom att oskadliggora fiendesoldater, utldsa minor och avldva terréngen. Som
vanligt i sammanhanget var de forsta 6ppna rapporterna praglade mer av tillverkarnas
synpunkter/onskemdl n av objektiva fakta.

Fig. 2.2 ger data om 6ppna amerikanska bomber.

U.S. Fudl-Air Explosives

BLU-73 FAEI

BLU-95 500-1b (FAE-II)
BLU-96 2,000-1b (FAE-II)
CBU-55 FAEI

CBU-72 FAEI

CBU-72

Fig. 2.2 Lista 6ver amerikanska FAE-bomber och bild av en kanister. Fran
Federation of American Scientist’s (FAS) hemsida,. www.fas.org/.

Pa andra hemsidor, t.ex www.janes.com och www.milparade.com, kan man fa
uppgifter om vapen frén andralander, t.ex. fran Ryssland och Kina.

Men hur effektiva ar dessa FAE-vapen?
Fran pressen (Int Herald Tribune 2001-09-19) kan vi citera:

“The U.S. military developed several types of air-fuel bombsto clear
minefields and burn enemy materiel. The CBU- 72 weighed 500 pounds.”
After falling from a plane, it separated into three submunitions, which broke
apart about 30 feet (9 meters) above the target, creating afuel cloud some 60
feet wide and 8 feet thick before a detonator turned it into a huge fireball.”

och (samma artikel):



“During the Gulf War, in 1991, the Marines dropped 254 of the bombs on
minefields and Iragi soldiersin trenches. While it set off afew mines, the
bomb was "primarily useful as a psychological weapon," according to the
Federation of American Scientists, a private group in Washington.”

Notera hér uttrycken:

a few mines, som kan tolkas som att vapnet inte & speciellt verksamt
mot minor.

psychlogical weapon, som kan tolkas som att vapnet inte ar speciellt
verksamt.

Den forsta punkten styrks dven av svenska forsok pa 70-talet (med etylenoxid): endast
faminor paverkades.

Det begransade trycket medfor ocksa att en FAE-laddning av ovanstaende slag inte
utgor ndgot allvarligt hot mot téackning och barridrer till en svensk fortifikatorisk
anléggning. Om va FAE-bransle kommit ini en anlédggning kan emellertid resultat bli
katastrofalt som Fig. 2.3 visar.

Fig. 2.3 FAE-bransle som kommit ini en fortifikatorisk anléggning kan ge
forddande resultat &ven om det inte detonerar utan endast brinner. (Jfr. med s.k.
gasexplosion i lagenhet dér ett snabbt brandforlopp leder till att rummet exploderar.)
Bild frén forsok i Alvdalen dar branslet tandes utanfér en anlaggning men dér
reaktionen fortplantades genom ingangsdelen. Man ser att hela tackningen lyft.



Hitintills har man, av ovanstaende anledningar, mest varit fokuserad pa att hindra
intréngning av brandlei fortifikatoriska anlaggningar, intrangning via hdlgorning i
tackning eller viainluftkanaler. Det senare hotet kan ju, som bekant, ellimineras med
hjalp av styrd ventilation och/eller med hjdlp av destruktion av branslet utanfor
anl&ggningen (Aktivt skydd) samt genom bevakning mot sabotage.

Né&r det galler utformningen av s.k. aktivt skydd &r det vasentligt att man har den
fysikaliska (och kemiska) bilden klar for sig. Detta géller inte bara nya FAE-liknande
effekter utan dven det aldre hotet. Som exempel pa detta ger vi foljande stiliserade
exempel:

=  Tank en tunnel fylld med gas-luft blandning inom explosionsgrénserna, Fig.
2.4. (Vi bortser fran hur branslet kommit paplats.)

» Téank att gasen tandsi nagot punkt.

* Var och hur skaman téanda for att fa hogst tryck i slutet av tunneln?

explosiv gasblandning i tunnel

Fig. 2.4 Var/hur ska man tanda for att fa sa hogt tryck som majligt vid tunnelns
botten?

Svaret & inte entydigt men risken & mycket stor att man far det hdgsta trycket i slutet
av tunneln om man ténder i mynningen med laga (svag initiering). Lagan startar ett
brandforlopp (deflagration) som ger férkompression (tryckokning) framfor flamman.
Det &r kant att om man far 6vergang till detonation (DDT) kan trycket bli storre &n om
blandningen direkt téntstill detonation. (Stark initiering med sprangamne.)

Majligheternatill DDT diskuterasi Mom 5 och i Murray 3.e féredrag ges exempel.
211 Terrorism

Ingen har rapporterat att terrorister anvant FAE-konceptet. men frén Int Herald
Tribune 2001-09-19 citerar vi:

“Algerian guerrillas tried an elaborate plot over the winter holiday
season in 1994, seeking to turn a commercial jet into a fuel bomb. After
hijacking an Air France Airbus A300 in Algiers, the guerrillas flew to
Marseilles and demanded about three times as much fuel asit would take
to get to Paris, their professed destination.... The French authorities "put
two and two together," said F. Robert van der Linden, an aviation curator
at the Smithsonian's National Air and Space Museum, and stormed the
j€t, killing the terrorists. The French found 20 sticks of dynamite ready to
blow the plane apart in what the interior minister at the time, Charles
Pasqua, called a"suicide operation over Paris."

Egentligen var ovanstdende inget forsok att skapa en FAE-bomb eftersom resultatet
endast kunde ha blivit en (valdsam) brand, jfr héandelsen vid WTC 11 september. For
att fa en explosion behdvs en béttre blandning bransle-luft an vad som kan
astadkommas genom att (pa nagot satt) bara sldppa ut bréndet.



2.2 NyareFAE

Av Murrays andra foredrag framgar att forsok pa senaretid har gjortsi Canada att
forbéttra FAE-laddningars verkan, bl.a. genom att 6ka trycket, ” enhanced weapons”.

Vi citerar den kanadensiska skriften For Soldiers by Soldiers:

L] Tk gy Lo Vol 7 No 3
Ll STl January 2001
“F e A Ey T FEY’
L) L - £ + 8

For Soldiars By Saldiars

THE T M BLAST W

“Thefirst generation of blast weapons was introduced in the late 1960's.
Modern blast weapons are more portable and effective and are becoming
widely available on the world market. Technological advances in explosives
have resulted in the development of a more effective class of blast weapon
systems, titled "thermobaric weapons' or "enhanced blast weapons." Such
weapons have been employed in Afghanistan, Bosnia and Chechnya. Blast
weapons are a potential threat to the Canadian Forces (CF) asit conducts
combat operations, Peace Support Operations (PSO) or Operations Other Than
War (OOTW) around the world. Much of the information about these weapons
had been classified as SECRET until recently. However, the proliferation of
blast weapons demands that Canadian soldiers be informed of their capabilities
and the means to defend against them or reduce their potential effects.”

Notera namnet “thermobaric weapon” (forkortningen FAE anvands inte), det & nu
inte langre fraga om vad man brukar kalla 1.a generationens FAE utan det & en
utveckling och ledet ”thermo” visar pa att man nu utnyttjar uppkomna varmeeffekter.

Det finns flera sétt att paverka trycknivan.

2.2.1 Andrabranden

Att sbka nya brénslen inom FAE-konceptet ger endast marginella andringar. Enkla
kemikunskaper gor det mgjligt att uppskatta trycket vid godtycklig blandning utan att
man behover tanka pa om blandningen gér att detonera eller inte. Blandningar som
studerats & inblandning av aluminium i propan-luft, se Fig 2.5, TNT-damm i luft
m.fl. Berakningarna visar att trycket paverkas men endast marginellt. | Murrays
foredrag visas ocksa nagra resultat.



41 —— % propan i luft
.
O ] I I I
0 100 200 300
gAl

Fig. 2.5 Beraknat resulterande tryck vid detonation av 4 % propan i luft och da
propangasen succesivt ersdtts med likvardig mangd aluminium. (Efter S Lamnevik
FOI)

2.2.2 Oxidator tillsétts

Lange har man kant till att en gas- eller dammdetonation ger hogre tryck om den sker
i syrgas an om den sker i vanlig luft. Okningen &r beroende pé branslet men den ror
sigi regel om en ungefarlig faktor 2. | Fig. 2.6 ges ndgra exempel.

gas i luft i syrgas
propan 17.3 35.2
eten 17.7 325
acetylen 16.1 28.6
vatgas 14.6 17.9

Fig. 2.6 Vid detonation i syrgas far man hogre tryck an vid detonation i |uft.

FAE aktuella branslen ger betydligt (catre ganger) storre energiutbyte an
konventionella sprangamnen raknat pa massan. Skall syrgas (eller annan oxidator)
ingdi laddningen forlorar man FAE-ladningens viktsmassiga fordel och strikt har man
heller inte langre négon FAE-laddning. Syrgas har vél heller inte varit aktuellt for
inblandning men forsok har gjorts med andra &mnen som socker och ammoniumnitrat.
Det senare, AN, kan ju anvandas som sprangamne och & 6verbalanserat pa syre
varfor aven andra amnen kan inga.

2.2.3 Initiering

Vid detonation av en konventionell FAE-laddning stiger trycket till ca2 MPadvsi
normalfallet med en faktor 20. Har |uften, t.ex. i eningangsdel, av ndgon anledning
forkomprimerats till trycket p blir resulterande detonationstryck i princip 20-p. Ett sétt
att i en tunnel skapa en betydande forkomprimering &r att i tunnelmynningen starta en
deflagration, en brand, i brénsleblandningen, dvs initieringen andras. Denna teknik
beskrivsi Murrays 3.e forelasning.

2.2.4 Hybridladdningar

Genom att komponera brénslet som en blandning av, t.ex., partiklar och vétska kan
man fa en laddning som kastar ut partiklar. Ar partiklarna reaktiva, t.ex.



aluminiumpulver eller TNT, kan man skapa ett foérlangt reaktionsforlopp dér
partiklarna ger sitt reaktionstillskott i ett senare skede, jfr. Mom. 2.2.3. Verkan blir har
ocksa tydligt termisk, man kan saga att vapnet ger en ”brandvagg” som slar mot
malet. Aven denna teknik beskrivsi Murrays 3. foreldsning.

225 BLU-82

Ett exempel pa hybridladdning som fétt smeknamnet Commando Vault (i Vietnam)
eller Daisy Cutter (i Afganistan) ingar i vapensystemet BLU-82B/C-130. | TV-
sandningar fran CNN har bomben (pa 6.8 ton) kallats FAE-bomb vilket inte &r helt
korrekt, men i programmet visades en forsoksfallning déar man tydligt sag en
molnbildning fore detonationen.

Enligt uppgift (FAS) bestar laddningen pa 5.7 ton av en
slurry av ammoniumnitrat, aluminiumpulver och polystyren

Enligt uppslagsverk ar polystyren en sprod plast och aven de 6vrigaingredienserna ar
fasta amnen, men en slurry &r en l6sning, en "gegga’. For att det hela skagaihop
maste fler amnen inga. Eftersom polystyren (en polymer av styren CgHg) ar [0dligt i
manga flytande kolvéten &r det troligt att slurryn tillverkats med hjélp av ndgot sadant.
| safall skulle man haen hybridladdning.

Enligt uppgift ger laddningen, som utldses 1 m ovanfor marken, ett tryck pa7 MPa
nara nollpunkten. Denna tryckniva ar |&g i jamforelse med konventionella bombers.
Under Desert Storm anvandes 11 st BLU-82, allafallda fran Hercules.



10

3 Grundlaggande fysik

3.1 Detonation

Detonation & en komplicerad process och endast en starkt férenklad bild kan ges
hér. Mekanismen &r att en stétvag komprimerar mediet. Den hojda temperaturen

startar reaktionen, se Fig. 3.1,. och reaktionshastighetens & temperaturberoende
(Arrheniuslag), se Fig. 3.2.

- | O

—> —>
CJ-planet stotvagsfront
hastighet: u+c D
reaktions reaktion, induktion oreagerat
produkter branse

Fig. 3.1 Principen for detonation. Detonationsvagens front &r en stétvag som
komprimerar blandningen. (Jfr. markerade cirklar.) Okningen av temperaturen
startar reaktionen som ar komplett ett stycke bakom fronten i det s.k. CJ-planet.
For ideal detonation & D = u + ¢, dvs CJ-planet rér sig med samma hastighet som
fronten. Se aven Fig. 3.2.

reaktionshastighet
temperatur
tidsaxel
|
Ti >« T —»

Fig.3.2 Omedelbart bakom detonationsvégens front, Fig. 3.1, har man oreagerat
bransle med forhojd temperatur, induktion. Reaktionstiden, =, ar kort i forhallande till
induktionstiden t;. Férhéllandet t,t; & av storleksordningen 10, Induktionszonens
langd gesi Fig. 3.14 for nagra olika branslen.

Omedelbart bakom st6tvagsfronten har man ingen markbar reaktion, men eftersom
reaktionshastigheten (nér den vél startat) véaxer exponentiellt har efter en kort
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stund/strécka allt reagerat. Man & da framme vid det s.k. CJ-planet. (Uppkallat efter
Chapman och Jouget.)

Forloppet kan ocksa beskrivasi ett p-v-diagram. For en gas géller enkelt samband
mellan tryck, p, och specifik volym, v = 1/p. (p & densiteten.) Kurvan ger méjliga
forandringar 6ver (t.ex.) en stétvag. (Med x = v/v, och'y = p/p, har kurvan formen
_(+D)-(v-Dx
(y+Dx—(y-1)
annat samband, en annan kurva, se Fig. 3.3. (I ekvationen ovan tillkommer en positiv
termi taljaren.)

) Tillfors gasen energi, t ex genom att den reagerar, far man ett

Detonation
leder till tryckokning

50
45
40 -
35 -
30 -
25 -
20
15 1
10 -

=0 =0, ingen energitillférsel
—— energitillforsel, g = 50
~ — -energitillforsel, q=75

O utgangspunkt

tryck

—— tangent, lutningen & ett métt pa hastigheten,
brantare tangent - hdgre hastighet
® CJpunkt

¢ VN

volym

Fig. 3.3 g = 0 svarar mot méjligaforandringar utan energitillforsel. Vid
detonation stiger trycket fran utgangspunkten till en punkt med trycket pyn.
Reaktionen startar och sluttrycket i CJ-planet & pc;. Foréndringarna sker i
diagrammet efter en rét linje som &r tangent till aktuell kurva. Den forsta
trycktoppen, pyn, & mycket kortvarig och kallas von Neumann-spiken.

| galvaverket finns det emellertid ingen plan detonationsfront utan detonation &r altid
ett tredimensionellt férlopp med bade longitudinella och transversella fronter, se Fig.
3.4. Paen sotad plan skiva, parallell med utbredningsriktningen, far man ett
(tvadimensionellt) avtryck som visar pa en cellstruktur.

wdass. COMBUSTION WAVES

—— SHOCK WAVES

- —-— TRAJECTORIES OF
TRIPLE SHOCK POINTS

Fig. 3.4 Detonationsforloppet &r alltid tredimensionellt med longitudinella och
transversella stétvagsfronter. Trippel punkterna ger avtryck pa sotad yta.
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Inom cellen varierar fronthastigheterna, se Fig. 3.5. Cellens storlek &r beroende bl. a.
av bransle och koncentration men &r i regel mindre 8&n 1 dm, se Fig. 3.14. Eftersom det
rader ett entydigt samband mellan stétvagens hastighet och frontens tryck kommer
alltsa fronttrycket, pyn, att variera kraftigt 6ver en mycket kort stréacka. Detta ger
forklaringen till att man innei ett FAE-moln kan registrera vitt skilda tryck aven i
nérbel&gna punkter, se de tre registreringarnai Fig. 3.6.

3
o
23— e
o 0®” n
o0 %lae . waffe o o longitudinell front
) o n
E 5 S— ..83.. 3-.:;’“-- S ey e w transversell front
L - L P cevee Cllvirde
3 .
1 T g0 By 0" 0000 o
0
0 0.2 04 0.6 0.8 1

rel. avstind lings cellen

Fig. 3.5. Inom cellen variera fronthastigheten inom vida grénser, i detta exempel
mellan 1.1 km/s och 2 km/s, medan CJ-vérdet & ca 1.4 km/s. Detta betyder att &ven
fronttrycket varierar och eftersom trycket & proportionellt mot hastigheten i kvadrat
blir denna variation &nnu storre.

For att direkt starta en detonation behovs en stark initiering i form av ett spréngamne.
Avgorande &r initieringsladdningens

energi, effekt och volym.
Det senare betyder att initieringsladdningen méaste ha en viss minsta utstrackning. |
Fig. 3.7 ges nddvandig tandenergi for nagra kolvéten.

Meradetaljer gesi Murrays 1.aforedrag. Metan har i Fig. 3.7 tagits med av historiska
skdl. Tidigare ansdg man att en metan-blandning i luft inte kunde detonera. Men med
en initieringsladdning pa ca 20 kg gér det alltsa



MPa, kPas

MPa, kPas

Fig. 3.6
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Fig. 3.6 Tre registreringar (se foregaende sida) fran narbel dgna punkter i samma
forsok. (Belastning av RC 90) Notera den stora skillnaden i maximitryck. Efter en kort
tid, mindre &n en halv ms, & trycket det for det anvanda branslet normala CJ-trycket.
(ca2 MPa. Fronttrycken i detre fallen varierar mellan 3.5 till 13 MPavilket med
hasyn till cellstrukturen & helt normalt.

Fig. 3.7 Minsta tandenergi, uttryckt i kg sprangamne, for att direkt startaen
detonation som funktion av blandningsforhdllandet bransle/luft dar " 1" star for
stokiometrisk blandning.

3.2 Deflagration

For att starta en deflagration krévs endast en svag initiering, mindre &n 1 mJ, av typen
lagaeller gnista. Fig. 3.8 ger ndgra data.
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Vid deflagration sker reaktionen dver en flamma, som med typiskt 13g hastighet
fortplantar sig genom blandningen. Samma p-v-diagram som anvandes fér att
askadliggora detonation, Fig. 3.3, kan anvandas har men skalan maste andrastill 1aga
tryck, se Fig. 3.9. Detta samband géller dock endast for s.k. laminér flamma, ett
tillstand som & mycket séllsynt.

Volymokningen, se Fig. 3.9, ger strémning ut fran forbrénningen och om
forbranningen sker i tunnel far man pa sa satt en mycket markbar forkomprimering. |
Oppen geometri gor expansionen att forkomprimeringen inte blir lika markant.

Sker forbranningen i slutet rum leder forbranningen till en avsevérd tryckokning —
volymen &r ju last. Gransfallet ar den teoretiska volymetiska explosionen med
sluttryck rakt ovanfor utgangspunkteni Fig. 3.9 eller Fig. 3.3. Detta medfor att
bransle som pa nagot satt kommer in i en anl&ggning utgor ett stort hot.

Fig. 3.8 Minsta téandenergin for ndgra kolvaten som funktion av
blandningsférhallandet. Den undre delen av figuren & sammansatt av tre delar.
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Deflagration
i det frialeder till volymsutvidgning
5 i
|
|
|
! — =0, ingen energitillforsel
4 -
| energitillforsel, g = 50
|
| O utgangspunkt
3 |
X ! - -~ hastigheten noll resp oandlig
o : — mojligt resultat
2 | l
|
I
|
14 —
O T T T T ! T T T T T
0 1 2 3 4 5 6 7 8 9 10 11
volym
Fig. 3.9 Pilen visar mgjlig 16sning vid deflagration och laminér flamma. Linjens

lutning (som maste vara & vanster) &r ett direkt matt pa forloppets (flammans)
hastighet som &r |&g jamfort med detonationshastigheten. Notera den avsevarda
volymokningen.

Som ndmnts & betraktel seséttet ovan av intresse endast i ren geometri. | reell
geometri kommer hinder att ge ett mycket mer komplicerat forlopp.

3.3 DDT

Avsnittet ar skrivet for gas-luft blandning men géller i huvudsak ven fasta amnen och
blandning damm-luft.

Som framgatt av Mom. 3.1 och 3.2 kan en blandning mellan en reaktiv gas och luft
vid initiering reagera pa tva sétt: deflagrera eller detonera.

Ett forlopp som startat som brand kan, om omstandigheterna &r 1ampliga, sla éver till
detonation. Dettakallas DDT (Deflagration to Detonation Transition). Nagra
omstandigheter som mojliggor detta &r:

(0 Hinder som ger turbulens.
0 Stoérre méangd blandning. (Lang " accelerationsstracka’.)
00 Forkomprimering. (Den stora volymokningen ger upphov till en tryckvag
framfor flamman, se Mom. 3.3.)
0 mum
En laminar flamma &r, som sagts, sallsynt. Utbredningen blir 1&tt turbulent.

Nagra bilder fran forsok visar detta. Fig. 3.10 ger fotografier fran forsok i liten skala
med gasblandning som tants till deflagration i ett rér med utlagda cylindriska hinder. |
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Fig. 3.11 gesen renodlad bild av forloppet. Notera att forbranningen genererat
stromning och turbulens framfor flamman. Fig. 3.12 ger en bild av liknande
forsoksuppstalining i storre skala.

Fig. 3.10 Forsok i liten modell med
hinder. Tva tidpunkter

e Flammfronten kommer in fran hoger
e Forkompressionen har givit upphov till
virvlar vid hindren.

Leading Flame Fronit

/7 /AN
v .

u {

P Re Combustion Products Vp= 0

Flame Front in Trapped Pocket

[ \— Standing Eddy \—

Shear Layer

Fig. 3.11 Renodlad bild av Fig. 3.10.
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Fig. 3.12 Forsoksuppstallning i storre skala.

Hur |4t en deflagration slar Gver till detonation & ocksa beroende av branslet men
allmént galler att varje geometri dér turbulenta fickor kan uppsta l&tt ger upphov till
DDT:

3.4 Kritisk diameter

| Mom. 3.1 visades att detonationen &r ett tredimensionel It forlopp med cellstruktur.
Liksom cellens storlek ar en karaktaristisk parameter for blandningen & ocksa den
"kritiska diametern”.

Med kritisk diameter menas minsta diametern pa ett runt rér genom vilket en
detonation kan fortplantas ut i det fria. Storheten bestams med GO-NO GO forsok i
utrustning somi Fig. 3.13.

b — Detonation?
| |
Detonerbar blandning i och utanfér roret
Fig. 3.13  Endetonation i ett rér nar mynningen. Har roret stor diameter fortsétter
detonation utanfoér roret, har det liten diameter slacks detonationen. Kritiska diametern
ar gransfallet.

| Fig. 3.14 ges nagra vérden
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Brande Induktions-  Cellstorlek Kritisk

zonens langd mm diameter m

mm

0.27 9.8 0.15
acetylen
vétgas 0.23 15 0.2
etylen 2.56 28 043
etan 4.55 54-62 0.9
propylen 52
propan 4.1 69 0.9
n-butan 50-62 0.9
véatesulfid 5.0 90-130
metan 23.5 250-310

Fig. 3.14 Kritisk diameter, cellstorlek och induktionszonens langd for négra
kolvéten.

En fraga som tidigt vacktes var om snabbventiler kunde stoppa en detonation.
Detonationsfrontens hastighet ligger ju kring 2 km/s och stéangningstiden hos en
snabbventil & av storleksordningen ndgrams. Ventilen hinner altsdinte stanga forran
forloppet fortplantat sig genom dppningen. Men &r éppningen tillrackligt liten for att
detonationen skall §avdo? (Man har alltsa forutsatt att bréns eblandningen redan
dragitsin i anlaggningen men att initiering till detonation skett utanfor snabbventilen.)

Forsok av typen GO-NO GO genomfordes for nagra olika uppstallningar, se Fig. 3.15
-.19.

Resultaten &r inte entydiga. Aven om detonationen slacktes kunde tillrackligt mycket
heta reaktionsprodukter hinna passera ventilen under stangningstiden for att man
skulle fa en dtertandning till brand bakom ventilen.

Liknande erfarenheter gjordesi Alvdalen vid forsok med stenfilter. Aven hér fick man
(vid smafilterstenar) en utslackning men en senare tertéandning bakom filtret. (Fig.
2.3 visar resultatet.)
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Fig. 3.15 Forsoksuppstallning med svensk snabbventil med detonerbar blandning
pa béda sidor om ventilen och som tandstill detonation framfor ventilen. Eftersom

areaéndringar paverkar detonationens fortplantning och ev. DDT testades nagra olika
uppstallningar.
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GO NO GO

configuration | Fuel | % fuel ) dJ/d, | % fuel ) do/d,

T-BV-UN CoHa 6.6 1.01 1.2 6.2 0.94 1.43

- CoH, 5.8 0.73 0.89 54 0.68 1.14

W-BV-UN CoH; 5.7 0.72 0.94 53 0.66 1.26
T-BV-T CoHg 6.0 0.91 1.49
- CoH> 5.8 0.73 0.89
W-BV-T CoHg 6.2 0.94 1.43
=~ CzH> 6.1 0.77 0.77

" Héanvisar till forsbksuppstallningen. T-BV-UN anger ordningen Tube-
BlastValve-Unconfined. W star for vagg

Fig. 3.16

Forsoksresultat
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4 Skydd

Manga former av skydd mot verkan av FAE har diskuterats och diskuterades vid
seminariet. Nar det galler hardgjorda konstruktioner som t.ex. ledningscentraler i berg
& inluftskanaler svaga punkter. Allmannaregler & svara att formulera och kan |t
misstolkas och skyddsatgéarderna maste skraddarsys annars kan ont bli véarre. Men de
atgarder som tycks vara verkningsfulla @ en kombination av

1) detektering

2) ventilationsstopp

3) avsiktlig anténdning (spark curtains)
4) vattenbegjutning

5) gitter och filter

En av de anlaggningar som diskuterades i grupparbete vid seminariet visasi Fig. 4.1.

FACILITY C

AIR FLOW IN
32 mis

-

6m

f~—_45m

—_—

EXPANSION FROM
1.8 x 1.8 TO 4.3 x 7.5 m?

Fig.4.1 Diskussionsunderlag.

For det forsta slog man fast att endast inluftskanalen behtvde speciellt FAE-skydd.
(Inga uppgifter gavs om vad konstruktionen kunde ténkas téla, dvs om
dimensionerande last.) Skyddet borde, menade man, besta av ett automatstopp som pa
indikation stanger av ventilationen sa att brande inte dras ner i schacktet. Ominte
ventilationen kan stangas ens for nagon minut ansdg man att ett aktivt skydd i form av
kraftiga gnistor i ingangsdelen (upptill, dvst.hi bild) i kombination med
sprinklersystem langre ner skulle kunna ge skydd.
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5 Fannelgpsfoéredrag

FOA SEMINAR ON FUEL AIR EXPLOSIONS 1999

Lecture on
Heavy -Gas Dispersion
Torstein K. Fannelgp

The introductory notes enclosed on Release and Dispersion of Heavy Gases were
written in 1990 for a Seminar on Insurance Risks. It was attended by executives
concerned with industrial accidents caused by spills of hazardous fluids. The
fundamentals of release and spreading in the atmosphere have not changed, and the
only model discussed (i.e. theradial box model) is still relevant for F AE releases.

The considerable research efforts of the last ten years, are summarized in arecent
publication by Rex Britter (1998) sponsored by the European Commission. Readers
interested in awider scope of industrial safety and environmental problems, could
benefit from my own book (Fannelop, 1994). Many related problems of density-
driven flows are discussed in John Simpson's book (1997) on gravity currents.

Additiona references:

Britter, R.E. (1998) Recent research on the dispersion of hazardous materials. EUR
18198 EN

Fannelop, T.K. (1994) Fluid mechanics for industrial safety and environmental
protection. Elsevier.

Simpson, J.E. (1997) Gravity currents in the environment and the laboratory. Second
ed.: Cambridge University Press.
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RELEASE AND DISPERSION OF HEAVY GASES.
Professor T.K.Fannelgp

ETH-Z(rich

Flammable, explosive or toxic substances, which upon release produce gases heavier
than air, are used in large quantities in the chemical and energy-related industries.
The gas released could be heavier than air smply because it has a higher molecular
weight or because it is cold or laden with particles or droplets. The gas will generally
be mixed with air and this mixture of gas and air will be referred to as a gas cloud.
The volume of such clouds can range from a few cubic meters near the release point
for a small spill, to tens of cubic kilometers for large-scale highly diluted spills.
When the concentration is high, of the order of a few per cent, the motion of the
cloud is determined by gravity except in strong wind. A heavy gas release which
represents a fire hazard, will therefore have to be analyzed by methods which take
account of gravity effects. As the cloud mixes further with air, well below the lower
flammable limit (LFL), the prime concern will be toxicity or other noxious effects
which -persist into the PPM-regime. The highly diluted cloud just drifts with the
wind, and its ultimate fate is determined by the motions in the atmosphere. An
example is the spreading and deposition of radioactive particles from atomic
explosions; a problem which has occupied meteorologists long before the incident at
Chernobyl.

The present-day concern with heavy gas clouds can be traced to the controversy
surrounding the proposed large-scale importation of liquefied natural gas (LNG) to
the US during the energy crisisin the early Seventies. VVarious scenarios were
proposed where an accidental spill of LNG on land or water would spread out as a
liquid layer, evaporate and form a heavy (cold) and highly flammable cloud twelve
hundred times the original liquid volume at a dilution corresponding to the lower
flammable limit (5% for methane).The cloud would moreover be very stable (it has
the heaviest layer below, isthus "stably stratified") ,and it could drift with the wind
over long distances (Fig.1).The US Coast Guard sponsored severa investigations of
the "maximum hazardous distance for a standard 25,000 m3 spill”. The results
showed large discrepancies; from less than 2 km (predicted by scientists from oil
companles) to nearly 100 km (sclentists from MIT) .But the result depends on the
definition of "anon-hazardous cloud" .One party used "average concentration less
than LFL", the other "concentration everywhere less than LFL" .These differences
account for some of the discrepancy, but the incomplete understanding of the motion
and mixing of heavy gas clouds was the main reason for the disagreement. Some well
publicized accidents (e.g. Flixborough, 1974) added fuel to the fire, and research
programs with substantial funding were soon underway in the US (Dep't of Energy) as
well asin Europe (Shell Qil Co.,Thorney Island international project). These
programs dealt mainly with the early (gravitational) phase shortly after release, and
the release conditions were often idealized to make the interpretation easier and to aid
in the development of prediction models. At present more than one hundred prediction
methods have been published. Most are unvalidated and represent only slight
variations on acommon theme; the socalled "box model”. A few are available also in
the form of computer graphics with hazardous areas nicely displayed in vivid colour.
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One would be well adviced not to rely too heavily on such programs without expert
counsel. The idealized release conditions assumed in the programs are rarely met in
practice. A few of the many possible releases |eading to a heavy gas cloud are
illustrated in Figure 2,(Reproduced from Britter,1989).

Most of the known accidents involving heavy gas clouds have been described by Lees
(1980). The more recent accidents, such as Bhopal (1984) and Ufa, Ural (1989) will
be known from the news reports. Sometimes nature, rather than industry, isto blame.
The CO2-cloud which killed nearly two thousand people in Cameroon in 1986,is
believed to be of volcanic origin. As aresult of the many accidents and the adverse
publicity, the Commissioners of the European Community have declared heavy gas
clouds a"major technological hazard" with legal aswell as practical consequences.
Thelist of hazardous materialsis growing rapidly.

It may seem strange that the force of gravity, which acts downwards, should be
responsible for spreading the heavy gas outwards. But the phenomenon isrealy
familiar. Consider aliquid filled container resting on aflat surface or floating in
water, (Figure 3).Gravity creates pressure on the side walls and when these are
suddenly removed, the fluid flows outwards. The pressure exerted by aheavy gasis
much smaller, but the spreading process is analogous as are the spreading of oil on
water, of sandstormsin Sahara and of fresh (or warm) water on the ocean
surface,(Simpson,1987).1t follows that the spreading, due to gravity, ceasesif the gas
istrapped in ahollow. The gradual trapping of gas on an uneven surface (such asa
grass field),limits in many cases the hazardous range, but this effect is usually not
included in the prediction models offered to the users. A large scale example of the
effects of topography on heavy gas spreading, is the unpleasant winter fog covering
Swissvalleysinwinter. This"cloud" isonly slightly heavier than air, but it displays
many of the characteristics found in the heavy-gas cloud experiments undertaken at
ETH (Ref: Video | recording of ETH-experiments).

The simple notion of the spreading processillustrated in Fig 4, has led to the simple
spreading model known as the "box model”. A cloud in the shape of the initial
container (cylindrical box),is prescribed to maintain this geometric shape throughout
the spreading process. The spreading velocity at the front is assumed to be
proportional to the hydrostatic

pressure under the cloud, it will diminish with time as the cloud height becomes
smaller and the radius larger. (In the absence of mixing, the cloud volume = R*H will
be constant, equal to the initial volume.) In the case of water, we know that the
velocity associated with the hydrostatic pressure of depth H is equal to u = (2gH)”
(Torricelli's Law). Thereis an approximation implicit in this formula, known to all
engineers from the freshman mechanics course; the density of air is assumed
negligible in comparison with that of water. The correction isimportant when we deal
with heavy gas rather than water, and the corrected formulafor the outflow velocity is:

U = [(pg - pa) 2gH)/ pgl”

Asindicated by the index, the velocity of the cloud front is assumed to be equal to this
outflow velocity. An empirical value k (replacing the factor 2) is often used, but the
simpleminded formulais kept. Generally, gravity spreading is said to be more
important than the wind effects as long as the wind vel ocity, usually measured at 10 m
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height, is of the same order or smaller than us (The actual wind at aheight equal to
the cloud height, will for small clouds be much below the nominal.wind speed.)

Based on the known frontal velocity and cloud volume (no mixing),the cloud radius
and height as function of time, can easily be calculated. The mixing can be
incorporated a posteriori by assuming certain entrainment rates, i.e. the rate of inflow
of air through the top surface or through the side edge area. Both are assumed to be
proportional to the front velocity:

Ve = 0t U and Ve = ol Us

where oy and o are the empirical entrainment coefficients for top and side
entrainment respectively. By multiplying ve by the surface area and time, the volume
of air flowing into the cloud can be determined and thereby also the concentration.

For simple formulations of o and oy, (.g. constant values), the calculations can be
handled analytically, otherwise the analyses can be programmed easily for a step-by-
step procedure on a pocket computer.

The question remains: How valid are the results? The Thorney Island field
experiments were designed to test prediction modelsin general, and the box model in
particular, afact evident from theinitial configuration (right circular cylinder). It was
noted by critics, already prior to these field trials ,that this configuration would not
produce the outward flow postulated by the model (Fig 4) but a downward-outward
flow resulting in a strong front vortex, (Fig 5). The happy fact that the front arrival
time used in the box model, agreed well with the experimental values, led many
method developers to the erroneous conclusion that the model was right. (It seems
that all models which are based on energy conservation in one form or another,
produce the "right" frontal velocity) .An attempt to model the flow in agreement with
the observed flow phenomena (including the vortex front), has been presented by
Fannelop and Zumsteg (1984). The importance of modeling thisinitial motion
correctly can be illustrated by the fact that the Thorney Island experiments showed the
concentration to be reduced from the initial 100% to about 5% in this early process. A
potential user of an existing method is well advised to check that the initial release
process is modeled correctly in the method of interest. For the further spreading, many
of the box models available produce satisfactory results in the absence of such effects
as heat transfer, obstacles or surface traps. The box model predicts only the average
concentration and not the local concentration within a cloud. Large clouds could have
substantial flammable regions even when the average valueisbelow LFL. Thisis
illustrated in Figure 6 for an assumed linear variation.

Our recent research at ETH has considered mainly cold clouds as a complement to the
isothermal cloud experiments elsewhere. As shown in the videorecording, we
generate the cold cloud by evaporating liquefied nitrogen on water at one end of a
long spreading channel. The water content and cloud temperature have been
determined by means of five gas samplers and nearly 50 thermocouples. The low
humidity in the laboratory and the low rates of entrainment for this very stable flow,
allowed us to determine the gas concentration from the temperature distribution.
Some sampl e distributions are shown in Figure 7. It is clear that large variationsin
concentration exist, not predictable by a box model approach. A , surprising result is
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that the longevity of this cloud emanating from a cryogenic spill, is determined by the
heat transfer from below, and not from the entrainment of air. The development of
new prediction models which take into account this finding, is now underway.

REFERENCES.
Britter,R.E. (1989),

Lees,F.P. (1980)
Simpson,J.E. (1987)

Fannelop, T .K.
andZumsteg,F (1984)

Atmospheric dispersion of dense gases, Ann.Rev.Fluid
Mech. 21,317-44

Loss Prevention in the Process Industries, Vol.1
and 2. Butterworths

Gravity Currents in the Environment and the Laboratory,
EllisHorwood Ltd

Specia problemsin heavy gas dispersionin, Heavy Gas,
and Risk Asessment (S.Hartwig,Ed.),D.Reidéel
Publ.Co.
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Figure 1. LNG - Spill scenario
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Figure 5. Observed motion following instantaneous release
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Figure 6. Schematic of flammable cloud

Averaged: ¢=¢(t), Variable: c=c(xt)
Flammability : Lower 5%, Upper 15%
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Som jamforel se dterges en bild fran SO Christensens (FBT) forsok i Marsta med tung
gas som av ventilationen drasin i en ca 2 m hog tunnel. Tunnels héjd framgér inte av
figuren.
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DESIGN
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" DESIGN

DRES

FUELS FOR FAE DEVICES
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: DESIGN

DRES
TIEL SPECIFIC DETONATION DETONATION
VOLIUME PRESSTTRE VELOCITY

{m*kg) (DP/Py) (ol

Tihylene Oxide 50 18.8 1845

C,H,0 7.2 (s) 17.4 1781

0.4 14.6 1654

Propylene Oxide 5.0 18.3 1753

CH0 3.0 ¢s) 17.7 1745

10.6 15.6 1669

Hexyl Nifrate 540 20.3 1817

C.H;NO, 6.2 () 190 1776

10.0 14.0 1587

Fikyl Hexyl Nitrate 84 19.5 1804

CeHNO, T2 ) 133 760

10.0 150 1635

Niiromethane 14 ($) 31.2 1916

CH,NO, 24 12.9 B

; 10.0 7.5 1201 _
W Defence Research Establishment Suffield (DRES)
‘ DESIGN

DRES

Cloud Development for 200-Litre FAE Test Device

ATy m} Defence Research Establishment Suffield (DRES)
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e
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K DESIGN

DRES

Cloud Development
and Detonation for a
S0-Litre Test Device

¥

R .\t:rm_,m:n L [_)Eﬂal’l[:e Research Establishment Sl[ﬁ_leld(DREs:l

“

¥ DESIGN

DRES
CANISTER DETAILS

« Canister walls should be relatively thin

* Material must be resistant te chemical attack by
fuel (polyethylene, nylon, steel, aluminum, eic.)

« Aspect ratio (L/D) should be between 1.5 and 4.0

* Vertical grooves around canister periphery
promote cloud uniformity

* 10-15% ullage suggested lor long term storage;
otherwise use full canisters

ATy m} Defence Research Establishment Suffield (DRES)
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K DESIGN

DRES
BURSTER CHARGE DETAILS

L]

Fuel-to-burster (I'/B) mass ratio about 100
Type of high explosive not eritical

Material must be resistant to chemical attack by
fuel (polyethylene, nylon, etc.)
« Aluminum burster tubes not recommended

Fluid buffer at bottom of bursier charge
— typically 5 burster charge diameters

Dense stemming material at top of burster charge
— typically 5 burster charge diameters

””:l:“'t:xwﬂr”“ D&fEI’I(:B RBSE‘arﬂ“ E‘Stﬂf}lishmEni’S[lfﬁelﬂ(D‘RES}
|}

¥ DESIGN

DRES

Cloud Development and Detonation for a 50-Litre Test Deévice

Defence Research Establishment Suffield (DRES)
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g DESIGN

DRES
STAND-OFF AND TIME DELAY

+ Optimal stand-off, i, and secondary charge time
delay, ¢, for a 50- (43 kg) propylene oxide device
are 1 metre and 100 ms, respectively.

« Use cube root scaling to determine these
parameters for other fuel masses:

h* & hiw 8
£ 8 tiw 13

* Cloud dimensions alse obey cube root scaling

‘”Ri’.){”‘ Defence Research Establishment Suffield (DRES)
¥ DETONABILITY
DRES
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¥
DETONABILITY
DRES
| *rilcal Chargs Mass for Direcl Infilaffor
‘ﬂ"’ &t Fropylenhe-axdas-aly Msdurss
Trial Fuel Burster Charge Time Delay Secondary Charge
No. Volume (1) Mass (g) (ms) Mass (g) Resuit
36-3 29 35 60 100 Defonation
164 30 35 60 50 Detonation
36-3 3.0 35 60 25 Detonation
36-6 29 35 &0 10 Defonation
36-25 30 35 60 10 Detonation
36-28 30 s &0 e Deflagration
36-27 30 a5 60 8 Deflagration
36-26 30 35 60 5 Deflagration
36-7 30 35 60 RP-83 Detonator Deflagrafion
W’ Defence Research Establishment Suffield (DRES)
»
BLAST PERFORMANCE
DRES

Overpregsure Versus Range for 3-Litre Canisters

Triel Fusl Bustes Saccndary
Mo Typs (rmens) (Fams)

™ | egEE PO S MG
I V3504 PO 3 50
| -3 PO A8 28
| ' om L3EOE PO 35 il
| il Donlantics Mokel
g F——% T
E 10 * |
| : .'
[
& ! 2o
% |
1 LN
; \'. 3
(] i L]
|
f
0.1
0.1 1 10 100
RANGE {m)

m) Defence Research Establishment Suffield (DRES)
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1' BLAST PERFORMANCE

DRES
Positive-Phase Impulse Versus Range for 3-Litre Camsters
J"rﬁa Fusl Burstar Ssconcfary
Ko Tyes apanes) | Fens
10003; s30T PO 3 100
— t w300 PO il L 1]
i w 3800 PO & 25
E e PO 25 10
E — Comik ueticn Dynamics Mords|
5- e e -
w _ B
} 1000} R
g | s
£ Y
o 100 | \1\\--
s
': |
g
10 *
0.1 1 10 100
RANGE {m
m’}’ Defence Research Establishment Suffield (DRES)
‘ BLAST PERFORMANCE
DRES

BRADIAL DISTANCE (m)
1 2 5 10 20 50

1000

500- 5000

ot - 2000
- 200¢ - 445. 1000 &
— a. A o ¥ i E
Overpressure for = e z ; =
P el a FE00 =
50-Litre Propylene = ; =
LT R R e o2 IS 200 =
Oxide Canisters g 20 o Testma i\\ E
(=] § Test#s - 100 :ﬁ
@ 101 - woon and ward {13848) s
i & Moan and Ward {19845 R - 50 E
5:;: 51 From Calcuations Assuming .v"
7, S+ Radius Hemisphenical Cloud f:"\

2 APTROKIMATE
EDGE OF CLOWD 1.0

t 2 5 10 20 50 100
RADIAL DISTANCE ()
vk m)’.'n-.. Sal Defence Research Establishment Suffield (DRES)
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1' BLAST PERFORMANCE

Positive Impulse for 50-Litre Propylene Oxide Canisters

DRES

RADTAT DISTANCE ()

1 2 5 10 20 50 100

e 1000 - ‘ d 1 . - — —
2 - D 15000 2
B - -3 & :
o 500 n Tost#5 FE
= =
.-\: & & < Moen and Ward (1384a) L zonﬂ |.-.-|
? 200 PR o Moen and Ward (1984b) oA

£ ¥ ;
et lations L =
ot r o . ;mg:: ﬂumlumn;n:%wd 1000 3:
% 100 - = s Yoy =
=] . 4 AN F500 =
S50 : &
> £
= a F200 &
= 204 =
& T T T T T L] T 100 m

1 5 10 50 100

¥

13EE .\r:r'rw/m': (R
“

-

o
)

ES

RADIAL DISTANCE ()

Defence Research Establishment Suffield (DRES)

BLAST PERFORMANCE

Overpressure for Various FAE Fugels (50-Litres Canisters)

¥
o
T m i (LTE SRR

P

L (kPa)

R

351

OVERPRE

20004 Tiix
| ¢ F
03 ® % NUMERICAL
°r . =4 5-m RADIUS
B L P.O.-AIR CLOUD
5004 °
200
100 + MURRAY ot al. (1986)
1  PROPYLENE OXIDE: F/B =100
50] 7 PROPYLENE OXIDE; FIB = 100
+ HEXYL NITRATE; F/B =100
= HEXYL NITRATE; /B8 =200
= HEXYL NITRATE; FIB = 250
5 ETHYL HEXYL NITRATE; F/B =100
201 o ETHYL HEXYL NITRATE; F/B =150
= ETHYL HEXYL NITRATE; F/B =200
» ETHYL HEXYL NITRATE; F/RB =250
10 T - werme - - -
0.1 0.2 0.5 1.0 290 50 10 20 50

RADIAT DISTANTE (in)

Defence Research Estahlishment Suffield (DRES)



46

|/ -
BLAST PERFORMANCE
DRES i ) o )
Positive Impulse for Various FAE Fuels (50-Litre Canisters)
10000+
% 50_00: - NUMERICAL 5-m RADIUS P.O.-AIR CLOUD
_\E
F=y A
= :
= 200047 .
= 1000 ° ’ :
= 4 + MURRAY et al. (19886) O
i 1 PROPYLENE OXIDE; F/B =100
,;.1 500 * PROPYLENE OXIDE; FIE =100
iﬁ* 1 = HEXYL NITRATE; FiB =100
; » HEXYL NITRATE; FIB = 200
E 1 » HEXYL NITRATE; FIB = 250
= ETHYL HEXYL NITRATE; FiB=100 ]
& 2001 . ETHYL HEXYL NITRATE: F/B = 150
a ETHYL HEXYL NITRATE; F/B =200
100 « ETHYL HEXYL NITRATE; F/B =250
01 0.2 05 10 20 50 10 20 50
, RADIAL DISTANCE (m)
w Defence Research Establishment Suffield (DRES)
)
APPLICATIONS
DRES

TYPICAL APPLICATIONS OF FAE DEVICES

* Demolition of soft targets:

radar & optical equipment

trucks & lightly armoured vehicles
light structures & parked aircrafl
command posts and fuel/supply depats
troop concentrations

inefield breaching and clearing

+ Defoliation

+ Penetration of fortified structures

¥
o
T m i (LTE SRR

P

Defence Research Estahlishment Suffield (DRES)
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: APPLICATIONS

DRES -
Limit of
Cloud
|
damage onty|
'ﬁ.‘ . 2ok == I —:'-'l. =
1 204 10 & 50 00 &
= ‘Radius (maters) -
TYPICAL TARGET DAMAGE (40-kg FAE)
W’ Defence Research Establishment Suffield (DRES)
)
APPLICATIONS
DRES
WEAPONS: BLU-73 FAE BOMB (USA)
TARGET
'-.1__\-4 DETECTION DEVICE
SAFETY/ARMING DEVICE 3 ,,;” | . FIN-ANTENNA
B .. /
e N8

sy m}.m-. Gl Defence Research Estahlishment Suffield (DRES)
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: APPLICATIONS

DRES
SLUFAE SYSTEM (USA)
W’ Defence Research Establishment Suffield (DRES)
b
APPLICATIONS
DRES

CATFAE (USA)

T - e

ATy m} Defence Research Establishment Suffield (DRES)
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¥ APPLICATIONS

DRES
MULTIPLE CANISTER MINE CLEARING CONCEFRT

RN e .\r.r'm i1)1'!| L Defence Research Establishment Suffield (DRES)

.,

o
)

ES

W

s I0'ms
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1' BLAST ENHANCEMENT CONCEPTS

DRES
Apparatus Used to [nvestigate HE Dinst Detonation (MEEL)
— D‘-‘-'n -—
Ciam | - PERFORATED CAP
e —— PRIMER |, DETONATOR
%—-H O .r'.FIEJ.'_‘nmu‘,r.ERmm
| i . ——POLYETHILENE BAB
i || | (= CARGEDARD FRAME
i i i - STREAK CAMERA VIEW
= e TO COMPRESSED. BIR° TAKK
(A o~
| FIRE EXTINGUISHER =
PIEZOELECTRIC || ]’ /-HEAD
FRESSURE | I o
TRAMSDUCER ™ k=
=_F
GALVANITED -
ELEOW
¥
w Defence Research Establishment Suffield (DRES)
»
BLAST ENHANCEMENT CONCEPTS
DRES P i _ - o " ing _ -
Minimum Primer Mass for Various Dusl Loading
EXTLOSTVE LOADING FRIMER HESTLT
{ka/m?) izl
RDX 2.5 200 Dietonated
256 100 Detonated
2.5 5 Detoniated
3.6 50 Detonaterd
2.5 25 Failed
1.6 156 Dietanated
L& 50 Failed
L5 75 Failed
PETH 2.6 150 Detonated
16 1] Failed
2.6 a6 Failod
TNT 22 450 Detonated
2:2 1560 Detonated
2.2 S0 Failed
: L7 150 Failed
m) Defence Research Establishment Suffield (DRES)
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1' BLAST ENHANCEMENT CONCEPTS

DRES = i3 o T AT P N
Minimum Dust Concentration (kg/m?®) for 454 g €4 Charge
RIdX 2.6 Detongted
1.9 Deétonated
1.6 Detonated
1.5 Deétonated
1.1 Failed
PETN 3.2 Detonated
2.6 Deétonated
2.0 Detonated
1.5 Failed
INT 3.0 Détonated
2.6 Detonated
2.2 Detonated
1.1 Failed
W’ Defence Research Establishment Suffield (DRES)
)
BLAST ENHANCEMENT CONCEPTS
DRES

Results of Dust Detonation Tests

500 ——TTT T —T—

100

NN DUST
IMIGER CODE

1 PROPYLENE
DEIEE & ADX DUST EXPERIMENTS

BAKER o o (190

10 —— T
0.1 0.2 0.5 1.0 2.0 5.0 10

DETONATION OVERPRESSURE (atm)
s

IXPLOSIVE LOADING DENSITY (kg/m?)
m) Defence Research Establishment Suffield (DRES)
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1' BLAST ENHANCEMENT CONCEPTS

DRES

A DM 12 DISPERSAL CHARGE

B FUEL

G POLYETHYLENE TANK (50L)

O MITROMETHANE OR RDX
&
a8
-
o

&l NON-EXPLOSIVE FUELS bl EXPLOSIVE FUELS ch MULTI-COMPARTMENTS
CONFIGURATIONS
¥
R B ) Defence Research Establishment Suffield (DRES)

BLAST ENHANCEMENT CONCEPTS

DISPERSAL CHARGE

=)
)
m
)

FUEL
CONTAINER

EXPLOSIVE

[ rox pust

L5l | PROPYLENE OXIDE

m) Defence Research Establishment Suffield (DRES)
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b
DRES
2000 1, Thnoerical 5-m
G ) T . Radius PO-Air
g 1000 1, i 5 Cloud
= 3 L
= 800 y E
Q L] A
o 200
2 i
= 100
5 50
b
-
5] 20
=9
10 — —_— — e
01 02 05 10 20 10 20

¥

13EE .\r:r'rw/m'l (R

“

RATDAL DISTANCE (mj

BLAST ENHANCEMENT CONCEPTS

DISPERSED
NITROMETHANE
(207 with PO Buffer)

HOE= 1w, + =100 ms
+ wE=100

vV EB=158
0 FR=200

HOH =05 m, ¥ t= 100 ms
¢ T/E= 100
# TE=150
B FR=200

HOB = 1 m. #t=50ms
QO EB=100

Defence Research Establishment Suffield (DRES)

»
DRES
10000
e Numerical 5-m Radins PO-Air Clomd
E 5000
]
s
=3
= 2000 B
e N
= - A
& 1000{s . R
o= H A
= :
= 500 v ’ \
E e N
= w
& 200 | "
:..J L = 2
100 —
01 02 05 10 20 50 10 20 50

¥
o
T m i (LTE SRR

P

RADIAL DISTANCE (m)

BLAST ENHANCEMENT CONCEPTS

DISPERSED
NITROMETHANE
(5 with PO Buller)

HOR=1m, ¥ =100 ms
+ TE=100
¥ FB=150
0 TR=200

HOB =05 m, # =100 ms
¢ B = 100
¢ TR=150
B TB=100

HOB=1m, ¥t=50 ms
QO EB=160

Defence Research Estahlishment Suffield (DRES)
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b
BLAST ENHANCEMENT CONCEPTS
DRES
CO-DISPERSED
2500 Numerical 5 PROPYLENE OXIDE
= R L Radius PO-Air AND
= s 3 n Clouad )
o 1000% : i g NITROMETHANE
2 GREe e
;*’% 200 4 HEEE THIATS:
o s
- R M PO R
= {leg) (e
= 50
Lt 330 137 110
pe 283 194 160
S 20 34.0 20 200
mu.t 0.2 05 10 20 50 10 20 50 HOB =1 m for all trials

¥
13EE .\r:r'rw/m'l (R

“

RADIAL DISTANCE (m)

+ = 100 ms Far all trials

Defence Research Establishment Suffield (DRES)

b
BLAST ENHANCEMENT CONCEPTS
DRES
C{-DISPIERSED
] Numerical 5-m Radins PO-Ajr Cloud PROPYLENE OXIDE
5000 / AND
&; NITROMETHANE
= 20004 .
?
“ R THREE TRIALS:
E 1900; .
= M PO E/B
E 500 ﬂ g . {keg) fleg)
E 33,0 13.7 100
Z 200 383 19.4 100
= 340 2.0 200
04 02 05 10 20 50 10 20 50 HOE=lmisrallisls

¥
o
T m i (LTE SRR

P

RADITAL DISTANCE (m)

1= 100 s for all trials

Defence Research Estahlishment Suffield (DRES)
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1' BLAST ENHANCEMENT CONCEPTS

DRES
5000 PROPYLENE OXIDE
2000 Numerical S-m AND RDX DUST
! = £ Radius PO-Air
g 10001, L™ ; Cloud 1= 100 ms for all trinals
= 56D- RDX PO FR HOB
= (kg) fka) fm)
@
] 200 ® RDOEXWITH POBUEFFER
=
= 100, 00 185 S50 19
= W0 185 7B 1.0
5 50 -
et * (EEDISPERSED BRBXTPO
g
F- 20 i
g 4.1 123 4000000, 1.0
- . I — 41 123 400/100 LD
01 02 05 1.0 20 50 10 20 so 100 240 400000 1.0
i Eh.i%E 3400 4000100 1.0
- 137 ? O071.00 '
’ RADIAL DISTANCE () 12.7 340 40070000 Q5
w Defence Research Establishment Suffield (DRES)
. BLAST ENHANCEMENT CONCEPTS
DRES

BLAST ENHANCEMENT SUMMARY

+ In theory:
— Overpressures increase monotonically with loading
of NM or HE dust

— Detonability not dependent on atmospheric oxygen

* In practice:
— Ixplosive dispersal of energetic material achievable
— Requirements for detonation much more sfringent
than for conventional FAE

L bar /IH']I AL i
ATy n‘) Defence Research Establishment Suffield (DRES)
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CHEMICAL INITIATION

DRES ) o
EXPERIMENTAL APPARATUS

“w ...... - Defence Research Eétéutglishment_asl_&ﬁem-.mﬁssj:

f CHEMICAL INITIATICN

DRES

EXPERIMENTAL APPARATUS

Perforated - :;_ b

Elnte Piston
Diaphragm Piercing Rod
Clamping Driver Gas
Flange

Support
Collar

.m;,-m_..rw,-n.w Defence Research Establishment Suffield (DRES)
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1' CHEMICAL INITIATION

DRES
FLOURINE JET INITIATION (P/P, = 20)

¥
=

— m) Defence Research Establishment Suffield (DRES)

CHEMICAL INITIATION
ES

EXPERIMENTAL DATA VERSUS NUMERICAL MODEL

.,

o
)

q}..-.q.- Nominal Expesimontal Ermes W g ] “ oo
12.0 | s , | e ae 3
R —NUMERICAL a
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(Startimg Jek Ale s Ale FYF, = 20 Experimental Fsis Si
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o
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phir = Ain PR, =222
e @ —Tet & @ T B
] @ T C @ T D
B —Ten E a st I
i 1

- B i '

0.0 4.0 8.0 12.0 16.0 20.0 24.0

o
o

Contact Surface Position (X;/D,)
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CHEMICAL INITIATION

SUCCESSFUL INITIATION (SIDE VIEW)

Defence Research Establishment Suffield (DRES)

CHEMICAL INITIATION
SUCCESSFUL INITIATION (END VIEW)

L bar /I'H'II AL i
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¥ CHEMICAL INITIATION
DRES

FLOURINE JET TOO REACTIVE

#'!

r

R PR 1 .). !
.
Ve

¥
w Defence Research Establishment Suffield (DRES)

FUTURE DIRECTIONS

ES
o Safer fuels

-

 More energetic fuels

* Reliable chemical initiation

¢ Cloud shaping and focusing mechanisms
« Synergistic effects between devices

* Multi-phase fuels

* DDT or other enhanced blast concepts

ATy m) Defence Research Establishment Suffield (DRES)
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7 Murraysforedrag #2

bt 1oz [E

Detonability & Blast from

Fuel-Air Explosive Line Charges

h 8 B Mumay = 4 _.l

Defence Research Establishment Suffield
Box 4000, Medicine Hat, Alberta, T1A 8K6

Canadd

g OQUTLINE

DRES

L]

Design and Operation

Detonability

L

Blast Performance

Applications

L

Blast Enhancement

"% e ,I:ll'l IR i
Aoy n") Defence Research Establishment Suffield (DRES)
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5' DESIGN AND OPERATION

DRES
=
_ % 2 '/ ' DROPLET - AIR CLOUD
UINE - CHARGE
]‘bﬂ_)” Defence Research Establishment Suffield (DRES)
g DESIGN AND OPERATION
DRES

65-mm Line-Charge Test Device

Fast Fuel Filling Equiprment —.

ey Ri.)/" Defence Research Establishment Suffield (DRES)
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¥ DESIGN AND OPERATION

DRES
FUELS FOR FAE LINE CHARGES

* Propylene Oxide

[ ]

1.3 Pentadiene
* Hexyl Nitrate
Ethyl Hexyl Nitrate

r{;-*_)” Defence Research Establishment Suffield (DRES)
g DESIGN AND OPERATION
DRES

Cloud Development for a 65-mm Line Charge

ey m" Defence Research Establishment Suffield (DRES)
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g DESIGN AND OPERATION

= Line-Charge Cloud Development and Detonation

(BT |:.\t:rr®.,nr. !!!!!! DEﬂEnCE HESEaI‘Ch ES’lahIiShmEniSufﬁEm{DRES]

g DESIGN AND OPERATION

- BURSTER CHARGE DETAILS

* Fuel-to-burster (F/B) mass ratio g 50
— must include hose material in calculation of I7/B

* Type of high explosive not critical
— PETN, RDX, TNT

* Hose must be completely filled with Tuel
— risk of premature ignition

» Must ensure burster stand-off from hose wall
— risk of premature ignition

* Fluid buffer required at hose ends

, — risk of premature ignition
At Defence Research Estahlishment Suffield (DRES)
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" DESIGN AND OPERATION

DRES
LINE-CHARGE TECHNICAL PROBLEMS

SECONDARY CHARGE FAILURE [1] BURSTER CHARGE FAILURE [2)

TIMING AND FIRIN
DIFFICULTIES (4]

HOSE
ILUVRE [3]

FUEL FILLING

EQUIR FAILURES [1] UNSUITABLE

HOSE [4]

PREMATURE IGNITION [2]

Problems encountered in 17 of 40 developmental trials
'Rir_)’ Defence Research Establishment Suffield (DRES)

(=

K DESIGN AND OPERATION

DRES
ELIMINATING PREMATURE IGNITION

METHODS OF ACHIEVING BURSTER CHARGE STAND-OFF

m‘) Defence Research Establishment Suffield (DRES)

(s



65

" DETONABILITY

DRES
'Rir_)” Defence Research Establishment Suffield (DRES)
b
g DETONABILITY
DRES
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Elapsed Time from Detonation of Burster Charge (ms)
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" DETONABILITY

DRES
Clond Development for 65-mm Line Charges
Rk
T
2 o
2
= E
@
£ £
@ o
E S
: :
3 3
O et
g - M5 &4 §
g ,lm 8453 0
E = : 845D 42
| - i &
2 3 we o
o g e iy | - T | e =)
0 20 40 &0 BO W00 120 a0 le0 180
Elapsed Time fram Detonafion of Burster Charge (ms)
'Rir_)” Defence Research Establishment Suffield (DRES)
y DETONABILITY
DRES

I‘ iy of Successhily Bneaufied Line-Charge Tieds

. Sustained | Detonaﬁon |
B el B2 ..mr.. n..'i?i., e w'm
8524 unen? 305
8528 chem-Pet? 305 Fct aun 15a m um
8520 Unen? 152 PO 47 150 21 1680
B358  SASICHEM, 15.2 PO 38 150 18 1760
8559  covered M 152 PO 45 150 18 1820
B360 chem-Pet 152 PO 40 150 & 1510
85! chem-Pet ns PO 53 150 n 1480
8362  sin-poss a5 PO 63 150 12 1630
8640 podskin 152 PO 5 150 30 n00
8541  hern-Pet B2 PO 53 150 27 1630
8644 By pass plus 305 PO 54 150 24 1660
Six-Poss plus 152 63
se51¢ Burington Fabric 15.2 58
senps Med Chiat 152 e 46 150 24 1810
HE-2% 152 e 42 150 20 1480

112 16 proizpbere axldie, FEC I o code-forrmd L8 Rl
Tirmdt wAM bomb Mg Doheettddn e Rading

LEISE AN BT O Sy LT e g

* Presnahes griton ccurred but tha ror ofect The cutcarne
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" DETONABILITY

DRES
' {-?n'..'.. e ..{:‘ [ e Uﬁk ':“"-"1 I[l.;.,‘ 1 ") "-'1— A Wy ﬁ{ﬁ, = |
Sy of Successidly Brecufizd Une-Clicage Tots
\‘p _Partial Defonation |
e Fuei-to inificior Maan
B5314 Chem-Pet 152 PO 40 150 20 1410
8553 Redskin 5.2 PO 77 100 i 1340
8535 Pve-rass 152 PO B8 100 16 1470
8356 cCovered An 152 PO 73 100 |74 900
8557 Red Chief 152 PO 84 100 5 1540
8633 chem-Pet 152 PO 40 100 30 1500
. Failure fo Inifiate Detonation
8550 Red Chief 15.2 PO a4 100 W —
8532 Rad Chiaf 152 PO 84 100 & =~
8545 Red Chief 152 FC o 150 24 -—
8548 Chem-Pet 15.2 PO a7 150 25 ——
Uiy 1w propytmess anviete, FFC I8 € coche-raarie (1082 s
T brvemd vttty bt s FIRG priiyettivherey Massing
P it et Dotrsaed Py sk ubslng
L prarrrahire sgrition courred but did mof offect e Sutcons

'Rir_)” Defence Research Establishment Suffield (DRES)

»

{f DETONABILITY

DRES

00ms 150ms

Delay  Delay Oufcome

o ® Successful Inifiation and Sustained Propagation
O Successful Initiation and Failure of Propagation
™ i Failure to Initiate Detonation
Reliable Range
[ &)
—@ -:)—O-Q;)G i o o I—-.-—O —IO—
40 SL 60 )0 80 90

Fuel-To-Burster Mass Ratio (F/B)
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" BLAST PERFORMANCE

DRES
Modeling of a Propylene-Oxide-Air Defonation
'Rir_)” Defence Research Establishment Suffield (DRES)
b
K BLAST PERFORMANCE
DRES
Secondary charge
fypically mounted
on
= —mﬂx pu a—Line Charge Hose
N e—m—> UL
6 3 X 2M
A
3 2M
A
4
A
5

AFPressiure Transducers

m‘) Defence Research Establishment Suffield (DRES)
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5' BLAST PERFORMANCE

DRES
Overpressure Versus Range for 65-mm Ling Charges
500
43-mm Diamesar Propylene Oxide Line Charges:
& Awgrage Of Fve Tricts (Ward of of, 1984) - -
200 Present 65-mm
= Eil'm aw;r':-.‘ mﬁ“‘“ Diameter Une Charge
00— . Mmr?dmﬂlgnu VEnd ok FuelTo- Time Ak
@ 50— LMo  Raolio W |
[ o w7 w0
=3 4 m Roclius FAE * p5an &0 e 1} PO
g 201 Coud (Numericall) |« 3¢ 4 150 o
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25 R I~ T I
6} 62 o5 10 20 50 1 20 %
Distance From Uine Charge (m)
! E
'Rir_)’ Defence Research Establishment Suffield (DRES)
»

BLAST PERFORMANCE

DRES
Positive Impnlse Versus Range for 63-mm Line Charges

% Avoroge Of Five Tials [Ward of of, 1094)

& easured | m From; Enc
{Mhaen B Ward, 1084)
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Fu-To- = Tene
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BLAST PERFORMANCE

Overpressure Versus Range for 65-mm Ling Charges

)

DRES
£
(=™
-1
g
2
B
:
&

)

DRES

00 % ky/m HE lire Charge
{from Crepeou ond Needham, 1983
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Diameter Line Charge
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BLAST PERFORMANCE

Positive Impnlse Versus Range for 65-mm Line Charges

200
oo ?Suwgfm HE Une Ch Present 63-mm

i {from Crepeau unduum 1083) Diometer Line Charge
= e Tme
E 50— 4 m Rodius M, Rolia m Tpe
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¥ APPLICATIONS

DRES

* Minefield Breaching
* Mine Clearing

* Demolition

» Defoliation

* Blast Simulation

* Forest Fire Fighting?

* Avalanche Conirol?

m Defence Research Establishment Suffield (DRES)

(=

g APPLICATIONS

DRES
FALCON MINEFIELD BREACHER

Water Tank
J Nitrogen Supply Valve

- ‘/ﬂelief Valve

Level Switch
Fill Point

Hose Magazine

Propylene
Control Valves Vo Oxide Tank
plosion Proof
Hitrogen Confrol box
Pressure Vessels

Fuel/Water Outiet
(hose connection peinf)

ey m" Defence Research Establishment Suffield (DRES)
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¥ APPLICATIONS

DRES
FALCON MINEFIELD BREACHER

-y
-

T t:n'w.r. rrrrrr DEﬂEnCE RESEM ES’lal;lIiShmEniSufﬁelﬂ{DRES]

g APPLICATIONS

DRES
FALCON MINEFIELD BREACHER

senne TR Yoon Defence Research Establishment Suffield (DRES)
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y APPLICATIONS

DRES

Cloud Development
and Detonation for a
200-Metre Long Line
Charge of 10-cm
Diameter

|:||'J'|:.1.::rr®.,1n:n LT DEﬂEnCE HESEaI‘Ch Establishment Sllfﬁeld{DRES]

(=

‘ BLAST ENHANCEMENT

DRES

DETONATION PREZIUAE 2
THERMOCHEMICAL PRESSURE 0O
VELDCITY OF DETCMATION [a]
25+ — 2500

s ]

2000 -

FRESSURE (MPa}
g r
YELOCITY OF DEToMATION

500

o | 2 3 4 =] & T ] L] [[¢]
CONCENTRATION N 8)F (kg/m3)

Equilibrinm Calculations for Various NM Loadings

ey Ri.)/" Defence Research Establishment Suffield (DRES)
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" BLAST ENHANCEMENT

DRES

PEAK OVERPRESSURE (atm)

5

8

o
o
T

. |+0.287 m radius

+1.346 m radius
= 1.007 m radius
1 +-0.554 m radius
. |=0.400 m radius

! = 0.201 m radius| |

1
0.0

01
DISTANCE FROM

1 10 100
LINE-CHARGE AXIS (m)

Overpressure from 10-cm Nitromethane Line Charges

¥
A
(FTHE .\l.rm inl'!l ML

(=
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K BLAST ENHANCEMENT

DRES

POSITIVE PHASE IMPULSE (atm-ms)

10
1 || 1.346 m radius|
«1.007 m radius
--0.554 m radius
+0.400 m radius
~+0.287 m radius
01 = bbbl aail it 7 Riat
001 0.1 1 10 100

DISTANCE FROM LINE-CHARGE AXIS (m)

Positive Impulse from 10-cm Nitromethane Lme Charges

T
v
(RS m i (IR
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" BLAST ENHANCEMENT

DRES
CORD IN SOLID
BARE CORD RUBBER JACKET
Z
CORD |N FOAM CORD IN DOUBLE
RUBBER JACKET FOAM/SOLID JACKET
Burster Charge Buffer Configurations for NM Line Charges
¥
m‘) Defence Research Establishment Suffield (DRES)
)
BLAST ENHANCEMENT
DRES
Burster
.f;. Hose BN ?
m\ 2:27_? 2T
=, / @
o S
/. 7
[}
= Stael j e
Cable
BURSTER AT BURSTER WITH BURSTER AT
BOTTOM OF HOSE FIXED STANDOFF TOP OF HOSE
OF 25 mm
Burster Charge Pogitions Investigated for Nitromethane Fuel

m‘) Defence Research Establishment Suffield (DRES)
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" BLAST ENHANCEMENT

DRES
Cloud Development and
Detonation for a
Nitromethane Line Charge
'Rir_)” Defence Research Establishment Suffield (DRES)
)
g BLAST ENHANCEMENT

DRES
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" BLAST ENHANCEMENT

DRES
5 ms TIME DELAY

E

=

L

1]

-

=

[

=

i -

Z 1| Trial L (m) W(g/m)

E 9070 10 320

7] = 9071 10 320

o » 9247 10 213

~Numerical (1.35 m radius)
—Mumerical {1.00 m radius)
. i |
0.1
01 1 10 100
DISTANGE FROM AXIS (m)
Experunental Versus Calenlated Posttive Impulses
¥

IR ) T Defence Research Establishment Suffield (DRES)
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K BLAST ENHANCEMENT

DRES

Mhine Casing Damaged from NM Droplet Detonation
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5' BLAST ENHANCEMENT

DRES
A4S ummary’ of Nilrormethane - ‘
Drophet-aly Cloud Iniation Tests

[ Burster Result

Ko Lengin (m) Configuraion Delay rs) ik
9224 10 213 g/m; buffered; feating 5 Detonation; VOD= 4850
0247 1] 21.3 g/m; buffered; floating 5 Detonation
0227 0 21.3 gim; buffered; standofr ! 5 Transition during dispersal
0062 7 320 g/m; buffered; floating 5 Detonation
G070 10 320 g/m; buffered; floating 5 Detonation; VOD= 3050
2071 10 320 g/m; buffered; foating 5 Detonation; VOD= 2060
o208 5 320 g/m;: buffered: fodting 5 Detonation; VOD= 4450
0235 10 320 g/m; buffered; floating 5 Detonation
9236 0 320 g/m: buffered: foating 5 Detonation
9238 0 320 g/m; buffered; floating 5 Detonation; VOD= 2460
9210 5 320 g/m; buffered; standaff’ 5 Defonation; YOD= 4370
on? 5 320 g/m; buffered; standoff’ 5 Detonation
o3 3 424 g/ buffered floating 5 Detonation; VOD= 3320

! Standof wos 25 mm from bottom of hose.

? Fued dispersal was successful for fhe first 7 m fiolowed by fransifion To bulk defonafion

m’ Defence Research Establishment Suffield (DRES)
»
ENHANCED BLAST

DRES

NITROMETHANE SUMMARY

* Overpressures increase monotonically with NM
loading

* Detonability not dependent on atmospheric
oxygen

* Detonation pressure and damage potential
highly dependent en local NM loading

« Explosive Tuel dispersal possible but difficult

« Requirements for detenation more stringent
than for conventional FAE

ey m" Defence Research Establishment Suffield (DRES)
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8 Murraysforedrag #3

Heter ogeneous
Explosives and Blast
Waves

S B Murray
Defence Research Establishment Suffield

Box 4000, Medicin Hat, Alberta, TIA 8K6, Canada
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Open Literature, Lanovets et al.

e Particlevelocity constant (5x sonic speed)

e Number of particles and particle momentum transfer
increase monotonically with mass of particles (up to
onethird the mass of explosive)

e For largest particles, 20 % overtake shock wave

accounting for 25 % total momentum transfer
through contact surface

PROBLEM MODELLED BY LANOVETS et al.

PARTICLE LAYER—

. /. \-

HIGH EXPLOSIVE ]

CENTHAL INITIATIOMN
OF 40-cm DIAMETER
CHAROQE

HE DETONATION @
FAODUCTS 8

L
TARGET s
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Open Literature, Fedorov et al

e Particletrajectoriestailorable

- can overtake contact surface or shock wave at pre-
determined radius

-thin shell, thick shell, variable shell

-shell inversion possible
Particleignition timestailorable
-ignition from inside = out or outside = in

-delayed ignition of all particles ssmultaneously

PROBLEM MODELLED BY FEDOROV, TETENOV AND VEYSSIERE

P
=4
HIGH-EXPLOSIVE AhOLH; e \'\\_
CYLINDRICAL OR g
SPHERICAL CHARGE
/ ™
\,
|
ll .r‘r‘ ! |I
| J_f
I| _,';; _/'IJ Il
| . - 4
[ e ] Vi
| / — GONTACT /
FARTICLES OF VARIQUS SIZES —

~ SURFACE /
PLACED AT VARIOUS DISTANCES s
FROM THE CHARGE



RESULTSFROM THE MODEL OF FEDEROV, TETENOV_AND VEYSSI ERE
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-REACTING —
CASE GEOMETRY PARTICLE SIZE RESULT
AND POSITION
1 Spherical r=3um Particlesignite
r,=6,7and8cm successively
beginning with
the one closest to
the HE. All
particles go
through three
stages of heating.
2 Spherical r=3um The particle
rp,=9,10 and 12 furthest from the
cm HE undergoes
one stage of
heating and
ignitesfirst.
3 Spherical r=1to2um Particlesignitein
rp,=6cm the plug during
first stage of
heating
4 Spherical r=2to6um Particlesignitein
r,=6cm the plug after
three stages of
heating.
5 Spherical r=7to8um Same as above
rp=6cm but particles cool
somewhat after
overtaking SW
6 Spherical r=5um Ignition times are
rh=6,7and 8 36, 40 and 46 ps.
cm
7 Cylindrical r=5pm Ignition times are
r,=6,7and8cm 35, 36 and 37 ps.
8 Cylindrical r=3pum Ignition times are
n==6,78,9, 10, 22,23, 4,4,4,4,
12,13, 14 and 15 4,4, and 4.5 ps
cm

HE — sprdngamne, CS — kontaktyta mellan DP (detonantionsprodukter) och luft.




RESULTSFROM THE MODEL OF FEDEROV, TETENOV_AND VEY SSI ERE

83

-NONREACTING -
CASE GEOMETRY PARTICLE SIZE RESULT
AND POSITION
1 Spherical r=0.1um Particles movein
rh="6,7and8cm compact group
and overtake CS.
2 Spherical r=21um Particlesmovein
=6, 7and 8cm compact group
and overtake CS.
3 Spherical r=5um Particles movein
rh=6,7and8cm compact group
and overtake CS
at large distance.
4 Spherical r=10pum Particles do not
r,=6,7and 8cm bunch together in
the plug.
trajectories
interact, then
diverge. Particles
closetsto HE
overtake shock
and than drop
back into the
plug.
5 Spherical r=25um Same as above.
r,=6,7and8cm
6 Spherical r=50pum Same as above.
r,=6,7and8cm
7 Spherical r =15 pum for Particles move
r, =10 cmand together and
r =10 umfor overtake CS.
rn=12cm
8 Cylindrical r=25um Particles have
rp,=6,7and 8cm short residence in
DP, then enter
plug with
diverging
trajectories.
Particles closest
to HE approach
SW but do not
overtakeit.

HE — sprangamne, CS — kontaktyta mellan DP (detonantionsprodukter) och luft.7
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Open Literature, Boiko et al.
e Energic combustion process possiblein dust slug
near end wall after shock reflection

e Ignition time controlled by smallest particlesin the
system

e Minimum concentration of dust required to promote
"Kindling effect” leading to run-away reaction
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Canadian Study

EXPLOSIVE DISPERSION of SOLID PARTICLESand TARGET
RESPONSE

Summary of Experimental Parameters

« Charge geometry: 180 field trials carried out in cylindrical and
spherical geometry

« Charge size/mass: spherical charges of 8.9 cm (180 g
NM),11.8 cm (440 g NM), and 21.2 cm (2400 g NM) diameter

« Bead diameter: steel beads from 50 um -1 mm in diameter
(most data for 100 wm, 275 um, 463 Jim and 925 um
diameter)

e Diagnostics: Flash X-ray radiography, contact gauges,
piezoelectric pressure transducers

(NM &r nitrometan CH;NO,)

Numerical Simulations by Fan Zhang, CDL
|FSAS code using a 2-fluid multiphase model for gas-solid
flows.
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EFFECTS OF PARTICLE ADDITION

NM = nitrometan
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EFFECTSOF PARTICLE SIZES
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EFFECT OF STEEL PARTH_LES ON BLAST IMPULSE
{11.8 ¢m sphere containing 275 pm steel beads and NM + 10% TEA)

100 e —S— Experiment _
@ [ ——bBaker(E) | ]
& sof [/ O\ |----- Baker (26% E,) | .
& : :
3 60 -
E [ ]
ﬁ 40 - ~ -
ﬁ- R J
o 20F AT -
=- B L .
= T
o _ ] | i t I i
m n i 1 1 L 1 1 | | L1111 L1 11 i i 1

0 0.5 i 1.5 2 2.5 3

Distance (m)
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CONCLUSIONS

e Solid particles can penetratethe blast wavefront g a
heter ogeneous explosion. This phenomenon isa
consequence of the coupling between the deceleration
of the blast wave and the particleinertia.

e Theovertakingradiusissendstiveto the charge
geometry, the charge size and the particle material
density.

e Thereexist aparticlesizelimit, below which particles
cannot penetrate the blast wave front. Above this
limit, the overtaking radiusis not sensitiveto the
particle size.
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DDT SCENARIO
WITH A DENSE MULTIPHASE SLUG

P | t4
R 7a
— A—F
[ 6 6a
B
i — ] 5 | 5a 4a
t
- 3 3a —_—
t
t, L
t: [
skall
vara | &4 [
t2
tl [—

V &g-tiddiagram (nederst) och tryckprofiler (6verst) for fyratider ty till t4 (Noterade
tre separata nolInivaerna) Svart markering = slug. Strax innan t3 sker DDT
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DDT SCENARIO VIA REFLECTED
SHOCK WITH DUST SLUG

6.75% C,H, + Air, P, =1 atm, T, =300 K

o = 10 kg/m?
+ Flame ® Reflected Shock
O Precursor Shock 0O C-J Detonation
X Transmitted Shock m Reflected Detonation

atm

Pressure,

l!IlllilllllllllllIlllIIl'lll

1I
¢.5 1.0 1.5 2.0 2.5 3.0 3.5

Flame Mach number
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DDT SCENARIO VIA REFLECTED
SHOCK WITH DUST SLUG

6.75% C,H, + Air, P,=1 atm, T, =300 K
o = 10 kg/m?

Temperature

O Behind first reflected shock, §,, in gas
X Behind first reflected shock, S,,, in multiphase siug

1500 »I [ l LB L l L B S ¥ I L ) [ YT I LI L] I-
. 1250 3
f—-; 1000 : :
5 - .
FE; - .
S [ ]
® 750 |~ -
D, . -
E 3
@ N
©  500F
250 R SRR BN B A B A A B B A P 104 | I | | 1 t. L.L

0. 1.0 1.5 2.0 2.5 3.0 3.5

Flame Mach number

S, och Sz visasi ett tidigare vag-tiddiagram.
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DDT SCENARIO VIA REFLECTED
SHOCK WITH DUST SLUG

6.75% C,H, + Air, P, =1 atm, T, = 300 K
o = 10 kg/m®

+ Flame @ Reflected Shock
O Precursor Shock 0 C-J Detonation
X Traasmitted Shock m Reflected Detonation

40-I‘rlli'liiIllllllllllllilllrl

g 30F £
It - J
© - -
“ 5 -
o 20 —
3 B 4
N o -
(7] S -
8 R i
NN SRR PR T NN

0 1
.5 1.0 1.5 2.0 2.5 3.0 3.5

Flame Mach number
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DDT TEST WITH A DENSE MULTIPHASE SLUG

e tube: 8 cm ID and 4.5 m length
e 200 mJ Electrical spark
. 6.75°A}C2H2 in air: Po = 1 atm, To ~ 298 K
e 100 mm suspension of Al dust:
d, = 5pm, o, =5 - 20 kg/m®

Pressure
Transducers

Ignition
Spark

Suspension

Air
Injection
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Det i borjan |agatrycket (underst 11 atm vid andvéggen) orsakat av deflagrationen
stiger kraftigt vid DDT (underst till 255 atm)
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DDT TEST WITH A DENSE MULTIPHASE SLUG

Jfr bild pa foregéende och efterféljande sida
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'DDT TEST WITH A DENSE MULTIPHASE SLUG

60,0 -QVerpresaure (sim) : 3
580 mm = m
o, =S kg/
40.0 -
o
PS
u,. - . e e ha s b e EEa e w
m [} 1 F 3 ]
1200 1205 10 @215 @20 M5 1230
Thns pue)
m_w!]
38 mm
400.0 -
2000 |
M o
2000 . : r . T
1200 1205 1214 1215 1220 1225 1230
) Tiens (ms)
200, -Sverpressure (atm)
End wail RD =635 atm
€000 -
400.0 -
2000
RS
o.o - = e — e
«200.0 , . ; y . .
120.0 120.5 1210 1215 122.0 1225 1230
Time {rm}

Jfr bild paforegdende sidor. Mycket hdgatryck kan alltsi genereras vid forlopp
som startas som brand.
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;J(ICO T T I T 1T L I T rri ‘ T 7T I_
= C
) | -
m .- &
. 1500 - = —
al " =
\ - ] A
5 - 5 E -
n 1000 F 0 .
ai} r o a .
o. . ¢ ]
- 500 - e a B, 8 ]
! i @ 7
= ]
U _| 1T T T | l | | | 1 1 | |
0 3 6 9 1z 15

Dust mass, g
Fipie 5,12 Peak sressures for DDT in @ 6.75% CobHy-air mixture at pe = | atm with a

H0-mim end slug of RDX or Al dust. A 40-mm orifice plate is interred &4-mm frum Lhe
ignition spark. LI RUX; O wlurmnum; ®; aluminum results via multiple reflections.

Figurtext: Peak pressuresfor DDT in a6.75 % C,H,-air mixture at
Po = 1 atm with a 100-mm end slug of RDX or Al dust. A 40-mm
orifice plate isinserted 84-mm from the ignition spart. Fyrkanter:
RDX, 6ppna cirklar: aluminum. fyllda cirklar: aluminum results via
multiple reflections.
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CONCLUSIONS

H etor ogeneous Explosives

- Particletrajectories can betailored
- Particleignition and reaction times can betailored
- DDT or other enhanced blast effects may be possible

Heter ogenelus Blast Waves

- Inert particles can impart significant momentum to near -
field targets

- Solid particles can alter pressure/impulse profiles
Multi-Phase DDT

- DDT in a multi-phase aluminum particledugis
significantly enhanced compared with the case of gasalone
(500-700 atm ver sus 260-300 atm)

- Mor e effective enhancement possible using RDX or
RDX/al particles (800-1200 atm achieved with similar
loading)

- Addition of RDX resultsin substantial extension of
upper detonability limit

Numerical calculationsindicate that particle concentration
enhancement occursin unison with pressur e enhancement
and can increase by a factor 10 over theinitial concentration
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Challenge:

Can these phenomena be combined
to yield an effective enhanced-blast weapon?

Svaret verkar vara JA
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9 Négrasammanfattande kommentarer

Man brukar tala om olika generationers FAE och en utveckling har skett fran den
primitiva utspridningen med hjép av en sprangladdning innei en behdllare som félls
med fallskarm till t.ex. artillerileverans.

Mer intressant ur verkanssynpunkt & manipuleringen med branslet. Murray visar pa
mojligheten att kombinera en FAE-laddning med utkast av partiklar som kan vara
inerta men som ocksa kan vara reaktiva och ge upphov till en ”brandvagg” med
forhojd varme- och tryckverkan i malet. En annan utveckling &r att branslet fran
borjan kan vara blandat med en oxidator. Sedan |ange har man ju vetat att man far ett
ca 2 ganger sa hogt tryck om ett kolvéte antands till detonation i syrgas jamfort med i
luft. Man laborerar ocksa med sjévantandande branslen. Att siga att trycket innei
FAE-molnet & ca 2 MPainnebér, som framgétt, en grov underskattning nar det galler
modernare vapen.

For att kunna projektera motmedel & det vasentligt att kunna fysiken bakom brand -
detonationsforloppet. Detta framgar klart av exemplet i Fig. 2.4; Det stélls stora krav
vid projekteringen av aktiva skyddsatgarder.
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