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Theproblemofdead-pr甲SlngOEemulsioncDEplosiy甲bydynamicpre･compressionhs' ;てt･- ､̀ 1 ,:.こ,I
beenexperimentallyinvesdgatedinfouremul貞onexplosiyes馳nSidzedeitherbyglassmIcro二h-'▼'IJ,･･ I 1I (.
tdodnsI(GMBs)Jo,byと砧micdSassing.Cothpdtersim血tidnhiHhedynaJnicdeid-p砧益ing
azlddetonabilityrecoyeryproce緋 Shasbeen carriedoutinthegasd emubionexplbiiV e'.･r

上◆
ThisstudysbwedthatthestrengthoftheG血 dmiiThjもestheDrew tolehJ)CeOfthe& ･

plosives.Ifdead-pressing∝ctm,itisavery.radidpprodessahatak'isonlyfbbmilli馳COnds:
Sdme;奴plosivest'ani-tecoverthtir'rdetodatiilityrdterthe''dead･pre8Sihg.Howe'yeri･･thさ
ie'eoverydmei岳quitedifferentfordifferentexplosives.二Forthegassedexplosivestherecoveiy

timeanbeas血ortas50ns,whileitislongerth azI45miJluteSFor.certaidGMZIsenBi血ed飲･･

･plosive.･･】√ :･;.tI- 1 ' J iJ.･.

l･ lntroduqtj叩 い し,,-, .

An em.ulsion甲plosiyecor療申oftwop叫 榊 corp;･l■
ponents;matrixanda?nsidZer･Thesensitizercanbe1 .1jrl'. I ,I(;::I
hollowglassmicro-balloons(GMBs)orgasbubbles

generatedbychemicalormechanicalgassing･1men
ノ ノて'

theexplosiyeiSSubje'ctedtocompression,thezLabix

maystarttocrystanize,theGMBsmaybebrbkenandI
thegasbubblesmaybe･seyirelを'di血ini岳hed.Ifan如fI
theseocm rs,thedetonabilityoftheexplosivecanbe'

deteriorated/1;'2/.hthewo品tlcase,adead-press̀

ingresdts.

AtSveBeFo,thed也d-pressingoEemdsionex-

plosiyeshasbeenset)diedinthes飽rChforthereasons

fordetonationfailuresinr∝kblas血gpractice.The

mainobjecdveofthisstudyistoinvestigatethe

durabilityoLemulsionexplosivestopre･compresSion

amdthemechanismofdead-pressing.

2. Expen'mentelStudies

2.1 TestingMethod

Amethodoftestingthedetonabilityofemulsionex･

plosiyesunderdynamicpre-cotnpressionhasbeen

deyeloped/3/.neconBgtmdonisshowninFig.1.

Explosiyesaretestedindosedsled pipesmeasunJlg
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tl . 1 √l j-Table･1.1J･Pioperdesofthetestedexplosiyes

'EXplosite∴L;?_bT/SF'.;I SensitiZet .r.vaDsT-ip5i2peEXplOsiVe/ atriX∴静 ｢. Type Wt-% P.

rVo1.,%I 1320二.,;JT ~1200 Q-CEL719 1.701 IJ一1

0.7 15812..2 J3,20 1210 Q-CEL723 2.

'05 10:7 (Nbt'mら表中 d)3. .132.g.;::-.;㌫;-.一三1210

.F'37J200b i.'26 16二7 624 ∴ 1360, A . I I200 了GasSing 三. Ip..0.011.. ll.76 I(N

dt中主asured)1-Ll . 八1.!EL･

:.,, ′1-.いr',,.一丁さ.;ll.･･t,爪 JeL･仰I.r〔;∫,I･:･̂!･II"Tableju2･JDeTon坤ility.ofthefourtestedexplosives

lLJ･. 1

-● ll.'J

'l'L●l .～ 撃 psi之erLn

.P甲卓-pr由Slng Detonabilityreto
yeryafter･_eXpl ''PreSSure dead

-pressmgQ-'仁琴 う7岬 i. 10MPa .YとS:搬 ca45Lhih-
.A:Q'_6EL.723-: ;

●20MPa No,atleastnotwithinlhri.57/2000 >1

00MPa --LG*轄1-:てミJ'と17MPa Yes,wituin)25-msf,r -†-●':Th-
e-dmeinttrvdofthedelayedddohatoru'sdin■thelexpen･:i.汀'･ /･:m忠ntW喝之5ms.Therefore,theshortestdetectabletimewast

‡125･hrSl.::十l-P～ `J :･一､

LLJ;...､.一･'【王̀.2.2 PropertiesoftheStudiedE羊

Plosives･Fd･urexpl.si★eswe'rete'適 .T'h･e{havethesame′ 'l l!-
..Imatrixbutdifferentsensitizers,seeT

able1.Amongthe･GM恥 .Ple･-Q-.GEL719

hPsi件elowestrupttwestrFng叫1坤ile･B

37/.209p.has恥 中i!hest･2.3 Experh叩talResults ･㌻三･

･ .▲JThedetonabilitiesofthefourexplosivesweresu

m-marizedihTable2.Detailedresults甲皿beobt
ainedin

/5/.Furthermore,diefollowiJlgCOndusi

onscanbedrawn:●nedamageofth

eGMBsorgasbubblesisreSPOnSibleforthedead-

pre芯lng..●Thedead･prcssingpr∝esSisyeryrapid.

For既am･ple,ittakeslesthan:10m
stodead-preSStheex･plosivecontainingQ-CEI.719

.･I+Therecoveryofthedetonabilityoccursver

yrapid･'llyinthega8Sedexplosive,Onthe‥contrary,
oncetheexplosivesensitized･byGMBsisdead-

pressed,itispermanentlydeadinrodこ･'blasti

ngpractice.3. ComputerSimulati

onofDynimicIDead･preSS･lngandDetonabilityR

ecovery ･Inordertoundqstandthedynamicprocesse

softhedead-iressiTIgandthedetozLabnityrecovery

intheemulsionexplosives,IacomptlterSimu]adon･hasbe

encarried'out･'for･',thechemi cdy'g?g.ed:e.m

dsionex･plosive/6/.Fromthesimuladon;thedmesnece岱ary .'二iiけ 暮:U:/-'り JLl' /チ

._ .Ifortheーdead-prissil噂-andtherdeto血biht

y･recoveryafterthe･dead.pressing√aieesti血地d.-ノー

り JA3.I r･MochnisrnoflnitiatiohLandiDead-pre

SShg･･hitiationmechanismr:Theini血tionme血a

ni8miSassurhedtobetheセ態cduslheating.d】the'matrix

･andtheisentropiccomdression'd･thigas.'bubb

l飼,T.Whidhheatupthem年血 Wbenr血ezpatriⅩ･reachesac

ridtaltemperahreoL300℃/
6/,itstarts一tObQrnE軸dJanih･i血donresults. ;Jけ

い.. `Dead--pr噂血g-mechanish;‥;I･Duringthep

re-cb血lpression,theTnatrk,flowshwirdiltOWa

rdsthecen･tresofthegasbubbl田.TMs加 resdts

inaviscoushea血ginthe7m如血 itse廿 andacompre

ssion･in･thebtlbbles.mebubblevolumedebeas

esJM也nWhile,thebubbleltemperattm h creasesacco

rdingけ ･andwillbelhigherthanthatinthe･stm din

gmatrix.Therefore,heatdissipatioTI血omthegasbubbles

tothematrixtakesplace/2/･Thisbleatlo
ssWillcauseafurtherdecreaseiin thebtlbble

volumeandtemperature･〟theexplosiveiS:re一曲o

ckedbythepdmetwhilethegasbubblesarecdldands

malLtheexplosivemaynotbeinidated

becauseainsdEicientviscotwheatingaJLdgascom

presdon.Medhanismotdetonabilityrecovery

:A触rthipre-m pressionyanides thegasbubbl

es.expandahatheirtemperaturedcm ･torrespondi
ngly.Vmenthetemperatt汀einthebubblesisl



Rg.2 Elementnetofthes血uhdonviewedi

naplane )丁 ● ～

､.matrixtemperature,thebubbleswmregainheatかOm
thematrix･Graduany,thebubblete

mperature叫 ‥thebubbk由ewmrettm tosuchad

egreethat-theex･ィ.plosiveisdetonabl

eagam.3.2 CalculatbnALgor托hmG的metry:andIelementlayout･:AISPheriCalsym

:metrywasassume

d･-andthecalculadonswereper-formedin･.the･sphezicalco一〇rdinates.I:Of.whichth

eorjgin･iSlloqtedlat!thecehtreofagas

bubble.Thematrixsurro血dhg,thegasbubbkwasdi

yidedintoelements･dsdheri占1血dkS飴Fig.2.
Presstqeprofilefor,甘re-… preおion,

ini血dcnanddetonabilityrecoyery:Thepre-compressionpre

砧urehasasimplifiedpron

e.Itincreasesかom1aimt017MPain0.llmS

,and,then;keepsconstantatr17MPa,whichisan､こidealiZedprofile.

basedon themeastm entsLrom.the

experiments･/6/.Theiniぬ･lionpressureisa･血ockwavefromtheprimerwith

anamplitudeof24.8GPa/6/. -′一Tosinu

kdx!therm yeryofdetonabiuty,thepre-compress

ionissuddenlyreleasedbm17MPato1atmafte

r20.msofcompression/6/. 一Programflowdlart:Thep



tropicprocessfonもwedbyaheattransmissi6品fron7

血ebubbletothestm tmdingniatrix.Thei芦印trOPic'

process,dS=0,means:de+p)dv)=0･or:

n･cdT]+ll(臥 /∂T]).ldtl1-0 ;(4)

Wh 誠 {由 曲轍 ;eth'ihiemaleq野 ;.plIYland･･･:.
T1arepreSStm,volumeandtemperaturein

'!,A:j･''thefgaSbubbles;nistheamountof甲Sm
eachbubbleinmdlandC,isthespecificheat

atconstantvolumeforN2gasinJ/K/mo淀
ThevanderWaalequationofstate(Eq･5)isassum･

edtotheN2gasandthetemperattwedependenceo!

thespecificheatcadlbedescnM byEq･6･

(pl+082/0.2)(vl-nb)=m l (5)

cq-oli+中il.･Tl+C-/T12 I : } ● ← (6)

where･三a=0.140835m6･pa/mol2-,/8/

･一b･=3.913110~5m3,I/8/

r ''官主●8.51451●J/K/niol
-J･ 亡 ●T
pl.〒卓叫 4JJK/mob18/
..bl.〒2.693.･10-3J/K2/mol,/8/∫
C1--3.571181J･K/mol,/8/

MathematicalmanipdationstoEqs.4,5･ahd6resdt

inEq.7,whichtogetherwith Eq.5determiJ)eTl

andpト , 目 上 ･tl

T . L.I-. 1:.

a.::hT.['T:･L.霊 藍 :.,R:tan.'V蒜 ･ (7,

Wh ere:V.-ini血lyolume-.1kr㌔/3,(qf)

To-ini血1.temperahre-20℃-293K

rD-ini血lradius.-100pm.-10~1m･/6/

@ Heatnuxbetweenelementsandthere!ultant
temperabrechanges:Theheattransmissioふfromaこ･
bubbletoitssurroundingmatrixoccursonthewhole

bBbble品kacとi品discal山a如 byEq.8.Theheat

i'dふdudonbgtween一一y●tbd-adjacintmal血
elementsiscalcuhtedbyEq.9:

601=aAl･.AT)･et,fori-1 (8)

BQl-(i/AT,A).AE･ATL･BL,forl'〒2,･･･,桝 . (9)

Wh ere:i=I,-,m=elementn血btt･;1forN2bub･

bk;2to血forthematrix,seeFig.2一

! SQE,AE.ATE,Arl=heatnuxa),bodndarysur･
faceaJ･ea:(nt),temperaturedifference

(K)respectivedistance(m)betweenthe

i:thandthe(i+1):thelement,seeF短.2

α-Coeffidentofheattransfer
-4190W/㌔/K./2/

}=thermal00nducdvityofthematrix
-0.209W/m/E,/2/

el=lengthofonedmestep,(S)

Thenewtemperaturesinthegasbubbleandthe

matrixelementsa缶町theheatconductionare:

(Tl)脚-(T)).hrBQl/(n･q) (10)

(TL)-≡(SQ(-)-BQE)/(pm･Cp･t～)+(TE)帆 (ll)
fort-2,･-,m

読畏E:七 三去避 L:heatatconstant,.e瓢 efo,N,i
gas=1.4･C,/8/

Cp-印eCi血 h飽tatCOnStantpn盟引∬efor

matrix-1080J/ks/K,/2/

◎ 堕e町pressureintb9gasbubblesafterheat

transmission:Thenewpressurehthegasbubbles

(p.)脚isfoundbysol血gEq.5,shcevland･tTl).pew

areknownat'thisstage.

3.3 ReSLJLtsofSimuLatbn

Dead.pre琴mg:neSimdadonshowedthatafter

theapplicationofthepre-compression,theraditnof.I.;7, ...●.
theN2bubbled品 議 品veryrapidlyinthebegimi ng

butm諒edd由ylht&on.Attheぬme-血hi,thebub･i
ble-t甲紳 eホtl如crea!甲du.etoTthecompres-
sionandthendecreasesduetotheheattransmidon

tothemat血.Itis'alsoshown thatafterl'msofcom･

pression.rtheraditB andthitemperituretdthebub-･･(I i･
bledecn泊SeVerydowly.After20ms,thtiholonger

decreasesignificandy.

W,atdifferentWddngtimesduringthecomprcs･

sion,theexplosiveisini血tedbytheprimer,diffcm t

temperaturewillbe･inducedinthe･matrixby.the

primerowingtodifferent･stateinthebubbk anddif･

fereJltmatrixtemperatute.Fig.4dlOWShowthis

dlOCk-inducedtemperaturehthematrixlelemehtad･

jacent,tO theN2･-bubble,whidtisthehighest

temperatureinthematrix,decreaseswiththewaidng

dme.Accordingtothis6gure,theexplosiveis.dead-

pressedatⅦ由dngtimeslongerthaJ)2ms. ナI

Recovetybfdetonability:Wh enthepre-compres･

sionvanishesithegasbubblewin expzLnd.Atthis

time,iftheexplosiveisinitiatedbytheprimer,anew

temperaturewillbeinducedinthematrix.IFig.5

血owssIJChshock-ihducedtemperatureinthemitrix

elementadjacenttothegasbubbkafterthecompres･

sionvanishes.A∝ordingtoFig.5,theixplosiyeis
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一一:.tizTiedurin
g-thepre･co mpression二･Thecor･

･responding】pressureprofileissho
wn

r
inthe

こpPPeT
.
契印甲
.:▲
The
T
dashedlip早SCPrreSpOPdt0

,.

.
,暮し),
th!
,
葦 ㌣C?甲preSSion‥.,

detonableagain･50nsafterthestepreleaseofthecom･

pressio血.
‥･',I･

However,s
ince.Ithereleaseofthepre-compress
ion

issimulated:bya'steprelease,
thesimuladondidnot

take intoa∝otmtrofthedecaying･.t
ime.or
decaying

speedof･.
theLpre'COmpreSSionlrelease.i
Con岳equently,
theresultaJIttimeof,仇edetonatbilityrecovery,is】the

theoreticalsho rtest:recoverytime.･.
Inthereality,for
e3LaJn ple･i

n

･.t
heblasdngIexperiment;Tthepressur e

releasehasalwaysafnitedecayingdmewhichis

muchlongerthan50ns.
Therefore,t
herisibletimeof

thedetonabilit yrE5COVeryShouldbelongerthanthe

simulationresult･of50ns.
4
.
Conclusions..,
●'Thesi血ulationresultedingoadagreementwiththe

experimentalworkforthechemicallygassedemul･

Sionexplosive.
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Fig.
5Temperattqeinthematrixdeme zltadjacent

totheN2btlbble.
induced-byinitiationat･
temptsatdiffer印ttimeafterthepre-com･
pressi o
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･エマルション爆薬の爆轟性に及ぼす先行圧力の影響 -

ShdimNie*

■ ▲†

動的̀先行圧力によるエマルショL'/爆薬の死圧の問題について,ガラスマイクpJ;ルーl/

(GMB'S)のみなちず化学的ガスの銃感剤を含む14つのエマルシ･･3I/爆薬を用いて,実験的

牡魂i<.た｡動的死圧と感蕗性の回復過程た関するコ･/ビA-クーシrミ''iレ二ショ./をガス

機 軸 エマんショレ癌轟につt､て葎亮 よこの研究で,GM由の醜鹿が感薬の耐圧鹿を決
tJ

l･. I ･rL▲

皐する羊.と.を示した｡もし,死由が生じ七も,それは非常に急速な過琴であり∴わずか,

･''i''.i..･)'断 ある｡あ硝 如 死由 も妾の爆轟軸 を回復由 る∴L示極 細 回雀野

間は:それぞれの爆薬によって阜く異なる｡あるガラスマイクp.テル∵ソ銃感剤療薬では向,I

準時間4'145分より長いのに対し,可ス革感剤の爆薬では,回復時間は50nsと短い｡

(+Swedish~Rock.Engineering･Research,Box49153,S-10029Stockholm,

Sweden)
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