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PropagationOfblastWavesinitiatedbya801idexplo8ive

inaCylinder

YoShioNAI弧 ,TbmoharuMATSUMURが,Mit8uakiIIDA',

andMa8atakeYOSHIDA*

Bla8tWaveCharacteriBtic8foranopen-endedve88elhavebeen8tudiedanddi8Cu舶edinnumer･

OUBrepOrt8.Muchle88StudyhSbeengiventothenumericalmethodsandcompari80n80fthe

Bimulationre8ult8Withtheobserved血ta.

Thi8paperpre8ent8there8ult80raneXperimentalandnumericalStudyCarriedouttDinveSti-

ptebl舶上WavepmpagationoutsideacylindzicalWsBel(L-～1m,Ⅰ.D.た0.2m).血rbl舶上pre馳ure

timehiBtOrie8Weremea8uredviapressuregau酢埠,andfotucharacteristicparametersOftheair

blaJBtWereevaluated.Fmmtheexperimentalre8ult8,theeqect80fazimuthandeonwavedecay

a88functionofdi8tanCeWereinve8tigated.

Theeimulationre8ult80fpeakStaticover-pressureagreedi:airyweuwiththeexperimental

re8ultBforamchargemaBBeS.

Thetime-of-amiVal(ToÅ)Simulationre8ultSShowedShockwaveamivalearlierthanexperi-

mentdre8ultS.The8etimediqerenceB8ugge8tabarriereffectattributabletothepaperdi8kB

u8edfor8uppOrtingtheexplo8ive.

ThenumeriCalre8ult8fortime10f-duration(TOD)agreedqualitativelywiththeexperimental

re8ultS,however,forpositiveimpulse,theSimulzltionreSult8predictedhighervaluesthanwa卓

obtaineaexperinentaJly.

InordertoobtainabetteragreementbetweenthenumeriCalre8ult8andtheexperimental

re8ult8.iti8neCe88ArytOexperimentallyobtaintheJWLparametersofdetonationproduct8for

Pentolite.

1.Introduction

Wh enaconden8edexplosivechargeiSdetonated

insideAChamberconnectedtoatunnel,anairblast

wavewillpropagatethrough thechamberandthe

tunnel.EventualbTtheblastWaVewinemergefrom

theexitAndpropagateOutwardly.Thepropagation

ofanexplosivelydrivenairbla8tWaVefromthe

chambertothetunnelandthentothe8urrOund-

1ng8h8beeninve8tiptedexperimentallybymany

reBearCher8,notablySkjeltorp''-3),Millington4),
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Nakahara5),andKingeryr').However,littleresearch

appear8tOhavebeenaCCOmph8hedwithregardstO

therelation8hipbetweenblastWaveAttenuation

withdi8tanCe,andtheeLrectthata21imuthangle

hasOnairbla8tChracteriJBtic8ina8ym metri飽1

geometry.

Forin8tanCe,Skjeltorp3)reportedthatattenua-

tionindex,LhWa合-1.35andwaBindependentof
azinuthangle (de丘neda8theanglefrom the

centeraxis0ftheundergmundexplosive8magazine)

at0=Ooto1800.Similarly,Millingtonreportedn=
-4/3atO=00.900,and1809.0ntheotherhand,

Nikayama7)reportedthattheattenuationindexwas

afunctionofazimuthanglewhichdecreasedasn=

-1.54,-1.31,and-1.16ata2:imuthangleeofO=
oc,900,and180｡.lnpreviousrepOrt88),anopen-
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endedcylinderwa8卓ethorizontallyataheightof

1mabovetheground,andbla如WaVepre88u柁8Were

recorded(between0=2oto140oat去51mfromthe

exit)by卓ixpre88uregaugesAndtheeErectofazi-

muthandefortheairblastp柁BBureWasdetemi ned

forPentolitechJ･g飴OfO.1kgto0.5kginma88.In

addition.numerical8imulation8WereOOnductedby

two-dimen8ional ad8ymmetriC丘nitediqerence

codeaJldthere8ultSCOmparedwithexperinentd

re8ult89).TWotypeさOfexplosive8eOmetrieBWere

evaluatedintheSimulation.Onew舶aq心ndriCal

chargewiththeSame8hapea8u8edintheactual

experinent8andtheotherwasadiBkShapecharge

withama88eqdvalenttothecylindriCalcharge.It

wa8台hownthatthefrontoftheairblaBtbecame

convexinthedirectionofpropagationforthecylin-

driCalchargetestCase.Also.thepeakoverpreBBure

alongttd8directionwashigherinthe8imulation

re8ultBthanintheactualexperimentalreBultS.For

thedi白kShapeteatCaるe,thenumeriCalre8ultsof

thepeakStaticoverpre88ureagreedveryweuwith

theexperimentalre8ult8.However.mea8u柁ment8

wereconductedatadistanceOrOnbr1也,therefo托,

decaychracteri8ticoftheairbla8ta8afunctionor

distanceOOuldnotbeevaluated.Thu8Weぬltitnec･

e88arytOObtainblastdataatadistanceOf2mand

investigatetheattenuationindexandblastWave

chaJ･aCteristicsa88functionofdi8tiLnCe.Wealso

0Dnductedanum erical8imulationwithatwo･di.menl

8ionaleodeandcomparedtheBimulationre8ult8

withtheexperimentalre8ult8.

2.Experhentsetup

Theexplo8iveu8edintheexperimentsWasaCast

PentoJite

cylindriCalPentolitechrge(PETN:TNT=50:50by

ma的).Tables1and2Show

them888,length,anddiameterofthechrgee.Th

eaveragedenBityofthechargeswas--1640kg･m~3.AnumberBixelectricdetonatorwa

susedtoinitiatetheexplo8ivecharp8.Fi

gtJreIshow8theexperimental合etupOftheopen･en



Tab一el恥 ob8eZVedzc8ult80ffourblastC血 acteri8ticparaJneter8at1m

a(deg.)巨ps(Pa)IToÅ(8)iTOD(8)

0.9i6● 2.012.225E5lJ
Zs(Pa･8)

1.196E-0310.455E-03E56.19

0.0917436 1.057 29 亘 970E5 1.486E-03!0.554E-03 30.10l1.02261 1.287E51.689E-03ー0.739Eト0
3 30.01Ll0.5 0.995 87 7.276E41.946E-03!0.758E-0
3 17.8810.47l1.006 118 2.840E4Ai.ioiliTi.議 盲二0-5

0.992141 - - - -io.981 I.9F31TiL81i5

1.046E-030.633E-03 51.740.091643.740.5 I.089 -2-97:;:
;≡…60 1.513E-030.583E-03 31.98

1.037 1.675E-03!0.767E-03 31.040.997 86 7.332E41.896E⊥03ー01.6占3盲二biT 19.84

To.9911 117 3.383E42.354E-03I.005E-03

ll.6910.965I一l2.11
5E42.592E-03亘230E-038.585i二8烏 .7ioE5い.283E-03i0.

00910 1.105ト★!29 !2.22-ES丘 54盲E-Td打oT581E-03

E31.9243.240.5 1.047 60 さ1.387E51.684E
-03io.849E-03 31.20ro.999 85 8.445E41

.892E-0310.751E-03 21.24fo.976 117 3.807

E42.329E-030.921E-03 12.53iO.945 141 2.215E42.605E-030

.884E-03 9.097iI0.195i92.2!40.5一一1

.013 1.8 7.087E5I.08lE-03 1.047E-03 13

2.31.105 29 3.816E51.291E-030.496E-03

39.151.04759 1.752E51.466E-030.978E
-03 41.830.999 83.9 I.1431王51.733E-03

0.684E-03 28.7!0.976 115 i4.102E42.201E-030.667E-03

13.350.945 1140 f2.246E42.478E一画 0.940E-03

10.880.487230.140.5 1.051 1.7 1.27

8E60.991E-030.381E-03 335.01.15lr 1
28 9.925E51.146E-030.106E-Oil 67.281.072 58 2.954E5 I.359E-030.398E-03 54.

121.005 82 1.565E51.604E-030.765E-031 39.950.959
114 5.332ELI2.032E-031.021E-03i22.390.

911 139 2.386E42.300E-03 I.410E-叫 15.98'Thenvalue8from toptobottominacellmeancharge
maBさ(kg),length(mm),anddiameter(mm),re8peCt

ively.AUTOI)YN-2I)EulercodeJO).The

Simulationwa白performedinthreeBta昏e白atd

ifferentgridreBOlu･tionB.Forthe丘r8t200J

L8I,hecellBi2XBWasChosenatエゴ4mm X4mn(0≦x≦

940mmandO≦r≦96.5mm).mentheBimuhtionwa

Bperformedusinga8mmX8mmgridre80lution

(0≦x≦2724mmandO≦r≦1367mm)uptoabout1.2nB,a

ndfinAnyex-tendedtoan--16mm X 16mmgrid(-119

5≦x≦3489andO≦r≦2477mm)unt血theendofthe8im

u･lationat10m8.meOriginofthexdirectioninthe Simulationwastheendwanoftheve8

8el.Thema88andthediameterOfthePento止te

chargc8areBhowninthelefthandcolumn

ofTable81and2.ThechargesWereSet50mmapar

tfromtheendwallofthecylinder.Thetherno

-equilibrium codecHEETAH 川 waSusedtodetemi nethe

parameter80fdetonationproduct8forPentolitewhenempl

oy･in



Table2meobervedre8ultsoffourbla8tCharacteristicparAmeter8at2m

ch･ar!eiR(m)81Ze o(deg.)【pS(Pa)上oA(8) TOD(8);/8(Pa･8)
I.993●~121ら~ ■ - ●3.346E-03

0.lollII.975r 57 i5.431E4i3.672El03 1.260E-03

49.4 12.0451 90 ㌻2.684E4i4.

40.8 12.008 119 !1.612E415.

36.32

25.91

498E-03弓1.284E-03!13.67
1.202E-03! 8.51

1.992 149 11.152E4‡5.536E-0311.192E-03 6.32

180 1̀.011E4

8.2 17.077E4

29 し7.883E4

57 i5.483E4

5.816E-03I1.199E-03】 5.96

3.178E-031.270E-03 35.17

3.382E-031.531E-03 43.28

3.728E-03r1.194E-031 26.14

49.5 ト2.045E 90 - E4.550E-03 I.24IE-03

Ilo.6 i2.0081119 】1.676E4i5.092E-031I.379E-03
rl.992;149

1 8.86

I.096E415.610El03i1.316E-03】 6.JI5

千1.974ll.98311808.2 8.277E3i5.898E-03il.499E-034 5.7055.
171.759Ⅰ吋 2.146E-0312.046E

-03i-- ■ll.9931 29 I.414E5t2.800i二63｢im rodi

78.981.975 57 9.252E43.246E-03r1,.竺些聖里亘 281E-03 40.38
20.5212.00i2.哩 ｣l2.008l 90 3.76lE44.252E-03119 1.974E4

4.920E-031.470E-031.992 149 l二元 盲可
5.460E-03 1.420E-03 7.601.974 180 8.

417E35.792E-03I.420E-03 6.641.98318.21
3.012E5E2.132E-03E3.592E-041 49.681.9931 29 13

.262E5E2.362E-03p1.488E-031167.20.516 1.975･ 57 ll.592E5卓2.846E-03亘 404

E-032431212･14_至上 9
0 i5.771E43.950E-03I.329E-0340.9 2.008 119 j2.813E414.794E

-031. 67.1530.96云話i-03118.511.992r149 F1.

239E4E5.352E-03I.662E-03 ll.73【 il･9741180

tl･492E415･732E-03t2･752E-03 14･83'nLenVa)tIeSfromtoptobotto
minacellmeanchargem888(kg).length(mm).anddiameter(mm),r飴peCtively
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thatoftheinitialvolume.Airwa台treateda8an

idealgaSwitha8peCificheatratioof1.4.Theopen-

cndedCylinderwastreateda8arigidbody.

4.Resultsanddiscussion

4.1 Pressurecontourofairblastwaves

ltwasreportedthatthe丘nertheme8h8i2ie,the

8trOngertheConvex8hapeofthe8hock&ontalong

thedirectionofpropagation.Ame8h8iヱeOf2mm

x2mmresultedinaStrongCOnVeXShapeboth

insideandout8idetheveBBela88hownintheFig.5

ofapreviouspaper9).ThereasonforthisWas

tl10ughttobeduetomultiplereAection8andfocu8･
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ingbetweenthewallandthecentralaxi80fthe

cylinder.Therefore,inthepresent8imulation,the

effectsOfmeSh8i乞eOntheShpeofthe8hockfront

werere-examinedaJldacoarsermeshSiZeWasu8ed

forthe丘rst8tageOftheSimulationtoavoida8trOng

convexShape.Figure38how8Pre88ureCOntOur8at

timei=0.5m8fordlargema88e80fO.1kg,0.2kg,

andO.5kgatameBh8i2ieOfJImmX4mm.Itwa8

foundth上aBShockwave8diSChargedfromtheexit

theypropagatedintoa8pheriCalShaPefordlchzLrge

ma88e8.Figu托48howsthepreB8ureCOntDurattime

i=2.2m8forachargema880fO.1kg.As theBh∝虫

wavepropapted,the8h∝kfrontbecameanalmost

0 500 1000 1500

2000x(mm)IW=0.2kg

I k0.5rTIS■0 500 1000 1500 2000

x(mm)I

W=0.5kg 巨0.5rnso S00 1000 1500 2000

x(mm)Fig.3Simulationre8ultofthepre88ureCOntOurSattinei=0.

5m8W=0.1kg (=2.2m

s○A≧≡岩∃≦妄言亡欄 . ∩ .仙0 500 1000 1500 2000 2500 308O

x(mrTl)FiB4Simulationresultofthepre88ureODntOuratti血ei
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Fig.5Pre88tlre･timerecords0fStaticoverpre88urefor8eVenadmuth
angleB.Theexplosivei8aPentolite0.104kg.The801idhne8
denotetheobserveddataandthebrokenlinesdenotethe8imu･

lationre8ultS.The8ymbo180andadenoteazimuthandeand
di8tanCefromtheexit,re8peCtively.

sphericalShape.

4.2 Staticoverpressuretimerecords

Fi酔Ire58how8ttlepreSBure･tinetracesat～～2m

fromtheexit(atazimuthanglesOf8.20,290,570,

900,lIgB,1490,and1800)generatedbythedetona-

tionofaPentohtechrgewithama880fO.104kg.

ThesolidlinesinFig.5denotetheexperimental

reBultBandthere8ult80fthenumericalanalyBiBare

repre8entedbydottedlines.Itwa8foundthatthe

largertheazimuthangle,thelowerthepeakstatic

overpre88ureandtheSlowerthetime-of-amiVal.

Thoughthe丘neme8hgrid8i2ere8ultedinhigher

peakStaticoverpre的tJre8intheearlierSimulation

8tudy,thepresentSimulationr飴ult88howedahigh

cozTehtionwiththeexperimentalre8ultB_Sin 伐a

distanceerrorbetweenthecenteroftheexplo8ive

andthecenteroftheCylinderwasabout±2mmin

theexperiment8,ame8hsiヱeOf4mmX4mmmay

yieldrelativelyg∝dagreementintheaxi8ymmetriC

8imulation.

Ontheotherhand,thenumericdreSult88howed

earlierTOA8thantheexperimentre8ultB.Though

agaBeueCt(di880Ciationandioni血tion)forairwas

notconsideredinthe8imulation,tb8e飽ctShould

beveryweakconsideringthedistancefromthe

chargeandthereforenotafactor.Iti8believed

ratherth上theprimary托a昏Onforthisdiuerencei8

duetoabarriereLrectcausedbythepaperholder8

u8edfor8uppOrtingtheexplosive.

The叩ike8ObservedontheexperimentalwaVe･

formwereprobablyeau8edbyre皿ected8hock8from

KayaktJGakkaishi.Vol.62.No.5.2001 -249-



nearbychamberwa118andfromtheground.The

noisyWaVeforn atanaZ:imuthangleof8.20maybe

causedbythefragmentingpaperholders.

4.3 ThedecayofpeakstaticoverDreSSure

Theti血e-hiBtOrie8WereinterpolatedbySmooth

cubicnatural8plinefunction8tOObtainfour

characteristicbla8tparameterB:peakStaticover-

pre88tlre;time-of-arrival;time巾f-duration,andthe

positivepre88ureimpul8e(thetime-integralofthe

overpre88ureduringthepo8itivepre88tlrepha8e).

TablesIand2Showthemea8uredre8ult80fthe8e

blastparametersatdi8tanCe80f-～Imand2m,

respectively.

Sinceinsufficientdatawa8aVailablefor

di8Cu88ionofthi8SubjectinapreViouepaper,the

Similarityrulewadnotdi8Cu朗edindetail.Figure

68how8theeffectofchargem8880npeakStatic

overpre88uredecaywith8Caleddi8tanCe8forthe

averagedazimuthangles0f290,879,and1440.The

open8ym bolandtheclo8edSymbol8howthedata

atthedi8tanCeOf1mand2m,re8peCtively.The

large,mediumandSmall8ym bo18denotethedata

for0.5kg,0.2kg,and0.1kg,chargema88e8

respectively.ItwasaPpaJentthata8ir喝lelinecould

not丘tthedataforthe29oa2:imuthangle.This

mean8thata8imilarityruleiBnotapplicablefor

thepre8entStudy.TheBiJnilarityrulemaybeva上d

atlargerdi8tanCe8.

DiBtanCeattenuationcharacteriBtic8Werehve8_

tigated丘omthedataobtainedat1孤and2m.me

empiriCalformulabelow(I)wa卓usedtoevaluate

theattenuationofthepeak8taticoverpre88urea8a

functionofreduceddistance.

Ap=h(a/W'/3)A (1)

whereRiBdistance(inmetcrB)fromtheexit,Wi卓

thechargema88(inkg),Ap(inPa)iSPeakBtAtic

overpre88ure,AiBtheattenuationconstantAndA

ieI.heattenuationindex.Table38howethevalue8

0fthechargemaJ38,thea2iiznuthangle,AandA.

Forexample,theattenuationindexforachrgewith
ama8SOfO.1h印tAZimuthAnglesOf0=290,590,

878.1180,and145obecameJ7=-1.64,-1.46,-1.55,
-1.09,and-0.972,reBpeCtively.Theexperimentd

reBultBbySkjeltorp3),Miuingtonl),N血 haraS)and

Nahyama7)areincludedinTable3.Sk3･eltorpre･

O
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caleddistance(m/kgln)Fig.6Thedecayofpeak
8taticoverpre88urewith8Caleddistance.T

heopen8ymbol8andtheclo8ed8ymbo18deno
tetheobserveddataatabout1mand2m,r
e8PeCtively.neAzimuthangleBapetheaveragedvalue8fortheth

reecbargema88e8.portedthatLZ=-1.35for
azimuthangle80fOoto1800.Howevera8theazimu

thangleincreaBe8,theab801utevalueoftheatte

nuationindexdecrea8eSforthepresent8tudy.and

decrea8edtoaconstantvalueofD=-1(whichcorre8p

OndBtOthevaluefora8ptlericallydecaying

80undwave).Nakayam87)reportedthe合ametrend

.Thepre88ureCOntOur8血oⅥm inFigs.3and48180

8ugge8tthatthe8hodkwa鴨iBVeryWeakinthedi

rectionoflargeaZimuthande8.Itmaybereasona

bletoconcludetbtat･tenuationindexiBAfun

ctionofazimuthangle.AboShowninFigure6i8

theBtandiLrdoverpze8･8upeforPentoliteinfreea

irwhichwasderivedbmthedatatabuhtedbyBaker

I2)(a88umingthatheatofexploBionofthePentolitei8

5･1046×106J･kg-I,atmosphericpreBBurei8101.3kPA,anda



Table3Theobservedre8ultSOftheAttenuationconstantAandtlleattenuationindexL7

Method j Explosive

Pentohte

Pre8erLt r (PEW /m =

50/50wt.%)

Chargem888
W

(kg)

0.201●

AdmuthanglejCon8tant Index'Scaled

4.08E+05 -1.05

2.23E+05 -1.446.

36E+OJI -0.8902.8

6E+04:-0.9105.76E+03 -1.5ノl diet

anee(m

/kgln)1.2-2.5●Theaveragedvalue80ftheTa

bles1and2denJiityiB1.

225kg･m~3).Theexperimentd re8ult80fpeakBti
Lticoverpre8-8urearehigherthnth上ofaZheeai

rexplosionatJlmallAzimuthangles.ThisObser

vationi8VeryimportantfromaBdety

Standpoint.4.4 Comprisonsoftheexpen'nenta
lresultswithsirnu

latjonresultsFi即re87,8.9.and108howtheex

perimentalAndnumericalblaBtparametersa88fun

ctionofadmuthangleOforchaJ･gemABJ?eBOfO.1,0.2

,and0.5kg.ThechargedlaraCteri8ticSforthePen

tolite(chargemaB8,lengthanddiameter),di

BtAnCeBOfthepreBBurt!gauges,aZimuthande8,and

thefotwbla8tpzLrZLneter8are8howninTableB1and

2.ThetriAn･guhrandcircularBym bolBdenotet

heexperimentd柁8ultSat1mand2m,respectively.

The80lidline8denotethe8imdAtionre8ultB. ltw舶foundthatthehrgerthe

AZimuthAngle,thelowerthepeakStaticoverpre

舶u代.ThoughthetendencyiBWeakeratgreaterdi8tan

Oe8,thepre8-8ureatanaZinuthangleof180oi

8morethnoneorderofmagTdtudelowerthanthe

preBBureat;Oo.Apoddescriptionofthi8phe
nomenoniBthttheStrong8hodkwav朗prqPPtedf

orwardandtheweakpre88ureWavesprOpaPtedb

ackward.Sinceamaximum Prandlt･Meyerfunctionf

or8uper80nicexpan8ionflowaroundacornerioe

8timatedtobe130oforairandtheeq)8n8ionwave

cannotexpndbeyondthecriticalangle,theairb

la8tPreB8ure8couldbeweaklargerthantheAngl

e.TheAveragemeasurementerrorduetothe8iZeO

rthepre88urepuge8Wa8foundtobe3%8I.mere
fore,fromFig.7.itiBCOnCludedthttheexperiment
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円筒容器での固体爆薬の爆発による爆風の伝播

中山良男●,松村知治●,飯田光明●.吉田正典●

一端開放の円筒容器の内部での爆薬による爆風の伝播特性を解明するために,ピェゾ圧力計による計測

およびAUTODYN-2Dコードによる計芥が行われた｡爆風波形は圧力ゲージにより計測され.爆風の4つ

の特性パラメータが評価され.それらの距離および方位角による減衰特性が検討された｡その結果.薬畳

を0.1.0.2.0.5kgと変化させた場合の過剰圧の測定結果より.本実験結果は,爆源に近い取替での計測
であったため,爆風の相似則は縫線できなかった｡また,等圧線の計芽結果より,メッシュサイズが小さ

いと容器正面方向の衝撃波面の形状は突出し.高いピーク静水過圧を与えた｡実験では爆薬の設置誤差が

±2mm程度存在するため,2次元軸対称の解析結果と比較する場合,4×4mm抱度の比較的粗いメッ

シュによる計芽結果が,実験結果を再現することが明らかになった｡

空中爆発のデータと比較すると,方位角が小さい領域では,容器内爆発による過剰圧は高くなった｡ま

た.容器の正面方向では爆風は強いが,方位角が大きくなると急激に減衰し,音波の特性を有する圧力波

となることを兄いだした｡さらに,距麻に対する減衰指数は,方位角に対し一定ではなく,減少すること

を実験および数値結果より考察した｡

過剰圧.到達時間.正圧相持続時間,正圧相インパルスの計罪借が実験値と比較された.ピーク静水過

圧の計井値は実験借にほぼ一致したが,到達時間の計募債は実験値より速くなった｡これは,実験に使用

した爆薬保持用の紙到円板の遮蔽効果によると示唆される｡持続時間に関しては.実験結果の変動が大き

いが.計昇結果は実験結果と定性的には一致した｡インパルスの計芽債は実敦値より高めに評価する傾向

となった｡計掛こ使用したJWLパラメータの実験的検討が必要である｡

('独立行政法人産業技術総合研究所 〒305-8565茨城県つくば市東1-1-1 つくば中央第5)
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