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CONSTRUCTION AGE OF RED-BRICK WAREHOUSES OF THE FORMER IMPERIAL JAPANESE NAVY
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Practical study for preservation and utilization of historical remains using the latest measurement technology
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TSUGUCHI, Masahiko. (Pasco Co., Ltd.)
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%bewéomm&ﬁ(mw:%@@%)kﬂﬁ
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BEfT it E% P 3 P e AR E AR IR E 3 R/ & (202042 A)

EREYE A TBOWAIRZ IS T % 0 2 Wil Ehf DO BE 3

DEVELOPMENT OF VOLATILE SOIL GAS SUPPRESSORS DURING EXCAVATION OF CONTAMINATED SOIL

HEF R, KRR, KEFE, =iz, m)IE
HINO Ryota, ONISHI Kenji, OSHIMA Y oshinori, MIURA Toshihiko and NISHIKAW A Naohito

RS R =T U U ARE (T108-8502 B HE R HERE 2-15-2 Sl A » Z— 1 F ¢ BHR)
RS R E AT ZE R (T 204-8558 B HR i MA T FiE 7 4-640)

F—U— N ERVEWE, 7RSI, M, KR

(Volatile component soil, Gas restraint, Oil and Mercury)

1. [ZC®IC

2003 A HHEEBYSRE (LUT, 15) 23T S THs
B HARLSHZ I3 TYEYe 3 - R KR O S5 230
LTCW5. —fitEE N R = o ¥ — O Tl
2017 FEIRE AU CIEIC Al 72 THERA I OSER T3 o503
AER 8000 HHFREIC KA TND D, —T5, 1EDSRME S
THDMZELTIE, oK) T A B &
THERINDZ ENH 5. NEGRTENT, KICHl-7-7
X AAT O MBI <, AEPEMME 2K S H72 0
T-ONTHHBYS R AT A KT A > A T/ SRR E N
5. ZZT, ERNICEWTEORGWE P EENES T
B (LT, 154180 Ot S s — i e b
LC, TS b o r VT8 ECRAET HIHELS
S>FR EORKRBKRES R ENFET NS, oM

IR ST K BRI s\ O SO 4T,

DDT %5 DS it A A H S A BN S h
QYA 3)4.

VY58 « MR KORIRTIEL, SR OB~
DM LN & RS E BT TED N D0
520 Bz X, JEHI L7z AR A A
A MR LT, KBTS L 95 HRA VTS
Z & THEEN DA EYE A FIEE S S DY, B X
o THEWE AR S S 5 v, HhicAEET5
TR OTEENC L > THEWE 2503 5B S A 4L
B ERn"H5. F-, HEETITHEEN BT 2 AL
B L LT, H KON AR AL 2 b
CHYEE) B A EYE 2 HIBE N VRIS D aE /KB, i
PICER LA E AT D Z & CHEWE = nfitd 51k
AU, HEBNICIAEI ORERZEAL, EET 5
LM DOTEENZIERAL S D IFNLE A A AER R & 35T
HiIVD. ZOMIC b HEH| T OYRAE CHRFR O A5
WV Z R LR WTEREA~ZM b S D R ALEE, iRk
v MG e T O AEWE AW - R TE DM

Bl FelE U7 Tk 2B & 28R k35 2 & T
HSA~OHFEWE OYER A B 1L TE DM T kb
BED X 9 72K LR 72 ED3d 5.

Z T, {5YeEE - M RKOXRET O ICH T o T,
JE AR E R AL LIS, 1553 oM
EAT O BN D 5. HHMWE A EH L QD5
AR OSEE - 2 BUCiY, AEWER KK ISR
LATREMENIR S S ND. TD-0, JEIBRES K OWEERE
FEDEEL IR D VER DD,

TG ER STV DR E & LT, 1o
FMEABIEAY (BLF, VOC) , KB L OFEDIE
W QCLF, K8 EnBEFons. ZhboWER,
REHNHEFR T DR 2 AT 5720, HHIRR EITWE
DREHNHERT 5 2 &SN B~ DG & P35 %t
RDWELL 2D, THAOREREZIRT 2 51EE LT, %
PMET N ORRENEENERE O~ A 7 #3572 &)
FFob. IbIC, HYRTROERIBET A KT
AV DROMBYIR A A KT A v DTl (HY %
HIN B SMIRH S ABRICNERT 7 Lo 7 E O
REMTFRAL R EOFGD T SN TN D. 2D,
JRUBRBEA~DREINZ T, T PREICL DA MY
KT L a L ghiirdr i EON TFHPEE 72 5.

ZIT, FELL, ERUEWEEZEA L AR
T ONERS D BT A 23 A A D W TRa L7
AlERtGE LW EE, e VOC, KERE L TEY,
FNENOWERIEZAE L7 ECEM A T 52 &
(2 & D A DO A B LT

FROCTIE, BHFEM ORE MR T D 72D WE
oA U715 1A O TR NGRBR O B & 1551
~ CBARE M &t L= 80 0 A MK A2 M L=
FERAZFHT D, DI, BT — & AV TR
MW E & Uic BEASIMRI T 2 BRCRTR 2 AT L
72556 DRI A EAERATIZ L > TRET L Tc 7 — A X
2T LIZOWT hEt#ET 5.

- 59 -



2. ERTMEDORE
2.1 M

S, RFEUC K> THRROUWhAR R0 5. il 203,
RIS CO~CI8ITH Y U kTR ETH Y, Fhk
D b IRFBHDKEGAITEGR, BRSO, T A7
7V R EIRD D —RITIRFEDND IR GBI RAME
725 Z & THROHERMNE L 72 5.

2.2 \V0OC

VOC %, ZFEZEROFRMEAIIEEMORIITH S,
AN, EOFEFERFEAEWE L U CEERBICET
bNTWbF kI 7ouxFLr (LUF, PCE) , RV
sunxFLr (LLF, TCE) , ¥y (LLF, Bz
WZINZT, JEASEE OVEEEFMEICERE SIL TV D
Fnbh-vruoaX¥y (LIF, oDCB) , Z7rua-x
By (LUF, CB) #xtgie L TREEITH

ARG & 9% VOC DAL R A F=e-1 I THEBRT 5 9,
B L HRER EDOMERIGEVTH D03, WG
IBREE G IMETH D, F7o, WML, Kioxt
L CERFPOWEE CORMRETH 5. VOC OFFEFREIEICE
LTI, KREF U CARTLZ LA BETDHE, K
DFEEIEN 25°CC 31.7hPa TH Y, T LV HLEVMET
HIULFRRE TRE D R LT VR TH 5.

2.3 JKER

KT, EORE _FERFEAFWE & U COREHEA 102
FHNTEY, S VOC R0 &FERA0OMETHD.
HKEROHFTHAEKIT, WERITHEEAT 72 SIS
TEY, 200COFRSKIEN 00016hPa & o> EA I
RTHE.

KENHEEMNELAHEL TR, EHKIRORR /K
SRITPEANFEH SN TR AMRICEERH D, —7,
FALKERITERHIE STl Y, AMERIZEENIZE A
EluMbEmb & 5. EOMITERKEED A FLIKERI
KIEROFERWE TH Y, Hilg7 = =/ KERITER e L
IS TRY, MRHENEFICEVLEY THD.

3. ARMGA D=XLRUAE
3.1 7/, VOC

ME VOC 1%, IEOPERTH D728, K& RO
BCART L ENESND. TOD, THETOR
BKICEIT S L WX s LTS8 E s, s
SOMEHNTLE D BRI ST VK DARTE L L I T AL L
THFET 5.

-1 VOC D1 4tE

PCE TCE Bz CB o-DCB

A 121°C 869°C | 80.1°C |131~132°C| 180.5%C

Rh R -22°C -84.8°C 5.5°C -45°C -17.3°C
SRR 206mg/L | 1,280mg/L | 1,880mg/L | 500mg/L 156mg/L
(7K 25°C) | (kK 25°C) [(7k 23.5°C)| (7K 25°C) | (K 25°C)

ST 24.6hPa 78hPa 101hPa 16hPa 1.6hPa

(25°0) (20°C) (20°0) (25°C) (20°C)
EEEEEE 50mg/m® | 10mg/m® | 1mg/m® | 10mg/m® | 25mg/im®

TKER AR f (h 1)
(HAR)

£RFKER

Fa‘ill%ijk/ Q KERIL
HHT

X-1 #hiEtkEEDERE A H=X LA

St A HEEB, C

FE-1 s LoRR

ZZT, AL, FOREREZ LS. OR
RDSTROWER TREEWE D RL A oW 5 ik O%f
SR DR A WS 5 B 2 A A

OOBEMIL, H° VOC OFERZIHITE DHATH,
B AEERORKPMEE 72D 2 EPEESNZ. £2T
EEHDIL, QL LT, WMREL<D VOC EEFIMEDR B S
FEA A 2 RGN R % TRk oy & 92 T ARSI
R LT, ZOBMPKGME LFEET 52 L TRA
DEGIMEFR LIZL < 72D

3.2 KR

AKERE, TR VOC & B VLFICZES D &
L LT, KEEDHEEFEA = X L& B-1 [T~ KERT,
SEEKED R B LOTVIBRETH D 9. —F, Bk
IKER7e EDOREU LAY S THEF ORIBRUKIZEAR K ONE T
THILETEBRAKIRERY, ERLLT< D, 207k
b, KEBORFE RS E D VLERH D L EZ T

ZTIT, EEOIL, KA DOH T HRICLET
& 0 NRIZBEE TR N SO LR ERICTEREZY b &
WD HEERB Lz, 228, W, &RAKEN
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R2 REEHRTEOMEIR

HE AMt
A B c
4o |_2-9.5mm(%) 20 13 13
$RE | 0.075~2mm(%) | 76 48 48
A <0.075mm(%) 3 39 39
&K L (%) 5 13 13
+$F DFE (gem®) 3 3 3
M- BziXBR A
TPH(mg/kg) 6,000 3,000 6,000
Bz(mg/kg) 5000 | 5000 | 5,000
VOCE E& A
TCE(mg/kg) 750 500 -
PCE(mglkg) 750 500 -
CB(mg/kg) 300 200 -
0-DCB(mglkg) 300 200 -

FE-2 HAREE FE-3 EM O/

3 BH—%
AME | TRBA | WHAB | WHAC | MEAM
: EORE REE A
xay |FEEEA | amapem |TRBER) g oo
CN +r E CN f_\E
& £
B | meAn | BEak | BERE | AEGHEE
P WIhERBERRL, BRALES
wg | . T W, Bz
sgmeE | M B2 voc . Bz voc

25CD/KT 006mgll, Hift/KEBNRAEETHSD. D7
W, TENLOT AR SEE LTERENS Z E3%
VKA DA TIE, RO 5 R 2 iR
I T & DRI Z2 Bl L v,

WAL AKERZ AR T A 720100, FiEA KR E RS S
HWEND D, ZZT, MEROEMZHFE L. Zh
2L - TC, AKERIIMEFERIGIZ K > ThHifb/kER (HeS) &
720, TEfRMER OSEFEMEDME N5 Z & CH AR A]
REL72D.

4. ZERFHER
4.1 HE&75i% (M, VOC)

FREIHZ RO EGEBRA Ofilt e LT, BE-
OFEGGt 2 FifE A e, BRHEEGY T, SmE
(Z R o TIERITEAZE R UTe. VR 7o g oot
WaR-21T77.

RUR v MO FY L, TIROT Y Y RO
MAEEEL 11 TRATDHZECRAMAERL, N
YL OEHEED 5000mgkg & 725 K 9 ISR ZIRA T~
WINLT-. F0%, FriEDTPH (BAMREIKSE) &
725 KOG ENEA AR U, 7ok, v
B aUIN L7 IRA TR TPH 13 62,500mgkg T - 7-.

ZZC, TPH &, %5 & T DIMDRFEKL OAi %
HHRT 27O DETHD. C6-~C12 DRy
ERETHMIT VY >, Cl2~C28 DR/
Z EIRE T AT, C28~CM DERFESAiHIIHA T
RETDImEE EEECEIR E) T, ES
WL, THEEEL A BOKERES T R U v ATRUKS:, —hik
RFETIRE DI AE4T\V, GCFID (OKkFELRA 41k
B E TR 7 0~ 87T 7)) THNZEIT.

VOC OFEEEHY 1L, T DT 2528 O
T APRBEDMEREBR BT MR OE 5 ~E 10 5 & 70 D
X O CATE A LT,

K3 WCHBTHW - EM—E 2T, BB LS
1%, REOIRIROIEA A D FURTEMER 2 A5 &
T 5. B OBREERER L UMM 0T, 7 H
WK 77%03 0 fR L, 28 HRE TIRIXmacdnm
(>95% : DOC ) L7=. 2Rk nEtaiscit, >
v b ~OFRAEE T 2,000mgkg &5 LT H BN
STz, I AOEMIE, T3 (I HR & B3
EAE L, HEHE L CTEBAR O — A BN T

A, b oRmISEEM AR L, JFiZER
H OIS D T AJRE 2 ITE L CHIiZhA A 2 L 7=
AR LEE 2 BE-2 (O w1 100 g%
REBN—ELRDEICHT A v —L (¢90
mmxH15 mm) 2358, iz EEEE L7 HHER
ECHEEM AT L=, Z0%, Vv — L 2B
(24emx18ecm>XHI5ecm) (ZAL, —iEfiE 2Lmin) T
TR ZE R el U C IO T AT D K 0 ANy
JITHIELTZ 0, B, BE-30MY KA —EOH
ATHRUTEN Lz, EHomRE (10 £5) &#dAm
& (05~10Lmd) 1%, HESHOEM 2 X FFE—&
B EIERE L.

4.2 HABRKER (i, VOC)

KGRt &2 O HERS RO U TR 2 1
L LG EOKEM & DOEEZR-3 HHR-8 1TRT.
728, IMICEALTIE, 4 VOC MR Z FAVCEHl L 7=
4 VOC |37 VOC & =4 — (RAE3000RAE Systems fi-
#®) ARHWCRE L.

NP e VOCIZBELT, bt AL, BIEH
ZEH 2 Z & THifldh & He T 40%LL FICHifl & 7-.
AEHE B, C HilEARIZ I > THHPZRICE T 0N
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(ERL]
(30~35°C)

X2 FHEREEHER

FHA Bt TH5 HEBEE

DHEREINDD, BIEEMMBTHILE D LM THD &
S25. T, FRHIAEL hr=r e L ici

L CH FRRICBREM OZE R HilREE L D TN D
ZLEfER L.

TCE O PCE (ZBELC, #EHE AL, BHISEM 24
AT 5 Z & THillM & BT 50%LL FIicifl c& 7=, 3
Bt B X, Wl E RISREOETH-T. —7,
CB & oDCBIZEALC, &kl A & BIE, BIEHM 248

3% 2 & THiRED & HT 10~60%F 2B i T & 7-.

4.3 HE&AE OKER)

FEBGN O L TKRE A R (BE4) % 5mm
FilC L > TC, IRELTH— b L7z, R L3R 0
150g > v—L (EEE112cm, WrfE001md) (AN,
K2 tBEE-A4 OoRBREE oty N L. BMEdO
=A%, BB ENSETEER L.

BRI, 05mLAyDZ2ER A | FEK S, %6
A LT /KER T A it~ o 77 RS A e LT, WY
TROREHEFE 2 E L, KERH ASATRE & FiH LT,
FTo, B LT R O AR T 5720, —E
OFEEICx LT 2 ARG S 7218, FREEKERT A58
B T 7.

AEIORBRTIE, BHFE L& Lk, HEHATO 3 FEE
ERRET LT, BRFE LT-BMIE, FRESR ORGSR 2 5%
LTIER CEM A) |, Wik OB IEEM T AIK A RN
LR U=k (B8 B) ThDH. G BT, HulEN
DTN A D D T DI AR AT LTz

= B8 A
1.0

= BB

H#tcC

5 0.8

Eos

(@)

4
Qo
#o2

0.0

i A il il il
& i B B B
i E-d o R L
b1 A B C
X-3 ZEREHERFEE (£ V00)
m i A ni B HEtC
10
0.8
# 06
HE
=04
o
0.2 1
0.0
i3 ] il il il
o i3 B B B
Fil B LT LT LT

§|] A B C

X-4 =REHERFER B2)
4.4 HERIER (kIR

B L IKERTT A DFEFEINHIFE R A T4 1”9, B
FUTEM A 8 BIL, ARERA L=kt LT
W, AR B OVKIZ kT LT 100%D AR 2 Fei L 7.
72, 2 HMEEE U 7-1% C ORI R AR cx %
L EMER LT

5. BUSERER
5.1 AEMBRYA +

(1) Y4 MEE

AYA MCIE, MR TFPISME R HEP R Sz,
MEA A MBYSIR A R7A4 v AoRENT- ik
TTPHRRAIT 1668, ARMEROWETHL Z L%
B L7-. TPH 1L, K 10000mgkg FEETH -7z, JH
EATET, RERICOERERR A~ MR A T o 7.

2 HEBERE

TEHIRE O BRI A B L LC, B CRIREM O
TR D4 VOC &R AZRIE L7z, 4 VOC [3#5H7
VOC E=4 —%HAWCTHEL, MR, WELRY
A R4 A28 >7-.
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mEitE A HHEIB
1.0
0.8
*E 0.6
404
'_
0.0 .
|t BREM iR &
-5 EREAERFER (TCE)
mE A A LB
10
0.8
B
=06
=
W 0.4
o
0.2
0.0 .
| BREH AR &
X-6 ERHERFER (PCE)
u Bt 1A BH LB
10
0.8
# 06
*®
B 04
(@]
0.0 [
et BREHM AR
X-7 ERAERFER (OB)
m i A HH LB
10
0.8
E 06 I
&
O 04 —
Q
o
0.2
0.0
1354 Eﬁ%éﬁ TG

-8 =EREAERHEER (0-D0B)

@) HEAE
RERCHI - a4 1380%, TPH10,000mgkg Z#H L
T AHE G HRAI U CRRBREFE  (Sm X 5m)

BRFEEMIE, 15158 L2k A 1me Tl L7-.
WESTY, REHoE EEHERS 15m O X,

BRI DR T D W AEZEBEAET 57201
BH-6 OFHEERE  (BF 22cmX BAT 15emX & & 30cm) A f#
HLU7-. BEAEE TR L7 A%, W5 &2mn DR

WARE = L7z,

x4 ERHAERIER OKER)

= i P
BORA | pus | ZB72 sk (xico
, £ | (1) ~ (%) | =
&5 (L/mz) (Hg/m2 -57) (%)
i — | o072 1.2 23.4 —
K 2 | 053 0.88 401 | 26%
BEHA 2 | <003 | <005 40 | 100%
BHA 1 | 003 0.05 317 | 96%
BHMA®IE) 2 | <003 | <0.05 42 | 100%
&HB 2 | <003 | <005 40 | 100%
BB 1 | 005 0.08 316 | 93%
BHMBEE) 2 | <003 | <0.05 39 | 100%
BFE-6 ZRAZERERKR
mEAET] mERER w1k
150
E 120
=
B
% 90
i
& 60
8
& 30 I
0 N
wxRmEm R hE\E GEIR 1.5mBEn
X-9 RBIEFER (2 VOCRE)
VTERNTCT F IRy ZITHE L. £, BMOE

W72 R A iR 3 A 7= DI 1 Rt HIIEZ1T -
7=, 728, WIERFOREEIL 32°COER, EaE Tz )
5 15SmDE & T0~3mis Tholz.

@) HERER

ARAE R A B9 (R, EPHREEA A L25E,
HOARATIZ 3T 150ppm R TR L7242 VOCIREEDS,
A% 30ppm FREE £ TR L T\ D Z & Al c& 7
51T, 1 RHERGE U714 CH R MHI R A MR o &
TWAHZ ExMER L. —J7, ABthE EE 15m &S
THRBKOPIREZG LN TND Z L 2R LT

£z, MRIZOWTIE, BMEBARNCE AR T 4~
5 &M AL, éﬁ%ﬂﬁ?’ﬁ 0~1 & Hlr sz,
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x5 HEREHT GUERD)

EHE B A B c
TEOES — BEL BEL Lk
E8:4 % 36.8 21 30.6
2~75mm % 15 41.4 0
HESM  10.075~2mm % 54.8 33.8 475
<0.075mm % 437 24.8 525
TEAHE BE188) | moL 0.0022 0.16 <0.0005
TIEEHE (RE195) | mokg 0.03 15 0.47

6) B=

BERSEMC L DIMEA 50 b ORI & HEsR
THZENTE. £, R oBER ETo
25m B F TO—ERIE THIZEN S 1.5m & S T4 VOC
REOWEZIT-1208, AFRBRUSN CHRAER OYERL L T
WO ARG L2720, o7 — 252552 &
MWTE o7z, 72720, MR, BuhalE Bk Tk
ERBLTCWD Z LR TE T

A0, BISEEHM & VI ER I R A MR 5 -
DITHEA HEITNZ T, Bz72 XD VOC RoF Do &
R ETIBOBEA R A BT DI DI BBk & %

S =

79,
5.2 JKERTBERY A b

(1) YA MEE

AKYA FTIE, AL TIEHI I TSRO THY L+
DHER STz, KEBOIHYRARIT, TRE M &N RR
79mg/. (FEYEME : 0000Smg/L) , HEEH BN KK
2900mgkg (FEUEA 15mgkg) Tdh-o7-. A1 hTR4E
LToiBG ORI ML, HERIC 7 Ly T var T
FIZEEDIAR, WBRfiR ~E M 21T o 72

2 HEBERNAE

IREROTGGL 2R D BRI, KERAT A DD
BRINTT2D, BIREEM AW T D RN CiliRa 32
ML, BT K DIKET A DFEFEINHINR A s LTz,

PHIRFO/KERAT 2 DI BE I~ DTSN, 1
BRAZ X 7 N T 7 DRSS 5 KERTT A DFEFEHIH
FFEZHOWT R L. AT, KERIC K 2155
ST HBROEEE AR OB E LT, NGO 7
LRI TN TFIREINTNS D,

Z T, FEEREOKENGY A G, ERRFOMRTEL
AR O BAT A /3T A — 5 & LT IKER T AR
EOREEATo T, £, HIERERE R T 21T
VY, SR ORI RN OV TR L7

AR A MZBNTE, LTORBRZFEM L7z, ()
HIRF ORI IHIN R 2 e, (b) MR &21T S BRD >

LT a T I ERA L BRI L DAKERT ALERE
PSRt 21T - 7.

() HE&AE

a) EHIFFDERIGIZNR

REROVEG e A- e U % (LR R, s
Hi & BIZHEEED 5~10 FRREOWE 1) 128\ T,
4 M IZ B TR ImX Im OFIPH TR 1% Som FREEIEE
Wo7-1%, K, B A &M B% 2Um? i LT, KR
T AYRE 2 E LTz

RERT ADPENE, B TRIE T A S BUKERT A
TEEERIERS (EMP2 HAA AV LA V) AL,
THEN GRS DT ADHEZRET D702, JHOfH
TN R AR T A - DIV B SR (BE-6) %
fFHL, ZOEENIZBWTHIEER)D 15cm FREREL 72
AT 5 MHEZTT- 7. 728, BIERFOREEL 5°C
DOIER, JEUERITHIZED 15m DOE ST 03~06ms Th

o7z,

b) IZIMIREEFDRIEMEES

BN, B HERE Uiz 3 FEO HEA A L7
-5 (TR Lo A R & BEEES A R O MIR
oY, (HYRIRREIT, A N HEERHEREUE (0.0005SmgL
PIF) Rid, BSE _iHEIEHE (0005SmgLLLT)
WA ThHoT-. 7ok, Wk b HEEH BT
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1 Abstract

This paper presents the simulation of sympathetic
detonation in a card gap test by the hydrodynamic code
developed by the Explosion Research Institute Inc. based
on open source code. The code adopted the multi-material
Eulerian method and the Ignition and Growth reactive
flow rate model to solve the shock induced detonation
phenomenon. The reactant and product phases of high
explosive were modeled by JWL EOS and the condensed
inert phase was represented by shock Mie-Gruneisen
EOS. As a verification of the code, the one-dimensional
shock-detonation-transition SDT simulation is carried out.
The run to detonation distance of the simulation was well
agreed with the empirical correlation. In the sympathetic
detonation simulation, both donor and acceptor are
Composition B and the gap is plexiglass PMMA. The
simulated critical gap for the SDT was in good agreement
with the other published data. It implies that the code is
valid for the SDT simulation.

2 Introduction

Sympathetic detonation is the chain reaction caused
by an explosive to the surrounding explosives. The
consequences of the sympathetic detonation have been
catastrophic and in most cases have resulted to loss of
human lives and equipment. Therefore, the reduction of
the hazards of munitions has been the study of numerous
organizations for decades [1].

-77 -

The
explosives relates to number of phenomena including
ignition by an external stimulus, detonation transition and
propagation, the rapid expansion of detonation products,
and the propagation of shock waves in various media.
Therefore, the code for physical hazard analysis should be
able to solve for multi-materials with chemical reaction.

sympathetic detonation of high energetic

This requires the various models to be included in the
code, such as the equations of state, the constitutive
equations, and the burn models. There are many
researches have developed hydrodynamic codes for the
sympathetic detonation simulation. Most of the researches
use the multi-material Eulerian method to represents all
physic phenomenon on single mesh, since this method is
simple to implement in a code. Saburi et al. [2] has
developed a code based on CIP method to cure the
numerical diffusivity in the Eulerian method. However, the
code uses CIP method, so the conservation is in question.
Alternatively, Kim et al. [3] has used the hybrid Eulerian
and Lagrangian method where Eulerian method uses level
set method and Lagrangian method tracks the massless
particle to correct the level set function. This treatment
preserves the mass. However, it is a complicated
implementation. To avoid the use of mesh, Yang et al. [4]
uses the smooth particle hydrodynamic SPH method. SPH
is a pure Lagrangian tracking which can easily treat
distinguish multi-material. The drawback of SPH method
is the computation cost and complicated to implement a
code. In the commercial codes, ANSYS LS-DYNA [5]
and ANSYS Autodyn [6] are the major codes for such
simulation and has been used in various researches [7,8].



It is robust and available for massive computation but
expensive licensed cost.

To reduce the cost of massive computations, we
developed a hydrodynamic code based OpenFOAM [9].
OpenFOAM is a source code to solve the partially
differential equation PDE based on finite volume method.
It is an open source code and written for unstructured
mesh, so it is free for massive computation and easy to
implement a new code. However, OpenFOAM has not
included the numerical schemes for shock discontinuity
except the Kurganov-Tadmor scheme
experienced that is not applicable for the multi-material

which we

formulation. Furthermore, the current OpenFOAM has not
implemented the constitutive relations for high energetic
materials as equation of state and reaction model.
Therefore, we are working to eliminate these drawbacks of
OpenFOAM by developing the libraries of the models for
high energetic material explosion simulation.

This paper introduces the application of our developed
code for the sympathetic detonation simulation. The
governing equations and the constitutive equations are
shown in Section 3. In Section 4, the simulation data of
simple shock-detonation-transition and the card gap test
sympathetic detonation using the code are presented. By
comparison of the experimental and numerical results, it is
shown that our code can be used for the shock-detonation-
the is

transition phenomenon. conclusion

included.

Finally,

3 Numerical simulation

The developed code is based on the multi-material
Eulerian method where all materials motion is governed
on single set of equations based on mass, momentum, and
energy conservation laws as

op _
E+V~pU—O (1)
agtU+V-pUU+Vp=O 2)
ag tE +V pUE=0 3)

where p is the density, p is the pressure, U is the velocity,
and E = e + 0.5U7 e is the internal energy.

Each material is model by an equation of state as the
constitutive model. For the explosive, both reactant and
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product are represented by Jones-Wilkins-Lee equation of
state as [10]

E
)e—Rw_'_wpo(z"' o)

“4)

R,v

where v = po/p. The coeflicients A, B, R,, Ry, ®, Eo, and po
are the JWL parameters.

The condensed phase is modeled as Mie-Gruneisen
equation of state as [11]

(&)

r ‘
p=pH+p°TEe—eH>

where py and ey are the pressure and the internal energy
along the Huguenot curve, I is the Gruneisen gamma, and
v = po/p. They are expressed as following

cou (1+u
Py= Po ot ( )2 (6)
[1—(3—1);1}
P
eH_ZpO 1+ @
_[y+ap
T 1+u ®)

where ¢, is the sound speed at the reference condition, s
and a are the parameters, and . = 1/v -1.

The rate of the decomposition of the explosive is
adopted from the Ignition and Growth model proposed by
Lee-Tarver [12] as, where H(X) is the Heaviside function

dh @
%:I(l—k)b(u—a) H ()= Aa)
+G (1=0) M pY H =hg 0

+G2(1_7\)e>\gsz (%‘GZmin_}\’)

(€]

The governing equations (1)-(3) and the reaction rate
(9) with the constitutive equations (4)-(8) are solved by
the finite volume method based on the open source code
OpenFOAM. The method to compute the fluxes is either
Harten Lax van-Leer with Contact HLLC scheme [13] or
Advection Upstream Splitting Method AUSM scheme
[14], which are integrated to OpenFOAM.

4 Results and discussion

4.1 One-dimensional shock-detonation-transition

To confirm the reliability of the code, the simple one-
dimensional shock-detonation-transition was simulated.
The tube length is 100mm divided into 2000 cells. The
first 20mm is modeled as the aluminum plate and the
remain is the unreacted Composition B. The impact



condition is modeled as a high particle velocity at the left
end region of the aluminum plate whose length is
0.05mm.

The JWL parameters of both reactant and product of
Composition B used in this simulation are shown in
Table-1. The rate of change from the reactant to product of
Composition B is computed by the Ignition and Growth
shown in Table-2. The aluminum is modeled as Mie-

Gruneisen equation of state shown in Table-3. All these

parameters are referred to Urtiew’s work [15].

Table-1 JWL parameters for Composition B

Reactant Product
A (Mbar) 778.1 5.242
B (Mbar) -0.05301 0.07678
Ri () 11.3 4.2
R, () 1.13 1.1
o (-) 0.8938 0.5
E, (MJ/kg) - 4.9505
po (kgm™) 1717.0 -

Table-2 Ignition & Growth parameters

I(sh) 4.0x10"
a(-) 0.0367

b () 0.667

X (=) 7.0

G, (Mbar?s™) 140.0x10°
¢ () 0.667
d() 1.0

y () 2.0

G, (Mbar’s™) 1000.0x10°
e(-) 0.222
g() 1.0

z (-) 3.0

Mmax (=) 0.022
AGimax (<) 0.7

AG2min () 0.0
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Table-3 Mie-Gruneisen parameters for aluminum

co (ms™) 5240.0
a(-) 0.48

s (-) 1.4
To(-) 1.97

po (kgm™) 2703.0

Figure 1 plots the pressure with time at several
location from the interface between the aluminum plate
and Composition B when the interaction pressure is
4.35GPa (the first pressure rise at the location of Omm). It
shows that the pressure in Composition B increases and
then shock-detonation-transition occurs between 13mm
and 14mm.

Figure-1 The pressure history for the impact pressure of
4.35GPa

Figure-2 The run to detonation with impact pressure



Shock sensitivity of Composition B for various impact
pressures is plotted in Figure-2, called “Pop Plot”. It
displays the dependence of the distance to detonation on
the initial impact pressure. On a log-log plot the run
distance to detonation versus shock pressure data mostly
fall on a straight line. The closer the line is to the origin of
the plot, the more sensitive is the material. The current
simulation data is compared with the empirical correlation
published by Gibbs and Popolato [16] and the experiment
data by Urtiew [15]. It shows that the simulation data are
in good agreement with these researches.

4.2  Gap test simulation

This section performs the simulation of the cylindrical
card gap test as Kubota’s work [17] as shown in Figure-3.

Figure-3 The gap test simulation configuration

The donor and acceptor are Composition B and the
gap is pelixglass PMMA. The JWL parameters and the
Ignition and Growth model parameters of the Composition
B are identical to the previous one-dimensional SDT
simulation. The Mie-Gruneisen parameters of the PMMA
is shown in Table-4 [18]. The detonator is the detonated
product of Composition B (Chapman-Jouguet point: pc; =
29.9GPa and v¢; = 0.425cc/g) which computed by a tool
developed by Explosion Research Institute Inc.

Table-4 Mie-Gruneisen parameters for PMMA

co (ms™) 2180.0
a(-) 0.0

s (-) 1.41
Lo (-) 0.85

po (kgm™) 1182.0
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The donor and acceptor have the same size and the
diameter is equal to the length, D = L, which makes the
aspect ratio of the donor and acceptor being 1.

The simulation is carried out in the axis-symmetrical
model. Therefore, the the axis-symmetry module of the
code is used. The computational domain has the length
equally to the total length of the donor, acceptor, and the
gap. The detonator has the depth of 2mm. The mesh is
uniform with the size of 1.0mm. For the numerical
stability, the MINMOD slope limiter was used in the
computation of the fluxes. The time is advanced by
explicit Euler method where the time step is controlled by
Courant-Friedrichs-Lewy CFL number as bellow, where
the subscript f represents the face value and § is the cell-
to-cell distance.

O

At=CFL
maz(|U +cly, [U—cly)

®)

The distribution of the density when the shock
impacts to the acceptor for the gap length of 15mm and
the charge diameter of 32mm is depicted in Figure-4.

Figure-4 The distribution of the density. The shock moves
from left to right. The line is the initial position of the gap.

Figure-5 The detonated product distribution. The line is
the initial position of the gap.



Similarly, the distribution of mass fraction of the
detonated product of Composition B is displayed in
Figure-5. It shows that the detonation occurs in the
acceptor.

Figure-6 The shock propagation in the gap of 15mm and
the charge diameter of 32mm case.

Figure-6 plots the pressure along the axis of the test
configuration for various times for the gap length of 15mm
in the case of the charge diameter of 32mm. The steady
shock occurs in the donor, then it attenuates inside the
gap, and then the detonation occurs again in the acceptor
after a run to detonation distance. The run to detonation
distance is about 10mm which is in good agreement with
Kubota’s work [17].

Figure-7 The shock propagation in the gap of 30mm and
charge diameter of 32mm case.

Figure-7 plots the pressure as Figure-6 but for the gap
length of 30mm. In this case, the detonation does not
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occur in the acceptor. Therefore, the shock is attenuated
continuously from the gap to the acceptor.

The relation between the gap length and the charge
diameter so that the sympathetic detonation whether
occurs is shown in Figure-8. The circle symbol ©
represents the cases in which sympathetic detonation
occurs and the cross symbols X are the cases where the
sympathetic detonation is impossible. The dashed line is
the regression line from the Kubota’s data [17]. It show
that the log-log of the relation between the critical gap and
the charge diameter is linear and is approached to
Kubota’s research.

Figure-8 The critical gap length for sympathetic
detonation

5 Conclusion

The simulation of shock-to-detonation transition by
the hydrodynamic code developed by the Explosion
Research Institute Inc. based on the open source code
OpenFOAM was presented. The simulated data of the
one-dimensional SDT was in good agreement with the
empirical correlation. The card gap test was also carried
out. The shock propagation in the test and the critical gap
length were in good agreement with the other researcher’s
publication. It implies that the developed code is
acceptable to simulation of SDT phenomenon. The code
was developed in the open source code, so it is
inexpensive for the massive computation.

In the future work, the code will be improved for the
robust computation.
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BLAST RESISTANCE OF SIFCON AGAINST CONTACT DETONATION AND
DEVELOPMENT OF LAMINATED BLAST-RESISTANT MEMBERS USING SIFCON
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Experimental study on mitigation effects by aramid fiber sheets reinforcement on the local damage of RC slab
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