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A n investigation on under w ater Sym pathetic detonation
for high explo8ive8

7uichiN akam ura■,rrbru H am ada',K eT心iM urata'',Yukio K ato●●, and Shigeru ltohM

Sym pathetic detonation i8 One im portant elem ent for the initiation of exploSive8･T he
8ym pathetic detonation fo r high explo8ive8 has been inveStigated fo rthe last8eVeraldecadeS T)･
H ow ever,m o母t experi m ents w ere conducted in the atm o8phere,w hile the phenom enon of
underw ater8ym pathetic detonation w a8 Only 81igh tly investigated.
T he underw aterSym pathetic detonation ofCom position B (R D X :64% ,TN T:36% ,D etonation
velocity 7,900m /8)w a白investigated.The di8tanCe betw een the donorexplosive and the receptor
exp108ive W as Varied in the w ater.In order to investigate the b88ic characteri 8tic8 0f the
underw ater Sym pathetic detonation or the high explo8ive8,the underw ater sym pathetic
detonation and the 8hockw ave in the w aterW as Captured by a high･叩eed cam era (H A D IA N D
PH O TO N ICS,IM A CO N 790).Ⅰn addition,the pre88ure OfSym pathetic detonation i8 m easured
u8ing a M anganin gauge (K YO W A E lectronic IN STR U M E N TS CO .SK F･21725).The pre88ure8
in the ca8e8 0fcom plete and incom plete explo8ion8 W ere m easured.
T he num eri calSim ulation w 88 u8ed to investigate the Sym pathetic detonation m ore

exten8ively.T he num erical8im ulation w 88 perform ed by 80lving the equations of m ass,
m om entum and energy underLagrange coordinate 8y8tem and the equation ofState Ofexplo8ives.
In the num eri cal8im ulation ofSym pathetic detonation itw as Very Im portanttO inve8tigate the
treatm entfor the reaction ofexplo8ive8 . M any re8earCher8 have propo8ed the burn technique,
w hich calculate the reaction rate ofexploSive8.W e uSed Le e･Tarver m odelbecause the burn
technique incorporates the ignition and grow th COnCeptOf8hock initiation fo r high explosives.
The re8ult8 0fboth the experi m ents and the num ericalsim ulation8 are presented

1.lntrodLJCtion
The 8hock w aves and high tem perature g88e8

are the active ractorS fo r Sym pathetic detonation.
Sym pathetic detonation in the atm osphere has
been gtudied,how everthere are few report8 0rthe
underw ater Sym pathetic detonation.U 8ing the
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underw ater 8ym PaLhetic detonation,it w ould be
possible to initiate8im ultaneou81y a relatively wi de
explosive in the w ater. T lle application or
underw ater sym pathetic detonation to m aterial
and m echanicalproce8日ing w as inve8tigated.A n
investigation or the basic characteri8ticS Of
underw ater sym pathetic detonation of high
explosive w as COnducted.

2.Experimental study
2.1 Experimental method
ln order to investigate the ba8ic characteristics

0fthe underw ater8ym Pathetic detonation,optical
ob8erVations and pre88ure m ea8urem ent8 W ere
perform ed･T he experi m ental Bet uP Ofoptical
ob8erVation i8 illustrated in Figurel.T he donor
and receptor exploSive8 W ere Com p.B (R D X :64% ,
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PD ef tOna Or hkZtIFig.1 Experi m ental母etup fo r

the opticalobservation.TN T:36% ,detonation ve
locity:7,900m /8,den8ity:1,700k g/m 3).The thick

ne880fthe donorw a8 50m m ,and the diam eter
w as 3lm m .T he diam eter ofreceptor w as 77m m ,
and the thickne8 8 W 88 5m m .The di8tanCe L betw
een the donor and receptorexploSive8 W as Chang
ed in order to observe theunderwatersym pathetic
detonation in the receptorexplo8ive.T he explosi
ve lens,COn8i8ting ofSE Pand H A BW expl08ive8,
W as u8ed to cau8e a planerdetonation w ave.T h
e set up w a8 placed in thew

ater a8 8how n in Figure 1.T he phenom e
non in the experim ent8 W a卓recorded wi th a hig
h ･8peed cam era.T he cam eraw as an im age

converter cam era (H A D LA N DP H O T O N IC S IM A
C O N 780),w hich can captureindivi dualfr ami ng im age

s arLd a Streak im age.T heprinciple ofthe Shad
ow graph m ethod w as u8ed inthese im ages ‖･T h
e fram ing im ages record anoverallphenom enon ata

Selected intervaloftim e.T he Streak record c
an capture a vari ation ofaphenom enon on one axis.
Therefo re,itiso氏en usedto obtain data such a8
the velocity orunderw atershock w ave ordetonatio
n w ave.T he 81itfo r Streakphotograph w as set88 8
how n in Figure 1.In the8eexperi m ents,the Stre
ak velocity for the 8treakphotograph w as S

et tO be 20 0 n s/m m ,and theintervaltim
e fo r the fram lng W a8 2p 8 .In addition,m ea8u

rem ent8 0fthe pre88ure Ofu nderw ater s
ym pathetic detonation w ereperform ed. F igure
2 8how 8 the Set up for them easurem entofpre88ure.

T he 8iZie Ofan explosivew as the sam e as the one
ofthe opticalexperi m ent.A m an ga n in gage (K Y O W A E lectron ic
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Fig.2 Experim entalSet

up forthe m easurem ent Of

pre88ure･IN ST R U M E N TS C O .SR F ･21725) 2Iw a8
placedunderthe receptor

explo8ive fo rthe m ea8tlrem ent.2.2 Experimen
tal resultsFigure3 8how 8 the Streak im age in the

case of(a)L= 15. The lum inou8 W hite line is the
locus 0fdetonation w ave in the donorexplos

ive.T he Shockw aves, U ｡. and U 82.W ere g
enerated from the8u rfaceB Of donor and receptor explo

siverespectively.Iti8 diErlCultto judge the
occurrenceofunderw ater 8ym pathetic detonation
becau8e aPM M A pipe w a8 u8ed ror a protection of
receptorexplosive.Therefo re,ajudgm ent血)m the behavi or

of8hock w ave in w aterw a台made. Figtlre 4Shows

Fig･3S treakphot ographs byShadowgraph
method(L=15).

505=L‖り(uu)OotJd一S!CF l l l= 盟 主≡Iliニ二法娃≡ioo p - - ニ_/ -
一



48 Sci.and Tech.Energetic Materia一s.Vol.64.No.I.2003

(a)L=15,Com plete explo8ion (b)L=20,Incom plete explo8ion
Fig.5Framingph otogr8ph8by

ShAdow graph m ethod.the behavior of8hoc
k w av朗OfU .Iand U .2.In theca°e Of(a)Ⅰ7 15,the 古lope ofU ｡Li8 8

lm 08t8am e Oft
he one ofU .2. H ow ever.in the case Of(b) L=20,the Slope ofU .2iB与m aller than the one of

U ...Itw a且Show n thatthe 8hock w ave Velocity w

asBlow erthan Other Shock w ave.T he frami n
g im ages Are Show n in Figurc5.Inthe c88e Of(a)
L=15,the 8elf･lu皿iJIOu80fdetonationw ave occurred
at the bottotn of the receptorexplo8ive, the un
derw ater Shock w aVe8 also0∝urred fr om the upper an

d low er8urface8 0ftherec8ptOr eXplo8ive.Itcoul d be recogni乞ed that
thereceptorexp108ive w asdetonated com pletely by
the8hock w AVe8 in w ater.O n the other han

d,itw 88not obBerVed in the 8hockw ave from the
low erSurface in the case Of(B)L=20.Therefo re
itcouldbe 00 n8idered thatthe underw ater8hock w av
e orLIytraveled through the receptorexplo

8ive orthatthedetonation ofthe receptorexplo
sive w adincom plete.T he re8ult8 0fpre88ure m eaBu
rem ent fo r thereceptor explo8ive Are 8how n

in Figtlre6.In thec a 8e Of(J IF 15,the m axim
um pre88ure Value w as27.7G PA,the value w a且alm 08t

the 88tne aB the C ･0000321(tfd9)巴コ88巴d
- t=5,L=15- t=5.し弓0

1 2 3也佃(FLS)Fig.6 Pre88ure
hiBtOri e8 0foutputdataobtAiJled by
m anganin gage m ethodin u nderw ater 8y
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Sim ulation w ere density:1712kg/m 3,C ･J detonation
velocity: 7 ,9 8 0 m /8, C IJ detonation pre88ure:
29.5G Pa.
T he Sim ulation m ethod w a卓the finite diuerencc

m ethod (FD M )uBing Lagrangi an COOrdinate83). T he
basic equation8 fo r the num eri calcalculation are
those Ofm aB8.m om entum And energy conservation
in rectangtIlar COOrdinatee.T he equation8 are
坐 .!塾 .坐 = o
a t r ∂r az
雪空 .!吐 . 迦 =_壁 土dat r ar aZ aZ
坐 .! 垂 聖 . 坐 i =_壁土虫8, r ∂r az az
坐 .土壁聖.垂竺 =-∇･U(p'q)at t･ ∂r az

(1)

(2)

(3)

(4)

w here u , v are x･, y･directional velocity
com ponent8,P,P,q,e indicate density,pre88ure,
artificialviSCOu8 pre88ure and 8peCific internal
energy, re叩eCtively,∇･U i8 th e velocity
divergence.

V ･U 三 % ･ : (5,
T he above equations W ere u8ed tlnderCylindri cal

coordinate 8y8tem together w ith the bu rn
technique8 and the eqt)ation of8tate fo r exp108ive
and w ater.T he burn technique calculate8 the
reaction rate ofexplo8ive.M any re8earCherB have
propo8ed m any techniques.In this W Ork the Le e-
T arver m ode14) w a卓used becauBe the burn
technique incorporates the ignition and grow th
conceptof8hock initiation fo r high explo8ive.
T he calculation ofreaction rate ofexplo8ive that

u8ed L ･T m odeli8

普 -I(I- i)rq,･ G (I- A)r1,.P= (6,
q = Tro/Vll l (7)
w here i i8 the reaction rate of explosive that

has reacted, i i8 tim e,Vh i8 the initial Specific
volum e ofthe explo8ive, tr,i8 the 叩eCiEic vohlm e
ofthe Shocked,unreaCted explosive,P is pre88ure,
and I a,Z x,J;and r are COn8tant8.T he con8tant8
are f=44 (岬eC'1),(芦414 (M bar-I p8eC'1),2声2.0,x=2/
9.r-2/3,LE 4 fo r C om p.B .
A fter the reaction rate 1 w a8 Calculated,the

condition of reaction area W as Calculated by the
reaction rate.T he m ethod u8ed the tw o equation8

ofState for m ixture8 0fan unreacted explosive and
a reacted explosive.The Specific volum e and the
Specific energy are V and E re8peCtively,and an
unreacted condition and a reacted condition are
8ub8Cript8 and どrespectively.V and E i8 8how n
88 the fbllow i叩,
V=lVg + (1- A)V. (8)
E = Ag e+(1-A)E. (9)
T he pre88ure W A岳Calculated by tlle N ew ton･

R aph80n m ethod 80 that an equation ofpre8811re
balance･P =Pcl- Pe oran equation oftem perature
balance,T = rc= re,w as8ati86ed･T he JW L (Jone8･
W ilkinS･Le e) equation of 8tate fo r the reacted
explosive w 88 used S),and htIgoniotdate w as u8ed
to fit the equation of 8tate fo r the unreacted
explosive C om p.B .
T he JW L equation of 8tate i8 8how n a8 the

fo llowi ng,

p-･[.-亜 - - 4 -荒ト R"･･晋 (10,
w here .P V//Vo, A , B , R ,, R 2, W are JW L

param eter,the param eter fo r C om pB i8 Show n in
Table 1.

Tab le 1 JW L param eter8 fo r C om p.B .
A (M bar) B (M bar) Rl R

2 0Reacted 5.242 0.07678 4,2
1.1 0.34U nreaCted 778.10 ･0.05031

ll.3 1.3 0.8938T he pre88ure CAIculation ofw
ater i8 CalculatedM ie-G riinei8en equation of8tate 6).

p =_壁 産(I- 叩)2卜 ¥ ]+
r.poE (1 1 )w here,{= 1- I(y o, C,, 8 are m

ateri alcon8tant8,and G oi8 G ranei8en param eter.
Table 2 Bhow 8 them aterialpam

m eter8 for w ater.Tab le 2 M ie･G ranei8en P a
ram eter8 fo r W ater.仇(kg/m 3) Co(m /8) ∫

roloo° 1490 1.79 1.653.2 Nu
rnerical simulat ion resu ltsFigure.8 Bhow 8 the ca

lcul ated pre88ure hi8tOri e8in the receptorexplosive
in both ca8e8(k 15,I.=20).T he ob8erv ation points
along the centralaxis W ereβet On an interval

lm m from the Surface of theexplosive,w here th
e 8urface w a8 0m m .W hen the8hock w ave ofw ater f
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Fig.8 C alculated pre88ure hi8tOrieS in the

receptorexplosiveTheob8erv ation point8
are o,I,2,3 and 4m m from the 8urface
ofreceptorexplosive..

incident to the receptor explosive,the ignition of
explo8ive initiated.The incident pre88ure for the
receptorexp108ive w ag attenuated in proportion to
tl一e distance Of the w ater betw een the donor
explosive and th e receptorexploBive.The incident
pre88ure fo r the receptor explo8ive8 0fL= 15 and
L=20 w ere 19.4G Pa and 12.6G Pa respectively.
The experi m entalpre88ure m ea8urem ent And

the cal culated pre88ure Values atthe ob8erVation
point4m m 8how good agreem ent in both caSe8.
Itw aB fo und that the pre88ure in the receptor

explosive increa8ed w hen the Shock w ave Pa88ed
the ob8erVation points in both ca8e8,and the
reaction rate i of all observation points W ere
changed }=1 (i.e.,com plete detonation)in Several
calculation routiTleS.H ence,itcould be concluded
thatthe ignition ofexploSive had occurred in both
caSe8.Itw as considered thatthe diqerence in the
pre88ure Value ofL= 15 and L=20 w a台Caused by
the difference of grow th detonation that w as
generated by the difference ofincidence pre8Sure.
The receptorexplosive had detonated incom pletely,
and the condition of detonation w as during the
grow th proce88.T he grow th of detonation w as
interru pted because the thickne88 0f receptor
explosive w a卓Only 5m m ,Since itw asexpected that
m easured preSSttre in the experi m ent w as low er
than C ･J pre88ure.

4.Conclusions
T he underw ater Sym pathetic detonation of

C om p.a w as investigated.ln the experi m ental
Study,a high ･8peed cam era and a m anganin gauge
w ere used.T he behavi or8 0fboth the detonation
w ave in the donorexplosive and the 8hock w ave of
w ater w ere recorded by the Streak im age.T he
re8ult8 0fthe Streak record 8how the difference of
the velocity of8hock w aves from the upper8urface
ofreceptor expl08ive in the both ca8e8.H ow ever,
no conclu8ion w hether the receptor explosive
detonated ornotcould be m ade.From ob8erVation8
u8ing fram ing im ages, it w as found that the
expIoSive occur the 8elf･lum inou8 0fdetonation
w ave the explosive detonated in the ca卓e OfL= 15.
From the experi m ents u81ng the m anganin gauge,
the m axim um pre88ure On the Surface of the
receptorexplosive ofL= 15 and L=20 w ere 27.7G Pa
and 25.2G P a re叩eCtive)y. W e concluded the
m axim um pressure OfL=20 w as too high if the
detollat.ion had not.Occurred. T he num erical
8im ulation w as perform ed to investigate the
phenom enon.T he num erical Sim ulation w a卓
carri ed outby the finite diErerence m ethod (FD M )
u8ing Lagrangian coordinates.T he reaction rate
ofexploOive w 88 Calculated by the m ethod ofLe e -
Tarver m odel.T he calculated pre88ure Value8
agreed w ellw ith the experi m ental values.T he
pre88ure in the receptor expl08ive increa8ed w hen
the Shock w ave pa88ed the observ ation points in
the both ca8e8, and the reaction rate i of all
observation points W ere Changed ^= 1 (com plete
detonation)in Severalcalculation routines.1n both
case,the ignition orthe explosive had occurred,
H ow ever the receptor explosive detonated
incom pletely in the ca島e Of L=20,it w a卓during
the grow th proce88.T he grow th ofdetonation w a卓
interrupted because the thickness of receptor
explo8ive w asOnly 5m m ,Since itw asexpected that
m ea8ured pre88ure in the experi m entm ea8ure W ag
low er than C ･J pre88ure.
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