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Effects of pre-compression on the detonability

of emulsion explosives
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The broblenh of dead pressmg of emulsxon explosxves by dynamxc pre-compressxon has_’ '
been expenmentally mvestlgated in four emuls:on exploswes sensmzed elther by glass m:cro-‘ -
balloons (GMBs) or by chemical gassing. Computer sunulatxon of the dynamlc dead- pressmg :
and detonability recovery processes has been carried out in the gassed emulsion exploslve
This study showed that the strength of the GMBs detenmn& the pressure tolerance of the ex-
plosives. If dead-pressing occurs, it is a very rapid process and takés only few milliseconds.

- Some ‘explosives can' recover- their detoriability ‘after the “dead-pressing. However,. the
" recovery time is quite different for different explosives. For the gassed explosive; the recovery
- time can be as short as 50 ns, while it is longer than 45 minutes for certain GMB sensitized ex- -

~plosive. sy o v e o e

1. Introduction .
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An emulsion explosive consists of two physq:al com-
ponents ; matnx and sensitizer. The sensitizer can be L

hollow glass nucro-balloons (GMBs) or gas bubbles
generated by chemical or mechamcal gassmg When

the exploswe is subjected to compresslon, the matnx ‘

may start to crystallxze, the GMBs may be broken and~
the gas bubbles may be’ severely dxmmxshed. If any of’

these occurs, the detonability of the explosive can ‘be* ‘
deteriorated /1, 2/. In the worst case, a dead-press:" +' . P I
-¢ 52 mm in inner diameter, 4 fnm in wall thickness

ing resulits.

At SveBeFo, the dead-pressing of emulsion ex-
plosives has been studied in the search for the reasons
for detonation failures in rock blasting practice. The
main objective of this study is to investigate the
durability of emulsion explosives to pre-compression
and the mechanism of dead-pressing.

2. Experimental Studies
2.1 Testing Method

A method of testing the del;onability of emulsion ex-
plosives under dynamic pre-compression has been
developed /3/. The configuration is shown in Fig. 1.
Explosives are tested in closed steel pipes measuring
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Elg 1 Method of testmg the detonabxhty of emul-

< giof explosxves ‘under' dynamxc[ pre-compres-
. sion..

i

and approximately 1.5 m in length.

The black powder and the detonator are initiated
simultaneously. Thus, the burning of the black
powder generates a dynamic pressure on the ex-
plosive before it is initiated by the primer with a cer-
tain delay. The pressure history of the pre-compres-
sion on the testing explosive is measured by two
pressure gauges, which were developed at SveBeFo
based on a piezo ceramic material /4/.

The detonability of the tested explosives was main-
ly determined by the visual examinations on the test
site. If the explosive was dead-pressed, a length,
usually about 1 m, of the charge remained after the
blast. Otherwise, neither the pipe nor the explosive
could be recovered.
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Table 1 ’Propemes of the tested explosives

N Matnx ‘Explosive Sensitizer VODm¢ 52
Explosive | densi densi - -mm steel pipe
- Sl ) | O/ nd)... Type Wt;% Vol % " (m/s)
1| 1s0s| 120 | QCEL7S | 170 | 10.7 | . '5812. ‘
2 1320 1210 Q-CEL 723 | 2:05 | 10,7 | (Notmeasured)
3. 1320' niloec1200 | B37/2000 | 3.26 | 10.7 16249
4 1360 |~ 1200 |.*Gassing “|--0.001 .| 11.76 | (Not méasured)
e, "«;.Jf;f: N ‘ :
T B TS FHICARE LD B 1@ ‘ ,
T DI S | able;u2 -Detonability of the four tested explosives o
) . . Sensitizer in Dead -pressing Detonability recoyery after
RN i ‘explosives ‘| - ‘pressure dead-pressing
.4 74 . Q-CEE719}i):, 10MPa " Yes, after ca 45 min.
b | Q<GEL-723: ‘20 MPa No, at least not within 1 hr
., Barjano | .>100MPa -
oot Gassnifg 417 MPa Yes, wituin-25. ms*: - SRR

*: The time mterval of the delayed detonator used in the expen~

e v
125 mS: e

2 2 Pfoperties of the StL‘IdIed Exploswes .
Four explosww were tested They have the same
matrix but different sensitizers, see Table 1. Among
the. GMBs, the.Q-CEL 719 has the lowest rupture
strength while B37/2000.. has the highest.
2.3 Experimental Results - ot
The detonabilities of the four explomves were sum-
marized in Table 2. Detailed results can be obtamed
in /5/.
Furthermore, the following conclusions can be
drawn : ‘
®The damage of the GMBs or gas bubbles is
responsible for the dead-pressing. - :
® The dead-pressing process is very rapid. For exam-
ple, it takes less than:10 ms to dead-press the ex-
plosive containing Q-CEL 719. ...~
® The recovery of the detonability occurs very rapid-
"“ly in the gassed explosive. On the contrary, once
the explosive sensitized by GMBs is dead-pressed,
it is permanently dead in rock blasting practice.
3. Computer Simulation of Dynamic’ Dead-press-
ing and Detonability Recovery
In order to understand the dynamic processes of the
dead-pressing and the detonability recovery in the
emulsion explosives; a computer simulation:-has been
carried ‘out ‘for: the chemically gassed :emulsion ex-
plosive /6/. From the simulation;, the times necessary
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~ ment was:25 ms. Therefore, the shortest detectable time was

S o
el s s s S
for the:dead-pressing and therdetonabxhty ‘recovery
after the'dead-pressing ‘are estimated.-+: . » . -n
3.1 -.Mechanism of Initiation and iDead-pressing +

Initiation mechanism : The initiation mechanism is
assumed to be the viscous: heating.of the matrix and
the isentropic compression of the gas:bubbles, .which
heat up the matrix. When:the matrix reaches a critical
temperature of 300 C /6/, it starts:to burn:and.an in-
itiation results. -~ o D A T .

Dwd-presm&mmhwm Durmg the pre-com-
pression, the matrix flows inwirds:towards the cen-
tres of the gas bubbles. This flow results in a viscous
heating in the matrix itself and a compression .in:the
bubbles. The bubble volume decreases.' Meanwhile,

the bubble' temperature increases accordingly -and
will be higher than that in the-surrounding matrix.
Therefore, heat dissipation from the gas bubbles to
the matrix takes place /2/. This heat loss will cause a
further decrease .in the bubble volume and
temperature. If the explosive is :re-shocked by the
primer while the gas bubbles are cold and small, the
explosive may not be initiated because.of insufficient
viscous heating and gas compression.

Mechanism of detonability recovery:: After the pre-
compression vanishes, the gas bubbles expand and
their temperature decreases -correspondingly. When
the temperature 'in the bubbles is lower than'the
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Fig. 2 Element net of the sxmulatxon vxewed m a
plane

A

matrix temperature, the bubbles will regain heat from

the matrix. Gradually, the bubble temperature and
the bubble size will return to such a degree that the ex- .-

plosive is detonable again.
3.2 Calculation Algorithm

Geometry: and element layout : A -spherical sym-
metry was assumed-and the- calculations were per-

formed in- the. spherical co-ordinates, of which the

origin-is located-at:the centre of a gas bubble. The
matrix surrounding the gas bubble was divided into
elements. of spherical shells, see Fig. 2.

Pressure profile for, pre-compression, initiation and
detonability recovery : The pre-compression pressure
has a simplified profile. It increases from 1 atm to-17
MPa in 0.1: ms: and:then. keeps constant at 17. MPa,
which: is -an: idealized - profile based on the
measurements from the experiments /6/. The initia-

tion pressure is-a-shock wave from the primer with an
amplitude of 24.8 GPa /6/. . ‘
To simulate the recovery of detonability, the pre-
compression is suddenly released from 17 MPa to 1
atm after 20.ms of compression /6/." y.
Program flow :chart : The program flow chart is
shown in Fig. 3. Four major calculations are carried
out in each time step as marked by @, @, @ and @ in
the flow chart.: The governing equations for the cor-
responding calculations are described in the follow-
ing. . ‘ .
@ Viscous flow of matrix and the resultant heating :
The matrix can be assumed to be incompressible com-
pared to the gas bubbles. For a viscous and incom-
pressible fluid, the flow is governed by the Navier-
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put: start geometry, temperafure, pressure,
partlcle veloc:ty and matenal properties

~I'Save

0
Compression pressure (p) |

!
Flow of matrix (ug, 1=2, ..., m), resultant
viscous heating of matrix (T}, i=2, ..., m)
iv+-| and fiew'volirme of N bubble (v;)

¢ I
" @State in N2 bubble due to compression (py, T1) |

|
Heat flux (8Q;, =1, ..., m) and
newwmpemtum('l‘;,l—l M)

Newpwure mtheszubble m
after heat conduction

E Ty 1
Tmnperatmedependmtmatm-ial
properties (Cp, 1)

Efxme step l@}

o "
Fig. 3 Program flowchart of the computer sunula-
tlon s

(=)
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Stoke equation (Eq. 1) and the continuity ‘equation
(Eq.2) /7/. The energy dissipated as viscous heat
per unit volume and unit time is’in Eq'; 31/7/.

: a_ sl puloe, 28]
+ (v, = o ar+p,,.[ % = ] ‘.,(l)‘

V-u=0 - oo it (2)

E=2ple, +eg+e,+e;,+el, +e) - (3)

Where : , = radial velocity, (m/s)
t=time, (s) 5
© . p=pressure in the matrix, (Pa) .
r=radius, (m)
u = velocity vector -
= {ur, 0, 0} in a spherically symmetric flow
P = density of the matrix=1360 kg/ o
£ = viscosity of the matrix .
=1.60765-10'% /T*%47 .Pa-s, /6/ .
e 10 eps
= components of the rate-of-strain tensor.
The matrix flow determines also the final volume of
the gas bubbles (v;) at the end of each.time step.
@ State in the gas bubbles due to.the compression :

The bubble compression was simulated by an isen-
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tropic process followed by a heat transmission from

the bubble to the surrounding matrix. The isentropic-

process, dS=0, means : de + pidvi=0, or: - -
-n-CodT 1+ T (3p1/3T1) 1 dvy =0 ‘;(4)

Where 'S ’entropy e'is'internal energy.; p1, Vi and;
" T, are pressure, volume and temperature in
v the gas bubbles ; n is the amount of gas in
each bubble in'mol and C, is the specific heat
" at constant volume for N gas in J/K/mol.::
The van der Waal equation of state (Eq. 5) is assum-
ed to the N, gas and the temperature dependence of
the specific heat can be described by Eq. 6. .

(p|+an2/v|’)(v| nb)-nRTr ' (5)
Cv 01+b| T1+C|/T| T (6)

Where ¢ a=0.140835 m® -Pa/mol?, /8/
© 5=3.913-10"°5 m?,'/8/

R - 8. 31451 ] /K/mol

a.—20 414 JjK/mol /8/

b.—2 693- JO' J/K’/mol /8/

¢1= —3.571-10* J-K/mol, /8/
Mathematical manipulations to Egs. 4, 5-and 6 result
in Eq. 7, which together with Eq.5 determine T,
andpr. - .. Co e e ‘n

I

a;lnT|+b|T| +R ln(ru-—nb)

T TS
hl[To"l (vo— ”b)R} blTo+2T2 -

Where vo = initial volume 4m'o /3, (o)
To—-xmt:al temperature 20T =293K
7o =initial radius = 100pm--10’ m, /6/

@ I-Ieat flux between elements and the resultant
temperature changes The heat transm:ssron from a
bubble to its surroundmg matnx occurs on the whole
bubble surface ‘and is calculated by Eq 8. The heat
conduction between any two ad)acent matrix
elements is calculated by Eq 9

oQi=aA,: :AT,~ét, fOl’i—l (8)
3Qi=(2/ar)-Ai-ATi-dt, for i=2, -, m . (9)

Where: i=1, -, m = element number ; 1 for Nz bub-
ble; 2 to m for the matrix, see Fig. 2"

'5Qi, As, AT}, &ry= heat flux (J), boundary sur-

~ face area -(nf), temperature difference

- (K) respective distance (m) between the

1:th and the (i+1):th element, see Fjg. 2
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" & = coefficient of heat transfer
=4190 W/ it /K, /2/ |
1= thermal conductivity of the matrix
=0.209 W/m/K, /2/ "
5t =length of one time step, (s)
The new temperatures in the gas bubble and the
matrix elements after the heat conduction are :

(T )new=(T1)oa—6Q1 / (n-Cp) ©10)
(T1) ew = (6@ _5Qi)/(Pm Cpm v)+ (Ti)o!d; (11)
fori=2, -, m .

Where C, = specrf’ ¢ heat at constant pressure for Nz

gas=14-C, /8/ . "

Cp- = specific heat at constant pressure for
matrix = 1080 J/kg/K, /2/

@ New pressure in_the gas bubbles after heat

transmission : The new pressure in the gas bubbles
{P1)new is found by solving Eq. 5, since vi and-(T1) pew
are known at this stage. -

3.3 Results of Simulation

Dead-pressing : The simulation showed that after
the application of the pre-compression, the radius of
the N; bubble decreases very rapidly in the beginning
but more slowly Iater on. At the same tlme, the bub-
ble temperature ﬁrst mcreases due to the compres-
sion and then decreases due to the heat transmission
to the matrix. It is'also shown that after 1'ms of com-
pression, the radius and the temperature of the bub-
ble decrease very slowly. After 20 ms, they no longer
decrease significantly.

If, at different waiting times during the compres-
sion, the explosive is initiated by the primer, different
temperature will be :induced in the matrix by the
primer owing to different state in the bubble and dif-
ferent matrix temperature. Fig.4 shows how this
shock-induced temperature in the matrix element ad-
jacent- to the .Na: 'bubble, which is the highest
temperature in the matrix, decreases with the waiting
time. According to this figure, the explosive is dead-
pressed at waiting times longer than 2 ms. -

Recovery of detonability : When the pre-compres-
sion vanishes; the gas bubble will expand. At this
time, if the explosive is initiated by the primer, a new
temperature will be induced in the matrix.. Fig. 5
shows such shock-induced temperature in the matrix
element adjacent to the gas bubble after the compres-
sion vanishes. According to Fig. 5, the éxplosive is
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F:g 4 ‘ Temperature in the matnx element ad]acent
A to the N 2 bubble, induced by initiation at-
tempt using the primer at different waiting
' time during’ 'the pre-compression: The cor-
- responding- pressure profile is shown in the
-upper figure. The dashed lines correspond to
i the pre-compression.
detonable again 50 ns after the step release of the com-
pression..ui:.c . :
~However, since:the rélease of the pre-compression
is simulated by a step release, the simulation did not
take into account of the decaying-time. or decaying
speed of the.pre-compression release.: Consequently,
the resultant time of the detonatbility recovery-is the
theoretical shortest:recovery time. In the reality, for
example- in- the blasting ' experiment;: the pressure
release has always a finite decaying time which is
much longer than 50 ns. Therefore, the visible time of
the detonability recovery should be longer than the
simulation resultof 50ns. - ... Cn
4. Conclusions. . .. ... S
o:The simulation resulted in good agreement with the
‘experimental work for the chemically gassed emul-
sion. explosive.
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Fig. 5 Temperature-in the matrix element adjacent

to the N, bubble. induced by initiation at-
tempts at different time after the pre-com-
pression vamshes. The’ correspondmg
pressure profile is shown in the upper figure.
The dashed lines correspond to the effects of
compression: and pressure release along.
, (Notice the dual time scales.)
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o For the explosives containing GMBs, the rupture
strength of the GMBs determines thelr pressure
tolerance. ‘

® The detonability of the gassed explosive can be
recovered very rapidly, within 50 ns, according to
the simulation. This rapid recovery is a unique
feature for the gassed emulsion‘,‘ which the GMB
sensitized emulsions do not have.

) Damage of the GMBs or drmmutmn of the gas bub-
bles is responsrble for the dead-pressmg '

oThe dead- pressmg occurs very rapldly, about 2 ms
for the gassed emulsron and less than 10 ms for the
GMB sensitized emu]snons ‘
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