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Summary

In order to evaluate the performance of explosives, an experimental
set-up was installed at Vinterviken, Stockholm, at the beginning of
1972. Arrangements and measuring equipment are described, as well as
an experimental method for determining the effect of water-container
boundaries on the oscillation time of the gas bubble. With this method
determination of the bubble energy becomes simple, even in cases where
the effect exerted by the water-container boundaries is appreciable and
difficult to calculate theoretically. The maximum pressure Pm, impulse
density |, and shock wave energy ES’ in the water shock wave as well as
the bubble energy EB, can be determined accurately enough to serve as

a good basis for predicting the performance of an explosive, e.g. in
rock blasting. Control experiments with 100 g TNT balls yielded values
of Pm' I, Eg and EB in good agreement with those quated by R H Cole /3/.



Introduction

When an explosive detonates under water, the main part of its energy is
primarily released tfo the water as shock wave energy, and as energy in

the oscillating system formed by the gases in the reaction products and
surrounding water. Recordings of the period of oscillation (the bubble
period) and The pressure-time profilé in The direct water shock wave,

enable us to determine the bubble pulse energy, as well as maximum pressure,
impulse and energy in the direct water shock wave. These values yield in-
formation as for the energy of the explosive, and how quickly this energy

was released.

Experimental

Charge and pressure gauge were suspended in a crane, which could be turned
90° to the quay edge as in Fig |, which shows the arrangement in a sectian
‘perpendicular to the quay edge. Charge and pressure gauge were placed

2,50 m below the surface, the pressure gauge being 2,00 m from the centre

of the charge.

Recording equipment

On the whole, the recording equipment is in accordance with that used

in /2/. The pressure gauge consisted of a |/4" fourmaline crystal gauge,
made by Crystal Research Corp, with a sensitivity of 28,2 pC/bar. Together
with its coaxial cable type Amphenol 21541, the tourmaline gauge was
attached to a supporting L-profile, 160 cm length, which was

then attached to the crane with two | mm nylon cords. By this arrangement,
the tourmaline gauge was kept at a distance of 2,00 m from the charge

(see Fig |I). Cable length between gauge and charge amplifier was 42,5 m.

The total capacitance of cable and gauge was 2735 pF.

The gauge was connected to a charge amplifier made by Kiesf[er, model 568.
The amplifier was adjusted to give an output voltage of 0,0l volt/bar.

According to the manufacturer, the frequency response is then almost flat
from near direct current up to 150 kHz. A block diagram of the measuring

equipment is shown in Fig 2.

The pressure-time profiles were recorded by two oscilloscopes with polaroid
cameras. The oscilloscopes were of the type Tektronic 535, with sweep
velocities of 20 ps/cm and 200 Fs/cm respectively: The oscillation time

of the gas sphere (the bubble periods) could be measured by recording the
pressure-time curve separately on a UV-recorder made by SE-lLaboratories.
The paper velocity was chosen fo 500 mm/s with time-marking of 100 Hz. In

order to prevent the low impedance of the UV-recorder to load the charge
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amplifier so much that the output volfage of the lafter drops below the
adjusted value, an impedance raising, damping arrangemenT(ng»S)was
connected in between charge amplifier and UV-recorder. The system was
earthed by connecting the chassis of the charge amplifier to a copper plate

submerged in the water.

Evaluation of the primary data

The recorded pressure-time profiles have the appearances shown i Fig 4.

The first pulse to reach the tourmaline gauge originates from the detona-
tion of the charge and has an amplitude of 90-170 bar in case of a 300 g
charge. The high pressure gas sphere, formed after the detonation, expands
rapidly, reaches a maximum and is then compressed to a minimum, followed

by a new expansion and implosion, and so forth. Each minimum of the gas
sphere is accompanied by emission of energy in the form of a pressure pulse
in the water, which contributes to a gradual damping of the oscillations,
while the gas sphere rises towards the surface because of its buoyancy.
Recording of these pressure pulses will yield The oscillation time of the
gas sphere (the bubble period), from which the bubble pulse energy EB can
be determined. Besides that, maximal pressure Pm, impulse density |, and

shock wave energy ES are determined from the direct water shock wave.

The maximum pressure Pm

For the present experimental conditions, the direct water shock wave has
a very steep front (rise time < FS) fo its maximum value Pm’ after which,

according to /3/, the pressure near the front decreases:

P = Pm exp(-1/8) (3a.1)
where © is the time constant.
The error in the recording of Pm can be divided into

a. Error because of the extent of the tourmaline crystal.
b. Error because of limitations in the high frequency response

of the charge amplifier.

The relative response R, of the tourmaline crystal for reproduction of

P
the maximum pressure Pm ™ because of errors according to a/above, will be
a
RP =1 - - (3a.2)
m o

a = radius of tourmaline crystal
where o sound velocity in water

C
® = time constant in the water pressure wave defined
according to (3a.l)
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if, for example, a = 4,5 mm, Co = 1,5 mm/Psec, and © = 60 psec, we get
RP =1 -4,5/1,5-60 = 0,95, that is, the value of Pm will be 5% too

low because of the extent of the crystal.

The error in b/ can be determined, if the form of the pulse from the
tourmal ine crystal as well as the frequencey response of the charge
amplifier are known. For the equipment used in these experiments, we may
expect it fto give a Pm value which is too low, but the error will be

smal ler than that in a/.

The real maximum pressure has beenvdefermined by plotting log P as a
function of t from the oscilloscope recordings (Fig 5). For times t,

where + &£ ©, there ought to be a straight line in fthe diagram except in
the vicinity of + = 0, where the limitations of the equipment, discussed
above, will affect the reproduction. The real maximum pressure Pm is
obtained by extrapolating the straight line in the diagram to T=a/co. From
the recording from a 103 g TNT-ball (see Fig 5), Pm was thus determined

to 68 bar, the time constant bging 8 = 54 psec, while a direct reading

gives 89 bar.

Impulse density

The impulse density [(impulse/unit of area) is defined by
_‘.
| = J'P(T)df (3b.1)

o

Since the contribution to the integral from the +ail of the pressure-time
curve is difficult to determinel abcurafly,The time of integration must be
limited /3,8/. The integration time 6,7 &, which has been used by

R.H. Cole /3/ in most cases, is a compromise, and has been used in the
practical calculations. (The time © is the time after which the pressure
P has dropped to Pm/e, that is, to 37% of Pm).

The shock wave energy ES

The shock wave energy E. that is present in tThe water when the shock wave

passes the pressure gauze, and which later can not be fransformed into
energy in the oscillating system formed by the gas sphere and the water
(bubble pulse energy), can be calculated from the formula (3c.l) below
with good accuracy, if we assame the water shock wave to propagate
spherically and the pressure P to be below c:a 400 bar, where the water

shock wave can be assumed to be acoustic /2/.
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,
€, - 4"75 j P2 (+)d+ (3c.1)
Poo A

R

distance between charge and pressure gauge

where c,° sound velocity in water

sz density of water

As in the case of |, the integration time t is chosen to 6,7 ©.

The bubble pulse energy E

B

If the maximum extent of the gas sphere is small as compared to the
distance from gas sphere T%}%%Ter surface and to the bottom and the walls
of the container (ideal water-container), the energy in the oscillating

system formed by the water and the gas sphere can be determined from /3,4/:

Eg = K. T (3d.1)
where
_ 5/2
_0.683 p

K = ~—~E;;?7§ (3d.2)

EB = bubble pulse energy
and {p, = static absolute pressure at charge depth

T = fime for a complete oscillation of the gas sphere

The constant 0,683 is dimensioniess

For experiments in the water-container described in Fig |, the charge
must be appreciably smaller than | g, if the effects from the surface,
the bottom and the walls on the oscillations of the bubble shall be small
enough to enable a defermination of EB from formula (3d.l) with satisfying
accuracy. In practice it is necessary fto use charge sizes which are not
below the critical dimensions for propagation of detonation and which
permit simple calculations of the influence from the primer. [|f the
experiments are not carried out in a very deep and wide container, where
the charge can be placed far away from bottom, walls, and surface, the
effect from the container boundaries on the oscillation of the gas sphere
must be calculated in order to determine the bubble pulse energy from the

oscillation time recorded.

Being able to determine this ideal bubble'pulse energy makes it possible
to compare explosives which have yielded essentially different bubble
pulse times at one experimental site and fo compare tests carried out at
different experimental sites where the water-container boundaries have

been affecting the oscillation of the bubble differently.



Cole /3/ gives a formula, determined by Friedman, by means of which the

influence on the bubble period from the water surface and the bottom

can be calculated. [t is of the form.

3
T = aEB + bEB

2/3 (3d.3)
where EB stands for the "ideal" bubble pulse energy and a and b are
constants, depending on the water-container in question as well as on

the location of the charge therein.

Nils Lundborg /4/ gives a formula, with which it is possible to compute
the effect on the bubble period from the walls only, provided the charge
is placed symmetrically in the water-container:

/3, 2/3 CE. + dF 4/3

B B B (3d.4)

T = aEB bE

where a,b,c, and d are constants depending on the dimensions of the
container. In case there is a simultaneous effect from bottom, water
surface and container walls, the total effect of the container on the
bubble period becomes very difficult fto calculate theoretically. The
situation may become still more complicated when the form of the bottom and
the walls can not be described mathematically in a simple way, and also
when the charge can not be placed symmetrically in the water-container. Yet
the effect of the container on the bubble period can be determined and
described by a number of constants, py measuring the bubble period

for one explosive in a certain container, the charge size being varied

within a sufficiently wide range.

Calculation of bubble pulse energy in a water—-container, where the

boundaries disturb the oscillations of the bubble.

Let us consider a given water-container, in which there is a charge of a

specific explosive s, its location being given. If we record the bubble

period T for different masses m of this explosive, we will be able to
determine T = F(msl/B).

. B /3, . . . /3
By plotting T = F(mS ) in a diagram with T and me along the axes

(see Fig 6) we can draw the tangent to the curve at origo. The tangent

can be written:

(4.1)

/3

For an "ideal" water-container we have according to (3d.l), Tam/s

sinc .
e EB ny mS



Thus T' stands for the bubble period we should have got in the given
container and with the given location of the charge, should the container
boundaries not have disturbed the oscillations of the bubble. The

bubble pulse energy of the explosive s of a given mass m, can Thus

according to (3d.1) be written

3
= . = 1
EB eg * Mg k(T") (4.2)
s
The bubble pulse energy per mass unit of the explosive s, eg » being
a constant independent of mg, can Thus be determined: >
3
1
e, = k(T (4.3)
B m
s s

/3

T can thus be plofted as a function of EB (see Fig 6). This curve

gives us the possibility to determine EB from a measured bubble time T
for an arbitrarily chosen explosive.

In practice owing to normally occuring fluctuations. in the atmospheric
pressure, the total static pressure p at the charge depth h will vary
during the experiments for determination of the points (m s 1)
Consequently, the measured values of T for charges locaTed at the depTh
of h below the water surface, should be corrected to values of T which
are valid at the same total pressure CNE If this pressure constifutes
the total pressure at the charge depth h at an atmospheric pressure of

NTE where pNL is most conveniently set at | normal atmosphere = 760 mm

Hg, Py c@n be written:

Py = Byt + £90) (4.4)

The times Tp which were valid at the total pressure of p, are corrected
fo times T, valid at the total pressure of PN? by means of the relation

ST - 5/6 _ 5/6
T = TP (P/PN) = TP[(p4+ fogh)/(pNL + fogh-)] (4.5)

which can be obtained from (3d.l) and (3d.2), and where PL stands for the
actual atmospheric pressure and g means the acceleration due to gravity.
The explosive s used for determining the points (mS,T) should have a small
critical diameter; be safely initiatediby a detonator to a well-defined
detonation velocity; the explosive should be easily formed into a

desired shape; it should not change its properties at a prolonged direct

contact with water.

The procedure above for the determination of EB can be transformed into a

mathematical form as follows.
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Since EB A,mS(Bd.S, 3d.4), the function T = F(ms) can be considered as a

polynomial of the form

1/3 2/3 4/3

T = F(mS) = amS + bmS *+ emg + de (4.6)

where a,b,c, and d are constants valid for the explosive s, The given
container and the location of charge in the latter. The constants can
be determined by fitting to the experimental points (mS,T), e.g. by means

of the least square method.

According to (4.6) and (4.1), the bubble period T', which should have been

obtained in case of no influence from the container boundaries on the

oscillation of the bubble, will be

T = am /2 4.7)

s
Then, according to the formula 3d.1, EB can be calculated from
3
Ep = k(T") (4.8)
B
which, in accordance with the relation 4.7, will be
)

EB = ka mg (4.9)

Since, in practice, F(mS) will be morotonously rising, the inverse

F Ty of F(m_) exists, and m_ can be written

m_=F (T) (4.10)

E. = ka *F '(T) (4.11)

In the case of the parficular‘wafer—con+ainer and charge location described

in Fig I, T = F(ms) can be satisfactorily described by the polynomial

_ 1/3 2/3
T = am, + bmS (4.12)

(see Fig 6). According to (4.10), m, will be

a3 2 1 3
mg = —% VI + 4bT/a - (4.13)
8b

According fo the formulas (4.9), (4.13), and (3d.2), the bubble energy

EB can then be written as
5/2

0,683p 6 ' 3
Eg - 352 -2 dl v abT/a2 | - | (4.14)
f’o 8b
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where PN is the absolute pressure at the charge depth, to which the times

T have been corrected according to (4.5) when determining (mS,T).

The time T in (4.14) is the bubble period measured for an explosive at

the total pressure of PN at the charge depth.

Using the relations (4.4) and (4.5) the formula (4.14) can be written

5761 )3
6 4bT byt e.gh
0,683 5/2 a p [ PL" So
E, = — (p., + 0.gh) a |+ | -1 (4.15
B 372 PnL T o 3 2 o
fo 8b | a Py xely

where T _is the bubble period recorded at the total pressuré of
p = (pt+ gogh). Since the constant 0,683 in (4.15) is dimensionless
(3d.2), the units can be chosen in any consistent system of units, e.g.

the S| system.

Experimental determination of the constants a and b

Spréngdeg (explosive paste) (86 PETN/I14 oil), a plastic explosive made

by Bofors, taken from one and the same package, was used at the determina-
tion of the points (mS,T). Initiation was by a detonator No 8, except

for the two smallest charges, where a detonator type GT | was used. The
explosive charge of the detonators No 8 and fype GT | were considered fo
be equivalent to | and 0,4 g of sprdngdeg respectively. For the water-
container and charge location described in Fig |, the bubble period T of

the first oscillation of the gas sphere could, with satisfying accuracy,
/3, . 2/3

s s

stands for the mass of sprdngdeg. Using the least square method the

be described by a polynomial of the form T = am , where mg

constants a and b were fit to the experimental points (mS,T) including
the point (mS =0, T =0) (see Table | and Fig 6). The first bubble period

could then be written

T = 0,2562 ms'/3 - 0,0293 m52/3 (4a. 1)
a = 0,2562 sec/kgl/3
where
b = -0,0293 sec:/kgz/3



Table |I.

The first bubble period T for spréngdeg.

Shot me T
nr (kg) (sek)
103 0,0150 0,0612
104 0,0289 0,0757
105 0,0289 0,0759
33 0,0900 0, 1087
32 0,0935 0,104
106 0,102 0,1138
34 0,182 0,136
35 0,183 0,136
85 0,310 0,160
86 0,318 0,6l
36 0,38l 0,170
37 0,386 0,171

Evaluation of the performance of explosives

atmospheric pressure
N 760 mm Hg

For a comparison of maximum pressure, impulse density, shock wave energy

and bubble pulse energy values between shots where different charge weights

and/or distances between charge and pressure gauge have been used, it is

convenient to use the reduced values of the same parameters instead, that

is, Pr? i, e, and eg- /3,5/

PR
L L (5.1)
m mI/3

e -r/m2/3 (5.2)
og = Eg/m (5.3)
eg = Eg/m (5.4)

distance between

charge and pressure gauge

1]

where R
m = charge weight

The integration time t for impulse and shock wave energy is 6,7 .

In a given explosive, e, is a constant independent of m for such values

B
of m that changes in the detonation velocity are negligible and the total

reaction time in the charge is small as compared to the first bubble period,



while P i and eg» with good accuracy, can be considered as constants

independent of R and m, provided the reduced radius r = T/ is kept within

/3 /3
the range 2,5 = r = 3,3 Lme“rer/kg :l /3/.

For a given experimental setup one has to restrict:m so that the surface
of the gasbubble at its maximum extension is kept well away from the
container-boundaries in order not fo make the bubble unstable when it
approaches its minimum /3/. The distance between charge and container-
boundaries should not be less than az 2 maximum bubble radii ag where a

m
can be estimated from

. (|.3E \/3
m? \T+h/10

an, = maximum bubble radius [mefe{]
where {h = charge depth [mefef]
E = explosion energy in explosive [MJ]]

The shock wave amplitude near the charge, as well as the femperature and

composition of the reaction products, may vary for different explosives.

As a consequence of this, eB/Q, eS/Q and (eS + eB)/Q where Q stands for
the total energy released per massunit in the explosive, will vary for
different explosives. Using the experimental setup and evaluation
technique described above, we normally obtain eB/Q = 40—60'%,e8/0 = 20-30%,
and (eg + eB)/Q = 70-80%.

Predictions of the performance of an explosive from underwater data aft,
say, rock blasting, will become more accurate if the results are comple-
mented with such data as detonation velocity, density, expected temperature
of explosion, and gas volume of the reaction products at normal pressure

and temperature.

Control Experiments

As a check on the procedure of determining the bubble pulse energy as
described in section 4, the bubble pulse energy per mass unit in shots
with different charge weights of spréngdeg was calculated. For these

calculations, formula (4.15) and data from table | were used.

Besides that, the values of P i, e and e, as defined in section 5,

were determined using data from tests with bSIIs made of pressed TNT

(6 = 50 mm, weight = 100 g, drilled with ¢ = 7,3 mm, 40 mm deep for
initiation with a detonator No 8), whereaffer these values were compared
with those given by Cole /3/. The result is shown in Table 2 below. The
weight stated includes that of the deTonafor, which was considered

equivalent to 2 g of TNT.
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Estimation of errors

Determination of the maximum pressure on the oscilloscope screen gives an
error in the individual measurement which may be estimated to +1.5 % when

the amplification is so adjusted that the entire screen is used.

The error in the individual measurement of impulse density and shock wave
\
energy is composed of errors in x-and y-directions on the oscilloscope

screen, errors in the integration, which was carried out graphically,

and errors in determining the time constant 6. Alfogether +this will give
an error in | and Eq of about +3 %. As for of the bubble period, the
error in the individual measurement of time will be about +0.5 %, which

is equivalent to an error of about +I.5 % in the bubble pulse energy.

Conclusions

The average values of maximum pressure, impulse density, shock wave
energy and bubble pulse. energy obtained by means of a number of experi-
ments with an explosive, should have so small total errors as to serve as
a solid basis for an estimation of the performance of an explosive e.g.

at rock blasting /7/.

The author would |ike to convey his thanks fo Ph.D. Nils Lundborg,"
M.A. Algot Persson and Ph.D. Per-Anders Persson for their valuable
viewpoints and advice, and to Monica Masuda and Annmarie Martensson

for franslating the paper to English.
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Fig. 4. Recordings from a 103 g TNT ball.
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