DEFINITIONS

CHAPTER 1

INTRODUCTION

1.1 DEFINITIONS

In the following a few definitions useful in attending the course will be given ™

Combustion or Burning of condensed matter means an exothermic reaction taking
place at the surface of the grains which compose the material. This reaction is main-
tained by the beat transmitted from the gaseous reaction products.

Detonation is 2 specific exothermic reaction which is associated with a shock wave.
The chemical reaction starts becanse of the heat which is a result of the compression by
the shock wave. The energy Liberated in the reaction sustains the shock wave. An
importast characteristic of the detonation is that the reaction products have initially a
higher density than the unreacted substance.

Explosion is a rapid expansion of matter into a volume greater than the its original vol-
pme.
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EXPLOSIVE SUBSTANCES

1.2 EXPLOSIVE SUBSTANCES

An explosive can either burn or detonate according to the method of initiation or the
quantity of the material involved. According to Taylor™® if the mass of the explosive is
small, thermal Ignition usually leads to burning. However if the mass exceeds a critical
value It Is possible that the burning becomes so rapid that a shock wave propagates and
detonation occurs. The critical mass depends on the explosive,

I, Initiating explosives. Explosives such as mercury fulminate or lead azide in which
burning results in a detonation even in small quantities are called initiating explosives.
These explosives are used in initiators (blasting caps). Another name for these explo-
sives is primary explosives, Primary explosives are very dangerous since they are
readily ignited by direct contact with flame or electric sparks. They impose significant
problems in the manufacture since extreme care has to be exercised.

Ii. Secondary explosives. They are called high explosives as well. They are less easily
detonable; however they are handled in much larger quantities than primary explosives.
‘Typical high explosives are TNT, RDX, PETN etc,

lil, Commercial explosives. Usually they are Ammonium Nitrate based mixes. They.
are considered to be safer than high explosives. However one should be extra careful so
that one

interprets the available sensitivity data properly. For example, although drop tests indi-
cate that cap sensitive slurries are less sensitive than cast TNT, projectile impact tests
and gap

sensitivity tests show the opposite,

In this course the main emphasis will be placed on the commercial explosives since they
are of primary interest in the mining and construction industries.

Commercial explosives are manufactured so that they are oxygen balanced. As a result

the gases which are produced are non-toxic and the energy of the reaction between oxi-
dizer and fuel Is utilized fully,

The oxygen balance of oxygen rich compositions is expressed in weight percent as the
amount of oxygen liberated as a result of complete conversion of the explosive material
to COz, Hz0, Al,0; ele. (positive oxygen balance)®™, If the amount of oxygen is insuf-

ficient for the oxidation reaction, the amount of oxygen needed (again as a weight per-
cent) Is reported with a negative slgnm.

Example:

RDX (C4llgNgOg). In order to convert the material to CO,, N, H,0 oxygen is needed
This could be expressed as: 2 N2 Mg Oxyp ;
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1.3

C3HgNgOg +320, — P 3C0O,+3H0+3N;

In other words 48g of oxygen is needed per mole of RDX or in weight percent 21.6%.
Therefore the oxygen balance of RDX is -21.6%.

The oxygen balance is usually calculated on the unwrapped explosive. However a part
of the wrapper takes part in the chemical reaction®,

Both negative and positive oxygen balance can produce toxic gases; carbon monoxide
and nitrogen oxides respectively. This is shown in Table 1 where the calculated prod-
ucts of decomposition of AN/FO (Ammonium Nitrate/Fuel Oil) at various values of
Oxygen Balance are shown.

SAFETY

Safety is a major concern of the explosives manufacturer and the explosives user. Vari-
ous mechanical and thermal tests are used. The tests are simple indicators of the explo-
sives sensitivity to various kinds of stimuli.

i. Mechanical tests. They test the explosive to shocks produced by mechanical means.
These tests are:

- The drop weight test
- The friction test
- The projectile impact test

- The gap test

ii. Thermal tests. They provide the risk associated with accidental fires. Usually the

explosive is heated confined. The degree of mechanical damage to the container indi-
cates the event,

iii. Stability tests. They test the explosive in long term storage by measuring the amount
of explosive decomposed as a function of time at various temperatures.
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TANLE 1

BXPLOBTON ATAMH PRODUCTH OF AN/FO AT VARIOUS

VALURE OF OXYOGRN BALANC

_]'_ B oo THE COMPOSITION
CONCENTRATION (moles/Kg of axplosive)
A
PFROPUOT OXYORN DALANCE (%)
19,0 l 0.0 ~16.2
Hjﬂ 26,4 218 2132
F
N: | | 11.8 112
NO 5,7 0.0 | 0.0
ﬂﬂa 2.1 3.9 2.9
on 0,0 0.0 Lk
GHQ 0,0 0.0 0.2
Ha 0,0 0,0 5%
““3 0,0 0,0 0.1
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D)
CHAPTER 2 THE DETONATION

PROCESS

2.1 INTRODUCTION

According to Persson! steady state detonation along a cylindrical charge can be
regarded as a self propagating process in which the axial compressive effect of the shock
front discontinuity changes the state of the explosive so that exothermic reaction sets in

«with the requisite velocity.

This reaction in homogeneous lic%uid explosives such as nitroglycerin is completed in a
time interval of the order of 10°'% seconds("). In high explosives, such as RDX and
EIPE‘I'N it is completed in about 1psec. . In composite explosives containing
~ ' \ _'JAN the reaction times are considerably longer resulting in long reaction zones and non
_ ideal performance.

i
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2.3

BHOCK WAVED
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SHOCK WAVES

e ———
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Compresslonal waves of small Intensity nre propagated In gases at the veloelty of the
sound, Let us suppose (hat n column of gis Is set in motlon by a plston which Is aeceler-
ated o It Let us also conslder (hat the veloelty of the plston Is a stalrease function of
time, Tach step transmilis w small compresslonal wiave which advances through the gas
already wet In forward motlon wnd heated by the previous waves, Since the veloclty of
the wuve Is |||rplcr ut elevated lempernfurcs, the new wave overlakes the pwvhrm” '

[Merefore the veloclty, pressure and (emperature gradients In the front of the wive grow

teeper with time, I there s no dissipative mechanism (e.g. heat diffusion) the gradi-

nts become Infinite®,

This type of wave, In which a discontinulty has developed Is known as a shock wave,
"The area of pressure rlse I8 called the shock front, The front asdvances with a speed
higher than (he sound speed. ‘The shock veloclty depends on the conditions behind, If
the plstons continues aceelerating so does the front, If the plston malntalns a constant
veloclty, the front malntalns a constant veloclty as well, If the plston decelerates n
wave of rarefaction Is formed ahead of it Finally this wave overtakes and weakens the
shock front,

It follows that the veloclty of the front Is determined by the conditions behind the front,

The wave does not malntaln ltself, Rather it depends on the support provided by the pls-
Lon,

DETONATION WAVES

However from our experlence we know that steady detonation waves exist. In this cose
the role of the piston Is played by the reaction taking place In the detonation wave,

Let us conslder a plane detonatlon wave which has been established In an explosive
(FPigure 1), The wave front advances Into the unconsumed explosive with a constant
veloclty D and It Is followed by the reactlon zone, If an observer 1s moving with the
veloclty D of such a front, the wave will appear to him/her as In Plgure |, Undetonated
explosive flows lnto the shock front AA" with constant veloclty U = =D, Its pressure,
temperature and density und Internal energy per unlt mass are Py, Ty, py, By atall polnts
to the right of AA', "The wave front Is consldered to be a discontinulty In comparlson to

the changes occurrlng behind It, Therefore ut AA' these values change to values Py, Ty,
Pz, Ba. These values change at some later stage,

The upparent veloclty of the mass leaving the front Is - (D-U,) where Uy, Is the particlo
veloelly (mass veloelty) In the zone between AA', BTV, relative to the fixed coordinates,

If we conslder a reglon of flow surrounded by u tube of unlt sectlonal area and two
planes, one Just before the detonation front and one right after It, the mass flowing in

must equal the mass flowlng out ( conservation of muss ) 'Th
; « 1he mass flowlng In per unl
time Is py1) dt, The mass flowlng out Is p a(D-Up)dt, Therefore § el
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DETONATION WAVES

p2D = p2(D-Up) - €Q1)

Furthermore the difference in momentum should be equal to the impulse of the net
force. Thus:

p,DdID - p;Ddi(D-Up) = (Pp-Py)dt (EQ2)
or
P,-Py =p, DU, . (EQ3)

P, is very small compared to the detonation pressure. Therefore it can be ignored and
equation (3) can be written as :

P, = p;DUp (EQ 4)
From equation (1), one can obtain:
U, = (1-p,/p,) D (EQ 5)

According to Cook® Up /D and py Ip; are slowly variable functions of the original
density. Thus:

U, =f(p)D (EQ€)
where

fpy) =1-p,/py (EQ7)

Therefore equation (4) can be written as:

P, = pf(p) D (€Q8)

For most cases (explosives having a density between 0.9 - 1.4g/cc) it is sufficiently
accurate to assume f(p;) =4.0. Under this approximation, the detonation pressure in

atmospheres when the velocity of detonation is given in meters per second, is given by
the following cquation{s) ]

D?.

P, = 0.00987p,—- (EQ9)

This is a relationship of great practical value. It allows the estimation of the detonation
pressure when only the detonation velocity and the initial density are known. It is worth
mentioning that the detonation velocity can be measured accurately in the laboratory.
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THE DETONATION HEAD MODEL(3,4)

2.4

Apart from equations (1) and (3) other equations are used in the theory of detonation,
Many of these fall outside the area of interest of these notes. They are mentioned in the
following to assist the reader in further studies.

The conservation of energy is expressed by the following equation:

1
Ey,-E, = 5 (Py+P) (V3= V) (@ 10)
This is known as the Rankine-Hugoniot equation.
A fourth equation is the equation of state of the reaction products of the explosive.
The above four basic equations are not enough to calculate the five unknown quantities
behind the detonation front (energy, density, detonation velocity, pressure and particle

velocity). A fifth condition is necessary. This is the Chapman- Jouguet hypothesis stat-

ing that the detonation velocity equals the local sound speed plus the particle velocity at
the detonation state. Therefore:

D=C+U, (EQ 11)

Equations (1),(3).(10),(11) and the equation of state of the detonation pru-duc'ts are

essential for the calculation of the detonation parameters in the thermohydrodynamic
codes.

THE DETONATION HEAD MODEL(3:4)

Practical explosives are used normally in the form of cylindrical charges. Cook's deto-
nation head model illustrates the sequence of events taking place. Figure 2 shows the
detonation head formation in a cylindrical unconfined charge. With strong priming a
detonation wave travels out from the primer and along the charge. This is responsible
for the promotion of the necessary exothermic detonation reactions within the explosive
charge. At the back of the primer the high pressure gases expand into the surrounding
air. As this expansion takes place it permits a release wave or a rarefaction wave to
travel down the charge behind the detonation front. This always lags the detonation
front for reasons which were explained earlier. In a similar manner at the sides of the
charge immediately after the detonation wave the gases expand into the atmosphere.
Again two release waves are travelling into the charge. The detonation front, rear
relca'sc wave and side release waves define a region called the detonation head. The det-
onation hesfd is a region associated with high pressure and high density, The shape of
the det-::-n:.m.u_n head depends on the gcometry of the charge and changes as it travels out
from the initiation source. This is due to the approximately constant relationship
between.mc release wave velocity and the detonation velocity. Initially the shape is that
of a section of a truncated cone with curved front and rear surfaces. Further away from
the iniliation the length of the detonation head grows so that it is controlled fromythc
side release waves which meet on the axis of the charge forming a cone. It has been

EXPLOSIVES TECHNOLOGY
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found (X ray radiography) that the length of the cone when the detonation is fully devel-
oped is approximately equal to the diameter of the charge. The density inside the deto-
nation head is constant and approximately equal to 4/3 p; where p, is the initial density
of the explosive. The distance from the initiator to the point where the full head is
formed is approximately equal to 3 1/2 charge diameters for unconfined charges. As the
explosive enters the detonation head it reacts. If it is in a granular form (e.g ANFO
prills) the reaction starts at the surface and proceeds radially towards the centre of the
prill. As it was mentioned in the previous the energy liberated supports the detonation.
If the reaction is not completed inside the head the encrgy liberated is less than the max-
imum available and the detonation velocity is less than the maximum. This is what is
normally known as non-ideal detonation. It is worth mentioning that non ideal detona-
tions can be stable; indeed a great number of commercial explosives used by the mining
industry today detonate at non ideal velocities at the diameters at which they are used.
The detonation velocity is the most important parameter of the detonating explosive. It
is well known that the velocity of detonation is a constant characteristic of a particular
explosive when the other parameters are kept constant. It was explained that the knowl-
edge of the detonation velocity can lead to fairly accurate estimates of the detonation
pressure which is of particular importance and cannot be measured directly. In the next
chapter the parameters influencing the detonation velocity will be discussed.
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INTRODUCTION

CHAPTER 3

3.1

EXPLOSIVE
PROPERTIES

INTRODUCTION

3.2

A variety of factors influence the explosives selection process. This chapter discusses
the most important of them and the parameters which influence them.

VELOCITY OF DETONATION

The velocity of detonation is the velocity at which the detonation wave travels through
an explosive charge. The detonation wave travels at speeds above the normal sound
speed of the unreacted material. Typical detonation velocities for commercial explo-
sives range from 2500 to 7000 m/sec. The defonation velocity is the most important
property of the explosive. Tt can be measured easily and accurately and it can be used
for the calculation of the detonation and borehole pressures which are of importance in

explosive applications. ‘The velocity of detonation of a particular explosive depends on
factors such as charge diameter, confinement, density and particle size,
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VELOCITY OF DETONATION

3.2.1

3.2.2

3.2.3

THE EFFECT OF CHARGE DIAMETER

Let us consider a typical velocity of detonation - diameter curve as shown in Figure 19,
If the diameter is too small the explosive fails to detonate. At some minimum diameter
stable detonation occurs. This minimum diameter is called the critical diameter of the

explosive.

As the charge diameter is increased the detonation velocity is increased as well, How-
ever when a certain diameter is reached, further increase in diameter does not result in
an increase of the detonation velocity. At this point a maximum detonation velocity of
the explosive is reached. This velocity is called the ideal detonation velocity of the
explosive and is the value predicted by thermohydrodynamic codes.

The detonation head model as developed by Cook® can be useful in explaining the
shape of the observed detonation velocity - diameter curves. Figure 1 illustrates the
length of the established detonation heads in charges of various diameters and indicates
what happens when a solid particle of explosive enters the detonation head. For the
small diameters, the degree of reaction is small and the energy liberated is not enough to
support a detonation. As the diameter is increased the detonation head length is
increased and for the same size of particle the degree of reaction increases. At the criti-
cal diameter the degree of reaction is sufficient to support stable detonation. If the
diameter is increased further a larger amount of explosive reacts in the detonation head.
When the ideal detonation occurs, the full amount of explosive reacts in the detonation
head.

EFFECT OF CONFINEMENT

The effect of confinement is to lower the rate of expansion of the gases off the side of
the chargem . This in turn slows down the rate at which the lateral rarefaction travels
into the reaction region. As a result it takes longer for the side release waves to meet on
the chargeaxis. The length of the detonation head is thus increased. This is shown in
Figure 2(Y, where the development of the detonation head is outlined for both the con-
fined and the unconfined cases. Therefore, if the explosive was not reacting fully ata
particular charge diameter, the effect of confinement would be to increase the degree of
reaction and consequently the detonation velocity at this diameter. Similarly, confine-
ment will reduce the critical charge diameter (Figure 3)@,

Thus confinement will only affect the performance parameters in the case of a non ideal
detonation. In the case of ideal detonation the shock velocity and pressure will remain
unaffected.

However confinement cannot be quantified. Steel, glass, various kinds of rock and soil

will produce a different effect. For this reason most of the tests are done with the explo-
sive charge unconfined.

EFFECT OF PARTICLE SIZE

If the size of the explosive particles is reduced at a given charge diameter in the non
ideal velocity region, the degree of reaction is enhanced because of the increase of the
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VELOCITY OF DETONATION

3.24

3.2.5

surface area. Furthermore since the grains are smaller, they are consumed faster in the
detonation head. As a result the critical diameter is decreased and the explosive reaches

ideal detonation at a smaller diameter (Figure 4)%,

EFFECT OF DENSITY

If the density s increased, the specific energy is increased; as a result the ideal detona-
tion velocity is increased. It has been found that the detonation velocity and the density
are related linearly. Figure 5 shows the detonation velocity density relationship for

various explosives.

However if the density is increased beyond a critical point, steady state dcwm'uion is not
possible. The phenomenon is called dead packing and a qualitative explanation can be
given by the fact that the volume of the entrained air is insufficient to provide enough
hot spots for the reaction to proceed™, Dead packing is a problem for air bubble sensi-
tized explosives when they are subjected to hydrostatic heads inside boreholes since
their density can increase drastically. Typical velocity diameter curves for air bubble
sensitized slurries when they are subjected to hydrostatic pressures are shown in Figures
6and 7. Curves for a microballoon sensitized emulsion are shown in Figure 8, The fact
that the emulsion was not affected by the overpressure is explained by the fact that its
density did not change under the hydrostatic pressure.

The relationship between critical diameter and density is shown in Figure 9), ‘This is
typical for any explosive. It is obvious that apart from the density in which the material
is dead packed there is a critical density below which the explosive will not shoot.

EFFECT OF TEMPERATURE

The initial temperature of the explosive has a small influence on the velocity of detona-
tion at diameters well above the critical. However the critical diameter is dependant on
the initial temperature. Figure 10) shows the effect of the temperature on the critical
diameter powdered TNT®), The effect is not very significant and it is typical of the case
of solid explosives in which no phase changes are observed,

In the case of commercial liquid-phase explosives the effect is more pronounced. Fig-
ure 11 shows the effect of low temperatures on the critical diameter of a typical small
diameter slurry cxpluslvcm. The effect on a small diameter emulsion explosive is
shown in Figure 11a®, Obviously critical diameters are increased when temperatures
drop but the effect cannot be quantified. As a general rule, changes should be expected
once phases change. Slurries change phases quite casily because the external phase is
the aqueous solution. In emulsions the aqueous supersaturated phase is protected by the
continuous oil/wax phase and phase changes are not observed easily when the tempera-
tures drop moderately. However at extremely low temperatures crystallization may
occur which is an irrecoverable process indicating a product break-down,
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3'2.5

3.3

EFFECT OF WATER

Generally slurries emulsions and gelatin dynamites are not affected by the presence of
water inside boreholes. Ammonium nitrate mixed with fuel oil has no water resistance.
The product absorbs water and soon becomes desensitized. Generally performance
drops drastically as the weight of water in the composition is increased. This is shown
in Figure 12 where the performance of ANFO at 4" diameter charges with various water

contents is shown.

Heavy ANFO can provide good water resistance if the concentration of emulsion is suf-
ficient. Generally, this concentration is about 55% by weight.

DETONATION PRESSURE

3.4

The detonation pressure is a very important parameter. It is an indicator of the ability of
the explosive to produce the desired fragmentation in the rock. However, due to its high
magnitude the detonation pressure cannot be measured directly. For this reason the
experimental determination is difficult.. The detonation pressure is related to the square
of the detonation velocity. Parameters which influence the detonation velocity have a
very significant effect on the detonation pressure.

DETONATION TEMPERATURE

3.5

The detonation temperature is the parameter about which the least amount of informa-
tion is available®. The detonation temperature is measured from the brightness of the
detonation front as it is observed by a sensor. However it is not known how much radia-
tion is absorbed from the partially decomposed material between the sensor and the
front. Furthermore, any gas bubbles in the material will flash brightly when they are
impacted by the detonation wave. This, obviously, will affect the measurement.

FUMES

It must be assumed that in all cases explosive fumes are to some degree toxic. Excess
oxygen causes the formation of nitrogen oxides while oxygen deficiency causes the for-
mation of carbon monoxide.

In the United States the fumes of any explosive are classified after detonating the explo-
sive in a Bichel bomb and analyzing its fumes. The following classes exist(%:

EXPLOSIVES TECHNOLOGY 16
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ENERGY OF EXPLOSIVES

A. Permitted explosives (USBM)

Fume class Toxic Gas
ft /b
A <1.25
B 1.25-2.50
C 2.50-3.75
B. Rock blasting explosives
Fume class Toxic Gas
ft /lb
1 <0.16
2 0.16-0.33
= 0.33-0.67

Toxic Gas
kg
<78

78 - 156

156 - 234

Toxic Gas
Vkg
10
10-21

21-42

much)®. It has been found that the fumes depend on :

1. The oxygen balance
2. Marginal priming
3. Water attack

4. Critical diameter

5. Gaps in loading

6. Deflagrations.

It is worth mentioning here that the relative toxicity of the fumes is important and this is
not shown in the above tables. NO is much more toxic than CO (about 6 times as

The effect of oxygen balance on the production of CO and NO, by AN/FO charges is

shown in Figure 1302, The effect of priming on the fumes produced by charges of
crushed ANFO is shown in Figure 14&}. j T

3.6 ENERGY OF EXPLOSIVES

Explosives are slubstanm that rapidly liberate their chemical energy as heat to form
gaseous and solid decomposition products at high temperature and pressure. The hot

EXPLOSIVES TECHNOLOGY

Scanned with CamScanner

17



SHELF LIFE

3.7

and dense detonation products produce shock waves in the surrounding medium and
upon expansion impartkinetic energy to the surrounding medium. The energy released
in the detonation process is given by the following formula:
Q= ﬁHI(producrs) —ﬁHI(reactants) [éq 12)

where AH is the heat of formation.
The energy per unit weight is called the weight strength of the explosive.
The energy per unit volume is called the bulk strength of the explosive.
Sometimes it is useful to express the weight and the bulk strengths as relative values
obtained by dividing the strength (weight or bulk) to the corresponding strength of a

standard explosive. The commercial industry normally uses AN/FO as the standard
explosive. '

SHELF LIFE

3.8

The shelf life of an explosive determines the maximum time period the explosive can be
in storage. Various explosives age and their use is unsafe or they cannot be detonated
reliably.

PRESSURE DESENSITIZATION

3.9

Commercial explosives can be susceptible to hydrostatic heads. Hydrostatic heads can
compress the explosive to high densities and "dead packing" can result.

MEASUREMENT OF THE DETONATION
PROPERTIES

3.9.1

DETONATION VELOCITY

There are various methods of measuring detonation velocities. These are outlined in the
following:

EXPLOSIVES TECHNOLOGY 18
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L The continuous probe method,

‘The system conslsts of the explosive charge, along the central axis of which a uniform
resistance probe Is Inserted, a constant current source, a triggering source and an oscil-
loscope,

The reslstance probe consists of a resistance wire Inscried into a small diameter brass
tube. The resistance wire Is a nichrome wire having an accurately known linear resis-

tance.

The oscilloscope Is connected in parallel to both the current source and the probe (Fig-
ure 15)3) . At detonation the wire resistance probe is consumed. However the circuit
remains closed due to the fact that the detonation wave is sufficiently ionized. The cir-
cult follows Ohm's law. Thercfore, since current is constant, the voltage change with
time shown on the oscilloscope, is proportional to the resistance. Knowing the full volt-
age drop across the probe and the length of the probe, the voltage drop can be converted
to distance along the charge. Therefore the velocity of detonation can be calculated by
interpreting the voltage drop - time record provided by the oscilloscope.

Il. SLIFER system

The SLIFER system was originally developed by Sandia National Laboratories tomea-
sure the propagation of shock waves from nuclear explosions. SLIFER stands for
Shorted Location Indication by Frequency of Electrical Resonance. The system can
however be used in blasting. The system utilizes the fact that a shorted length of coaxial
cable, less than 1/4 wavelength long is at the resonant frequency inductive('¥), The
cable becomes part of an oscillator circuit the frequency of which depends on the length
of the cable. As the cable is crushed by the shock wave the frequency increases. Fre-
quency versus time provide the position of the shock front at different times. The sys-
tem has been applicd to VOD measurements by BHP(S), BLASTECH and ICI. A
schematic representation of the system is given in Figure 16. For field applications the
shorted end of a coaxial cable is attached to the primer which is loaded in the hole. The
system is tri F%md by the detonation of the explosive. A typical trace taken from
Moxon et al'**) is shown in Figure 17. The diameter of the hole was 190 mm. From the
trace, the VOD as well as the crush velocity of the stemming can be obtained,

iil. CORRTEX system

The CORRTEX system was originally developed by Los Alamos National Laboratories
for the measurement of nuclear yield. CORRTEX stands for Continuous Reflectrome-
try for Radius versus Time Experiments. This system is also suitable for blasting. The
technology on which it Is based (Time Domain Reflectrometry or TDR for short) is well
known and used in a variety of fields, What is unique with CORRTEX is that the sys-

tem pulses at a high rate (200000 pulses per second for the commercial VOD monitor),

The concept involved in the operation 1s similar to that of a radar in which a pulse of
radlo waves is sent out and a reflected

wave Is returned to provide ranging information. The system uses a coaxial cable to
carry a fast rise time electrical pulse'®, ‘The pulse will be reflected at the point where
the cable is crushed by a shock wave. The time between the sending of the pulse and its
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MEASUREMENT OF THE DETONATION PROPERTIES

return is accurately measured, so the length of the cable in time is known. The system is
commercially available through BAl and is known as VODR. A schematic representa-
tion of the system is given in Figure 18. A typical example of a trace taken from Chiap-
pettat!? is shown in Figure 19. Again as in the case of SLIFER both VOD and
stemming crush velocities can be obtained.

iv. Start-stop method

Two probes are placed at a known distance apart in the explosive. Each probe consists
of two wires placed in close proximity. When the detonation wave contacts each probe
it shortens the circuit by bringing the two wires in contact. By measuring the signals
obtained by either a counter or an oscilloscope one can measure the detonation velocity.

v. Ionization system (VODEX)

The VODEX system is an eight channel high speed timer that records time intervals
between channels and converts them to Detonation Velocity. It relies on the ionized
plasma generated inside the detonation front. This plasma sequentially short circuits a
series of wire pairs terminating at known positions in the explosive charge. Normally
ribbon cable is used for this purpose, with individual pairs cut back to the desired sensor
positions!®, The operating principle is shown in Figure 2009,

vi. Fiber optic system

The fiber optic systems use synchronous timers which measure the time intervals
between the illumination of successive optical probes. Figure 21'®) shows the principal
ofoperation of the explomet-to system made by Kontinitro.

vii. Streak camera method

The method is shown in Figure 22®). The streak camera uses a mirror which rotates at
the centre of the drum. The film is placed on the drum. The field of view of the camera
lens is masked except for a narrow slit, The charge is aligned so that its axis is parallel
to the slit of the camera. The light generated by the detonation front enters through the
slit and after being reflected on the rotating mirror, leaves a mark on the film. Thus the
streak camera trace is essentially a time distance record. The slope of the trace made by

the luminous wave provides the velocity of detonation. A typical streak camera record
is shown in Figure 23,

viii. D'Autriche Method.

This is the least sophisticated method. It is outlined in Figure 24®), The method uses a
detonating cord both ends of which are inserted in the explosive at a known distance
apart. A metal witness plate is placed close to the middle of the detonating cord. The
detonation wave in the charge initiates the detonating cond at both ends, When the deto-
nation waves travelling in opposite directions in the detonating cord collide, they leave a
dent in the witness plate, This helps to find the position in the detonating cord at which
the collision took place, Thus, the distance, and therefore the time, each wave travelled
in the detonating cord can be found. The difference in the times the two waves travelled
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MEABUNEMENT OF THE DETONATION PROPERTIES

In the cord provides the thine It ook the detonation wive In the test charge (o (ravel the
dlstaneo | :

DETONATION PRESSURE

The menstirement of the detonation pressure 18 normally based on photographic tech-
niquen, ‘Thewe technlgue require m streik cameri and acenrate experiments (aguarium
technlque), In the wquarium technlgue, u transparent liquld serves as a pressure gauge
for mensurlng translent pressures, The (ransparent Hiuld has to be selected In such a
way (hat the reflectod wave ut the gange-lguld Interfuce Is elther a weak shock or a very
wenk rurefetion, ‘The technlque, as described by € *00k™ conststs of the followlng two

Alngon:

1, Indtially the Hugonlot of the Hguld which serven as i gange I8 determined, ‘The exper-
Imental set up Is shown In Plgure 25, 'The method conslsts of the slmultancous measure-
ment of the shock veloclty at the free surfuve und the free surface velocity as the shock
emergen from the transparent medinm, Observatlons of the shock velocity and the free
surfuce veloelty are made by uslng o streak cameri, Ity changlng the helght (h) of the
Hguld Inside the contulner, one chingen the shock velocity and the free surface velocity.
By aasuming (hat the particle veloelty of the Hguid at the Interface is half of the free sur-
face veloclty the relationship between shock veloclty and the particle velocity In the lig-

uld (Hugonlot) Is obtalned,

I1. 'The experimental set up for the second part of the technlque Is shown in Figure 26. In
(his experiment, (he veloclty of detonation In the explosive charge and the Initial trans-

mitted shoek veloelty In the Hguld are measured, rom (he transmitted shock velocity in
the lquld and the known Hugonlot of the liguld, the nitlal pressure in the liquid can be
enleulated, The corresponding pressure In the detonation head Is calculated by using the

followlng relatlonship:

('"H(pv.r) ”+ pleU.re)
P 2pl
(p QU

P (EQ 13)
where

1"y Is the detonatlon pressure

Pre I8 the Inftial density of the explosive

U, 18 the detonatlon velocity

(pU)y 18 the Initlal Impedance of the liquid and

Py I8 the Inltial pressure In the lguld.

The Inltial pressure In the lquid s calculated by the well known relationship

Py = pU,U, (EQ 14)
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where I is the pressure In the liguid
U, s the shock velocity
Uy is the particle velocity and
M s the initlal density of the liguid,

Because of the difficulty in measuring detonation pressures it Is often necessary to cal-
culate the detonation pressure from the detonation velocity by using the approximate

formula:

2
P = (D) (EQ 15)

where P is the detonation pressure
p is the initial density of the explosive and

D is the measured detonation velocity.
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INTRODUCTION

CHAPTER 4 INITIATION OF
EXPLOSIVES

4.1 INTRODUCTION

Explosives can be initiated by heating, friction, shock or burning. Thermal explosion is
of particular importance in the storage of explosive materials. In the normal form of
deliberate initiation, the shock initiation is the most important for secondary explosives.
Secondary explosives are normally initiated by a shock which is created by a primary
explosive. The primary explosive is initiated by a flame. However in accidental initia-
tion the shock initiation is of particular importance since many accidents are associated
with shocking the explosive and in any case the transition to detonation passes through a

shock formation,

4.2 THERMAL EXPLOSION

Thermal explosion is concerned with the effects of uncontrolled internal heating of
explosives. This heating can be a result of external sources or of spontaneous decompo-

sition. Every explosive has a critical temperature above which it will

EXPLOSIVES TECHNOLOGY 51
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detonate, ‘This eritical temperature is characteristic for each explosive. It is worth men-
tloning that the critical temperature s also related to the diameter of the test charge, The
maximum safe temperature not to be exceeded, Is the point at which thermal energy
from slow chemical decomposition is given off faster than it can be dissipated. Itis
called the self heating temperature and is dependent on the amount of explosive, its
environment, and the time held at elevated temperature™,

Beecause of the hazard of thermal explosions, explosives should always be stored in
ways that will provide for the maximum possible dissipation of heat. This means that
large consolidated piles should be avoided®., It has been found that if rapid reaction
starts at the surface of the explosive the explosive normally deflagrates. However if it
starts in the interior of the explosive mass the reaction will be confined and will have a
greater probability of building up to a detonation®, If the explosive mass is burning the
size of the mass will determine the event. If the size is sufficient surface burning has a
high probability of resulting in a detonation. Thus, in disposing of high explosives it is
common to burn the material only after it is dispersed in small pieces on the ground and
never in large consolidated masses®.

SHOCK INITIATION

With regard to the shock initiation process, explosives can be differentiated into two
main categories, homogeneous and heterogeneous explosives, Homogeneous explo-
sives are the explosives which do not contain any discontinuities in their mass. Hetero-
geneous explosives are the explosives in which discontinuities such as gas bubbles, grit,
solid metallic or nonmetallic particles and air bubbles are present in their mass. The
method of initiation is different between the two categories. According to Mader® if
one introduces gas bubbles or grit into a homogeneous explosive, the minimum shock
pressure necessary for initiation of detonation isdecreased by about one order of magni-

tude.

According to Campbell, Davis and Travis”), when a homogeneous explosive is
shocked, the detonation starts at the interface between the donor and the acceptor
charge. This is shown in Figure 1. The shock wave enters the acceptor explosive, com-
presses it and at the same time, heats it. The shock heated explosive finally detonates at
the interface after a certain induction time,

The same investigators have shown that, in heterogeneous cxplosivcs':s]'. when a shock
wave enters the explosive, it proceeds at a slowly increasing velocity for a distance
which is a function of the shock pressure. Eventually the shock velocity increases to a
value associated with the detonation velocity of the explosive. Of course this supposes
that the initial shock wave is of sufficient strength. According to Mader® this is
explained by the interaction of the shock wave with density discontinuities which pro-
duce local concentrations of energy called "hot spots". The hot spots decompose and
liberate encrgy, which strengthens the shock, so that when it interacts with additional
inhomogencities, higher temperature hot spots are formed. This results in a larger mass
fraction of the explosive being decomposed in the shock. Thus, the shock wave grows
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stronger and stronger, releasing more and more energy, until it becomes strong enough
for detonation to occur. A typical distance from the impacted surface - time record for

the case of heterogencous explosives is shown in Figure 2.

Commercial explosives are heterogeneous explosives the sensitivity of which is based
on air gaps (air or glass bubbles) or solid particles. For this purpose the shock initiation

of heterogeneous explosives will be studied.

THE HOT SPOT CONCEPT

The formation of spots within the explosive having temperature greatly exceeding that
of the rest of the explosive was originally proposed by Bowden and Yoffee(?. Accord-
ing to them, when a solid explosive is subjected to impact or friction, the explosion
which may result is thermal in origin. This means that the mechanical energy must first
be degrated to heat and concentrated in small localized regions to form "hot spots”. It

was proposed(w’ that there are three classes of hot spots.

a. Voids within the explosive (bubbles).

b. Regions where the explosive is heated by viscous flow or plastic deformation when
rapidly flowing explosive escapes from between impacting surfaces.

¢. Points of friction at the surface of the container walls, or grit particles or crystals of

explosive,

In recent years, it has been found that the voids inside the explosive are of paramount
importance to its sensitivity. The theory proposed initially was that the gas bubbles in
the explosive heat adiabatically and rapid decomposition starts as a result of the high
temperature obtained in the bubbles. However the heat transfer between the bubble and
the explosive is relatively slow for the duration of interest” (a few microseconds). For

this reason several other theories have been proposed.

It has been shown that the compression of a spherical bubble in a medium which is
shocked does not take place symmetrically®. For this reason it was proposed that a
high velocity jet is created. The jet by hitting the opposite surface of the bubble creates

spots of high pressure and temperature (hot spots).

Mader showed numerically that the shock wave interacts with density discontinuities
(voids, particles etc.) and the resulting convergence of shocks creates spots of high pres-
sure and temperature. These spots decompose, liberating energy which strengthens the

shock until finally detonation occurs.

It follows that although there is a general acceptance of the hot spot concept, the precise
function of the hot spot is not exactly understood. A combination of the above proposed

mechanisms might be the reason of the generation of hot spots.
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INTRODUCTION

CHAFPTER 9

AMMONIUM NITRATE -
FUEL OIL EXPLOSIVES

9.1 INTRODUCTION

Ammonium nitrate - fuel oil or AN/FO is the cheapest explosive used in mining today.
Although it had been known since long ago that ammonium nitrate crystals mixed with
fuel oil could be detonated, the product was not used widely due to its large critical

diameter and its poor shelf life.

The successful development and use of AN/FO came about by coincidence. According
to G.B. Clark(®) before 1945, most of the manufacturers of fertilizer grade AN manufac-
tured it in prilling towers in which molten Ammonium nitrate was sprayed downina
cooling tower. In 1945 the moisture content before prilling was raised. The small
amount of water left was evaporated after the prill formation and as a result porous prills
were formed. This permitied the intimate mixing of fuel oil with the ammonium nitrate

and resulted in a commercial product.
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MANUFACTURE OF AMMONIUM NITRATE

9.2

MANUFACTURE OF AMMONIUM NITRATE

9.3

Ammonium nitrate solution is made from the neutralization of nitric acid and ammonia.

Ammonia is made from nitrogen and hydrogen which combine together under high
pressure in the presence of catalysts. Ammonia is then oxidized to nitric acid using air

in the presence of platinum, Hot ammonium nitrate is then formed by neutralization of
ammonia with nitric acid. The process is shown in Figure 1), The concentrated AN
solution can be turned in several forms or it can be used in slurries@,

PROPERTIES OF AMMONIUM NITRATE

It is well known that ammonium nitrate is & very popular oxygen carrier in explosive
mixtures. It is also used in rocket propellants, since it is a totally gasifiable oxygen car-
rier, It is very soluble in water ( saturated solution contains about 65% NH{NO, ). Tran-

sitions in different crystal forms happen at 125, 84, 32 and -17 degrees Ccmifmdc. The
greatest problems associated with its use are its caking and hydruscnplcityn .

Hydroscopicity of Ammonium Nitrate was considered to be the major cause of caking.
In the last two decades the polymorphism of erystals has recognized as the critical fac-
tor. It has been found that at 32 degrees Centigrade a phase transition occurs, It was
found that hardening occurs during the process of cooling ammonium nitrate heated
above 32 degrees. Furthermore it was found that some substances have a great influ-
ence on the change. If the ammonium nitrate is chemically pure and free of water a dif-
ferent transition (phase IV to phase II) happens at 50 degrees. This is not as undesirable

as the transition from phase IV to phase III'*,

The repeated transition between phases 111 and IV results in the generation of fine partl-
cles which cake readily through the absorption of moisture.

For this purpose anti caking substances are used. It has been found that surface active
substances are very helpful as anti caking agents, However the effect of these sub-
stances on the thermal stability of ammonium nitrate Is very important. Furthermore
an organic substance increases the sensitivity of ammonium nitrate.

The hygroscopicity of ammonium nitrate is its other drawback. Ammonium nitrate can
be protected against moisture by mixing it with substances such as calcium or zinc
stearate, petroleum tar, asphalt , barium sulphate and guar gum pnwdu{”. Urbansky
mentions that stearates are in powder form of 5-20mm in size while ammonium nitrate
is of 70 - 120mm. Thus a small proportion of stearates is sufficient to cover ammonium

nitrate,
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9.5

GHEMICAL AND EXPLOSIVE PROPERTIES OF AMMONIUM NITRATE

CHEMICAL AND EXPLOSIVE PROPERTIES OF

- AMMONIUM NITRATE

Urbansky provides a comprehensive list of references with regard to chemical proper-
tles, OFf importance to the subject of these notes Is the fact that some organic substances
lower the thermal stabllity of ammonium nitrate, A resent experience is the accident
which happened in 1978 In Tunisla. According to Urbansky™ the floor of the storage
house was covered with saw dust, The saw dust reacted with the ammonium nitrate
causing a temperature rise and Ignition, Finally detonation occured (80 tons of ammo-

nlum nlirate),

7.5 FORMS OF AMMONIUM NITRATE

Ammonlum nitrate Is sold in the following forms:

L Gralned Ammonium nitrate, It looks like fine sugar, cakes and it is used only in
dynumlies,

2. PPorous prills, Their slze Is -6-14 mesh, They flow freely with anticaking agents.

3. High density prills, They are hard prills made for agricultural purposes. Their
8lzo Is slmilar to the previous prills,

d. Stengel cuble form,

Only the porous prills are suitable for use with fuel oil directly as a blasting agent. The
untlcaking agent used Is Kleselguhr (2-3%) or some surface active agent (sulphonates)

or comblnatlons of the two.

AMMONIUM NITRATE - FUEL OIL EXPLOSIVES

The detonation abllity of ammonium nitrate - fuel oil mixes depends on the reaction rate
between the oxldizer and the reducer. In order to increase the reaction rate the particle
8lze of the ammonlum nitrate can be reduced, However, this method has a limit because
ammonlum nltrate and olly fuels repel each other™. For this reason the action of sur-
fuctants has been examined by Hino and Yokogawa®, It was found that anionic surfac-
tants, such ns sodium dinaphthylmethane disulfonate, sodium laurylsulphate and
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AMMONIUM NITRATE - FUEL OIL EXPLOSIVES

9.5.1

sodium dodecylbenzene sulphonate improved the caking characteristics of the mix as
well as its detonating ability.

Figure 2@ shows the effect of the surfactant to the critical diameter as well as the satu-
ration effect of the surfactant,

Fuels Used in Ammonium Nitrate - Fuel Explosives

The most common fuel used in ammonium nitrate fuel explosives is regular #2 fuel oil.
Fuel oil is not viscous and it can be mixed easily. The amount of fuel oil which has to be
used is determined by the oxygen balance of the composition. For the oxygen balanced

composition
3NH4NO; + CH,; —®= 3N, + 7H,0 + CO,

Therefore 14g of fuel oil are mixed with 240g of ammonium nitrate. This results in a
composition of ammonium nitrate 94.5% and fuel oil 5.5%. This is the normal AN/FO.

Other energetic fuels can be used instead of fuel oil. When examining the alternatives
the areas of concern are: flash point, health hazard, composition variation, ability to mix
and blend properly, cost, energy output, viscosity at low temperatures and ability of the
prills to hold the necessary quantity of fuel.

In the past nitromethane was proposed to be used with ammonium nitrate. The oxygen
balanced mixture is determined by the following equation:

2 CHJ,NO: +3 NII4ND‘3 QCDZ + QHZO + 4N2

This would result to a composition ammonium nitrate 67%, nitromethane 33%. It is
considered impossible that ammonium nitrate prills can hold such a quantity of fuel.
Furthermore nitromethane is highly volatile with hazardous fumes (ignitable by a spark
and dangerous to health).

To oxygen balance it the composition should be ammonium nitrate 87, nitropropane
13%. This can be achicved. However nitropropane is volatile with fumes hazardous to
health,

One promising alternative from a cost point of view is the use of used lubricating oil.
Lubricating oils have flash points higher than fuel oil ( 150 - 200 deg. C versus 80 deg.
C). Fuel retention tests have been satisfactory(®, However the viscosity of these oils is
much higher than fuel oil. As a result the mix is not as intimate as in the case of fuel oil.
Furthermore the composition of the used oil is not exactly known,

In tests the compositions with used oil behaved in a very similar fashion as the composi-
tions with fuel oil. A slight difference was noticed only in the critical diameters. In the
case of AN/FO (p=0.85g/cc) the critical diameter is 7.5 cm (unconfined) while in the
case of AN/used oil it was 10 cm®),
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9.5.2

According to Bauer and Crosby® blends of up to 50/50 new/used oil is satisfactory in
low temperatures.

Other fuels which have been tried are coal dust, sawdust and bagasse. These pose a
problem in mixing. However they can be a promising alternative to fuel oil where the

economic conditions are favourable.

Sensitivity(?

Various factors affect the sensitivity of ammonium nitrate - fuel mixes. The major
parameters are particle size, porosity, intimacy of mixing and stoichiometry.

1. Effect of particle size. Figure 3 shows the relationship between ammonium nitrate
particle size and the sensitivity of the AN/FO product expressed as the reciprocal of the
weight of the minimum primer. Figure 4 shows the same relationship for a mix of AN/
FO with a solid fuel.

2. Effect of porosity. As it was explained before the oxidizer and the fuel have to be
mixed well in order to improve the reaction rate. Improving the porosity essentially
reduces the particle size. Therefore a similar effect to that of reduced particle size can be
obtained by increasing the porosity of the product. However, when dealing with solid
fuels, the effect of porosity becomesless pronounced since these fuels cannot penetrate
the porous prills but they can only contact external surfaces.

3. Intimacy of mixing. Table 17 shows the results of sensitivity measurements of
ammonium nitrate - fuel mixes prepared with liquid fuels of different viscosities. It fol-
lows that the least viscous fuels resulted in the most sensitive product. Table 27 shows
results obtained when ammonium nitrate is mixed with solid fuels of various particle
size. The maximum sensitivity results were obtained for the most intimate mixture.

4. Stoichiometry. Figure 5 shows the effect of the composition on the sensitivity of
AN/FO in a prilled form. The most sensitive composition is the oxygen balanced one.
This is not always the case. Grubb™ has reported maximum sensitivities when the
product is overfueled or underfueled when various and/or various coatings of the ammo-
nium nitrate prill are used.

5. Composition. Sometimes sodium nitrate is used with ammonium nitrate because of
its low cost and its higher density. Figure 6 shows the effect on sensitivity of the
addition of sodium nitrate.

6. Density. Figure 7€ provides the relationship between sensitivity and density of AN/
FO for various particle size distribution. For the very small sizes sensitivity is not
affected markedly by changes in the bulk density between values 0.9 and 1.1 glcc. The
larger prills are affected more.
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9.5.3

9.5.4

Detonation Properties

A typical velocity of detonation charge diameter curve for Ammonium Nitrate - Fuoel oil
is shown in Figure 8(". The critical diameter of the prilled product (p=0.8 gfcc) is 7.5
cm when the product is unconfined. Confinement decreases the critical diameter to
about 5 ¢m. The ideal detonation velocity of AN/FO at a density of 0.85 g/cc is 5200 m/
sec. From the above curve it follows that AN/FO detonates non-ideally even at very
large diameters. It has been found that ideal detonation of AN/FO can be achieved when

using very strong confinement ( Persson ) or using confinement and a very large diame-
ter (44 cm).

Factors which affect the AN/FO performance are the density, particle size, poresity and
composition. The effect of density is shown in Figure 9. Although the so called ideal
velocities in this figure represent the maximum velocities achieved in practical tests and
not the theoretical velocities, the trend is correct. It is obvious that the maximum density
at which AN/FO can be used is 1.2 g/cc. Above this density the product will be dead
packed. It should be stated here that a density of 1.2 gfcc will not be achieved by using
the prilled product. Such a density can result only in crushed and pressed AN/FO.

The effect of the particle size is shown in Figure 10, Smaller AN particle size results
in smaller critical diameters.

The detonation parameters of AN/FO are seriously affected by water in the borehole.
Water desensitizes AN/FO. Figure 11 provides a typical example of the effect of
water in AN/FO.

The composition of AN/FO affects its detonation parameters. Table 3 lists detonation
state velocities and pressures for AN/FO of various fuel oil contents as calculated by the
TIGER code. Figure 12 shows the effect of the composition on the energy output. It is
obvious that the best results are obtained at the oxygen balanced composition (94.5%
AN, 5.5% FO).

Fumes

Since ammonium nitrate / fuel oil is used in underground mines, the fumes produced
from the detonation are of particular importance. The lack of proper control over the
preparation of the mixture can lead to serious problems. Marginal initiation, water in
the boreholes and inadequate burdens can increase the amounts of deleterious gases pro-
duced. Van Dolah et al have investigated experimentally the effect of oxygen balance
on the production of toxic fumes ( CO and NO, ). This is shown in Figure 13. It follows
that the amount of carbon monoxide increases dramatically when the oxygen balance of
the composition drops below zero. Also the production of NO, increases significantly
when the composition is underfueled. The same investigators have examined the role of
the primer in the production of toxic gases!'?. It was found that underpriming
increases the production of nitrogen oxides (Figure 14).
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0.6 QUALITY CONTROL _

—ra = = g e

Slnee the yuality of the ammonlum nitrate prill is very important for the mixing of it
with fuel oll, 1t Is necersary 1o examine the followlng parameters!,; :

I Molsture, High molsture i the prill leads (o eaking which causes poor fuel mixing
sinee It will lnhibie the ability of the prill 1o absorb fuel oil, The manufacturer of Ammo-
nlum niteate has (o examine the molsture content carefully, The porosity of the prills

depends on the amount of molsture which 18 Ineluded in the prill prior to the prilling
process,

Ik Denslty, High density prills do not absorb fuel ol properly, Very low density prills
break easily undet normal application,

Ik Particle slzing, The ammonlum nitrate prills should be free flowing, Typical particle
skzes are plven In the followlng!:

+8 mesh 5= 10%
+10 50 « 65%
*14 15« 200
+20 5= 10%
=20 0= 1%

Iv. Ol absorbency. The prills should be able (o absorb at least 6% fuel ol (by weight).
v Friability, It determines If the material will break under normal handling.

vh. Clay content, Water Insoluble materlals are ndded to the Ammonium Nitrate as anti

caking agents, These materlals are also Inert and therefore do not contribute to the deto
nation reactions,

vil. Fuel oil content In the final product. ‘The oxygen balance determines the perfor-
mance, the sensitivity and the fumes of the produet when it detonates. Frequent test to
determine the fuel ofl content should be conducted. Samples must be taken on a randon
basls, The sample s washed with diethyl ether to extract the fuel ofl (Figure 15), The
weight of the sample before and after the extraction gives the welght of the fuel oil,

APPLICATION OF AN/FO

9.7.1

Dry mixes are used in underground and open plt operations.

Underground operations,

The underground application of AN/FO Is Influenced by the following factors:
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QUALITY CONTROL

9.7

Since the quality of the ammeonium nitrate prill is very important for the mixing of it
with fuel oil, it is necessary to examine the following parameters(!1);

i. Moisture. High moisture in the prill leads to caking which causes poor fuel mixing
since it will inhibit the ability of the prill to absorb fuel oil. The manufacturer of Ammo-
nium nitrate has to examine the moisture content carefully. The porosity of the prills
depends on the amount of moisture which is included in the prill prior to the prilling

process.
ii. Density. High density prills do not absorb fuel oil properly. Very low density prills
break easily under normal application.

iii. Particle sizing. The ammonium nitrate prills should be free flowing. Typical particle

sizes are given in the following(":

+8 mesh 5-10%
+10 50 - 65%
+14 15-20%
+20 5-10%
-20 0- 1%

iv. Oil absorbency. The prills should be able to absorb at least 6% fuel oil (by weight).
v. Friability. It determines if the material will break under normal handling.
vi. Clay content. Water insoluble materials are added to the Ammonium Nitrate as anti-

caking agents. These materials are also inert and therefore do not contribute to the deto-

nation reactions.

vii. Fuel oil content in the final product. The oxygen balance determines the perfor-
mance, the sensitivity and the fumes of the product when it detonates. Frequent test to
determine the fuel oil content should be conducted. Samples must be taken on a random
basis. The sample is washed with diethyl ether to extract the fuel oil (Figure 15). The
weight of the sample before and after the extraction gives the weight of the fuel oil.

APPLICATION OF AN/FO

9.7.1

Dry mixes are used in underground and open pit operations,

Underground operations.

The underground application of AN/FO is influenced by the following factors:
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APPLICATION OF AN/FO

2.7.1.1

9.7.1.2

9.7.2

- The diameter of the boreholes. Prilled AN/FO has a large critical diameter. Under-
ground operations utilize boreholes ranging from 25mm (1) to 153mm (6"). It is obvi-
ous that if small diameters are used crushed AN/FO must be used. Crushed AN/FO has
a smaller critical diameter than prilled AN/FO. Pneumatic loaders are normally used for
loading the boreholes. A typical diagram of a pneumatic loader is shown in Figure 16. It
should be noted that a variety of pneumatic loaders exists. Some of these loaders will
crush the AN/FO prill in the blasthole by moving it at a realtively high velocity. Thus
they achieve high loading densities and good sensitivity of the product (since small
particle AN/FO is more sensitive). However pneumatic loading results in static electric-
ity build ups unless proper procedures are followed. Static electricity can interfere with
the electric blasting caps and cause premature detonations. According to Atlas powder
company the following are the principal mechanisms to minimize the static electricity

hazard(1?):
1. Ground the pneumatic loader.
2. Use a conductive loading hose.

3. Ground the operator.

4. Ambient relative humidity should be more than 50%.

Wet holes

ANJ/FO is affected by water. The problem is overcome by using proper liners. If static
electricity is a problem the liners should be conductive (by semiconductive ground
straps). The procedure of loading the borehole is shown in Figure 1713, First the water
is blown out from the hole by using the loading hose. Then the liner is attached to the

pipe, inserted in the borehole and loading continues as usual.

Fumes.

Explosives used underground should not produce large amounts of toxic gases. The
minimum amounts of carbon monoxide and nitrogen oxides are produced when the
composition is oxygen balanced. Furthermore the composition must be primed by a
strong primer. In addition to that the blasting sequence must be designed properly so

that very small burdens are eliminated.

Open Pit Operations

AN/FO is the most popular explosive because of its low cost, In large open pit opera-
tions AN/FO and aluminized AN/FO are handled by special bulk mix trucks. A sche-
matic representation of such a truck is shown in Figure 18. The truck consists of
hoppers for the ammonium nitrate, augers, valves to stop air bleeding back into the sys-
tem and an air stream or augers to convey the mixed product in the borehole. Care
should be exercised to establish correct mixing. A schematic of the mixing arrangement

is shown in Figure 19.
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A significant problem in the use of AN/FO is its use in wet holes. For this purpose spe-
cial dewatering equipment has been manufactured to dewater the boreholes before load-
ing. The loading of the holes is then done by using dryliners. These consist of polythene
tubing sealed at the bottom. Dryliners can be bought or they can be manufactured on

site. The dryliners should be waterproof, free of pinholes and should be strong enough

to withstand normal handling.

Today fast AN/FO loaders have been developed which can be used in open pits and
quarries. These loaders compact the material in the blasthole, increasing the density
andreducing the particle size of the powder. As a result the economics are improve from
the increase of the bulk strength while the explosive detonates with higher velocity of

detonation,

ADDITION OF ALUMINUM(®)

Aluminum is being used in explosives to increase their energy output. Aluminum, when
reacting in the detonation process, produces aluminum oxides. The reactions are very
exothermic and the energy output of the explosive is improved. Figure 20 shows the
effect of Aluminum in the energy of AN/FO. It is obvious that energy can be increased.
However the rate of increase falls-off beyond the 13%-15% Al point. This is probably
the upper limit for economic reasons as well. Furthermore at higher percentages the
energy output falls off. It should be noted here that solid Al,0j5 results as a product of
reaction. This has energy trapped in it. From blasting studies it is estimated that only 112
of the energy which is associated with the solids is available for useful work. Further-

more a large percentage of Al desensitizes the product.

Another disadvantage of the aluminized mixes is the production of Hydrogen.
Hydrogen mixed with oxygen from the atmospheric air is an axplosive mix which can
result in secondarif explosions. This happens through the following reactions in the det-
onation pmuc:lucts'*r 4.

2A1+120;, —p= ALO
.‘!leo + 2H20 — AIZDS + 2H2

The size of the aluminum grain must be small enough so that reaction can be completed
in the detonation head. However there is a limit to the size which is imposed by safety
considerations. Aluminum dust can be explosive and the particle size is the most signif-
icant factor controlling the explosibility of the dust. This is shown in Figure 21 . It fol-
lows that the minimum size of the Aluminum grain should not be smaller than 150

mesh.

Particle sizes larger then 20 mesh do not react properly since the surface area they pro-
vide is small. Thus the largest particles should not be larger than 20 mesh.

EXPLOSIVES TECHNOLOGY 147
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9.9 WATER RESISTANTAN/FO )

Recently products ealled "water reslstant ANFO" have appeared In the market, In spite
of thelr name these products should be used after dewatering of the holes, "Waler resls-
tant ANTO" contalng guar gum which couts the AN/FO prills. ‘The gum when It comes
In contact with water turns Into a gel, This can reduce small water Inflows to the blast-
hole after the louding of the product, However the gel normally does not react In the
detonatlon wave. ‘Thus the effective diameter of the product Is reduced at the point

where the gel has formed,
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FIGURE 3: EFFECT OF AN PARTICLE SIZE ON THE
SENSITIVITY OF AN/FO (94.5/5.5)
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FIGURE 5: EFFECT OF STOICHIOMETRY ON THE SENSITIVITY
OF AN/FO
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INTRODUCTION

CHAPTER 10 SLURRY EXPLOSIVES

10.1 INTRODUCTION

AN/FO products suffer from poor water resistance and low bulk strengths because of
their low density. For this purpose slurry explosives were developed in the late 50's(™.

The fundamental concept of slurry explosives is to dissolve Ammonium nitrate in water
and mix the solution with fuels so that the product detonates at a high detonation rate
when it is properly ignited. The term "fuel" here can include an oxygen deficient explo-
sive (e.g. TNT), or non explosive fuels such as hydrocarbons, carbonaceous and cellulo-
sic materials and heat producing metals such as Aluminum@?, Slurry explosives are
made water resistant by means of guar gum which thickens the products, increases the
visg:;sity and prevents flow or retards diffusion of the water into and out of the prod-
uct

The first slurries were developed by Cook and Farnan and tested in Labrador, Canada
(10C)®. Two systems were developed. One was based on TNT as the sensitizer and the
other on Aluminum powder. The Aluminized slurry however did not find immediate
application because of the problems associated to its storage®. The TNT slurry was
however successful in many open pit operations. The initial TNT slurry had the follow-
ing composition: 25% coarse TNT, 55% NH,NO; or NH{NO;(35-45%) and NaNO,
(10-20%) 20% water with guar gum as a thickening agent. The purpose of the guar gum
was to prevent the segregation of the ingredients.
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ADVANTAGES OF SLURRY EXPLOSIVES

10.2

Later, control of the slow Al-water reaction in storage led to the development of slurry
explosives with Al as the sensitizer. Al increases the weight strength of even very oxy-
gen deficient explosives due to the creation of aluminum oxides. Furthermore it can sub-
stitute TNT which is a high explosive.

ADVANTAGES OF SLURRY EXPLOSIVES

10.3

The advantages of the slurry explosives are the folluwi.ugm:
1. By dissolution, water brings the ingredients into close contact with each other.

2. The solution provides a continuous medium through which the detonation wave
passes,

3. Water desensitizes the explosive against fire, sparks, impact and friction thereby
decreasing hazards associated with storage and handling.

4, Water is believed to increase the energy of the explosive by taking part in the reaction
at the time of explosion especially if Al is present.

5. Water affects the products of detonation and suppresses the formation of toxic gases:
carbon monoxide and oxides of nitrogen.

6. Water acts as a coolant and offers a perspective of using water-gel explosives in
underground gassy coal mines. Some slurries have been accepted as permissible explo-
sives to replace dynamites.

A disadvantage with regard to composition is that low percentages of water present a
problem in storage. The explosive becomes hard and grainy due to the crystallization of
inorganic oxidizer salts, On the contrary a higher percentage of water decreases the sen-
sitl\rilyfazs) well as the strength, Urbansky suggests a percentage of water in the range of
8-20%"“.

SLURRY FORMULATIONS

A slurry is a continuous liquid containing suspended solid particles. The liquid phase
consists of a saturated aqueous solution of Ammonium nitrate ( 65% AN in 20 deg. C).
In the liquid phase one finds amounts of undissolved nitrates in suspension, and fuels
which react with the oxidizers during the detonation process. The commercial slurry
explosives are normally thickened and crosslinked.

In the early formulations it was found that the guar gum thickened slurry was not very
viscous. As a result the solid particles and the air bubbles would migrate and a deteri

EXPLOSIVES TECHNOLOGY 1
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DENSITY CONTROL,

ratlon in performance wis ohserved after storage of some days, ‘The viscosity of the
gunr gum was elgnificantly Increased by incorporating cross-linking agents, Cross
Iinking sgents which are used are®; borax or other boron compounds, antimony com-

pounds wnd gemisynthetic and synthetic polymers (carboxyl cellulose or polycylamide).

Typleal oxldizers used wre smmonium nitrate and sodium itrate, In addition calcium
nitrute can be used espectally in cold conditions”' 2 | Another popular oxidizer is
nmmaonium perchlorate, However ammaonium perchlorate has the disadvantages of pro-

duelng chlorine gas as a product of detonation and it can yield 1o unstable and very sen-
slilve products,

A virlety of fuels can be used in slurries, Reactive fuels such as TNT are used with suc-
cees. Non reactive fuels are however popular since they are cheap and the use of high
exploslve Is eliminated, Al in the form of flakes or granules is used with success, How-

ever In order (o avold deterforation the aluminum has to be properly coated with stearic
or palmitie or olele neld™®,

In the last years liquid sensitizers have been introduced in the formulations of slurries, It
has been found that alkylamine nitrates (e.g methylamine nitrate) increase the sensitiy-
Ity and reduce the eritical diameters, Another sensitizer used today is ethylene glycol
mononltrate, It should he mentioned that these liquids are not classified as explosives.
However they can be dangerous as a recent experience (1975) has indicated, As glycol
mononlirate was consldered wafe to handle no special precautions were taken, A detona-
tlon which destroyed a factory in Canada and killed eight people was probably due to

friction In the pumpling operations of glyeol mononitrate.

Figure 10 shows the varlous classes of slurry explosives available today,

Typleal slurry formulations are shown in Tables 1 and 29,

DENSITY CONTROL

In order to have a detonable product with reasonable sensitivit y the density of the prod-
uct has to be within limits, Purthermore density control ean be used to limit the loading
density of the top of the hole where less explosive Is required than in the bottom.

‘The denalty can be controlled by using porous solids or by using chemical gassing of the
aqueous phase of the slurry, In the first method air is locked within the solid grains or is
held on the surfuce of the grains by using naturally or artificially hydrophobic surfaces.
Furthermore glass microballoons can be used for density control, Microballoons are not
compressible andtherefore they malntain the sensitivity of the slurries under hydrostatic
heads, OF course the sume can be noted for the case In which the solids of the slurry

contaln the nlr bubbles In thelr mass (e.g solid AN prills with about 12% internal free
space or porous Al which can have up to 20% Internal free space),
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10.5

PENFORMANCE OF BLUIRNY EXPLOBIVES

Another method of controlling the denslty of the slurry Is by mechanlenl neration, There
1N w tendeney for matural neration I all gelled slurrles. According to Cook this natural
neratlon ean be wwed (o lower the density by an much as 10-15%, ‘The density can be
decrensed further another 15:20% by artficlal mechanlenl neration, Further reduction of
the density I nehieved by chemleal gassing, ‘Ihis can be done by the acetle neld decom-
positlon of CaC'O4 or by slow NaNGO, decomposition | In the first case the pas Is COy
and In the kecond Ny, ‘The solubllity of COy changes with pressure and PH and for this

reason Ny gassing I preferred ™,

"The density = pressure curves of nerated or gassed slurries are calculated from the mea-
sured denslty at ntmospherle pressure and the denslity at u very high pressure, In the sec-
ond case this Is golng to be the maximum density of the explosive. The density at

different prossures ean bo caleulated by applylng Boyle's law();

“l “]
) -
{py () - :. . wp (EQ 32)

) = PO)

where I' I8 the pressure
) I8 the denshty ut pressure !
I8 the maximum density

PERFORMANCE OF SLURRY EXPLOSIVES

FESENEY

[ e

The performance of slurry explosives depends on many parameters, such as high
explosive content, water content, density, temperature and pressure, In the following
theso parnmeters will be analyzed,

I Effoct of water, Figuro 1 shows the effect of water content and aluminum content on
the energy output of TN slurrles und Al slurry blasting agents. It follows that water
reduces tho energy output significantly,

Il Effect of high explosive content, Figure 2 shows the effect of the TNT content on
the critical dlameter of w 'TNT based slurry, It follows that In order to achleve small crit-
leal dlumeters large quantities of TN'T would have to be used, ‘This Is not recommended
beeause of the high cost of TN, For thls purpose small dlameter slurries are based on
liquid non explosive sensitizers and signlficant amounts of neration In order to have
adequute senshtivity and detonate In small dlameters.

Il Effect of Temperature. Figure 3 shows the effect of temperature on the velocity of
detonation = diameter curves of o typleal TN'T sensitized slurry and a typical NCN
slurry. It Is obvlous that the low temperature Increases the eritical diameter signifi-
cantly. The effect Is more dramatie In the ense of the NCN slurry. The same effect is
shown In Flgure 4 where the effect of low temperatures on the eritieal dlameter of a
small diameter cap sensitive slurry Is shown. The phenomenon has not been explained
quantitatively. A qualitative explanation results from the fuct that the low temperatures
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LOADING

affect the physical state of the products, Crystallization occurssince the solubility of AN
in water is dependant upon temperature. This changes the nature and the distribution of
the density discontinuities which are responsible for the creation of hot spots. As a

result desensitization occurs,

Iv, Effect of Hydrostatic I'ressure. The effect of hydrostatic pressures on the critical
diameter of an NCN slurry and a TNT slurry is shown in Figures 5 and 6 respectively. It
is ohyious that the critical diameter increases and at some point the product fails to det-
onate, This happens because of the increase of the density of the aerated slurry in the
borehole due to the hydrostatic head. This reduces the effectiveness of the air bubbles as
reaction centres because of precompression and because of the change in their geome-
try, From the comparison of the previous figures it is obvious that the high explosive
sensilized slurry is affected less by the hydrostatic head. This is due to the air which is
ineluded inside the 'TNT prills in this case plus the discontinuity provided by the TNT
prill which is not affected by the pressure. Furthermore TNT as a solid high explosive is
not affected by hydrostatic pressures significantly. The increase of the ideal detonation
veloeity which can be noticed in the curves of the figures is due to the increase in the

density of the products,

To avold exceeding the dead packed density at the bottom of the borehole the slurry is
gassed down to a very low initial density, This is not a problem in dry boreholes. How-
ever in wet holes the amount of gassing is limited by the ability of the slurry to float.

Bach gassed slurry composition has a set of characteristic curves indicating density as
@ function of depth which were calculated as in equation (1). These curves represent dif-
ferent levels of gas addition, Figure 6 is an example for an aluminized slurry. The criti-
cal diameter is also related to density. Figure 7 is typical of this relationship. By
knowing the critical diumeter at each particular density one can calculate the amount of
gassing required to achieve proper detonation under a particular hydrostatic head. If
waler is present the amblent density has to be greater than 1.0 glcc. An alternative to that
18 to use programmed gassing of the slurry in the borehole so that the density is con-
trolled in the column of the explosive.,

v. Composition, Apart from the obvious relationship between composition and perfor-
mance and apart from the previously mentioned relationship between composition and
effect of temperatures and pressures, the shelf life is strongly dependent on the compo-
sltlon, It has been found that basic air bubble sensitized slurries which do not contain
any explosive sensitizers have shorter shelf lives. This is due to the migration of their
ingredients and the coalescence of the bubbles on which their sensitivity is based.

106 LOADING

Small dlameter boreholes are normally loaded with cartridged products. In large diame-
ler horeholos this s not economical and it is time consuming. Therefore bulk trucks

have been developed,
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INTRODUCTION

CHAPTER 11

EMULSION
EXPLOSIVES

11.1 INTRODUCTION

NG dynamites Ppossess poor safety properties during their manufacture transportation
a_nd use, For this purpose the use of dynamites is diminishing with time. Safer explo-
sives arc gradually replacing them, Replacement products have been AN/FO, slurries
and emulsions. '

AN/FO has a low density which limits its blasling energy. Also it has poor water resis-
tance and cannot be used in boreholes containing water, unless it is packaged in water
tight containers.

Slurries came out in the 1950's because of the need for an explosive having good water
resistance and high bulk strength. Various kinds of slurry explosives have been devel-
oped, from high explosive sensitized slurries to non-explosive, non-metal sensitized
products, Some of these slurries contain non-explosive liquid sensitizers (monomethyl
amine nitrate, ethylene glycol mononitrate, cthylamine nitrate).

It can be said that slurries comprise an oxidizing component, mainly ammonium nitrate,
a fuel component dispersed or dissolved in an aqueous continuous medium, which is
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11.1 INTRODUCTION

NG dynmrﬂtes‘possess poor safety properties during their manufacture transportation
and use. For this purpose the use of dynamites is diminishing with time. Safer explo-

sives are gradually replacing them. Replacement products have been AN/FO, slurries
and emulsions,

AN/FO has a low density which limits its blasting energy. Also it has poor water resis-
tance and cannot be used in boreholes containing water, unless it is packaged in water

tight containers.
Slurries came out in the 1950's because of the need for an explosive having good water
resistance and high bulk strength. Various kinds of slurry explosives have been devel-
oped, from high explosive sensitized slurries to non-explosive, non-metal sensitized
products. Some of these slurries contain non-explosive liquid sensitizers (monomethyl
amine nitrate, ethylene glycol mononitrate, ethylamine nitrate).

It can be said that slurries comprise an oxidizing component, mainly ammonium nitrate,
a fuel component dispersed or dissolved in an aqueous continuous medium, which is
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INTRODUCTION

thickened, usually by guar gum, and, where premium performance is required, contain
sensitizers. A typical composition of an NCN slurry is given in the following:

Continuous phase

Water 15-20 %
Inorganic salt 65-80 %
Gum + cross linking agent 1-2%
Discontinuous phase

Fuel oil 2-5%
Gassing agent 02%

Slurries are used widely in open-pit blasting operations. They can be applied as bottom
loads where high pulling capability is desirable or in boreholes containing water. High
loading densities , resulting in high bulk strengths permit lower drilling costs, higher
blasting efficiencies and better rock fragmentation.

However slurries are not devoid of deficiencies. It becomes increasingly difficult to det-
onate them as their density is increased. Usually gassing is used, in order to make them
sufficiently sensitive for detonation by small primers. Furthermore when they have to
be used in deep boreholes, the hydrostatic head imposed on the lower part of the column
increases the specific density of the explosive. Therefore unexploded charges can be
left in areas where mining or excavation operations must be continued, resulting in haz-
ardous working conditions necessitating costly remedial measures,

At low temperatures their critical diameters increase significantly and failures can
occur. Moreover air bubbles can migrate and coalesce into larger ones. This has a pro-
nounced desensitizing effect.

In order to tackle some of these problems many modifications have been proposed.Pro-
portional gassing can result in controlled density inside the borehole and prevention of
dead packing conditions. Cross-linking agents, gelling agents and thickeners prevent
bubble migration and stabilize the small bubbles of air or gas, which are important for
the propagation of the detonation wave.

Furthermore glass microballoons or similar closed cell void containing materials, such
as perlite, are used to provide adequate sensitivity under hydrostatic pressures.

A serious disadvantage of the slurry explosives is the fact that they detonate non-ideally
even in very large diameters. This is a result of the crudeness of their mix which makes
the reaction process incomplete inside the detonation wave. To improve this and the
other disadvantages of slurry explosives the next step in the development of commercial
explosives was the invention of emulsion explosives.
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11.2

CHEMICAL COMPOSITION OF EMULSION EXPLOSIVES

CHEMICAL COMPOSITION OF EMULSION
EXPLOSIVES

An emulslon type exploslve compriscs mainly inorganic oxidizing salts, water-insolu-
ble organic fucls, an emulsifier and a bulking agent. The fuel oil phase is the external or
the continuous one, while the oxidizer salt phase is discontinuous. This discontinucus
phase comprising small supersaturated droplets is suspended in the continuous oil
phase. The bulking agent is added for density control as a third phase dispersed in the
baslc emulsion. It can be cither ultrafine air bubbles or artificial bubbles made of glass,
resin, plastic ctc. ‘The emulsifying agent reduces the surface tension and the energy
required to create new surfaces. Therefore it aids the process of subdivision and disper-
slon of the droplets in the continuous phase. The emulsification agent also reduces the
rate of coalescence by coating the surface of droplets with a molecular layer of emulsi-

fylng agcnl'-'”*

A typleal composition of an emulsion type cxplosive is given in the fnllowingm:

Discontinuous aqueous phase

Water 10-22 %

Inorganic salt 65-85 %
Closed cell, void containing material 25-15%

Continuous phase

Fuel 35-8%
Emulsifier 08-1.2 %

The carbonaceous fuel component of the continuous phase can include paraffinic. ole-
finic, naphthenic, aromatic, saturated or unsaturated hydrocarbons. In general, the car-
bonaceous fuel is a water immiscible emulsifiable fuel that is either liquid or liquefiable
at a temperature of the order of 90 deg. C™"), However a certain percentage of the fuel
component should be cither a wax or oil, or a mixture of them. Waxes having a suffi-
ciently high melting point can be used. Such waxes include microcrystalline waxes, par-
affin waxes and mineral waxes. It has been found that more shelf stable emulsions can
be obtained by using a blend of a microcrystalline wax and a paraffin wax("),

Suitable olls used are the various petroleum oils. The viscosity of the oil is not so
important for the emulsion explosives. The emulsion can contain auxiliary fuels such as

aluminum, aluminum alloys, magnesium etc.

The emulsifiers used are water in oil emulsifiers, such as sodium oleate, sorbitanmono-
laurate, sorbitan monostearate and sodium tristearate(V).

The discontinuous aqueous phase contains inorganic oxidizer salts dissolved in water,

The Inorganic oxidizer salt consists principally of ammonium nitrate. However another
inorganic nitrate such as sodium nitrate, or an inorganic perchlorate such as ammonium
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CHEMICAL COMPOSITION OF EMULSION EXPLOSIVES

perchlorate or o mixture of them can be used in the formulation®™, It is generally found
that the presence of a materlal such as sodium nitrate permits greater quantity of oxi-
dizer salt to be dissolved at a given temperature while influencing the final density of

the emulsion®,

The gas forms a discontinuous phase In the emulsion, It may be in the form of gas bub-
bles, which are Introduced by stirring, Injection or chemical means, or in the form of a
closed eell, vold containing material such as plastic spheres, perlite spheres or hollow

glass microspheres,

The function of the gas or the gas entrapping material is to reduce the density of the
emulsion. Any gas can be used for that purpose. However, if a combustible gas or com-
bustible gas entrapping material is used, it should be included in the calculation for the

total fuel.

The usual size of glass microballoons is about 60-70um. Their size distribution is
between 40 and 100um. Very small microballoons do not act as hot spots. during det-
onation, but as solid ingredients, Similarly thick walled microballoons are more difficult

to collapse and are not as efficient as thin walled ones.

Plastic microballoons can be used in emulsion explosives but not in a continuous pro-
cess, The reason for that is that a continuous {Aroccss requires a blender with shearing
)

action which destroys plastic microballoons!

Recently, efforts were made to replace glass with perlite microballoons, which are
cheaper™, However emulsion type explosives containing perlite microballoons proved
to be less sensitive than those containing glass spheres, The reason for that is that per-
lite bubbles are not spheres, their voids are connected to each other and sometimes they

do not provide a sealed cavity to act as a hot spot®,

Because of the type of mixture in emulsions, the aqueous oxidizer phase is protected by
acontinuous oil phase. Therefore evaporation of water during storage is prevented and
the penetration of external standing water into the basic emulsion is inhibited. Accord-
ing to Wade(D "the process is so effective that emulsions have excellent water resistance
and do not depend upon a package for their ability to function in boreholes containing

water",

Because of their structure the physical consistency of emulsions is related mainly to the
properties of the continuous phase!), The water immiscible fuels can be chosen in such
a way that the emulsions can be manufactured in a variety of forms. Stiff putty-like
compositions suitable for packaged products or almost fluid, pumpable ones, suitable
for bulk loading, can be manufactured, '

Emulsions have long shelf lifes, high bulk strength and good safety properties. There-
fore emulsion type explosives contain a flexibility that can permit application in open
pit and underground operations under a wide range of conditions.

The system which has been described above is the simplest. During the last 12 years dif-
ferent modifications have been tried. The most important one is the development of an
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METHOD OF MANUFACTURE(S)

11.3

emulsion-ANFO mix called heavy AN/FO. This system will be described in the next
chapier.

METHOD OF MANUFACTURE(®)

11.4

In the process of manufacturing emulsion type explosives, two basic premixes are
formed. The first comprises an aqueous solution of inorganic oxidizing salts, and the
second, hydrocarbon fuel components, which provide the oil phase of the water-in-oil

emulsion.

The aqueous solution of oxidizing salts is heated to a temperature above the crystalliza-
tion point of the solution and is maintained at that temperature until the emulsion matrix
is formed. To avoid crystallization when mixed with the aqueous solution, due to a tem-
perature drop, the hydrocarbon fuel components are heated to approximately the same
temperature. The emulsifier is added to the oil just before the mixing of the two pre-
mixes. The reason for that is that the emulsifier can be degraded, if it is subjected to high

temperatures for long periods of time.

The emulsion matrix is formed in a mixer capable of subjecting the hydrocarbon fuel
component, the aqueous solution of inorganic salts and the emulsifier, to emulsifying
high shear rates.

The emulsion prepared in this manner is fed on a continuous basis to a blender where
glass microballoons, and, if desired, auxiliary metal fuels are blended to form the final
products. Figure 1 is a schematic representation of the above process.

PERFORMANCE OF EMULSION EXPLOSIVES

The detonation velocities of the emulsion explosives approach those obtain by thermo-
hydrodynamic calculations even when the test charge is of a relatively small diameter.
This indicates performance close to ideal even at small diameters. Figure 2 shows
velocity of detonation charge diameter curves for a typical small diameter emulsion and
typical small diameter slurries having similar compositions®, It is obvious that the non
ideal region is extensive in the case of slurries and short in the case of emulsions. This is
due to the intimacy of mix which is achieved by the emulsification process. This reduces
the effective particle size of the product and the time to react in the detonation head. On
the other hand slurries are a crude mix of an oxidizer solution phase, droplets of fuel and
solid oxidizer and fuel components.

Since emulsions reach ideal performance in small diameters, they are ideal for use in
secondary blasting, for blasting of hard rock formations and for use as primers,
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AVAILABLE PRODUCTS

The effect of low temperature on small diameter emulsions and slurries is shown in Fig-
ure 3), Low temperatures increase the critical diameters of both products. However

the effect is more pronounced in the case of NCN slurries.

The effect of hydrostatic pressure on the performance of slurry and emulsion cxpl;)siw:s
is shown in Figure 4©). It is obvious that the emulsion was not affected significantly by

hydrostatic pressures. Furthermore the difference in the performance of the various
products can be explained by Figure 5 which shows the density as a function of the
hydrostatic pressure. The density of the emulsion does not change significantly because
it contains microballoons which are not compressible at moderate hydrostatic pres-
sures. The small difference in the density is a result of the compression of bubbles
which were included accidentally in the mass of the product during the manufacturing
process. Slurry 2 contains some microballoons and air bubbles while slurry 1 contains
only air bubbles. This is why the effect of pressure is morepronounced in this case.

A problem which has been found with microballoon sensitized products is the desensiti-
zation effect of detonating cord downlines or neighbouring holes detonating at a previ-

ous delay. Shock pressures (assumed to be of a strength lower than that required for
direct initiation of the product) can rupture the microballoons or break the product down

and cause desensitization™.

11.5 AVAILABLE PRODUCTS

A variety of emulsion products has been developed. These products are designed to
meet the needs of the explosives consuming industries.

Small diameter cap sensitive products have been developed for use in underground oper-
ations or as primers. The density of these products is between 1.1 and 1.22 glce.

Large diameter products have been developed for open pit applications and large diame-
ter underground blasting. These products require a primer for initiation. The density of

these products is between 1.2 and 1.35 g/ec.

Small and large diameter products are made as cartridged products or as pumpable
products for bulk handling. Bulk handling is more common in open pit large diameter
applications. However pumpable emulsions have found application in underground

mines.

11.6 REFERENCES
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INTRODUCTION

CHAPTER 12

HEAVY ANFO

12.1 INTRODUCTION
It has been mentioned that dry AN/FO products suffer from poor water resistance and
low bulk strengths. One way to increase the bulk strength of the product is by mixing it
with various amounts of emulsion. If larger amounts of emulsion are used the product
can become water resistant. It is customary to call the mix of ANFO prills with emul-
sion "Heavy ANFO",

12.2 COMPOSITION

Heavy ANFO products consist of a mix of an emulsion blasting agent with prills of
ANFO or Ammonium Nitrate. The percentage of each ingredient varies according to the
desirable result. For wet conditions a minimum of 50% emulsion is recommended. For
dry applications the percentage of emulsion depends on the bulk strength requirements
and on the economics of the operation.

A variety of grades of Ammonium Nitrate prills can be used. The emulsion should have
the consistency of a fluid so that it can be mixed with the ANFO prills easily. The main
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Ingredients of the emulsion are ammonium nitrate, sodium nitrate, water, fuel oil and an
emilslfler, Sometimes Calelum Nitrate Is used replacing part of the Ammonium Nitrate
andfor Sodium Niimte, Calelum Nitrate requires a larger amount of Fuel oll than
Ammontum Nitrate for the oxygen balanced reactlon, This reaction s

ACANO Y, + 5Oy e puedCHCO,y + 2C0, + 3Ny + 51,0

For the oxygen balance one has (o use 12,5 % by welght of fuel oil. Emulsions contain-
g ealelum nltrate nre more waler reslstant, slnce they contaln more fuel. Furthermore
the product beeomes more fluld which Is desirable for mixing It with ANFO.

Tuble 1) showa the chemieal composition of a typleal Calelum Nitrate Emulsion and
the compositions of varlous water resistant Heavy ANFO products,

It has been found™ that in heavy ANI'O compositions contalning large quantities of
emulston, the emulsion must be sensitized by microballoons or air bubbles, Table 2(1
plves the results of a serles of tests performed at Queen's, The first part of the table is for
unsensitized enmulsion added to ANTO und the second part shows the effect of the addi-
ton of microballoons to the emulsion,In the case of unsensitized emulsions the detona-
tHon velochtles were found to be mueh lower than the theoretical ones, However the
sltatlon was greatly Improved when sensitization was used. The results clearly demon-
strate that sensitization of the emulsion Is essential if the resulting product is to perform
conslstently well ut emulsion concentrations higher than 25 %, Figure 1 is a plot of the
maximum velochty of detonation versus density of ANEO to which various percentages
of unsensitlzed enwilsion have been added, This figure indicates that the maximum per-
eentage of unsensitized emulsion which can be used is approximately 25 %. Beyond
this, the decompositlon Is not completed inside the detonation head. Tt is obvious that
sinee the detonation pressure Is proportlonal to the square of the detonation velocity, the
detonation pressures will be mueh lower In the case of unsensitized emulsion,

Sensltization of the emulsion can be achieved by using microballoons or by air bub-
bleswhich are Included In the mass by mixing or by chemical agents, It should be noted
that In the case of alr bubble sensitization, the product will be susceptible to desensitiza-
ton by hydrostatic heads due to the change In the density,

123 PERFORMANCE

R e L ] o

D S ———

Heavy ANFO compositions have a large bulk strength due to their density . Furthermore
IF superor performance 18 required, Aluminum can be added to the product. Table 3@
shows the performance of water reslstant heavy ANFO compositions as calculated by
(he TIGHR code by using the JC23 equation of state, The emulsion compaosition used is
that of "Tuble 1, "The relative bulk steength is also reported in order o compare these for-
mulations to ANFO. T the same manner Table 4 Is complled in order to show the effect
of the emulsion content to the energy ouwtput of heavy ANFO compositions intended for
dry hole applications, 1S worth mentloning that the usual way of increasing the bulk
strenpth of ANFO Is by ustng Aluminum, Table $% shows the effect of the Aluminum
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LOADING

content to the energy output of the composition (reported as bulk stre ngth), Itls obvious
from the previous that the use of emulsion or Aluminum In ANFO results In an Increase
of the bulk strength. ‘The economles of the operatlon will declde which method is prefer-

ahle,

Today cap sensitlve Heavy AN/FO products are avallable for small diameter applica-
tions, Heavy AN/FO Is therefore a very versatlle explosive system, By using varlous
blends of AN/I'O and Emulslon, water resistance, bulk strength, degree of non ldeal per-
formance can be altered to sult a great number of blasting applications,

LOADING

12,5

Loading of the product In dry holes can be achieved by using an auger delivery system

and drop the product inside the borehole. In wet holes this Is not recommended. Tests at
Queen's have indicated that the product breaks apart on impact with the water and also it
entraps water in the composition, It is recommended that if this method is used the prod-
uct should be passed through a dryliner which reaches the bottom of the hole where it Is
open ended. This way the product is loaded from the bottom up and water inclusions are

avoided,

Another way of loading wet boreholes Is by pumping the product, However in order to
do this, the amount of solids has to be reduced to approximately 30 % in the system.
This means that the emulsion will have to be sensitized by volds in order to obtain con-

sistent performance,

The two systems of loading are shown in Figure 2®),
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» CHAPTER 13 DYNAMITES

13.1 INTRODUCTION

The class of dynamites is the oldest class of commercial explosives, Although safer
products are available, dynamites are still used, especially in underground coal mines as

tion, excellent water resistance, function under high hydrostatic pressures or under very
low temperatures. The first dynamite was invented in 1984 by Alfred Nobel. It utilized
75 % Nitroglycerin and 25 % kieselguhr (diatomaceous carth). Kieselguhr (powdered
Si0;) is however inert and it was soon substituted by Sodium Nitrate and wood,

13.2 COMPOSITION

Today's dynamites include a large number of ingredients. The most important of them
are nitroglycerin, nitroglycol, nitrocellulose, oxidizing salts and fuels. The liquid por-
tion of the dynamites is a mix of nitroglycerin and nitroglycol. Both of them are
referred to as NG. Normally nitroglycol is the largest part since it is cheaper, has a better
heat stability and a lower freezing point.
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‘The NG content of the dynamite varies from 5 % to 90 % of the composition. In addi-
tion to NG nitrocellulose and other ingredients are used,

Nitrocellulose serves as a gelling or thickening agent and gives water resistance to the
product. In addition it binds the liquid ingredients and prevents exudation of nitroglyc-

erin®),

The rest of the ingredients are fuels and oxidizing salts which are included in a variety
of percentages. Normally Ammonium Nitrate and Sodium Nitrate are used as oxidizers
and starches, wood dusts, sulphur and vegetable pums are used as fuels. Salts are also
used In permissible dynamites as it is indicated in Chapter 12,

ll{y varying the various ingredients a large number of dynamites can be created. Figure
1D indicates how the various categories of dynamites are related.

13.3 STRAIGHT DYNAMITE

Straight dynamites come directly from Nobel's invention. They contain a large percent-
age of explosive oil (nitroglycerin and nitroglycol) and they are graded by the percent-
age of NG th(%y contain. A typical 40 % straight dynamite has the following

composition*“’:

weight %

Nitroglycerin + Nitroglycol 40 %
Sodium Nitrate 4 %
Antacid 2%

Carbonaceous material 14 %

The role of the antacid is to stabilize the NG.

Straight dynamites normally have high densities high velocities of detonation, good
water resistance and low detonation temperatures. However they have poor fume char-
acteristics unless they are oxygen balanced. Also they are very sensitive to shock and
friction. Because of their high cost their industrial use is declining.

13.4 AMMONIA DYNAMITES

Ammonia dynamites come from straight dynamites in which a large percentage of NG
has been substituted by Ammonium Nitrate. A typical formulation of an Ammonia
dynamite is shown in the following®);
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BLASTING GELATIN

weight %
Nitroglycerin + Nitroglycol 14 %
Ammonium Nitrate 6%
Sodium Nitrate 39 %
Antacid 1%
10 %

Carbonaccous material

Ammonia dynamites are less sensitive than stralght dynamites, they have lower densi-
ties and lower velocities of detonation. They have a good heaving action in blasting but
they are desensitized by wet conditions due to the hygroscopicity of ammonium nitrate,

13.5 BLASTING GELATIN

Blasting gelatin is the strongest form of explosive used industrially. It consists of Nitro-
glycerin and Nitroglycol mixed with 7% Nitrocellulose to form a gel. The mix has
excellent water resistance properties but poor fumes and poor safety characteristics.

13.6 GELATIN DYNAMITES

Gelatin dynamites or straight gelatins are similar to straight dynamites, except that the
explosive oil (nitroglycerin and nitroglycol) has been colloided with nitrocellulose to

form a gel®, A typical straight gelatin has the following composition®;

weight %
Nitroglycerin + Nitroglycol 400 %
Nitrocellulose 1.0 %
Sodium Nitrate 442 %
Sulphur 6.2 %
. Calcium Carbonate 1.4 %
72 %

Carbonaceous material

The composition is varied to alter the density, energy output and oxygen balance, The
product has excellent water resistance and it can have high velocities of detonation and-

pressures.
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AMMONIA GELATIN

13.7 AMMONIA GELATIN

Ammonia gelatin dynamites are similar to the corresponding ammonia dynamites
except for the addition of nitrocellulose to NG. A typical formulation is shown in the

following:

weight %

Nitroglycerin + Nitroglycol 202 %
Nitrocellulose 04 %
Ammonium Nitrate 85%
Sodium Nitrate 49.6 %
Fuel 8.9%
Sulphur 5.6 %
Antacid 0.8 %

Ammonia dynamites have similar properties to the gelatin dynamites. Furthermore they
are cheaper and have good fume characteristics. However they have somewhat lower
velocities of detonation and detonation pressures and less resistance to water.

13.8 SEMIGELATIN DYNAMITE

The semigelatin dynamite is between the high density ammonia dynamites and the
ammonia gelatins. They have a somewhat better performance than ammonia dynamites
under wet conditions and they are less expensive than ammonia gelatins.
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