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AMMONIUM NI TRATE-FUEL-SURFACTANT EXPLOSIVE

Kumao Hino* and Mutsuo Yokogawa*

§ 1, Introduction

In 1955 H. B. Lee and R. L. Akre" intro-
duced a blasting agent composed of Ammo-
nium nitrate (AN) and solid carbonaceous
fuels into the blasting operation in the U.
S. A. and since then rapid development in
research and practice has been achieved
mainly in the U. S. A. by various research
and production groups.

This type of evplosives has been in gen-
eral used in rather bigger bore hole diameters
(4 inches), because this is the most common
practice in the U. S. A. and the bigger is
the diameter of a blasting cartridge, the
better is its detonation ability due to the so-
called “diameter-effect” of the detonation of
explosives.

In Japan the present authors have con-
ducted research on AN-fuel explosives since
1956 and it was concentrated on AN-fuel
explosives of smaller diameter because in
Japan only cartridges of smaller diameters
have industrial applications and naturally if
we find better compositions for smaller dia-
meters then the increase of diameter of
cartridges brings about only improvement in
detonation ability and no further problem.

In the earlier stage of the research various
fuels have been extensively investigated and
AN-coal tar mixture (A-1) proved to be of
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considerable detonation ability.

In the second stage various inorganic cata-
lysers which can promote the rapid reaction
between AN and fuels have been extensively
investigated and AN-coal tar-potassium bi-
chromate mixture (A-2) proved to be of re-
markably better detonation ability while it
was found later that the mixture A-2 has
two defects, that is, (1) considerable oxida-
tion of wrapping materials takes place during
storage (2) considerable expansion or swel-
ling of the cartridge takes place after stor-
age.

Then in the third stage various organic
catalysers especially the so-called surface
active agents or surfactants have been ex-
tensively investigated and AN-fuel-surfactant
explosive (A-3) proved to be of the same
detonation ability with that of A-2 and of
much better storage properties than A-2.

As to the way of mixing, the heavy edge
runner mill, which is usually used in the
manufacture of the conventional Ammonium
nitrate explosives such as the mixtures of
AN, TNT and NaCl proved to give the best
result while the roller mill proved to be less
efficient as the time of crushing is quite
short in the latter in comparison to the
former in which we can realize any longer
duration of crushing and mixing according
to the requirements.

The practical minimum diameter of a cart-
ridge which detonates with a stable velocity
without any confinement is found to be about
20—24 millimeter for A-2 and A-3 while it
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is about 40—50 millimeter for A-1.

§ 2. Measurement of the detonation
ability

Various ways of measuring the detonation
ability or sensitivity have been suggested by
various authors. For example, Brinkley®
and Gordon used the method of micro-scale
test and Primacord test.

In the present paper the detonation ability
has been expressed by the critical diameter
or the practical minimum diameter for two
reasons that is (1) the practical reason: the
main objective of the investigation was to
find a composition which can detonate with
the diameter as small as possible (2) the
theoretical reason: the critical diameter plays
an essential role in the theory of the so-
called “diameter effect” suggested by one of
the present authors®.

In this method a cylindrical charge of an
explosive wrapped with a thin paper shell
whose length is 230mm is placed on a sand
bed and the total body of an industrially
standard No. 6 detonator is inserted into the
axis of the cartridge of various diameters
and is fired electrically. Detonation or non-
detonation of the cartridge is determined by
observing the crater produced in sand and
the residue of the cartridge after the detona-
tion of the detonator.

In general at least 10 shots are fired for
The dia-
meter at which 1009 detonation takes place

each diameter of the cartridge.

is defined as the “practical minimum dia-
meter” 2R.. and the diameter at which 5025
detonation occurs is defined as the “critical

2) S. R. Brinkley and W, Gordon: Explosive Properties of
the AN-fuel oil svstem. Congress International de Chimie
Industriclle, Liége, 1938,

3) K. Hino: Theory and Practice of Blasting (1939) pube
lished by Nippon Kayaku Co., Lud. p. 73.

K. Hino & 5. Hasegawa: Theory of the variable reace
tion zones in the detonation of solid explosives. Congress
International de Chimie Industriclle, Licge, 1958,
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diameter” 2R. while the diameter at which
we have 025 detonation is defined as the
“failure diameter” 2R,. The distribution of
the propability X2 of the detonation with
respect to the cartridge diameter 2R is des-
cribed by a typical S-shaped sensitivity curve
as is illustrated in Fig. 1.
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The smaller is the value of Rm, Rc or R¢
respectively the better is the detonation
ability of the cartridge.

§ 3, Effect of the specific surface
of AN

Both theory and experience indicate that
the smaller is the particle size of AN, the
better is its detonation ability. In Table 1.
the particle size and the specific surface of
AN of various origins have been summarized.
No. 1. is the ordinary AN uscd in the man-
ufacture of the conventional cxplosives No.
2, is the product prepared by the heavy edge
runner mill from No. 1. (The weight of a
runner 155Kg, two runners are used, revolu-
tion per minute of the vertical axis 21, weight
of charge 4—5Kg, mixing at 50°C for 30
minutes and another at 90°C for 30 minutes.)

No. 3. is prepared by the so-called atomi-
zer mill Chigh speed rotor 8,800 revolution
per minute, the opening of a screen sieve
5mm, capacity 20—30Kg per hour) made by
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Table

1.

. Mean i
. . Apparent Specific ¥ | Water
Sample Ammonium nitrate ensity surface i::;l:tl:r Tyler mesh | content
{
g/cm? cm?/g | 200mesh pass 2. %
No. 1 Industrial grade I. 1.C9 500 54.0 13.6 0.0
wNe. L. 1L 0.98 795 42.3 6.0 0.03
No. 2 Edge runner $0°C 1.03' 1,100: 31.5 46.0‘ 0.03
NO. 50°C 1.05| 1,180, 30,0 53.2° 0.04
No. 3 Atomizer mill L 0.87] 1,820 19.2 96.0) 0.09
* 1L 0.89 1,900 18.5 97.8 0.07
No. 4. 1 Low-density 0.67‘ 2,160 - 0 ! 0.05
Fuji-Sangyo Co., Ltd. No. 4. is the so-called
At sazplo oyla- low density AN prepared by Sumitomo-Ka-
‘: : ’1"" plato gagu Co., Ltd. The specific surface of AN
1 plungor
D ¢ four wayo particle and the mean particle size have been
oook . e
B t woter vossed measured by the Air permecability method,
P 3 air outlet h : N . .Sei-
o+ otr bole the apparatus being made by Shimazu-Sei
H : side tubs sakusho Co., Ltd.
1 : water ocutlet .
7t oook for T It was found that when the mean particle

Fig. 2, Air permeability method.

diameter is greater than 40p (micron) it was
impossible to realize the practical minimum
The low-
density AN (No. 4) gives better detonation
sensitivity while the low-density of the pro-

diameter smaller than 35—{0mm.

duct makes its brisance much lower.
§ 4. Selection of fuel

The practical minimum diameters obtained
for various fuels are summarized in Table 2.

Table 2.
Fuel : Explosive
| : : Practical | <
P . Apparent Water e Composition of
Origin ] Kind ensity | content !:]‘;:;nn;:':: Explosives
{ ‘
giem?) 24 mm
Petroleum Kerosine 0.90 0.30 30
Light oil 0.89 0.28. 25 IAN 93,424
B heavy oil 1 0.9¢ c.28 34 1 Fuel 3.69%
B heavy oil II 0.9l 0.28 as lSurfacmm 3.023
C heavy oil 1.C3 0.24 35]
Coal Creosote oil 1.0t 0.26 28!
Anthracene oil I 1.0C 0.27 25! { ?N] 922?,/‘;
Anthracene oil 11 1.0 0.25 2 lSucf want 309
Painting tar 0.7 0.25 25| ‘Surfactan 026
. ' . {AN 94.7%
Light oil 0.91 0.30, 15 {F N fte
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Table 3.
Fuel Characteristics
Light oil Ignition point 80°C, First distil
198°C,
Redwood viscosity (50°C) 30
sec,
Chemically neutral,
Anthracene | Distillate from coal tar (3C0°C)-

oil I, Ignition point 205°C. Redwood
viscosity (50°C) 62 sec.
Chemically neutral,

Painting Refind tar used for painting.
tar Distillate from coal. Creosote
oil 70—6525.

Pitch 30—3522.
fluid.

Engler viscosity 12,5°C,

Black viscous

The characteristics of the fuels are shown
in Table 3.

The sample described in Table 2 were
prepared by mixing the fuel with finely pul-
verized AN (No. 3. in Table 2) by a simple
mixer (but not the edge runner mill) at room
temperature of 10—15°C. As the painting
tar is highly viscous in this case the mixing
was conducted at temperature 20—25°C.

Table 2. indicates that as the fuel coal tar
gives the highest detonation ability or the
lowest practical minimum diameter. Light
oil gives the same result while it was ex-
cluded from further use due to its ignition
hazard in handling.

§ 5. Selection of the surface active
agent or surfactant

According to the present idea® on the dia-
meter effect of detonation, including the
critical diameter or the practical minimum
diameter, the effective detonation heat, which
determines the stable detonation velocity at
a given diameter, can be increased if the
reaction velocity between the oxidizer (AN)
and the fuel is increased. Reducing the par-
ticle size of AN or increasing the specific
surface of AN can be one way of achieving
this objective while the use of the catalyser
to the reaction between AN and fuel pre-
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sents another solution to the problem.
Potassium bichromate proved quite effective
in this respect while its undesirable proper-
ties manifested during storage excluded it
from the practical application. Another so-
lution to the problem is to find some agents
which can combine AN and the fuel to
more intimacy than a mere mechanical mix-
ing. AN is drastically hygroscopic that is
it has big affinity to water while oil or coal
tar repels water, therefore, in general, it is
rather difficult to mix the two components
(the oxidizer and the fuel) on molecular
scale. Thus the mere mechanical mixing
which has been extensively used in the pre-
paration of AN-fuel explosive is not enough
to secure a reliable detonability. If we can
find some adequate surface active agents or
surfactants they have on the one hand an
atomic group which has affinity to water,
called hydrophilic group, and on the other
another atomic group which has affinity to
oilly matters, called lypophilic group. Thus
the surfactant of this kind forms a close
bridge between the oxidizer AN and the fuel
coal tar on molecular scale which in turn
brings about the rapid explosive reaction
between the oxidizer and the fuel.

In the present paper the effectiveness of
the surfactant has been examined according
to the following procedure: 0.5 weight per-
cent of the surfactant was added to the base
charge composed of 93.32%2 AN and 622
coal tar and the three components were mixed
by a heavy edge runner mill. The product
was tested one night after the preparation
with respect to caking and the practical
minimum diameter. In Table4 A indicates
the best result and B indicates the good one
while C indicates the unsatisfactory result.
A for the detonation ability detonates with
the diameter around 20—24mm.

The result summarized in Table 4—1, 4—
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Table 4—1. Anionic surfactant

1

No. Chemical ; Structure g::g: D?{::a' Caking | H.L.B.
1—2. Higher alcohol sulfonic ester (C;—C;q)
1 Sodium_laurylsulfate C;,H,;OSOyNa I A A 40
(5. L. 8D 11 A A 40
I B C 40
2 Sodium stearylsulfate C,aH,,080,Na 1 A C a8
)i B C as
X B C 38
3 Sodium higher alco- 1 A C 40~38
hol sulfate 1 B C 40~38
il B C 40~38
v B C 40~38
v B c 40~-38
VI B Cc 40~38
1—2. Aliphatic alcohol phosphate
S Sodium alkylphos- ROP (ONa 1 A C
_ phite P (OR: i B ¢
5 o A C
Alkylphosphate tri- 1
ethanolamine RO,POI?N (C,H,0H),
=\aliss
1—3. Aliphatic amide sulfonite
6 Sodium stearylamide C,;H,,CONC;H,SO.Na B C
methylethylsulfonate |
CH,
7 Sodium aliphatic { RCOXN—C,H,S0,Na A A
amide alkylethylsul- ]
fonate R
1—4, Alkylaryl sulfonate
8 Sodium dodecylben- /TN : I A A
zenesulfonate (S. D. C"H"—'\_/ SO;Na I A C
B. I B C
v C C -
9 Butylnaphthalenesul- NS\ I Cc C
om)uc P C"Hr-l | S0:Na I B C
NN/
10 Alkylbenzenesulfo- VAN - 1 B A
l'mugY R_] I—SOJ\a 1] B B
\/ I B A
11 Alkylnaphthalenesul- VA VANE 1 A C
phot)nuel : R—[ 1 | SO,Na I B A
NSNS i} B C
1—5. Sodium Dinaphtylmethane disulfonate
N !
H 1 A A 80
12 | 6. D.DJ ! , CH,\ it B 2 eg
8
oo E
AN NN\
i i Na0.s SO;Na
| i
6 (222) IRARBKE



Table 4—2,

Cathonic surfactant

No. Chemical Structure g::él: Dct;ggn- Caking
z—1. Aliphatic amine
'8 | Lauryamine acetate C,:H,:NH,OCOCH, gl 4
2—2. Quarternary ammonium salt
12 Dioctadecyldimethy! ammonium chlo- C,.H CH, I C C
ride [N il B A
15 OStadcc) ltnmethylnmmomum chlo- | [CysHs—N (CHy),1Cl C C
Iiqae
16 | Dodecyltrimethylammonium chloride [C,:H,sN (CH;).] Cl B C
Quarternary ammonium salt [RRFR” R NJ X i A C
17 1I C o}
" HI C C
v C C
A4 C B
VI C Cc
2—3. Alkylprridinium salt
18 Tetradecyl-pyridinium chloride C.H,N—Cl B C
()
N/
19 Hexadecyl-pyridinium chloride CuH,;\'—Cl B (o4
AN
I
N/ .
20 | Alkyl pyridinium salt R—N—Cl 1 B C
VAN I B (o}
1 | I B C
N
21 Stearylamide methylpyridinium chlo- | C;;H,;CONHCH,—N—Cl B Cc
ride I/ \I
N/
Table 4—3. Nonjonic surfactant
No. Chemical Structure Trade |Detona-) Cuking | H.L.B.
22 Polyoxyethylene- RO(C.HOMWH I B C 12,8
alkylether 1l B o}
11t B C
23 Polyoxyethylene- | C;;H,,COO (C.H,O)n H B (03 13.5
oleate
24 | Polyoxyethylene- _/TN : 1 B B
alkylpheno R—_/—0EHO:H i1 ¥ A
25 Polyoxycthylene- B C 16,7
sorbitan laurate (.,( \ !
26 Polyoxyethylene- H, (‘: HCH.OCOR cC ' C 14.9
sorbitan stearate | 1 (CHCY.OHC  CHO(CH.O)H
27 Polyoxyethylene- N/ B C 15.0
sorbitan oleate HO (C,H,0)n H
R C,,H,, for oleate, stearate
.=CyyHa, }:)r laurate
Vol. 21, No. 4, 1960 (223) 7




2, and 4—3 indicates that -

coal ter - surfastast Alie coal tar axplosive

the best surfactants are all 1= - ———ies

Anionic ones and they are: T 500. 2 i

(1) Sodium dinaphthyl- | ==° 5

methane disulfonate (S. D. § 5

D.) §o1-- + '

(2) Sodium laurylsulphate E E E

(S. L. S) 3 i :

(3) Sodium dodecylbenzene i / H ;

sulfonate (S. D. B.) o o . e
The values H. L. B. (Hyd- oh, R, 28, dlemsier BT g’:::’::‘

rophilic Lypophilic Balance)

shown in Table 4—1 and

Table 4—3 indicate the degree of balancing
between the hydrophilic and lypophilic groups
within a surfactant and the bigger is the
value the bigger is the affinity to water.

§ 6. Effect of the surfactant on the
detonation ability

The relation between the content of the
surfactant and the critical diameter is shown
in Fig. 3.

C. M. C. indicates that therc exist the
“critical micelle concentration” which is
commonly observed in the effect of the sur-
factant, that is, as the surfactant affects the
reaction on the boundary between two com-
ponents the phenomenon of saturation may
be expected, therefore, only a small amount

[
-

K

Grittesd dleseter —F
3
=

=) Cxrfesteat §
Fig. 3.
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—> Diacoter of cartridpoe

Fig. 4.
of the surfactant serves the purpose, which
makes its industrial applications quite eco-
nomical.

Fig. 4 illustrates how high is the detona-
tion ability of the AN-coal tar-surfactant
explosives compared with that of the AN-
coal tar explosive.

§ 7. Effect of the surfactant on the
reaction zone in the detonation

The detonation velocity D m/sec for vari-
ous diameters of cartridges has been measu-
red by the streak camera described in a
previous paper*? for the explosives A—1 and
A—3 (Table 5 and Fig. 5). According to
the theoretical analysis described in the same

Table 5.
(1) AN-coal tar explosive (A—1)
Radius of Detor.ation velocity

charge R cm D m/sec. D mean
1.79 2,50  x x
2.01 2,940, 2,900, 3,010 2,650
2.26 3,220, 3,060, 3,060 3,110
2,52 3,110, 3,330, 3,250 : 3,230
2.8 3,330, 3,270, 3,370 | 3,330
2.96 3,390, 3,520, 3,44 = 3,45
3.22 3,370, 3,330, 3,3¢0 } 3,350
3.43 3,210, 3,360, 3,320 @ 3,3C0
3.69 3,3C0, 3,350, 5,310 | 3,320
3,96 3,440, 3,550, 3,450 | 3,4€0

4) Kumao Hino and Seiichi Hasegawa: The theory of the
variable reaction zones in the detonation of industrinl ex~
plosives. Journal of the Industrial Explosives Society,
Japan Vol. 20, No. 1.1959. pp. 2~I1
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(2) AN-cal tar-surfactant explosive (A—3)

Radius of | Detonation veloci
charge R em D m/sec. % | D mean

1,02 x 3,020 x

112 3,150, 3,340, 3,310 | 3,270
1.23 3,370, 3,430, 3,430 | 3,410
1.34 3,48, 3,500, 3,420 | 3,470
1.41 3,560, 3,510, 3,500 | 3,530
1.53 3,710, 3,800, 3,640 | 3,720
1.77 3,690, 3,740, 3,780 | 3.740
1.98 3,850, 3,840, 3,850 | 3.850
2,25 4,030, 4,020, 3,910 | 3,990
2.49 4090, 4,080, — | 4,090
2.79 4,140, 4,130, — | 4,140
2.96 2170, 4,010, 4,010 | 4,060
3.21 4,260, 4,030, 4,170 | 4,160
3.41 £330, — 4,270 | 4,300
3.67 4,270, 4,280, 4,260 | 4,260
3.93 4,380, 4,380, 4,430 | 4,400
4.16 4310, 4,180, 4,330 | 4,270
4,60 4,420, 4,450 .4,450 | 4,440

Table 6.
A—1 A3

Critical reaction time te 10.3 st 7.9 ps
First transition reaction time t1 | 14.47us| 12,49us
Maximum reaction time tm 18.62ps! 18,48us
i;n/tc fh 1d 1.8} 2,34

raction of heat at critical dia-

meter Ne 0.66 0.54
Fi rtt:::u}\?l of heat at first transi- 0.918 0.85
1(lﬁx’iti_cul mnctionlzonteh lcngt}}iXe 2.62cm| 2,57cm

cation zone length at first

transition Xi 4.82cm)  5.10cm
Maximum reaction zone Xm 6.48cm! 8.19%cm
Xm/Xe 2,47 3.19
Critical radius Re 1.79cm| 1,C8cm
First transition radius Ry 2,83cm|  2,49cm
upper limit radius Rm 3.96cm! 4.6 cm
Xe/Re . 1.46 2,38
Critical detonation velocity D | 2,540m/s] 3,260m/s
Transiton velocity Dy 3,330Cm;s| 4,090m/s.
Maximum velocity Dy, 3,480m/s‘ 4,440m/s.

4000

o/ses
3000

—

2000+

Detonstion volooity

6 and

Table 6.

paper, the structure of the
reaction zone has been cal-
culated as is shown in Fig.

It may

be seen that the detonation

ability is greatly improved

by the use of the surfact--

ant and the critical reac-

tion time reduced from
10.3 micro second to 7.90'

CE

0artrides retlus > =

Fig.

Y

3

S.

>

micro second which ind-

icates that the surfactant

accelerates the explosive

reaction between AN and

coal tar to a great extent..

§ 8, Blasting proper-

ties of the AN-.
coal tar surfact-

ant explosive

The blasting properties
of AN-coal tar surfactant
explosive (A—3) are com-

- —— '
’ :ﬂ f‘;s”" ] :x};':"':l iales _l pared with those of a
— 790 ’12.49,.?‘! st . . :
: nn Semi-gelatin dynamite-
— s L=t e
: oTE Tt whose compositions are:
Fig. 6. Nitroglyceline - nitroglycol.
Vol. 21, No. 4, 1350 (225) 9




gel 10.523.
nium nitrate 7624.

Nitro-compound 5.025. Ammo-
Wood meal 852.
8—1. Sensitivity against the bit of a drill
Explosives were charged into a bore nole
7—10cm long drilled into granite. A chisel
bit of tungsten-carbide gave a repeated strike
to the explosive for 30 second at the rate of
2,000 strikes per minute. The total pressure
applied to the explosive is around 170—
220Kg. In ten trials semi-gelatine dynamite
ignited five times while in A—3 no ignition
.occurred, that is, the AN-coal tar-surfactant
-explosive proved to be quite safe against the
striking of a bit.
$—2. Explosion properties
The comparison of the explosion proper-
ties between the A—3 explosive and the

semi-gelatin dynamites is summarized in

Table 7.

Table 7.

. . . Semi
Explosion Properties A-—3 gelatin
Ignition point 370—375°C 295°C
‘Drop hammer test (Skg) 30—3%cm 22em

(no-ignition height)

Loading density 0.58g/cm?| 0,55g/cm3

Hess brisance (50g) 13.6mm| 12,0mm
“Trauzl block test (10g) 32Ccm?  35Ccms?
‘Ballistic pendulum .
(100g) 72.8mm| 75.0mm
‘Gap test (multiple of
(Eameter) 2 6

'8—3. Gaseous products after detonation
Two cartridges of 100g explosive wrapped
by a parafinized paper whose diameter is
30mm were charged into a borehole of a
steel mortar whose inner diameter is 55mm
and length 550mm. The charge was fired
by an industrial No. 6 electric detonator
‘without stemming and the detonation pro-
.ducts were discharged into a gallery with
‘9.15 meter diameter and 9.36m length whose
volume is 35,800 liter.
analysed by alkali absorption (Réken type

CO; content was

10 (226)

apparatus) CO content was measured by
Graham method and nitrose gases were ana-
lysed by phenol-disulfonic acid method (by

colorimetry). The result is shown in Table
8. . .

Table 3.

Explosives | CO, ‘ co

A—3 107.51/Kg‘ 38.60/Kg  2.26l/Kg
4 (0.C6525)] (0.C2425) (i4.24ppm)

l Nitrose

Semi- | 151.0l/Kg| 32.4//Kg  2.20//Kg
gelatine

€0.09122)| (C.02024) (13.85ppm)

§ 9. Blasting performance

A series of boreholes whose diameter is
55mm have been drilled in graphite schist
and granite at Hikari quarry in Japan. The
length of boreholes in about 5—7 meters.
A—3 explosive cartridge with 40mm diame-
ter and 225g weight per cartridge was tested
in comparison with Ammon gelatin dynamite
(Fuji dynamite). The industrial standard
No. 6. electric detonator was used to initiate
A—3 explosive, The weight of charge in
a hole was about 4—5Kg and the total
length of the charge in a hole was about
4—>5 meters.

The result of the blasting proved quite
satisfactory both from the standpoints of
of fragmentation and the volume of rock
broken.
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