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Forord

I SveBeFos tidigare arbete for att forsta sprangdmnens verkan i berg har en brinnmodell tagits
fram, som beskriver det fysikaliska forloppet bakom detonationsfronten i en laddning. I en
serie experiment visades hur olika sammanséttning av sprangédmnet paverkar detonationsfor-
loppet, bland annat for ett emulsionsspringédmne, kallat E682, framtaget i samarbete med
Dyno Nobel och Kimit och som liknar dagens géngse sprangdmnen. Undersokningarna ge-
nomfordes av Shulin Nie tillsammans med Junhua Deng och Ulf Nyberg, och de gjorde ocksa
inledande forsok i form av cylinderexpansionstester for att bestimma arbetsforméigan hos
blandningar av emulsion och ANFO i samarbete med FOLI.

Det pdborjade arbetet har kompletterats och ddrmed fullf6ljts av loannis Arvanitidis tillsam-
mans med Finn Ouchterlony och Ulf Nyberg genom ytterligare forsok pa ren emulsion (E682)
och pd samma emulsion uppblandad med 20 % ANFO. Cylinderexpansionsproven sker i 1 m
langa kopparroér didr man maéter detonationshastigheten och volymexpansionen och dirmed
kan rékna fram den s k Gurneyenergin, som ett matt pd springdmnets arbetsforméga. Resulta-
ten visar att arbetsformagan varit 1 stort sett oberoende av aktuella laddningsdiametrar och att
verkningsgraden varit omkring 58 % for ren E682 och 53 % i1 den med ANFO uppblandade
matrisen.

Arbetet som ingatt i SveBeFos forskningsprogram FP 2000 har ocksa kunnat integrerats med
det pagdende EU-projektet “Less Fines”, som syftar till att kontrollera fragmenterings-
forloppet i bergtikter for ballast och mineralproduktion med syftet att minska den som regel
overflodiga finandel som uppkommer vid sprangningen. Kunskaperna om sprangdmnets ar-
betsformaga har dér anvints i analysen av genomforda faltforsok.

Denna rapport dr den sista i den serie som redovisar de detonikforskningsprojekt som ingatt i
FP 2000. Fortsatt forskning inom sprangningstekniken sker nu frimst hos Swebrec, dér de
tidigare vid SveBeFo anstéllda forskarna inom spriangteknik verkar sedan februari 2003.

Stockholm i februari 2004

Tomas Franzén
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Summary

Cylinder expansions tests with 4 different diameters ranging from 40 to 100 mm have been
conducted on the generic emulsion explosive E682, both pure and with 20 % ANFO content.
The work capacity is expressed in terms of the Gurney energy Eg, which equals the sum of
the kinetic energy of the copper tube and the radial kinetic energy of the gases. The purpose
was to study the effect of charge diameter on the explosive’s work capacity expressed as the
Gurney energy and to supplement earlier work done by Nie (2001). The radial expansion has
been measured as well as the velocity of detonation in 11 copper tubes.

The effect of ANFO granules were tested by making a mixture of E682 with 20% ANFO. The
ANFO used in the present study is Anolit from Dyno Nobel, which basically is the same

product as the Prillit A used by Nie. The average density of pure E682 was 1130 kg/m’ and
that of E682 with 20% ANFO 1200 kg/m”.

The results from the new batch of E682 show similarities with the old batch regarding VOD
as function of inverse charge diameter but the trend of the Gurney energy is different from the
first experiments carried out by Nie. This could be due to previous tolerance variations in the
tube dimensions.

The Gurney energy seems to be independent of the charge diameter between 40-100 mm in
the new experiments. The measured Gurney energy for pure E682 was 1.77 = 0.06 MJ/kg and
that of E682 with 20% ANFO 1.71 £ 0.07 MJ/kg which is somewhat lower. The use of 20%
ANFO in E682 results in the same volume based Gurney energy as for pure E682 however.
The overall average is 2.02 + 0.02 MJ/dm’.

The energy utilisation ratio is 0.58 + 0.03 for pure E682 and 0.53 + 0.03 for E682 with 20%
ANFO. This is slightly lower than for the Titan 6000 series gassed bulk emulsion but higher
than for pure ANFO.

The detonation pressure decreases with the charge diameter however and this indicates that a

smaller hole diameter in rock blasting leads to a lower detonation pressure without loosing
work energy when keeping the powder factor constant.
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Utokad sammanfattning

Cylindertest har genomforts pa emulsionssprangimne 682 (E682) i syfte att undersoka hur
arbetsformagan varierar med laddningsdiametern inom intervallet 40-100 mm.

Tva satser syrebalanserad emulsion undersoktes, ren E682 och E682 med 20% ANFO. Recep-
tet till E682 &r framtaget tillsammans med Dyno Nobel och Kimit AB. Denna experiment
emulsion har undersokts tidigare, bl.a. finns en brinnmodell. Emulsionen &r syrebalanserad.
Nir det giller den volymbaserade explosionsenergin sa ligger ren E682 nagot lagre dn E682
med 20% ANFO, 3.47 MJ/dm’ respektive 3.85 MJ/dm’.

Mjukglodgade 1 m langa kopparrér med inner/ytter diametrar 40/44, 60/66, 80/88 och
100/110 (mm/mm) har anvénts. Forsoksuppstéllningen bestar av ett vertikalt monterat kop-
parror fyllt med E682. Laddningsdensiteten var ca 1130 och 1200 kg/m® for ren E682 respek-
tive E682 med 20% ANFO. Initieringen sker ovanifran med springdeg varvid detonations-
fronten gir neddt genom laddningen i roret. Detonationsfrontens hastighet (VOD) méts med
resistansprob som monterats langs rorets mittlinje. Den radiella expansionen méts med 10
kontaktpinnar ca 65 cm nedét pd roret ifran initieringspunkten. Expansionen mits frén 0.5
mm fran rérviggen till en total volymexpansion om 6-9ggr.

Med hjilp av VOD och expansionsdata kan man rikna fram kopparviaggens rorelse och den
kinetiska slutenergin kallad "Gurneyenergin” som &r ett matt pd springédmnets arbetsformaga.
Genom att jamfora Gurneyenergin med explosionsenergin kan man fa fram en verkningsgrad.
Gurneyenergin, som méts 1 MJ/kg springdmne, var oberoende av laddningsdiametern. Folj-
den blir att dven verkningsgraden &r oberoende av laddningsdiametern inom det studerade
intervallet 40-100 mm.

For ren emulsion 14g kopparvéggens sluthastighet runt 1280 + 20 m/s och Gurneyenergin 1.77
+ 0.06 MJ/kg. Vad géller E682 med 20 % ANFO blev hastigheten nadgot hogre, 1290 &+ 20 m/s
samt Gurneyenergin 1.71 £ 0.07 MJ/kg. Verkningsgraden for ren E682 dr 58 + 3 % och for
E682 med 20 % ANFO 53 + 3% av tillgdnglig energi. Den nagot lagre verkningsgraden for
E682 med 20 % ANFO kan forklaras med att ANFO i sig har en ldgre verkningsgrad ca 40-
50 %.

En tidigare forsoksserie av Nie (2001) visade forvanansvért nog verkningsgraden hos forso-
ken med 80/88 rdéren var markant hégre &n hos 40/44 och 100/110 roéren. I jamforelse med
denna studie sa verkar sluthastigheterna i Nie’s forsok med 80/88 roren vara onormalt hoga
vilket kan tdnkas bero pd materialfel eller dimensionsfel hos roren.

Man kan tydligt se att kopparviggens acceleration 6kar med minskande roérdiameter. Detta &r
en naturlig f61jd av att massan som ska accelereras minskar mycket snabbare med minskande
laddningsdiameter &dn vad detonationstrycket gor.

Sammanfattningsvis kan man séga att verkningsgraden minskar négot for E682 da man tillsét-

ter ANFO men att den dr oberoende av laddningsdiametern. Om man jamfor Gurneyenergin
pd volymbasis sa ligger daremot ren E682 obetydligt ldgre 4n E682 med 20% ANFO, ca 2%.
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1 Introduction

Today, the work capacity of non-ideal explosives used in production blasting is usually ex-
pressed in terms of weight strength. Many manufacturers report a weight strength based on
the computed explosion energy or a lower value based on the assumption that the gases stop
doing useful work at some pressure, e.g. 1000 atm. Langefors’ older weight strength concept
(Persson et al. 1994) is hardly used anymore.

A new independent measure of the relative work capacity of civil explosives has been devel-
oped by Nie (2001) and Nyberg et al. (2003). The so-called cylinder expansion test uses soft
annealed copper tubes filled with explosives which are shot and the explosive VOD and the
expansion velocity of the tube wall are measured.

The work capacity is expressed in terms of the Gurney energy Eg, which equals the sum of
the kinetic energy of the copper tube and the radial kinetic energy of the gases. This test has
its origin in military work on high explosives, see e.g. Souers et al. (1994), Helte et al. (1999).
It has also been used for small charges of industrial explosives, Trzcinski and Cudzito (2001).

In the earlier work at SveBeFo, the generic, micro-sphere sensitised emulsion explosive E682
was tested, both pure and with a 20 % content of ANFO (Nie et al. 2000, Nie 2001), as were
three pure ANFO’s, one ANFO with aluminum additive and a gassed bulk emulsion from
Dyno Nobel, the Titan 6000 series at different densities (Nyberg et al. 2003). Both the pure
emulsion, Titan 6000 and one with a 20 % content of AN prills, Titan 6080, were tested

The latter work was done as part of the EU-financed project “Less fines production in aggre-
gate and industrial minerals industry”, project no. GRD-2000-25224, together with Nordkalk
and Dyno Nobel. ”Less Fines” has other partners too, Montan-universitit Leoben and aggre-
gate manufacturer Hengl Bitustein in Austria, the CGES & CGI departments of the Ecole de
Mines in Paris, France and Universidad Politécnica de Madrid (UPM) with explosives manu-
facturer UEE and cement manufacturer Cementos Portland from Spain.

The most important conclusion from this testing is that Titan 6080, despite the lower weight
strength value given by Dyno, 3,3/4,0 = 84 %, performs more work than ANFO because the
Eg-value is larger for Titan 6080 at a normal loading density of 1150 kg/m’. The relative
work capacity for the Titan series of explosives is 60-70 % but only 40-50 % for ANFO.

The work capacity of the Titan series of explosives increases with an increasing density de-
spite that the VOD starts to drop when the density approaches 1300 kg/m’. The consequence
is that the VOD-value may not be a good measure of the work capacity of an explosive.

Adding AN seems to have little influence on the work capacity of the Titan emulsions, except
at the lowest densities, 800-900 kg/m’. Adding aluminum raises the work capacity of ANFO
though.

The ANFO and Titan tests were all made in @ 100/110 mm (inner/outer diameter) tubes, and

the question is how the charge diameter influences the work capacity of the explosives. Nie
(2001) tested tubes of 40/44, 80/88 and 100/110 mm diameter with emulsion E682. He found
that the Gurney Energy does not increase with the tube diameter, it rather shows an unex-
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pected maximum at 80-mm diameter. This suspect result could be caused by experimental
conditions like dimension error in the copper tubes. A new batch of E682 was prepared in
2003 and tests were made at @ 40/44, 60/66, 80/88 and 100/110-mm diameter in order to ver-
ify or falsify these results.

This work was started under SveBeFo’s research program FP2000 and as of 2003-02-01 con-
tinued under Swebrec at Luled University of Technology. It was also decided to share the
work and the information with the Less Fines project.

The E682 was manufactured by Hans Perlid and Linda Johansson at Dyno Nobel after the
same recipe used by Nie (2001). The addition of ANFO was advised by Hans Karlstrém, Ki-
mit AB, and the explosion energies for the emulsion was calculated by Lars Granlund, Dyno
Nobel. The recipe was developed by SveBeFo, Dyno Nobel and Kimit. 50 kg of E682 with
20% Anolit ANFO and 90 kg pure E682 was produced in the pilot mixing plant at Gyttorp.

2 Experiments

2.1 Test set-up

The cylinder expansion method was developed at Lawrence Livermore National Laboratory
in order to find the Equation of state for military explosives (Souers et al. 1994). We rely on a
set up used by FOI, the Swedish Defence Research (Helte et al. 1999). Soft annealed oxygen
free copper DIN 1754 tubes with a fixed ratio between the inner diameter and the wall thick-
ness are mounted in disposable rigs according to Figure 1 below.

Initiating by a funnel
filled with plastic PETN

/f\ Particle board (0,5x0,6 m)
Copper cylinder _
C '

—
g
)
S
'l %
f =
= Contact pins
/
/
[
Pin support

Particle board (0,5x0,6 m)

Figure 1. The disposable rig with copper tube and contact pins.
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The copper tubes were filled with explosive and primed at the upper end. The onset of the
detonation of the main charge inside the copper tube was carried out by initiating with a
hexotol booster or plastic PETN, as a substitute for a plane wave lens. The tube wall expan-
sion and the VOD were measured simultaneously.

The copper tubes were filled with the emulsion explosive by creating a weak vacuum at one
end and dipping the other end into the container with emulsion explosive. Densities of the
charges were regularly calculated in order to check for air pockets inside the charge. The
tubes were weighed before and after filling. Contact pins CA 1041-C, made by Dynasen Inc,
were connected to a pulse box which sends a 7-volt pulse each time a contact pin is short-
circuited. A set of 10 pins were mounted in a PVC block with the radial equidistance of 5.0-
9.4 + 0.05 mm between the pin tips, starting with a small distance, 0, of 0.45-0.50 = 0.05 mm
from the tube wall. The distances from the original tube wall surface were then (mm):

d+[0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0] & 40/44 mm
0+1[0.0 6.2 12.4 18.6 24.8 31.0 37.2 43.4 49.6 55.8] & 60/66 mm
d+[0.0 7.4 14.8 22.2 29.6 37.0 44.4 51.8 59.2 66.6] © 80/88 mm
d+[0.0 9.4 18.8 28.2 37.6 47.0 56.4 65.8 75.2 84.6] & 100/110 mm

Figure 2 shows a photo of the contact pin set up:

Figure 2. Photo of the mounted contact pins with gauge jig.
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The pulses were sampled at 200 MS/s by a LeCroy 9354A 500 MHz oscilloscope with a sin-
gle sample rate capacity up to 2 GS/s. The VOD was measured by inserting a VOD probe
concentrically inside the copper tube. The VOD probe was connected to a continuous VOD
recorder, MiniTrap, from MREL. For details of the test rig, gauge jigs etc see the report by
Nie (2001).

2.2 Explosives

The experimental E682 emulsion was tested both with and without Anolit (Dyno 2003)
ANFO prills mixed in. It is sensitized by glass micro-balloons. The E682 recipe is shown in
Table 1 below:

Table 1. Composition of pure E682 emulsion.

Component Ingredient Composition (weight-%)
Water 14.52

Salt solution Sodium Nitrate (SN) 10.88
Ammonium Nitrate (AN) 65.31

Emulsifier Lubrizol 2724" 1.50

Oil Whiterex E 309 4.51

Micro balloon 3M K20 3.28

Notes:

1. Figures from the manufacturer Lubrizol Limited: Chemical formula = CgsH;39NgsO,, density at
15.6 °C = 916 kg/m’ and heat of formation at liquid state = -2500 kJ/kg.

2. According to Mobil Oil: density at 20 °C = 850 kg/m’, heat of combustion = 45.6 MJ/kg and viscos-
ity at 40 and 100°C is 16 and 3.5 ¢St respectively.

3. Produced by 3M Co.

Table 2. Properties of Anolit. Dyno Nobel (2003).

Explosive |Producer Nominal | Explosion | Gas volume VOD
density | energy, Eo NTP steel tube
(kg/m’) | (MJ/kg) (L/kg) (m/s)

Anolit Dyno Nobel 850 4.0 970 2200

Table 3. Emulsion explosives from Dyno Nobel, values calculated with Tiger.

. 3. | Explosion energy | Gas volume | VOD

E682 Density (kg/m’) (MJ/kg) (I/kg) NTP (m/s)

Pure E682 3.07 905 5475
20% Anolit 3.21 918 5885

Notes:
1. Manufactured density

2. Average density according to Table 4.
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The charge density for Anolit is 850 kg/m® but with an approximate 65% degree of packing,
the ANFO granules have a density about 1300 kg/m’. The density for 20% Anolit in E682
should through a simple calculation be 0.2:1300 + 0.8-1150 = 1180 kg/m’ which is somewhat
lower than the density for the E682 with 20% Anolit given in Table 3.

Table 4 shows the % ANFO, VOD, charge diameter, charge density and metal mass to explo-
sive mass charge ratio, M/C, for all present tests. The density was calculated from the weight
of explosive filled in the copper tube divided by the inner volume of the copper tube occupied
by explosive. The copper tubes follow the DIN 1754 norm according to the supplier Metallva-
ruhuset, Sweden. The DIN 1754 norm guaranties a dimension error of maximum 5% of the
nominal tube wall thickness, for example the thickness of the 80/88 tube wall should lie
within 4 £ 0.10 mm.

Table 4. Basic E682 shot data.

Test ANFO | Charge diameter | Charge de3nsity M/C VOD
% (mm) (kg/m”) (Mcy/Mexpt.) (m/s)
139 0 80 1148 1.63 5699
140 0 100 1130 1.66 -
141 0 60 1120 1.67 5609
142 0 80 1140 1.64 -
143 0 60 1137 1.65 5670
144 0 40 1120 1.67 5675
145 0 60 1130 1.66 5700
146 20 100 1203 1.56 5617
147 20 60 1195 1.57 5369
148 20 40 1200 1.56 5254
149 20 100 1207 1.55 5523
150 20 60 1195 1.57 -

3 Experimental results and data analysis

The experimental results from the cylinder expansion tests are presented as the radial change
of the confining copper cylinder wall as function of time. The radial change is perpendicular
to the length axis of the copper tube, note that the true radial motion is about 7° off from the
perpendicular measured radial change. Also, the acceleration is calculated from the perpen-
dicular radial change and presented as function of time.

In order to evaluate the kinetic data of the expanding cylinder, the velocity of the copper has
to be calculated at the centre radius of the tube, r,,, which could be estimated under the as-
sumption of incompressible deformation and no material flow in the length direction of the
copper tube, see Hornberg and Volk (1989). Under these conditions, the position of the centre
or mid-wall radius, ry, is calculated through the half cross sectional surface area as:

ale? =12 )=rle2 - 12) = (R -R?) M
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Here ry and r; are the measured outer and inner radii, R; and Ry are the initial inner and outer
radii, see Figure 3 below. The radial change of the centre radius, Ary, is given by Equation 2.

R?-R? R?-R?
Ay =1 — Ry = ry2+%— R§+% (2)

Figure 3. The positions of the radii. Size scale is not proportional.

By using the contact pins, ry is measured as function of time. An example is given in Figure 4.

-

Voltage

T ‘ FTTT ‘ AL ‘ T ‘ T ‘ ‘ I T ‘ I ‘ I
-20 -10 0 10 20 30 40 50 60 70 80
Time (us)

Figure 4. Contact signals vs time during cylinder expansion.

The voltage peak reaches 7.0 volts and the accuracy of reading the contact time is less than +
5 ns. The measured results from the cylinder expansion tests are given in Tables 5-7.
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These Tables give the measured change in position or expansion of the outer wall surface, Ary
(mm), as function of time (us). Some entries in the Tables are missing. This is caused by an
individual pin failing to deliver a signal despite that its short circuiting capacity was found to

function by testing before the firing of the shot.

Table 5. Time versus radial expansion of outer tube wall for pure E682.

139 &J80/88 140 &100/110 141 &60/66 142 380/88
VOD = 5699 m/s VOD = - VOD = 5609 m/s VOD = -
2003-05-26 2003-05-28 2003-05-28 2003-06-17
T (us) | Ary(mm) | t(ps) | Ary(mm) | t(us) |Ar,(mm)| t(us) |Ar, (mm)
-1.10 0.5 -1.16 0.5 -1.16 0.5 -1.85 0.5
9.38 7.9 10.7 9.9 6.80 6.7 8.04 7.9
17.2 15.3 19.4 19.3 12.7 12.9 15.1 15.3
24.5 22.7 27.4 28.7 17.8 19.1 21.8 22.7
30.8 30.1 35.0 38.1 23.3 253 27.6 30.1
37.1 37.5 42.6 47.5 28.2 31.5 33.1 37.5
433 44.9 50.0 56.9 32.9 37.7 39.1 44.9
49.3 52.3 56.9 66.3 37.7 43.9 45.1 52.3
55.1 59.7 64.7 75.7 42.4 50.1 50.6 59.7
61.0 67.1 71.9 85.1 46.9 56.3 56.1 67.1

Table 6. Time vs. radial expansion of outer tube wall for E682 emulsions.

143 260/66 144 &40/44 145 260/66 146 &100/110
0% ANFO 0% ANFO 0% ANFO 20% ANFO
VOD =5670m/s | VOD =5675m/s | VOD = 5700 m/s VOD = 5617 m/s
2003-09-02 2003-09-05 2003-09-19 2003-10-07

t(us) | Ary(mm) | t(us) |Ary(mm)| t(ps) |Ary(mm)| t(us) |Ar, (mm)
-1.82 0.45 -1.83 0.5 -1.82 0.45 -1.85 0.45
6.49 6.65 4.17 5.5 7.02 6.65 10.9 9.85
12.5 12.85 8.52 10.5 13.1 12.85 19.7 19.25
17.8 19.05 12.3 15.5 18.8 19.05 27.5 28.65
22.8 25.25 16.9 20.5 24.0 25.25 353 38.05
27.9 31.45 20.5 25.5 29.0 31.45 42.6 47.45
(31.7)| 37.65 24.5 30.5 34.4 37.65 49.3 56.85
36.8 43.85 28.3 35.5 39.1 43.85 56.3 66.25
41.4 50.05 32.0 40.5 43.8 50.05 63.3 75.65
(45.2)| 56.25 35.7 45.5 48.0 56.25 71.2 85.05
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Table 7. Time versus radial expansion of outer tube wall for E682 with 20% ANFO.

147 &60/66 148 BJ40/44 149 &100/110 150 &60/66
VOD =5369 m/s | VOD=5254m/s | VOD =5523 m/s VOD = -
2003-10-16 2003-10-21 2003-10-28 2003-11-07
t(us) | Ary (mm) | t(us) |Ary(mm) | t(us) [Ary(mm)| t(us) [Ar,(mm)
-1.82 0.5 -1.83 0.5 -0.99 0.45 -0.95 0.5
6.49 6.7 4.02 5.5 12.4 9.85 6.61 6.7
12.5 12.9 8.66 10.5 21.9 19.25 12.7 12.9
17.8 19.1 12.9 15.5 29.9 28.65 (13.5) 19.1
22.8 25.3 16.9 20.5 37.8 38.05 - 25.3
27.9 31.5 21.0 25.5 45.6 47.45 27.1 31.5
31.7 37.7 24.5 30.5 52.3 56.85 31.5 37.7
36.8 43.9 - 35.5 59.7 66.25 - 43.9
41.4 50.1 - 40.5 66.2 75.65 41.7 50.1
45.2 56.3 35.9 45.5 74.2 85.05 46.9 56.3

Note: Data within () are suspect and are not used.

The radial expansion, Arp,, as function of time is plotted for pure E682 in Figure 5 below. It is
seen, with some exceptions, that the initial expansion rate decreases with increasing charge
diameter. The ratio of explosive to copper mass is kept nearly constant according to Table 4.

Pure emulsion E682

904 Calc. Data Diam. File /;5»*
o 80/88 139 ,:7_”'—':3'
S o 100/110 140 e
= ] A 60/66 141 57
[ p— v 80588 142
g
g 45
% 50 Calc. Data Diam. File
£ —emeeme & 60/66 143
s 1 g q 40/44 144
15 > 60/66 145
O_l T T T T T T T T
0 10 20 30 40 50 60 70
Time (us)

Figure 5. The radial expansion Ar,, as function of time for pure E682.
The radial expansion for E682 with 20% ANFO is shown in Figure 6. The general trend is

similar to that for pure E682, with an increasing initial expansion rate with decreasing charge
diameter.
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Emulsion E682 with 20% ANFO

90 +

Calc. Data Diam. File
754 ... A 40/44 148
————— o  60/66 147

560_ —— o 100/110 146 .
£ N v 100/110 149 .-
S 3
w45

S

g

— 30 -

<

&

o]

P~ 15 4

Time (us)

Figure 6. The radial expansion Ar,, as function of time for E682 with 20% ANFO.

The calculated curves where obtained by fitting a combined linear and exponential function to
the data (Hornberg & Volk, 1989). This function is given by the Equation below:

Arm =qa- |:texp —t, - % . (1 _ e—b(tcxp _lo))} (3)

Here a, b and t; are curve fit parameters. t = te, - to 1s a time shift which lets the expansion
curves start at t= 0, Ar,, = 0. The radial velocity and acceleration are given by Equations 4-5.

A =a-{l—e ) (4)
Ai=qa-b-e "™ (5)
The cylinder expansion tests result in kinetic data that can be used to evaluate the work capac-
ity of an explosive. The well-known Gurney equation (Gurney 1943 & Kennedy 1997) gives

the relation between the work capacity (Gurney energy), Eg and the final tube wall velocity
(Gurney velocity), Up:

UM 1
E.=—L|—+— 6
6= {c 2} (6)

Here Up (m/s) is the Gurney velocity, Eg (J/kg) is the Gurney energy, M (kg) is the metal
mass and C (kg) is the explosive mass of cylinder:
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- (7)

M_ Pcu (Ri _Rlz)
C pexpl.1{i2

4 Discussion of data.

The Gurney equation relates the mass, momentum and energy conservation equations to both
the explosive gases and the metal confinement (Kennedy 1997). The radial velocity distribu-
tion inside the gases is assumed to be linear. The energies due to heat, deformation and fric-
tion are considered negligible compared with the kinetic energy of explosive and metal. The
Gurney velocity is the final velocity during the later stage of tube wall expansion.

The radial wall expansion over time and VOD are measured. Here the final metal velocity
perpendicular to the tube axis, Uy, was evaluated by setting U, = a in Equation 8. Thus Ug
comes out by Equation 8 and 9 (Kennedy 1997).

0= arctan( Yy, ) (8)
VOD
U, =2-VOD- sin(%} 9)

Evaluating the acceleration of the copper wall makes it is easier to see that the initial expan-
sion rate is increasing with decreasing charge diameter, see the acceleration evaluation for
pure E682 in Figure 7.

Pure emulsion E682

0,25
144

“a 0,20 Diam. Test
E b e 40/44 144
g R 60/66 141
§ 01t - 60/66 143
g L ~—--80/88 142
=o0d ¥ == 100/110 140
§ ! s 60/66 145
= ——80/88 139
= 0,05
<
&

0,00 L e e

0 10 20 30 40 50 60 70 80 90

Figure 7. The radial acceleration of the copper wall for pure E682.
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The radial acceleration for E682 with 20% ANFO is shown in Figure 8. With the exception of
test 150, there is a clear trend that a smaller charge diameter leads to faster initial acceleration.
This is natural since the mass of coppar decreases much more than the accelerating detonation
pressure when the charge diameter decreases (keeping a constant ratio of metall mass to
explosive mass).

Emulsion 682 with 20% ANFO

025!
N,f__n: 0207 ‘ Diam. Test
E ——100/110 146
Eownsdvy o T 60/66 147
g Ny 40/44 148
s —mme 100/110 149
2 0104\ —emnm 60/66 150
8 N .
8
E 0,05
el
<
[a
0,00 =
T T T T T T T
0 10 20 30 40 50 60

Figur 8. The radial acceleration as function of time for E682 with 20% ANFO.

This increase in acceleration is easy to explain. Consider the initial acceleration of the copper
wall the first microseconds. The wall pressure, Py, is proportional to the CJ pressure, P¢y, and
acts over the inner wall surface. Newton’s second law leads to the radial acceleration, a,, of
the tube wall where pc, is the density of the tube material and #,, is the tube wall thickness:

a, oc (10)
pCu ' ZLw
The CJ pressure is related to the VOD (Davis 1997):
Py < VOD? (11)

Based on our experiments, the VOD drops from about 5700 m/s for 100 mm tubes to about
5300 m/s for 40 mm tubes in the case of the emulsion with 20% ANFO see table 4. At the
same time the wall thickness is reduced from 5 mm to 2 mm. This results in the following
ratio of the initial tube wall acceleration:
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da00y 57007 /5

_ ~ 0. 12
G4 5300%/2 (12)

The ratio should be smaller in the case of the pure emulsion due to the smaller VOD reduction
caused by the diameter effect but this was not seen in this evaluation. This ratio is in agree-
ment with the experimental results, 0.49 in the case of pure E682 and 0.48 in the case of E682
with 20% ANFO.

Also, it is seen that larger diameters show a more slower decreasing acceleration than the
thinner ones. This is natural since the pressure drop is faster in time for the smaller charge
diameters. The initial movement of the copper wall starts smoothly with no “jump off” or
pressure spike for nonideal explosives compared with ideal explosives (Davis & Hill 2001).
This is probably due to the extended reaction zone in the non-ideal explosives (Ostmark et al.
2002).

Table 8 gives the computed "a" and "b"-values used in Equation 3. "a" represents the asymp-

totic expansion velocity perpendicular to the tube axis, Uy, in Equation 8. Up, has been calcu-
lated by using Equations 8 and 9. "1/b" measures the length of acceleration phase.

Table 8. Curve fit constants and computed true maximum expansion velocities (Gurney veloc-

ity).
Test | ANFO | Charge diameter | a b-1104 1/b ab UL
(%) (mm) (m/s) (s7) (us) | (mm/ps%) | (m/s)
139 0 80 1262 7.632 | 13.10 | 0.0963 1239
140 0 100 1291 10.36 9.653 | 0.1337 1267
141 0 60 1323 11.66 8.576 | 0.1543 1296
142 0 80 1314 10.43 9.588 | 0.1371 1288
143 0 60 1379 10.05 9.950 | 0.1386 | (1349)
144 0 40 1310 21.00 4762 | 0.2751 1285
145 0 60 1320 9210 | 10.86 | 0.1216 1294
146 20 100 1341 8.672 | 11.53 | 0.1163 1313
147 20 60 1300 11.85 8.439 | 0.1540 1272
148 20 40 1331 16.78 5.959 | 0.2233 1300
149 20 100 1333 7.258 | 13.78 | 0.0967 1305
150 20 60 1287 19.84 5.040 | 0.2553 1261

The statistics for the Gurney velocity become 1284 + 21 m/s (mean =+ standard deviation) if
specimen 143 is excluded, see below.
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Figures 9 and 10 show the value of “a” and initial acceleration “ab” as function of charge
diameter:

O  E682pure U ""=1314 (-52 +65)
i o E682 with 20% ANFO Ummea“=1318 (-31+23)
1380 - o
1360
1340 o
» ] e [ )
E 1320 8
< O
I 1 ©
g .
—F 1300 ° 5
°
1280 -
1260 )
T T T T T T T T T T T T T
40 50 60 70 80 90 100

Charge diameter (mm)

Figure 9. The constant “a”=U,, vs charge diameter for E682.

. O  E682 pure
0284 o E682 with 20% ANFO
0,26—_ ®
< 0,24
=<3 i
g 0224 @
E 0.20
= ]
8
S 018
B -
~ 0,16 1
8 ] °
& 0,14 - 0 o
E ] . ©
£ 0,124
g *"] °
0,10 o Y
0'08 I T I T I T I T I T I T I
40 50 60 70 80 90 100

Charge diameter (mm)

Figure 10. The initial acceleration “a-b” vs charge diameter of E682.
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The metal acceleration depends on the charge diameter as seen in Figure 10 where it is clear
that smaller tubes have a faster initial acceleration than the larger ones.

Another way of looking at the expansion data is to plot the metal velocity against the relative
volume expansion instead of time. The relative volume is simplified by neglecting the axial
expansion and only taking into account the radial expansion, like:

L= (13)

Figure 11 shows the metal velocity as function of the volume expansion ratio for the present
tests with pure E682:

Gurney velocity for emulsion 682 without Anolite

g Diam. Test
g ——80/88 139
= 9 | 100/110 140
Zoeqf | 60/66 141
T —=—-80/88 142
S 04 ~o== 60/66 143
o 40/44 144
024t e 60/66 145

0.0 T T T T T

2 4 6 8 10

Volume expansion ratio (v/v )

Figure 11. The metal velocity as function of volume expansion ratio for pure E682.

It is seen that test 143 (& = 60 mm) reaches a higher final metal velocity than the others. This
could be explained by uneven rupture of the copper cylinder, which might have caused the
loss of two data points from the contact pins in this test. A possible thinner wall caused by
irregularity in the copper tube quality would also lead to faster wall velocities and earlier rup-
ture.

Test 139 (J = 80 mm) is slower than the others, which might be explained by a thicker tube

wall than specified. The tube wall thickness was 4 + 0.4 mm in the case for the & 80/88 tubes
while the other tubes held less than + 0.1 mm variation in tube wall thickness. Unfortunately,
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this variation was detected during the experiments. Such a large variation results in an ex-
perimental error larger than the effect of the addition of ANFO or changing charge diameter.
The final Gurney velocity for pure E682 reaches 1278 + 22 m/s (mean =+ standard deviation),
test 143 excluded.

The same situation persists when E682 is mixed with ANFO. The metal velocity reaches
about 1290 + 22 m/s, see Figure 12. This does not differ significantly from the pure E682 re-
sult.

Emulsion E682 with 20% ANFO

2
E Test
}j 146
’g 147
T>) 148
150
O
=
0,0 - T T T T T T T !
1 2 3 4 5

Volume expansion ratio (v/v,)

Figure 12. The metal velocity of E682 with 20% ANFO.

The final metal velocity seem to be almost independent of the tube diameter and reaches
about 1290 m/s. There is no clear trend that the final velocity depends on the charge diameter.
In the case of ideal explosives, the final velocity should be constant regardless the charge di-
ameter when using scaled cylinders.

Table 9 shows the development of the Gurney energy term E(v/vg) of Equation 6 at two dif-
ferent volume expansion ratios. The Gurney energy term is expressed as actual kinetic energy
in percent of final Gurney energy at specific volume expansion ratios of v/vo =5 and 10. By
sorting the 4:th column after increasing % of final Gurney energy it is seen that the addition
of ANFO does not decrease the reaction rate in the afterburn zone. The E682 with 20 %
ANFO for the present study seem to be slightly faster which could be due to the higher den-
sity compared with pure E682. Also, the diameter does not clearly change the final expansion
rate as is also seen in Figure 9.
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Table 9. Gurney energy term at expansion ratios of 5 and 10 for the tests.

Test ANFO Charge diameter % of Eg % of Eg Eg
(%) (mm) atv/vop=>5 at v/vo =10 (MJ/kg)

139 0 80 95.2 98.8 1.65
145 0 60 95.5 98.9 1.81
143 0 60 95.9 99.0 (1.96)
148 20 40 96.6 100.0 1.74
141 0 60 96.7 99.4 1.83
149 20 100 97.1 99.4 1.75
147 20 60 97.6 100.0 1.67
142 0 80 98.3 100.0 1.78
144 0 40 98.9 100.0 1.79
146 20 100 98.9 100.0 1.77
140 0 100 99.4 100.0 1.73
150 20 60 100.0 100.0 1.64

The statistics for the Gurney energy become Eg = 1.74 = 0.10 MJ/kg when test 143 is ex-
cluded.

If the first and the second column are plotted, it is possible to see an effect of diameter and 20
% ANFO addition but this effect is of the same order as the experimental scatter and can not
be considered significant, see Figure 13:

O E682 pure (97.1 £2.1 %)
® Eo682 with 20% ANFO (98.0 + 1.8 %)
100 °
@)
¥1 o °
v
| e
”;o 98
2 °
3 g °
& ° o
o
X 964 o
O
95 ©
T T T T T T T
40 60 80 100

Charge diameter (mm)

Figure 13. The % of final Gurney energy at v/vo=35 for E682.
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Results from the earlier study done by Nie (2001) show that pure E682 reacts somewhat faster
than E682 with 20% ANFO, see Table 10, which is sorted after column 4. It is also seen that
the 80 mm charge diameter shots have abnormally high Gurney energies.

Tablel(. Gurney energy at expansion ratios of 5 and 10 for E682 done by Nie (2001).

Test ANFO | Charge diameter % of Eg % of Eg Eg
(%) atv/ivg=15 atv/ivo =10 (MJ/kg)
010319 20 95.4 99.4 1.73
010405b 20 95.4 99.5 1.95
010410 0 95.6 99.6 (2.25)
010220 0 96.9 99.6 (2.30)
010315 20 97.1 99.5 (2.10)
010405a 20 97.5 100.0 (2.01)
010418 0 98.3 100.0 1.80
010110 0 100.0 100.0 1.72
001214 0 100.0 100.0 1.89

Figure 14 shows the % of final Gurney energy at v/vy=5 for the old tests with E682.

100

99

=5

98

97

% OfEG at V/VO

96

O E682 pure

(98.2+2.2 %)

® E682 with 20% ANFO (96.4 + 1.1 %)

o] J

(@)

95

40

T
60

80

Charge diameter (mm)

Figure 14. The % of final Gurney energy at v/vo=35 for E682, tests done by Nie (2001).

Even though there is a large scatter in Figures 13 and 14 it is seen that both show maximum
for the E682 with 20% ANFO and a minimum for pure E682. The expected trend would have
been a decreasing % of final Gurney energy as function of diameter since a smaller diameter
leads to a more curved detonation front and hence a longer afterburn zone. Note that the scat-
ter of the results are of the same order as the above mentioned trends and hence no conclusion
can be drawn.
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Figure 15 shows the VOD as function of inverse charge diameter for the present study and for
the old study done earlier by Nie (2001). The new VOD values for pure E682 are significantly
lower than the older values. Regarding E682 with 20% ANFO, the agreement is fairly good
between the present and the old study.

Present Nie (2001)
E682 pure O O

5900 —
0 E682 with 20% ANFO @ n

5800 —
5700
5600

5500 —

VOD (m/s)

5400 —

5300

5200

T T T T T T T
0,010 0,015 0,020 0,025

Inverse charge diameter (mm’l)

Figure 15. VOD(1/2) for the present study in comparison with the batch used by Nie (2001).

Pure emulsion E682
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- - 80/88 142
= 050 R 60/66 143
L 40/44 144
0251 ——60/66 145
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Figure 16. The Gurney energy term as function of volume expansion ratio for pure E682.
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Figure 16 above shows the Gurney energy for pure E682. Tests 139 and 143 follow the same
trend as shown for the metal velocity in Figure 10. Within the experimental scatter and range,
it is not possible to say that the Gurney energy depends on the charge diameter. The Gurney
energies for pure E682 reach a stable value around 1.77 + 0.06 MJ/kg, test 143 excluded.

According to Garza et al. (1992) the Gurney energy did not change between two cylinder tests
with ANFO in 50.8/55.88 mm and &101.6/111.76 mm tubes. This indicates that it remains
constant when changing charge diameter even though the detonation velocity and the curva-
ture of the detonation front both change, see p 167 in Nie (2000). As shown above however,
the acceleration phase is different for different charge diameters in the scaled experiments.

The Gurney energy for E682 with 20% ANFO does not show any clear trend with charge di-
ameter and it reaches about 1.71 + 0.07 MJ/kg, see Figure 17 and 18 below:

E682 with 20% ANFO
1,75 4 T
1,50 -
1,25 -
= 1004 Test
é {! 146
&>5 0,754 | 147
g 1 148
M 0,50 149
1 150
0,25
0,00 ! , . .
8 10

Volume expansion ratio (v/v,)

Figure 17. The Gurney energy term for E682 with 20 % ANFO.

E682 with 20% ANFO has a slightly higher explosion energy (Eo) than the pure E682. The
density increases from 1130 kg/m’ to 1200 kg/m’ when adding ANFO. Also, a Tiger calcula-
tion shows that the explosion energy, which increases from 3.07 to 3.21 MJ/kg, results in a
11% charge increase from 3.47 to 3.85 MJ/dm’ on a volume basis.

100% E682 Eo = 3.07 MJ/kg or 3.07-1130 = 3.47 MJ/dm’
80% E682 +20% ANFO Eo=3.21 MJ/kg or 3.21-1200 = 3.85 MJ/dm’

This should give a higher Gurney energy when adding ANFO but the utilisation ratio Eg/Eg is

slightly lower for emulsions with ANFO than for pure emulsions (Nyberg et al. 2003). The
average utilisation ratios in Table 11 are 0.58 + 0.03 (test 143 excluded) for pure E682 and
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0.53 + 0.03 for E682 with 20% ANFO. An estimate of available volume based Gurney energy
is done below:

E682 0% ANFO: Eg=3.07-0.58 =1.78 MJ/kg or 1.78:1130 =2.01 MJ/dm’
E682 20% ANFO: Eg=3.21-0.53 = 1.70 MJ/kg or 1.70-1200 = 2.04 MJ/dm’

There is a small difference between pure E682 and E682 with 20% ANFO. This may be seen
in the small difference in Gurney velocities between pure E682 and E682 with 20% ANFO.
Similar energy utilisation ratios were found for the tests made by Nie (2001), see table 12.

E682
O Pure @ 20% ANFO. Present study

O Pure MW 20% ANFO. Nie (2001)
2,3 4 O
O
2,2 -
_
2
= 2,14 | |
2
gf) 2,0 4 | |
5 O n
S 19
> ’ O
5
1,8 <
G "] ° o o
. :
1,7 4
M o
T T T T T
40 60 80 100

Charge diameter (mm)

Figure 18. The Gurney energy as function of charge diameter for E682.

Table 11. Gurney energy and the energy ratio with the explosion energy Ey, present study.

Test ANFO (%) | Charge diameter Eg Eg/Eo Eg
(Anolit) (mm) (MJ/kg) (MJ/dm?)
139 0 80 1.65 0.54 1.89
140 0 100 1.73 0.56 1.95
141 0 60 1.83 0.60 2.05
142 0 80 1.78 0.58 2.03
143 0 60 (1.96) (0.64) (2.23)
144 0 40 1.79 0.58 2.00
145 0 60 1.81 0.59 2.05
146 20 100 1.77 0.55 2.13
147 20 60 1.67 0.52 2.00
148 20 40 1.74 0.54 2.09
149 20 100 1.75 0.55 2.11
150 20 60 1.64 0.51 1.96
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Table 12. The Gurney energy and the energy ratio with the explosion energy Ey, (Nie 2001).

Test ANFO (%) | Charge diameter Eg Eg/Ey Eg
(Prillit A) (mm) (MJ/kg) (MJ/dm3)

010319 20 40 1.73 0.54 2.01
010405b 20 100 1.95 0.61 2.27
010410 0 80 2.25 0.73 2.63
010220 0 80 2.30 0.75 2.69
010315 20 80 2.10 0.65 2.44
010405a 20 80 2.01 0.63 2.34
010418 0 100 1.80 0.59 2.10
001214 0 40 1.89 0.62 2.21
010110 0 100 1.72 0.56 2.01

Note: p (E682) = 1169 kg/m’ and p (E682 20% Prillit A) = 1163 kg/m’. Anolit is the same product as
Prillit A according to Dyno Nobel.

5 Conclusion

The detonation velocity for E682 with 20% ANFO, present study, decreases from 5620 to
5250 m/s, i.e. by 7 % when the charge diameter decreases from 100 to 40 mm. The detonation
velocity for pure E682 decreases less than 2% for the same change in charge size.

The Gurney velocity or the true final velocity of the copper wall does not show any trend with
charge diameter. The Gurney velocity of the copper wall is about 1285 m/s for both pure
E682 (0% ANFO) and for E682 with 20% ANFO. The standard deviation for 11 tests is less
than 25 m/s and the range 1240-1315 m/s

The acceleration is faster for the thinner tubes due to the moderate drop in detonation pressure
caused by the drop in detonation velocity. The range of values is about 0.1-0.3 mm/ps”.

The Gurney energy and the utilization of the explosion energy seem to be unaffected by the
charge diameter in the range studied, 40-100 mm. The value is 1,74 MJ/kg with a standard
deviation of about 0,06 MJ/kg for 11 tests. The range of measured values is 1,65-1,83 MJ/kg.

The Gurney energy for pure E682 is slightly higher than for E682 with 20 % ANFO, 1,77
MJ/kg versus 1,71 MJ/kg. This difference is hardly significant considering the experimental
scatter. Compensating for the difference in density, 1130 versus 1200 kg/m’, gives volume
based values that are still closer. Within the limits of our experiments we have found that the
Gurney energy does not significantly change when adding ANFO to E682.

The energy utilisation ratio is 0,58 + 0,03 for pure E682 and 0.53 + 0,03 for E682 with 20%
ANFO, which is very close to Titan 6000 series bulk emulsion at similar densities.

The Gurney energy from the present study of E682 is lower than that in the previous study by
Nie (2001) indicating differences E682 batches. This could be seen by the differences in den-
sity. The ANFO quality could also be of some importance, even if the Anolit used in the pre-
sent study shouldn’t differ much from the Prillit A used in the previous study.
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