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Abstract:

Introduction/purpose: When performing the explosive welding
procedure, for the safety of workers, it is necessary to take into
account the minimum distance between the workers and the place of
explosion at the time of explosion. Negligence can cause temporary
hearing loss, rupture of the eardrum and in some cases even the death
of workers. The aim of this paper is to determine the critical distance
based on the mass of explosive charge required for explosive welding,
provided that the limit pressure is 6.9 kPa in the case of temporary
hearing loss and 35 kPa in the case of eardrum rupture. This paper
does not take into account other effects of the explosion than those
caused by the shock wave.

ACKNOWLEDGMENT: This paper presents the results of the research in Project
TR35034: Research on the application of modern unconventional technologies in
manufacturing companies with the aim of increasing efficiency, product quality, reducing
costs and saving energy and materials, which is financially supported by the Ministry of
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Methods: Depending on the type of explosion, the equivalent explosive
mass was calculated. Based on the equivalent explosive mass and the
limit pressure, the minimum distances were calculated using the
Sadovsky and Kingery-Bulmash equations.

Results: The corresponding tables show the results of the calculation
of the critical distance of workers from the place of the explosion when
there may be temporary hearing loss or rupture of the eardrum. The
calculated value of the critical explosion distance by the Kingery-
Bulmash method, under the condition of the maximum pressure for
temporary hearing loss, is 5.62% lower than the distance value
obtained by the Sadovsky method while the value of the critical
explosion distance calculated by the Kingery-Bulmash method, under
the condition of the maximum pressure for eardrum rupture, is 7.83%
lower than the value obtained by the Sadovsky method.

Conclusion: The results of the calculation showed that the critical
distance from the explosion can be successfully calculated and that the
obtained values have small differences depending on the applied
calculation method.

Key words: explosion welding, critical distance, shock wave, eardrum
damage, risk matrix.

Introduction

Explosive welding is a process in which the chemical energy of
explosives is used to create a welded joint. Part of the internal energy of
explosives is converted into kinetic energy of gaseous detonation
products which cause metal particles to move and form a welded joint.
This technological process is used to join two dissimilar materials that
cannot otherwise be joined by classical welding processes or their joining
is considerably more difficult (e.g. production of clad materials).

The advantage of this procedure is that cheap materials, e.g.
aluminum and steel, can be used to form inexpensive materials with
excellent mechanical and chemical characteristics. Also, with this
procedure, it is possible to obtain multilayer materials of large areas. For
this reason, this technology is increasingly used in shipbuilding for the
manufacture of ship hulls, in chemical industry for manufacturing tanks
and boilers, and for the manufacture of electrical contacts. Explosive
welding is a process accompanied by certain hazards. With this in mind,
all safety aspects of the application of this procedure must be taken into
account.
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When performing the explosive welding procedure, for the safety of
workers, it is necessary to take into account the minimum distance
between workers and the place of explosion at the time of explosion.

Negligence can cause temporary hearing loss and rupture of the eardrum.

Severe consequences and death are caused by damage to the lungs and
other internal organs.

The aim of this work is to determine the critical distance based on
the explosive charge mass and required for explosive welding under the
condition of the maximum limit pressure for temporary hearing loss and
the maximum limit pressure for eardrum rupture.

Explosive welding

Explosion of metals is achieved due to a very fast collision of metals
under the action of detonation products, with the appearance of high
pressure and plastic deformations in the waveform at the joint boundary
and adiabatic local heating of metal surface layers (Pejcinovi¢, 2000),
(Ghomi, 2009), (Bataev et al, 2019).

The joining process consists of placing welded plates in parallel or at
a certain angle at an appropriate distance from each other. An explosive
charge of a certain thickness is placed on the plate to be pushed.
Initiation is usually performed at a point on one of the sides of the
explosive charge. After initiating the detonation process in an explosive
charge, a very high pressure is created in the detonation products.

The detonation products suppress the upper plate (Figure 1), which
collides with the lower plate at high speed. The collision is performed
gradually, during which the pushed plate rotates and turns into a quasi-
liquid state.

At the same time, a tangential component of the collision velocity
appears in the direction of propagation of the detonation wave which
makes the metal joint zone wavy during plastic deformation (Pejcinovic,
2000), (Blazynski, 1983).
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Figure 1 — Explosive welding scheme: 1 - Detonation products, 2 - coating for base
material, 3 - explosive, 4 - spacers, 5 - connection point, 6 - base material (Manufacturing
Guide, 2020)

Puc. 1 — Cxema ceapku 83pbigom. 1 - npodykmbi demoHayuu, 2 - NoKpbimue 0rs
OCHOBHO20 Mamepuarna, 3 - 83pblg4amka, 4 - npocmasku, 5 - mo4yka coeOuHeHus, 6-
ocHosHol mamepuan (Manufacturing Guide, 2020)

Cnuka 1 — lllemamcku ripuka3 exkcrio3usHoe 3asapusarba: 1 — npodykmu demoHayuje, 2
— obrioea 3a 0CHOBHU Mamepujarn, 3 — ekcririo3us, 4 — ducmaHuepu, 5 — mayka crnajama,
6 — ocHosHU mamepujan (Manufacturing Guide, 2020)

Hearing damage criteria

Hearing damage occurs due to the action of shock waves (UT) in the
air as a consequence of the action of explosion. An explosion produces a
primary wave (compression wave) and a secondary wave (dilution wave).
Damage to the hearing organs under the action of the shock wave
depends on the distance of the person from the center of the explosion,
on the position of the hearing organs in relation to the shock wave, as
well as on the previous condition of the damaged ear (presence of
inflammatory processes, etc.) (Shangyuan, 2018), (Gan et al, 2016).

It has been found that temporary hearing loss can occur at a
pressure level below 6.9 kPa (Beveridge, 2011), while the eardrum
rupture threshold is at a pressure of 35 kPa that occurs during an
explosion (Stewart, 2006).

Injuries caused by the explosion shock wave are proportional to the
amount of explosive and inversely proportional to the distance from the
place of explosion (Solomos et al, 2020). In the case of an explosion of 8
kg of TNT, at distances of 1-3.5 m, mortality is over 99% while at a
distance of about 5 m, mortality is over 50%. At distances of 6-8.5 meters,
mortality is over 20%, while at a distance of over 10 meters, mortality is
lower than 5%. (Waldau et al, 2015)
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It should be emphasized that the adopted critical values are
conditional. In the works (BlackBox Biometrics, 2018), (Stamatovic,
1995), data on shock wave overpressure values for different degrees of
injuries can be found.

Explosive characteristics

Within this paper, a possible impact of Amonex 1 explosives was
analyzed (Table 1). It is a powder explosive made on the basis of
ammonium nitrate (AN) and TNT (TNT). The percentage of the chemical
composition of Amonex 1 is 82% ammonium nitrate, 16% TNT, 0.6%
carboxymethyl cellulose, 0.4% calcium stearate and 1% base paraffin oil
(Trayal Corporation, 2008). It has low sensitivity to impact and friction,
which makes this explosive safe to handle and transport. It is used, first
of all, for mass mining blasting in underground and surface exploitation,
and for blasting from soft to very hard rock masses where methane and
explosive coal dust are not present (Trayal corporation, 2020). It is not
water resistant, which is why it is used for blasting in dry and wet mine
wells, so it is not suitable for blasting in wells with water.

Table 1 — Characteristics of AMONEX 1-4 powder explosives (Trayal corporation, 2020)
Tabnuua 1 — XapakmepucmuKu rnopowkosbix 83pbigdameix eewiecms AMONEX 1-4
(Trayal corporation, 2020)

Tabena 1 — Kapakmepucmuke npawkacmux ekcrinosuea AMONEX 1-4 (Trayal
corporation, 2020)

Type of explosive
PROPERTY Unit | AMONEX | AMONEX | AMONEX | AMONEX
1 2 3 4
Density glcm® [1.02-1.10 | 1.02-1.10 | 0.96-1.04 | 0.96-1.04
Velocity of detonation, min m/s 4100 3900 3600 3200
Gas volume dm3/kg 975 984 993 1004
Oxigen balance % +0.13 +0.08 +0.10 +0.17
Heat of explosion kJ/kg 4103 4082 4040 3892
Temperature of explosion K 2740 2725 2707 2661
Presure of detonation kbar 45 40 33 27
Initiation blasting cap N°8

Determination of theTNT equivalent

Most of the equations for calculating the shock wave and pulse are
based on the TNT equivalent. Therefore, it is desirable to know their
equivalent mass for different explosives.
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The equivalent mass of the explosive charge is calculated on the
basis of the expression (Jeremi¢, 2002):

E

deksp M

EdTNT

M TNTe — eksp (1 )
where:

Mnre — equivalent mass of trinitrotoluene (TNT) in g,

Eqexsp — detonation energy of explosive in kJ/kg,

Eqmnr— TNT detonation energy of 4184 kJ/kg, and

Mesp — mass of explosive in g.

More on the calculation of the equivalent mass and the TNT
equivalent can be found in the papers (Baji¢ et al, 2009), (Panowicz et al,
2017).

The calculation of the TNT equivalent is usually based on the energy
released during an explosion. Such energy can be determined in different
ways. The most commonly used methods are based on hydrodynamic or
thermodynamic parameters.

The explosive mass in individual experiments was determined on
the basis of calculations (Ghomi, 2009) and on the basis of the plate
dimensions of 200 X 150 mm. The mass of explosives in the range of
170-290 g satisfies all the criteria of the stated calculation. The
experimental setup of explosive welding performed at the Technical
Overhaul Institute in Kragujevac is shown in Figure 2.

Figure 2 — Experimental setting for explosive welding
Puc. 2 — OkcriepumeHmarbHasi ycmaHo8Ka c8apKu 83pbi8OM
Cnuka 2 — EkcnepumeHmarHa nocmaeka eKcrio3ugHoe 3asapusara
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The calculated values of the equivalent masses of AMONEX 1
explosives depending on the mass of the explosive charge for the
required critical distance calculations within this paper are shown in
Table 2.

Table 2 — Explosive charge mass and the equivalent mass of AMONEX 1
Ta6nuua 2 — Macca 3apﬂaa 83pbIi84Hamoeo sewecmea U 3KkeusasieHmHasa macca
AMONEX 1
Tabena 2 — Maca ekcrinno3dusHoe nyrera u ekgusaneHmHa maca AMONEX 1

Type of explosive Unit AMONEX 1
Experiment number N 1 2 3 4 5
ExplosweMcharge mass g 170 190 220 250 290
eksp
TNT equivalent Egexsp/EdTnT 0.981

Equivalent mass of
explosives MtnTe

Double equivalent mass of
explosives m,

g 167 186 216 245 285

g 333 370 432 491 569

Determination of the critical distance of an explosion

The main characteristics of the shock wave are the overpressure at
the front of the shock wave and the duration of the compression wave,
the values of which depend on the type of explosive, the mass of the
explosive and the distance from the place of the explosion.

In addition to Sadovsky's formula (Sadovsky, 1952), there are
numerous newer relations for determining the overpressure at the shock
wave front, such as the Brode formula (Brode, 1955), the Kinney-Graham
formula (Kinney & Graham, 1985), the Kingery-Bulmash formula,
(Kingery & Bulmash, 1984), etc. For the sake of simplicity, this paper will
be based on Sadovsky's formula with two groups of the kj, k;, and kj
coefficients (Table 3) and the Kingery-Bulmash method.

Based on the experimental results for spherical shock waves formed
by a detonation of a certain mass of TNT, Sadovsky (Sadovsky, 1952)
proposed an empirical equation for the calculation of overpressure at the
shock wave front in the form:

1 2
M2 +k, M3 +K, Mme

r r2 ri

By arranging the equation we get:

Ap =k;
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1 2

Ap-rg’—klmegr2 —kzmegr—kgme =0 2)

where:
Ap - overpressure at the shock wave front in bar (1 bar = 10° Pa),
m, - mass of explosive charge in kg,
r - distance from the center of the explosion in m, and
ki, ko, ks - empirical coefficients depending on the type of explosive
charge.

For TNT in the case of an above-ground explosion (at an infinite
distance from the ground), the empirical coefficients can be adopted
according to Table 3. In the following work, the results with different
groups of kj, k,, and ks coefficients from Table 3 will be presented.

In the case of a surface explosion, the shock wave in the air
propagates in the shape of a hemisphere (twice the volume), so the
overpressure is higher in that case. Therefore, in equation (2), twice the
mass value is taken as the mass of the explosive charge (Andreev et al,
2004).

Table 3 — Coefficients k1, k2, and ks in TNT above-ground explosions (Andreev et al,
2004), (Bajic et al, 2009).
Tabnuua 3 — Koagbgpuuuermsli ki, k2, ks, 8 3agucumocmu om muna e3pbiga (Andreev et
al, 2004), (Baji¢ et al, 2009).
Tabena 3 — KoegpuyujeHnmu ki, ko, ks y 3agucHocmu 00 Had3emHe ekcriosuje TNT
(Andreev et al, 2004), (Bajic¢ et al, 2009).

Coefficient Above-ground explosion Above-ground explosion
(Andreev et al, 2004) (Bajic et al, 2009)
K1 0.84 1.02
ko 2.7 4.36
ks 7 14

As the surface explosion causes soil deformation, it is necessary to
introduce a coefficient n that depends on the type of soil (Table 4), so
that the equivalent (calculated) mass of explosives can be calculated
using expression (3):

mp:2'77'MTNTe (3)
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Table 4 — Values of the coefficient n depending on the soil type (Andreev et al, 2004)
Tabnuua 4 — 3HayeHus KoaghghuyueHma n e 3agucumocmu om muria rnoyssl (Andreev et

al, 2004)
Tabela 4 — BpedHocmu koeghuyujeHma n y 3agucHocmu 00 murna mia (Andreev et al,
2004)
Obstacle Steel Reinforced | 1 crete, Hard Medium
type plate concrete rock ground hard Water
plate ground
n 1 0.95-1 0.85-0.9 0.7-0.8 0.6-0.65 0.55-0.6

In this paper, the coefficients k;, k,, and k3 are presented in Table 3
according to the work (Andreev et al, 2004) and according to the work
(Baji¢ et al, 2009). Both cases assume that, in the calculation of
explosive welding, twice the mass of explosive charge mp is adopted
according to equation (3) and the coefficient 7 for the steel plate. Other
values of the coefficient 77 will not be considered.

The solution of equation (2) is obtained by reducing it to the
following form:

y'+p-y+q=0
where p and q have the following values:
2
oo m_3(k,” +3k,Ap,)
3Ap,”

M, (27km,Ap,” +9kik,Ap, +2k°)
27Ap,”

The calculation of the discriminant D is performed according to the
following equation:

q:

2 3

.,
4 27
Using the Cardano equation, the solutions are obtained by y:

y:i/—%+\/5+9‘/—%—\/5

To obtain the solution of the cubic equation, the following equation is
used:
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r=y—-—2=~ (4)

The dependence of a critical distance as a function of pressure
(Sadovsky method) is shown in Figure 3.

0,400
0,350
0,300
0,250
0,200

0,150

0,100 Sadovsky

Explosive mass Mtnte [kg]

0,050 —@— Sadovsky/Baji¢

—&@— Kingery-Bulmash
0,000

9 10 11 12 13 14 15 16

Distance R [m]

Figure 3 — Critical distance as a function of pressure
Puc. 3 — Kpumuyeckoe paccmosiHue 8 3agucumMocmu om O0aeneHusi
Cnuka 3 — KpumuyHo pacmojarse y 3agucHocmu 00 rpumucka

In Figure 3, the solid lines denote the coefficients k;, k,, and k3
according to the work (Andreev et al, 2004), while the dashed lines refer
to the coefficients according to the work (Baiji¢ et al, 2009) in Table 4.

In addition to the Sadovsky method, the Kingery-Bulmash method is
also used in this paper. The Kingery-Bulmash method is used in
international regulations (United Nations, 2015) and is more applicable in
this case.

In the case of a surface explosion, the Kingery-Bulmash shock wave
pressure polynomial is:

Y=Co+ CU+CU*+ CsU + ........ + C,U" (5)
U=Ko+ KT (6)
T =log,, (R3 MTNTe) (7)

where:
T — Logarithm of distance with base ten, m,
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Ko, K, — coefficients,
C, - Cy — coefficients, and
R — distance, m.

These equations have an applicability range of 0.05 to 40 m.
The parameters of the Kingery-Bulmash pressure polynomial at the
front of the shock wave are shown in Table 5.

Table 5 — Parameters of the Kingery-Bulmash polynomial for the pressure at the front of
the shock wave (United Nations, 2015)
Tabnuua 5 — MNapamempbi MHo2o4YneHa KuHaepu u bynmawa 0nsi daerneHusi 80 ¢hpoHmMe
y@apHol eonHbl (United Nations, 2015)
Tabena 5 — MNapamempu nonuHoma Kingery-Bulmash-a 3a npumucak Ha Yeny ydapHoza
manaca (United Nations, 2015)

Parameters Numeric value
Ko -0.214362789151
K1 1.35034249993
Cq 2.78076916577
Cy -1.6958988741
Cs -0.154159376846
Cy 0.514060730593
Cs 0.0988534365274
Cs -0.293912623038
Cy -0.0268112345019
Cs 0.109097496421
Co 0.00162846756311
Cio -0.0214631030242
C11 0.0001456723382
Ci2 0.00167847752266

The numerical values for the constants "C" and "K" are the values
for 1 kg of TNT equivalent.

For other explosives, it is required to first estimate the TNT
equivalent.

Many states use rules regulating explosives, their quantity and
distance from explosives where people are at risk. These rules are
known as the quantity-distance criteria (Q-D), (NATO, 2010) and are
based on the approach derived from the Hopkinson-Cranz scaling law
which is further supplemented by a series of coefficients (equations 7
and 8). (United Nations, 2015)
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This is the basis of much of the work on estimating the appropriate
guantities and separation distances.

The dependence of a critical distance as a function of pressure
(Kingery-Bulmash method) is shown in Figure 4.

40

Mass of explosive 0.285kg

35 Mass of explosive 0.245kg

— Vlass of explosive 0.216kg
30

Mass of explosive 0.186kg

— Mass of explosive 0.167kg

25

20

15

Shockwave overpressure P [kPa]

10

Distance R [m]

Figure 4 — Critical distance as a function of pressure in the case of temporary hearing
loss
Puc. 4 — Kpumuyeckoe paccmosiHue 8 3agucumMocmu om 0asneHus 8 crydyae epeMeHHol
nomepu crnyxa
Cnuka 4 — KpumuyHo pacmojar-e y 3agucHOCMuU 00 rnpumucka y cryyvajy npuspemeHo2
eybumka criyxa

Critical distance as a function of explosive charge mass

The paper gives a calculation for Amonex 1 explosive, because it is
the strongest commercial explosive from that group (Table 2). Therefore,
the critical distance will have the greatest value.

Critical distance determination was performed for two boundary
cases:

- critical distance in a case of temporary hearing loss,

- critical distance in a case of rupture of the eardrum.
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Both cases assume that an explosion during explosive welding
occurs on a metal plate (coefficient 7=1, Table 4). By including the
coefficients k4, k,, and k3 (Table 3), the equivalent masses of explosives
obtained by equation (1) and the limit pressure in the case of temporary
hearing loss of 6.9 kPa and 35 kPa in the case of eardrum rupture in
equation (2), critical distance in a surface explosion is determined.

The methodology for determining the critical distance as a function
of explosive charge mass by the Kingery-Bulmash method will be
performed according to a similar principle.

By substituting the critical diameter R and the equivalent mass of
MTNTe explosives into equation (7), the parameter T is obtained. By
replacing the coefficients (Table 5) K,, K;, and equation (7) with equation
(6), the parameter U is obtained. By subsituting equation (6) in equation
(5), the pressure at the front of the shock wave is obtained depending on
the distance.

Figure 5 shows the dependences of the critical distance as a
function of the mass of the explosive, under the assumption of the limit
pressure that causes temporary hearing loss.

In Figure 5, the yellow line represents the results of the calculation
according to the work (Andreev et al, 2004), the green line refers to the
work (Baji¢ et al, 2009) and the red line denotes the Kingery-Bulmash
method.

Figure 6 shows the dependences of the critical distance as a
function of the mass of the explosive, assuming the limit pressure that
causes the eardrum to burst.

In Figure 6, the yellow line represents the results of the calculation
according to the work (Andreev et al, 2004), while the green line
represents those based on the work (Baji¢c et al, 2009). The red line
refers to the Kingery-Bulmash method.
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—@— Kingery-Bulmash
0,000

9 10 11 12 13 14 15 16

Distance R [m]

Figure 5 — Critical distance as a function of mass in the case of temporary hearing loss
Puc. 5 — Kpumuyeckoe paccmosiHue 8 3agucuMocmu Om Macchl 8 criyyae 8peMeHHoU
rmomepu cryxa
Cnuka 5 — KpumuyHo pacmojarse y chyHKuuUju mace y criydajy npuspemeHoz 2ybumka
cryxa

0,400
0,350
0,300

0,250

0,150
Sadovsky
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—@— Sadovsky/Bajic
0,050
—@— Kingery-Bulmash

0,000
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Figure 6 — Critical distance as a function of mass in the case of eardrum rupture
Puc. 6 — Kpumuy4eckoe paccmosiHue 8 3a8UCUMOCMU OM Macchl rpu paspbiee
b6apabaHHOU nepernoHKU
Cniuka 6 — KpumuyHo pacmojarse y chyHKyuju mace y crydajy nyyara 6ybHe orHe
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Risk matrix

Considering the stated results from the previous chapters, a risk
matrix was formed. The risk matrix is shown in Figure 7. The maximum
values of the critical distance were adopted to form the risk matrix. The
critical distance obtained by the Sadovsky method in the case of the
maximum equivalent mass of Amonex 1 explosives for the case of
temporary hearing loss is 12.59 m and 15.52, while the critical distance in
the case of the maximum equivalent mass of the Amonex 1 explosive for
the case of eardrum rupture is 4.01 m and 5.02 m, respectively.

16
15 =

14 ~

13 ~

= = =
[} o = [}
’
r
/
/
s
”
’

Critical distance r [m]
~ 00
’
’
'

(=2}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Critical distance r [m]

Figure 7 — Risk matrix of the critical distance
Puc. 7 — Mampuuya puckos Kpumu4ecko2o paccmosiHUs
Cnuka 7 — Mampuua pu3uka Kpumu4Hoe pacmojarba
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The critical distance obtained by the Kingery-Bulmash method, in
the case of the maximum equivalent mass of Amonex 1 explosives in the
case of temporary hearing loss is 11.88 m, while the critical distance in
the case of the maximum equivalent mass of Amonex 1 explosives in the
case of eardrum rupture is 3.72 m.

In Figure 7, the red lines represent the critical distances obtained by
the Kingery-Bulmash method. The green and orange lines represent the
critical distances obtained by the Sadovsky method with the coefficients
k1, k2, and k3 according to the work (Andreev et al, 2004) and according
to the work (Baiji¢ et al, 2009), respectively. The solid lines represent the
critical distances that would cause the eardrum to rupture, while the
dashed lines represent the critical distances that would cause temporary
hearing loss. More serious injuries can occur in the zone within the solid
lines.

Table 7 shows the critical distances under the condition of the
maximum pressure for temporary hearing loss or the maximum pressure
for eardrum rupture, respectively.

Table 7 — Tabular view of the critical distances
Tabnuuya 7 — Tabnu4Hoe omobpaxkeHuUe Kpumu4ecko20 paccmosiHUs
Tabena 7 — TabenapHu npukas KpUMU4YHO2 pacmojar-a

Type of explosive Unit AMONEX 1
Experiment number N 1 2 3 4 5
Critical distance R, Sadovsky
method (Andreev et al, 2004) m 10.53 | 10.90 | 11.48 | 11.98 | 12.59
(6,9kPa)
Critical distance R, Sadovsky
method (Baji¢ et al, 2009) m 12.98 | 13.45 | 14.16 | 14.78 | 15.52
(6,9kPa)
Critical distance R, Kingery-
Bulmash method m 993 |[10.30 | 10.82 | 11.32 | 11.88
(6,9kPa)

Critical distance R, Sadovsky
method (Andreev et al, 2004) m 3.36 348 | 3.66 | 3.82 | 4.01
(35kPa)

Critical distance R, Sadovsky
method (Baji¢ et al, 2009) m 4.20 435 | 458 | 478 | 5.02
(35kPa)

Critical distance R, Kingery-

Bulmash method m 3.12 3.23 3.39 3.55 3.72
(35kPa)
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Conclusion

The critical distance of the explosion obtained by the Sadovsky
method, under the condition of the maximum pressure for temporary
hearing loss, is 12.59 m and 15.52 m, respectively. The critical distance
of the explosion obtained by the Sadovsky method, under the condition
of the maximum pressure for eardrum burst is 4.01 and 5.02 m,
respectively.

The critical explosion distance obtained by the Kingery-Bulmash
method, under the condition of the maximum pressure for temporary
hearing loss is 11.88 m. The critical explosion distance obtained by the
Kingery-Bulmash method, under the condition of the maximum pressure
for the eardrum to burst is 3.72 m.

The calculated value of the critical explosion distance by the
Kingery-Bulmash method, under the condition of the maximum pressure
for temporary hearing loss, is 5.62% lower than the distance obtained by
the Sadovsky method according to the coefficients from (Andreev et al,
2004) and 23.47% according to the coefficients from (Baji¢ et al, 2009).

The value of the critical explosion distance calculated by the
Kingery-Bulmash method, under the condition of the maximum burst
pressure, is 7.83% lower than the distance obtained by the Sadovsky
method according to the coefficients from (Andreev et al, 2004) and
26.31% according to the coefficients from (Baji¢ et al, 2009).

The presented results refer to the maximum equivalent mass of
explosives (experiment number 5) shown in Table 2.

Sadovsky's equation was originally developed for very large
quantities of explosives, so its applicability in the considered cases is
questionable.

The Kingerey-Bulmash method is used in international regulations
and is more applicable in these cases as well.
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OMPEAENEHNE KPUTUYECKOIO PACCTOAHUA TMPUN CBAPKE
B3PbIBOM

Munow C. Nasapesuny®, 5ozdan M. Heany®, koppecnoHAeHT,

HNosuuya Ox. Bor,uaHoeﬁ, Cmecdpan B. Dxypuy®
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BWO CTATbW: opurmHanbHasa Hay4yHas ctaTbs

Pe3swome:

BeedeHue/uenb: [lpu npoeedeHuUU ceapoyYHbix pabom Memooom
83pbiga 8CeM compyOHUKaM HEObX00UMO NpudepKu8ambsCs MEeXHUKU
besonacHocmu, cobrniodass ece rpasusia pPeocmopoXHocCmu, 8
rnepeyro oyepedb He Hapywamb KpUmu4ecKoe PaccmosiHue Mexoy
paboyumu u mecmom 83pbiea 8 MOMEHM 83pbiea. HebpexHocmb unu
HEe8HUMamelbHOCMb MO2ym fpu8ecmu K 8peMeHHOU rnomepe criyxa,
paspbigy bapabaHHOU neperioHKU U, 8 HEKOMOPbIX criy4dasx, daxe K
cmepmu  compydHukos. Llenbio daHHOU  pabombl  sensemcs
ornpederieHUe KpUmMUYecKo20 paccmosiHUsI Ha OCHO8aHUU Macchl
3apsida e3pbigyamozo eeuwecmea, Heobxodumol Ond ceapKu
83pbI8OM, MpuU ycrosuu, 4mo rnpedesibHoe OaerneHue 8 criy4ae
8peMeHHoU rnomepu criyxa cocmaensiem 6,9 klla, a e criyyae paspbiea
bapabaHHol nepernoHku cocmasrnsem 35 klla. B 0aHHoU cmambe He
npusedeHbl UHble MemoObl, KPOMe 83pblea, 6bi38aHHO20 ydapHoU
80J1HOU.

Memodbi:  OkeusaneHmMHble  Maccbl  83pbleH4ambIX  eeuwecms
paccyumsiearomcsi 8 3agucuMocmu om mura 83pbiea. Ha ocHosaHuu
aKeuBasleHMHOU Macchl 83pble4ambiX 6eulecme U [pedesibHo20
OaerieHus, npumeHsisi ypasHeHue Cadosckozo u KuHeepu u bynmawa
paccyumbieaemcsi MUHUMaIIbHO O0MyCmMUMOe pPacCmosiHUE.

Pesynbmambi: B coomeemcmeyrowjux mabnuyax npueedeHsbl
pesynbmamel pacdema KpUmu4yecKoeo paccmosiHus pabodux om
Mecma 83pblea, KOMOpbIU MOXem 8bl38amb 6PEMEHHYIO 10Mepto
criyxa unu paspbie bapabaHHOU repenoHKU. PacyemHoe 3HadYeHue
KpUmMU4YecKoeo paccmosiHUsi 83pblea, 6bIYUCIIEHHOe [0 Memody
Kuneepu u bBynmawa npu ycrioguu MakcuMalsbHO20 OasrieHUus,
8bI3bIBAIOWEM BPEMEHHYIO omepr crnyxa cocmasusnio Ha 7,83%
MeHbLe, YeM paccmosiHue, nosiydeHHoe memodom Cado8ckoeo, 8 mo
8peMs KakK pacyemHoe 3HayeHue KpUmu4YyecKo20 pPacCmosiHUS om
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83pblea, ebiquciieHHoe no memody KuHeepu u bynmawa npu ycrosuu
MakcumarnbHo20 QaeneHus paspbiea bapabaHHOU  reperioHKu
cocmasusio Ha 7,83% MeHbwe paccmosiHUS, rofly4eHHO20 Memodom
Cadosckoeo.

Bbigod: Pesynbmambl pacdyema rfokasanu, 4Ymo Kpumu4eckoe
paccmosiHue om 83pbléa MOXHO YCMewHO paccyumamb, a makxe,
4Ymo roslyYeHHble 3Ha4YeHUsl HEecyUWeCmeeHHO passfudyaromcsi eHe
3asucumMocmu om rpuUMeHsieMo20 Memoda pacyema.

Knrouesbie crnoea: ceapka 83pbI8OM, KPUMUYECKOEe paccmosiHue,
yOapHasi eoriHa, nospexoeHue bapabaHHOU epernoHKU, mMampuya
pucka.
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Josuya B. BoraaHos®, Cmecpan B. Bypuh?

@ YuusepauTteT y KparyjesLly, ®akynteT UHXeHepCKMX Hayka,
Kparyjesau, Peny6nuka Cpbuja

6YHMBepamTeT onbpaHe y beorpaay, BojHa akagemwja, Kategpa
BOjHOXEMMUjCKOT MHXenepcTBa, beorpaa, Penybnvka Cpbuja

OBNACT: mawwmHCcTBO
BPCTA YJTAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/yurn: [pu u3eohery nocmyrka eKcryio3ueHoe 3asapuseara
nompebHo je 8o0umu padyHa O MUHUMAa/HOM pacmojarby usmehy
3arnocrieHux unu u3eohaya U Mecma eKcrio3uje y MmpeHymky
ekcriiosuje. HemapHocm unu Hexam MOXe  rpoy3pokosamu
npuspemeHu 2ybumak cryxa, fnyuame bOybHe ornHe, a y HeKuM
cnyyajesuma Yak u cMpm. Ljurb ogoe pada je Oa ce Ha OCHO8y Mace
€KCI/I03UBHO2 MyH-eHa, Koja je rnompebHa 3a eKCrio3usHO
3aeapusar-e, 00pedu Kpumu4yHO pacmojare nod ycroeom da je y
cnyJajy npuspemeHoe 2ybumka cryxa epaHuydHuU npumucak 6,9 kPa, a
y y cnyyajy nyuara 6ybHe onHe 35 kPa. Y pady ce He ysumajy y
063up dpyau echekmu eKcriyio3uje ocCuM OHU MPOY3POKO8aHU yOapHUM
masnacom.

Memode: Y 3asucHocmu 00 mura ekcriiosuje, rnpopadvyyHama je
eKksugsasieHmHa Maca ekcrio3uea. Ha ocHosy e U epaHu4yHo2
npumucka u3spadyHama Ccy MUHUMajHa pacmojarba [pUMeHOM
JjedHa4quHe Cadosckoe u Kingerey-Bulmash-a.

Pesynmamu: Y oGzo8apajyhum mabenama ripukalaHu cy pe3yrimamu
fpopayyHa Kpumu4Hoe pacmojama padHuka 00 mMecma ekcriosuje

843

Lazarevi¢, M. et al, Determination of the critical distance in the procedure of explosive welding, pp.823-844



E VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2020, Vol. 68, Issue 4

kalda moxe dohu do npuspemeHoz 2ybumka criyxa, 0OHOCHO ryyara
bybHe onHe. KpumuuyHa ydarbeHocm 00 ekKcriosuje u3padyHama
memodom Kingerey-Bulmash, nod ycrosom makcumarHog rpumucka
npuspemeHoe 2ybumka crnyxa, 3a 5,62% je Mmarma 00 pacmojarba
OobujeHoe memodom Cadosckoe, 00K je Kpumu4Ha ydarbeHocm 00
ekcro3uje uspadyHama memodom Kingerey-Bulmash-a, nod ycrosom
MaKkcumarsiHo2 fpumucka nyyara 6ybHe onHe, 3a 7,83% mama 00
pacmojara dobujeHoz memodom Cadosckoe.

Bakrpydak: Pe3ynmamu ripopadyyHa cy rokasanu 0a ce Kpumu4yHa
yOarbeHocm 00 eKcro3uje MOXe ycrewHo rfpopadyHamu u Oa
OobujeHe epedHocmu uMmajy Masie pasfiuke y 3asucHocmu 00
npumerseHe Memode 3a rpopaYyH.

KrbyyHe pe4qu: 3agapusar-€ €KCr/I03UjoM, KPUMUYHO pacmojarse,
yO@apHuU manac, owmehere 6ybHe onHe, Mampuua pu3uka.
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