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Introduction. Mining enterprises of Ukraine annually consume up to 150 thousand tons of indus-
trial explosives. Until recently industrial explosives were composed of TNT — highly toxic substance
that is prohibited in Europe since 1993. Transition of the mining industry on the use of domestic high-
performance, safe emulsion explosives (EE) [1] almost completely renounce the use of TNT on open
cast mining. At the same time in underground conditions the use of EE is limited due to a number of
requirements for such systems.

Literature review. It is known [1] that EE are the inverse emulsions of highly concentrated solu-
tion of oxidizer (91...93 wt %) in the hydrocarbon medium (7,0...9,0 wt %) sensitized by pore-forming
components (gas generating additives). Widespread use of EE in underground mining assumes their
production in package form with preservation of stability and high detonation parameters. In [2] it is
shown that the best option of oxidant conforming to the specified requirements, has the following
composition, wt %: H,O 7,0...10,0; Ca(NOs), 27,5...31,5; NH4,NO; 58,5...65,59. The composition of
specified oxidant has a lower crystallization temperature compared to the monosolution of ammonium
nitrate and binary solution “ammonium nitrate — sodium nitrate”. This provides a maximum thermal
effect of reaction of explosive conversion when interacting with a hydrocarbon medium.

Usually [3] oil and products of its processing (oil, diesel fuel, industrial oils, waxes, etc.) are used
as fuel phase in energy condensed emulsion systems. At the same time the value of the specific heat of
fuel combustion is considered as the main parameter. This value is determined by the relation of car-
bon and hydrogen content in the molecule (H/C) and has maximum value for paraffinic hydrocarbons
and minimum value for aromatic ones. Besides, the viscosity characteristics of fuel phase are very im-
portant for obtaining the emulsion with specified technological parameters.

Energy condensed emulsion systems which are used as industrial explosives have mixtures
mechanism of detonation, so the chemical reaction proceeds between the oxidant and reductant that
are not in molecular contact. According to [4], the high detonation ability of ammonium nitrate explo-
sives can be provided by increasing the contact area of oxidizer and fuel and by the temperature in-
creasing in chemical reaction zone. The width of chemical reaction zone determines the critical deto-
nation diameter [5]. In its turn, the width of chemical reaction zone is determined by the speed of heat
release. The speed of heat release depends on the size of oxidant globules in the emulsion, the oxida-
tion rate of fuel phase and the pore size of emulsion, the carrier of which is sensitizer.

For the production of energy condensed packaged emulsion systems it is necessary to solve the
problem of producing highly viscous emulsion with minimal size of particles of the dispersed phase.
Such an emulsion after entering the special materials — sensitizers — provides high detonation pa-
rameters and sensitivity to detonator cap.

The problem of obtaining the highly dispersed highly viscous emulsions can be solved by static
mixers of nozzle type. In the nozzle the oxidant solution is crushed to the smallest drops in the form of
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torch and mixed with the fuel phase. The resulting mixture is pressed through the outlet of the mixer
so the required viscosity emulsion is obtained. The disadvantages of known devices are the need to
change the nozzles to achieve the required degree of dispersion and the inability to adjust the viscosity
of resulting emulsion without changing the size of the outlet for the emulsion. Moreover, it is be-
lieved [3] that the static mixers are preferably used for pre-emulsification, followed by treatment of
emulsion in the dynamic mixer of rotor-stator type.

Aim of the Research is to carry out the scientific foundation of the choice of fuel phase and
technology of emulsion production based on binary aqueous solution of ammonium and calcium ni-
trates, providing production of energy condensed packaged systems with required properties.

Main Body. The influence of nature of the fuel phase on the character of thermal decomposition
systems “ammonium nitrate — fuel component” was investigated by differential thermal analysis (set-
ting TERMOSKAN-2, scientific-production enterprise “Analitpribor”, St. Petersburg) at a scan rate of
20 deg/min, sample weight 50 mg. The character of thermolysis of studied systems can be estimated
by the temperature of the beginning of intensive exothermic decomposition (#,) and the speed of pro-
gress of differential temperature (v;), the characteristic temperature of exothermic peak (,..) and its
intensity (/p..). The intensity of exothermic peak /4, is defined as the difference between differential
temperatures of the top of peak and the base line temperature ¢,. By area of the exothermic peak on the
thermograms the thermal effects and the relative coefficient of system heat release K are determined.
K is calculated as the ratio of the exothermic peak area to the ammonium nitrate peak area. The results
of thermal studies are given in Table 1.

Table 1

The character of thermal decomposition of stoichiometric mixtures “ammonium nitrate — fuel component”

System t, °C v;, deg/min boeak Npeak K
Ammonium nitrate (AN) 230 1,47 276 2,13 1
AN — diesel fuel 223 2,8 282 3,05 2,44
AN — industrial oil 1-20 250 7,9 290 13,09 3,67
AN — fuel oil 216 8,95 262 11,79 9,04
AN — paraffin 250 6,6 282 4,19 1,91
AN — ceresin 253 4.2 283 5,66 2,23
AN — paraffin petroleum wax 255 5,86 290 5,62 2,22
AN — sunflower oil 230 16,7 255 17,7 10,91
AN — linseed oil 216 21,3 248 20,6 11,89

Unexpectedly weak influence of diesel fuel (Table 1), even in comparison with the difficult oxi-
dizable saturated hydrocarbon, can be explained by two factors: the significant fuel evaporation during
the sample heating and the presence of antioxidant additives in the product. The effectiveness of the
fuel oil is probably caused by the presence of sulfur in its composition, which is a catalyst for the de-
composition of ammonium nitrate (GOST 2-85, DSTU 7370: 2013) as well as products of incomplete
oxidation (resins) containing metals of variable valence (V, Ni, Fe).

Considering that the unsaturated hydrocarbons are oxidized much more easily then limit, cyclic
and aromatic compounds, vegetable oils have a much greater impact on the thermolysis of ammonium
nitrate (table 1). Thus, the relative coefficient of heat release K of systems containing sunflower and
linseed oil 3...5 times greater than heat release of systems with industrial oils and waxes, and the speed
of progress of differential temperature is 2...3,5 times greater. With increasing the degree of unsatura-
tion of fatty acids included in the composition of oils their oxidation speed increases.

Thus, fuel phase of energy condensed emulsion systems must be based on esters of polyunsatu-
rated acids (vegetable oils) or combinations thereof with mineral oil. Ceresin or oil wax can be used as
structuring additive.

To produce the energy condensed emulsion systems it was developed an emulsion production
apparatus which overcomes the main drawbacks of the known static mixers [6] (Fig. 1).
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Apparatus has some differences.
Insertion of oxidizer solution takes
place by nozzles which is tangentially
mounted in the wall of body. Inlet
pipe for the fuel phase has a distribu-
tion device with holes. The outlet for
the emulsion is placed into the wall of
body of the valve mechanism provid-

Fig. 1. Emulsion production apparatus: longitudinal section (a): ed with a regulating screw. The degree
1 — supply of oxidizer solution, 2— supply of fuel phase, 3— out- of dispersion of the emulsion in the
let of the resulting emulsion, 4— valve mechanism; cross-section apparatus is determined by flow rate
along the axis of input of oxidizer solution(b): 5 — distribution de- of the oxidant solution (6...35 m/s),

vice for the fuel phase viscosity of the resulting emulsion is

regulated by the valve mechanism.
Table 2 shows the values of viscosity and dispersion of emulsions prepared using this apparatus. The
size of particles of emulsion dispersed phase was evaluated by light microscopy (microscope Carl Zeiss
NU2, digital eyepiece SIGETA UCMOS 05100KRA 5,1MPx). The viscosity of emulsion was determined
by viscometer Brookfield DV-E with a range of discrete velocities of working spindle rotation.

Table 2
Characteristics of the emulsion obtained in the emulsifying apparatus

Ne The speed of oxidizer solution The load on the Viscosity at Dispersity of the

supply, m/s valve, kg =26 °C, Pa‘s emulsion, mcm
1 6,4 0 49,2 5,3
2 23,1 0 87,8 2,7
3 26,4 0 98,2 2,3
4 26,4 33,0 115,6 2,2
5 28,4 33,0 118,4 2,0
6 28,5 50,0 > 10’ 1,3

To assess the feasibility of the two-step emulsification the resulting emulsion in the static mixer
was further dispersed using the colloid mill IKA MK 2000 and dispersant IKA Ultra-TURRAX UTL
(the number of rotor revolutions in both cases was 7848 min ).

According to test results it is found that two-steps emulsification using mentioned devices in-
creases dispersion of the emulsion no more than on 5...10 % in comparison with the one-step process.
In this case in emulsion prepared using a colloid mill MK the crystal nuclei are detected on the second
day. The results of X-ray diffraction identify them as ammonium nitrate.

Effect of intensive exposure on energy condensing system with two-steps emulsification is
proved by tests of packaged emulsion explosives manufactured on the basis of obtained emulsion.

Table 3 shows the values of the detonation velocity for EE with different water content in the
emulsion. Detonation velocity was determined experimentally at the landfill of “Promvzryv”, PJSC
(Zaporizhia, Ukraine) by recorder MicroTrap VOD DATA.

Tests have shown (Table 3) that use of two-steps emulsification scheme with dispersant Ultra-
TURRAX UTL increases detonation velocity of energy condensing system not more than 4 %. The
use of colloid mill reduces detonation characteristics and sensitivity of EE. Intense impact to the emul-
sion in a colloid mill leads to destabilization of the system, the probability of which increases with
increasing of salt concentration in the dispersed phase.

The experience of making and using the energy condensed packaged systems at low temperatures
shows the need for the insertion of plasticizing additives to the system. Liquid chlorinated paraffin CP-470
containing 45...49 wt% of combined chlorine was used as such a additive. The choice of chlorinated paraf-
fin as a plasticizer caused by its rheological properties and the specific impact on energy condensed sys-
tems. According to the literature [7] in small amounts (up to 1 wt%) chlorinated paraffins cause a sensitiz-
ing effect on the emulsion system, i.e. increase their sensitivity to detonation impulse.
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Table 3

The detonation velocity of the emulsion explosive cartridges 32 mm in diameter (open charge)

at different methods of emulsification and water content in emulsion.

detonation velocity of EE, m/s
Emulsification technology at water content in emulsion:
9 wt % 7 wt %.
One-step emulsification (static mixer) 4643 4828
Two-steps static mixer + Ultra-TURRAX UTL 4812 4850
emulsification static mixer + MK 2000 4624 3868
Indeed, the insertion of 1 wt% of CP-470 provides
an earlier expansion of the emulsion (Fig. 2). AT 2\1,. .
Such an influence of the additives can be ex- I\
plained by the thermal behavior of the chlorinated par- 40 H
affin. According to [8] at temperatures of more than |\ ;
150...200 °C chlorinated paraffins cleave off the hydro- 30 / \\ :
gen chloride, which has a catalytic effect on the ther- 20 / RN
molysis of ammonium nitrate [9, 10]. The increase of J:
CP-470 of more than 1 wt% gives no further effect and 10 // \\
a significant amount of chlorinated paraffin (more than |
10 wt%) acts on the system as a flame retardant 0
200 250 300 t,°C

Results. According to the results of studies of the

effect of the fuel phase on the rheological parameters of
emulsions and the nature of their thermal decomposi-
tion the compounds of the fuel phase (the dispersion
medium) of energy condensed packaged emulsion sys-
tems have been developed. The fuel component is a
solution of the composition of dimeric surfactants based on vegetable fats in a mixture of industrial oil
and products of processing of plant raw materials. The formulations of fuel component of packaged
emulsions expanded the existing assortment of product “Emulsifier “Ukrainit” and were made to the
existing specifications (TU U 20.5-19436711-002:2012).

The use of proposed static mixer for emulsifying of energy condensed systems allowed to obtain
an emulsion with dispersion of 1,3...1,8 mem and viscosity greater than 10° Pa-s (=26 °C) at a flow
rate of oxidant solution over 28,5 m/s and the load on the valve 50 kg. On the basis of received energy
condensed systems a number of packaged emulsion explosives mark Ukrainit-P [11] is developed for
use in mines not dangerous on gas and dust (Table 4).

Landfill and industrial tests in mines not dangerous on gas and dust have shown that packaged
emulsion explosives Ukrainit-P at brisance do not concede the staffing TNT explosives — Ammo-
nite No.6-ZhV. They can be used as main charge of middleware detonator (marks “P-S” and “P-SA”)
for initiation of charges of emulsion and mixture explosive in boreholes of any diameter. Mark “P-P”
can be used as main charge.

Production of energy condensed packaged systems of mark Ukrainit-P is implemented in terms
of the base storage of “Promvzryv”, PJSC (Zaporizhia, Ukraine). The production cycle includes the
step of preparing the solution of oxidizing agent, one-step emulsification in the static mixer, sensitiza-
tion of the emulsion system and insertion of plasticizers, patronage of the finished emulsion explosives
in a polymer shell, cooling of patrons, labeling and bagging.

For sensitization of low sensitive emulsion it is used the glass microspheres of firm 3M mark K1
with true density 0,12...0,14 g/cm’ with average diameter of particles about 100 micron. Microspheres
are inserted in hot emulsion (=90...95 °C) with mixer of original construction, which provides uni-
formity of distribution and integrity of the microspheres. On the step of insertion of microspheres
chlorinated paraffin CP-470 is inserted into the emulsion as a plasticizer. Later the resulting explosive

Fig. 2. Thermogram of decomposition of ener-
gy condensed emulsion systems: without plas-
ticizer (1); with content of 1 wt% of CP-470 (2)
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Ukraine-P is supplied with screw pump in ChubMaker 2500 S/N 16558 for the production of patrons
in diameter from 32 to 90 mm.

Table 4
Characteristics of packaged emulsion explosives of mark Ukrainit
Indicators Marks of EE Ukrainit-P
P-S | P-SA | P-P

Density at 30£10 °C, g/cm’ 1,00... 1,30
Oxygen balance, % -0,3...-0,5 -0,5...-0,15 -0,3...-1,5
Heat of explosion, kJ/kg (estimated) 3400...3500 3700...3900 3150...3200
Specific volume of gas explosion, dm3/kg 840...860 820...830 840...860
Detonation velocity of the charge, m/s (at least) 4900 4800 4400
Critical diameter of the open charge, mm 20...24 20...23 35...40
Toxic gases of explosion (scaling to CO), I/kg Up to 15,0 Up to 25,0 Up to 20,0

Conclusions. It is studied the nature of the thermal decomposition of the energy condensed sys-
tems based on ammonium nitrate according to the nature of the fuel component. The influence of
emulsification technology of the energy condensed systems on physical, chemical and detonation
characteristics of emulsion explosives is considered. The possibility of obtaining the energy condensed
emulsion systems with dispersion of 1,3...1,8 mem and viscosity greater than 10° Pa-s with one-step
emulsification in the static unit of original design is shown. Composition and technology of production
of the energy condensed packaged emulsion systems of mark Ukrainit-P are developed.
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AHOTALIA / AHHOTALUA / ABSTRACT

LJI. Kosanenxo, B.II. Kynpin, /I.B. Kiswenxo IlaTpoHoBaHi eHeprokonaeHcoBaHi cucremu. Ckjaja, oOTpUMAaHHS,
BaacTuBocTi. HaBeneno oOrpyHTyBaHHS BHOOpY CKJIaqy ManuBHOI (ha3H Ta ONTHMAaJBHOI TEXHOJOTI] OfepKaHHS eMyJbCil
Ha OCHOBI OIHAPHOTO PO3YMHY HITPATiB aMOHIIO Ta KaNBIIiI0, 0 3a0e3MeYyI0Th OJIepyKaHHs TaTPOHOBAHUX €HEPrOKOHICHCO-
BaHMX CHCTEM 3 33JlaHMMH BJIACTUBOCTSMHM. JIOCIIUKEHO TepMiyHE PO3KJIaaHHs SHEePrOKOHJICHCOBAHUX CHCTEM Ha OCHOBI
amiayHoi cenitpu. ITokasaHo, mo nanuBHa (a3a eMyJIbCIHHUX CHCTEM NOBHHHA 0a3yBaTHCh Ha edipax MOJiHEHACHYCHHX
KUCIIOT abo iX koMOiHawii 3 HaTONPOIYKTaMH, a CTPYKTYPYIOUOI0 100aBKOIO MOXKe OyTH BUKOPUCTAHO Liepe3rH abo Hadro-
BUii BicK. PO3rIIsIHYTO BIUTMB TEXHOJIOTIT OTPMMaHHS €HEPrOKOHACHCOBAaHHUX CHCTEM Ha (i3MKO-XiMiuHi Ta AETOHALMHI xapa-
KTEPUCTHKH eMYJIbCiHHIX BHOYXOBUX pedoBHH. [loka3zaHO MOXKJIMBICTH OJEp)KaHHS €MYJIbCIHHHX CHCTEM 3 JUCIIEPCHICTIO
1,3...1,8 MkM Ta B’si3KicTio monay 10° [la-c B anapari opuriHamsHOi KOHCTpyKIi. [ToKasaHo ceHCHOLTI3yIoUy if0 XIopHapa-
¢iny XI1-470 Ha TepMoIIi3 eMyIbCIHHOT €HEPrOKOHIEHCOBAHOI cCcTeMH. Po3po0iieHo ckiaz i TeXHOJIOTii OTpUMaHHS IIaTpo-
HOBAaHHX E€MYJBCIHUX €HEepProKOHICHCOBAHMX CHUCTEM Mapku Ykpaiit-II s mim3eMHUX TipHHYUX pO3poOOK B IIAXTaX,
0e3neyHnx 3a ra3oM i IIIOM.

Knrouogi crosa: eHeprokoHIEHCOBaHA CHCTEMA, TOPIOYHIT KOMIIOHEHT, TEXHOJIOT IS, 3MiLTyBay.

H.JL. Kosanenxo, B.Il. Kynpun, J.B. Kuawenxo. IlaTpoHMpOBaHHbIE IHEPrOKOHIEHCHPOBaHHbIe cucTeMbl. Co-
cTaB, MoJIy4yeHue, cBoiicTBa. [IpuBeneHO 00OCHOBaHME BBHIOOpA COCTaBa TOIUIMBHOW (a3bl M ONTUMAJIbHON TEXHOJOTUH
TIOJTyYeHNUsI SMYJIECHU HA OCHOBE OMHAPHOTO pPacTBOPA HATPATOB AMMOHHUS U KaJbIHsI, 00ECIIEINBAIONINX MOTydeHUE MaTpo-
HUPOBAHHBIX YHEPrOKOHACHCHPOBAHHBIX CHCTEM C 3aIaHHBIMHU CBOMCTBaMH. VcciemoBaHO TepMUYECKOE pa3lioKEHHE YHEP-
TOKOH/ICHCUPOBAaHHBIX CHCTEM Ha OCHOBE aMMHMauyHOH cenuTpsl. Iloka3aHo, 4To TOIUMBHAS (paza HMYJIBCHOHHBIX CHCTEM
JOoJDKHA 6a3upoBaThes Ha 3(Upax MOIMHEHACHIIIEHHBIX KUCIOT WM UX KOMOMHAIMN ¢ He(TEIIPOIyKTaMy, a Kak CTPyKTypH-
pyromas 1o06aBKa MOTYT OBITh HCIIOJIb30BAaHBI [IEPEe3UH MM HeTSIHOW BOCK. PaccMOTpeHO BIMSHHE TEXHOJIOTUH MOTYYCHHUS
SHEProKOH/ICHCUPOBAHHBIX CHCTEM Ha (DU3MKO-XHUMHYECKHE U JCTOHAIIMOHHBIC XapPAaKTEPHCTHKU SMYJIbCHOHHBIX B3pbIBYa-
ThIX BemiecTB. [lokazaHa BO3MOKHOCTH MOJMYYEHHUS IMYJIBCHOHHBIX CHCTEM C IUCHIEpPCHOCTHIO 1,3...1,8 MKM U BA3KOCTBIO
onee 10° [Ta-c B anmapaTe OpUTHHANBHOM KOHCTPYKIKH. [10Ka3aHO ceHCHOMIH3NpYIowee AeficTBre xnopnapaduna XI1-470
Ha TEPMOJIU3 3MYJIbCHOHHOH HEPrOKOHAEHCUPOBAHHON CHCTEMBI. Pa3paboTaHbI COCTAB M TEXHOJIOTHUS ITOIYIEHHS TaTPOHH-
POBAaHHBIX 3MYJIbCHOHHBIX SHEPrOKOHJCHCHPOBAHHBIX CHCTEM MapKd YKpawHUT-II IS moA3eMHBIX TOPHBIX pa3pabOTOK B
[IaxTax, He OMACHBIX I10 Ta3y ¥ MBUIH.

Kniouesvie cnosa: 3HEProKOHICHCUPOBAHHASI CUCTEMA, FTOPIOYNH KOMIIOHEHT, TEXHOJIOTHSI, CMECHTEIIb.
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LL. Kovalenko, V.P. Kuprin, D.V. Kiyaschenko. Energy condensed packaged systems. Composition, production,
properties. In this paper it is presented the substantiation of choice of fuel phase composition and optimal technology of
emulsion production on the basis of binary solution of ammonium and calcium nitrates, which provide the obtaining of ener-
gy condensed packaged systems with specified properties. The thermal decomposition of energy condensed systems on the
basis of ammonium nitrate is investigated. It is shown that the fuel phase of emulsion systems should be based on esters of
polyunsaturated acids or on combinations thereof with petroleum products. And ceresin or petroleum wax can be used as the
structuring additive. The influence of the technology of energy condensed systems production on the physicochemical and
detonation parameters of emulsion explosives is considered. It is shown the possibility of obtaining of emulsion systems with
dispersion of 1.3...1.8 microns and viscosity higher than 10° Pa's in the apparatus of original design. The sensitizing effect of
chlorinated paraffin CP-470 on the thermolysis of energy condensed emulsion system is shown. The composition and pro-
duction technology of energy condensed packaged emulsion systems of mark Ukrainit-P for underground mining in mines
not dangerous on gas and dust are developed.
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