104

https://doi.org/10.15407/scine16.06.104

KHARLAMOYV, Yu.A.', POLONSKY, L.G.?,
BALYTSKA, N.O.% and KLYMENKO, S.A.3

"Volodymyr Dahl East Ukrainian National University,
59-3, Central Ave,, Severodonetsk, 93400, Ukraine,
+380 6452 403 42, uni@snu.edu.ua, uni.snu.edu@gmail.com
2Zhytomyr Polytechnic State University,
103, Chudnivska St., Zhytomyr, 10005, Ukraine,
+380 412 241422, officerector@ztu.edu.ua
3Bakul Institute for Superhard Materials of the NAS of Ukraine,
2, Avtozavodska St., Kyiv, 04074, Ukraine,
+380 44 430 8500, atmu@ism.kiev.ua

INNOVATIVE POTENTIAL OF GAS DETONATION

Introduction. Explosive technologies are widely used in the extraction industries, in mechanical engineering for
welding, hardening, etc. However, the use of solid explosives is limited, above all, by safety requirements. There-
Jore, the use of a safer and more convenient source of energy, gas detonation, is attracting much attention. Pres-
sures, temperatures, and velocities in detonation waves or shock waves in gases close to them in terms of intensity,
as well as the pulse nature of the influence of these factors determine a high potential of their technical and tech-
nological use.

Problem Statement. In many technical systems, deflagration modes of burning prevail. However, a more ther-
modynamically advantageous method of combustion and conversion of chemical energy of fuel into useful work
is the detonation mode of combustion. This ensures the feasibility of development, research and wider implemen-
tation of various technologies and devices using controlled gas detonation.

Purpose. Systematization and analysis of the main trends in the development and design of detonation gas
technologies and devices in Ukraine and throughout the world.

Materials and Methods. Systematization and analysis of scholarly research publications and patents on the
practical application of gas detonation in various sectors of the economy.

Results. The tendencies of practical use of gas detonation in dif ferent branches of industry have been revea-
led and analyzed. Priority developments in the technological application of the method in mechanical engineering
have been performed in Ukraine. However, in many technical areas Ukraine has fallen behind the world leaders
in terms of the creation of detonation gas technologies and devices.

Conclusions. For the practical use of the potential of gas detonation, it is necessary to develop fundamentally
new devices that ensure reliable, safe, and controlable generation and propagation of detonation waves in gases
and sprayed fuels. Gas detonation is promising for the creation of more advanced technologies and equipment.

Keywords: gas detonation, combustion, detonation-gas technologies, material processing, and branches of en-
gineering.
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The basic structures of technical systems (TS)
for the implementation of the necessary functions
are based on various physical and technical ef-
fects among which the processes of fuel combus-
tion are rather often used. Today, TS mainly use
the deflagration combustion conditions, in which
flame spreads at subsonic speeds. However, the
detonation combustion conditions, in which fla-
me propagates at supersonic speeds, have been
well known and studied by fundamental science
for more than a hundred years. Of particular in-
terest is gas detonation (GD) in combustible ga-
ses mixed with oxidants or sprayed liquid fuel. GD
is self-sustaining combustion propagation condi-
tions characterized by a complex of shock wave
and subsequent area of exothermic chemical re-
actions initiated by shock compression [1]. This
complex is called detonation wave that propa-
gates at supersonic speeds.

The detonation wave front is the surface of hyd-
rodynamic normal discontinuity. The gas blend is
heated during while passing through the shock
wave front. If the shock wave is strong enough,
the temperature behind its front may exceed the
self-ignition temperature, with exothermic che-
mical reactions running in the gas blend. In the
course of these reactions, energy that feeds the
shock wave is released. In deflagration combus-
tion that propagates at subsonic speeds, the ener-
gy is transferred to the initial blend mainly by
thermal conductivity. Certain conditions are nec-
essary for GD — it shall be initiated by external
influences (mechanical or thermal). Only in ex-
ceptional cases, slow burning can spontaneously
lead to detonation.

The propagation speed of the explosive wave
front relative to the initial gas blend (detonation
rate) depends only on the composition and state
of the detonating blend and can reach several ki-
lometers per second.

Thermodynamically detonation is the most ef-
ficient way of direct fuel combustion and in the
case of its use, engines and other devices have the
maximum possible thermodynamic efficiency [1].
Gas parameters in the detonation combustion are
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much higher than in the conventional combus-
tion. During detonation in the combustion cham-
ber, the pressure of the combustion products that
expand, cool, and are released into the surroun-
ding space freeing the space for a new portion of
gases increases sharply. In pulsating GD devices,
the cycle is repeated with a certain frequency.
The principles and devices for continuous GD are
being developed.

High temperature, pressure, and speed in GD
make the application of this phenomenon in tech-
nology rather promising.

Explosive technologies are increasingly used in
various industries: mining, mechanical enginee-
ring, and so on. However, the use of solid explo-
sives is limited primarily because of safety requi-
rements. Gas detonation is a safer and more con-
venient source of energy. The level of pressure,
temperature, and speed in detonation shock wa-
ves in gases or waves close to them in terms of
intensity, as well as the pulsed nature of the in-
fluence of these factors determine a significant
potential for their technical and technological
use. Controlled gas detonation has recently been
widely used in power engineering, as well as for
the creation of new efficient engines and techno-
logies for obtaining and processing materials
with unique properties and so on. Detonation gas
technologies and devices have prospects for fur-
ther development, and the relevant developments
can be used in innovative projects.

The purpose of this research is to identify, to
systematize, and to analyze the main trends in the
design and development of detonation gas tech-
nologies and devices in Ukraine and worldwide.
To this end, scholarly research publications and
patents of domestic and foreign researchers on
the practical application of gas detonation in va-
rious fields of science and technology have been
systematized and reviewed.

As a result of in-depth analysis of scholarly re-
search sources, the trends in the practical use of
gas detonation as an energy source by industry
have been identified and analyzed. Thus, priority
developments for the technological application of
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GD in mechanical engineering have been made in
Ukraine. However, in many scientific and engi-
neering areas there is a gap in R&D for the crea-
tion and wider use of detonation gas technolo-
gies and devices. This concerns power enginee-
ring industries, the creation of new engines, and
others. The promising innovative directions of
the use of GD in economic industries are descri-
bed in more detail below.

Power engineering and engines

Heating devices. If the problem of cyclic deto-
nation of conventional fuel air blends (natural or
associated gas, coal particles, fuel oil, etc.) is suc-
cessfully solved, significant fuel savings and a re-
duction in the release of harmful substances due
to a very short detonation cycle are expected [2].
The conventional burners are based on the prin-
ciple of normal slow combustion of natural gas
(deflagration), with the maximum flame tempe-
rature not exceeding 1900 °C and the speed being
200—220 m/s. The use of pulsed detonation com-
bustion of the gas-air blend provides a much hig-
her technological level of the conversion of fuel
chemical energy into thermal energy and mecha-
nical work. A sevenfold growth in the flow rate of
combustion products increases the heat transfer
from detonation products to a coolant due to a
sharp increase in the convective component. The
use of pulsed detonation burners (PDB) will sig-
nificantly increase the technological, environ-
ment, and economic efficiency of heating proces-
ses in industry.

Pulsed cleaning of convective heating surfaces
from ash deposits by emissions of gas detonation
products increases the efficiency of heat exchan-
ge and operation of steam and water boilers and
process units that burn different types of liquid
and solid fuels and ensures fuel economy [3]. Clea-
ning is based on the impact of the shock wave and
combustion products emanating from the com-
bustion chamber on the deposits on the heating
surfaces. Ash deposits from flue gases on the hea-
ting surfaces reduce the efficiency of units (by
2—3%). Gas-pulse cleaning enables maintaining
the cleanliness of the heating surfaces and the ef-
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ficiency of the units close to the design parame-
ters. This technology has been already widely
used in industrial boilers, recovery boilers in me-
tallurgical, chemical, and petrochemical indust-
ries, heating furnaces of refineries, etc.

Pulse detonation engines (PDE). Back in 1940,
Ya. B. Zeldovich proved that direct-flow air-jet
engines that used detonation combustion of fuel
should have the maximum possible thermodyna-
mic efficiency. Researches on the creation of pul-
sed detonation engines (PDE) are particularly
active in the United States and the Russian Fe-
deration, where they have reached the R&DD
stage. Large-scale works are done at Pratt & Whit-
ney (USA) and General Electric (USA). Aircraft
power plants, the operation of which is based on
the principle of gas detonation, will provide fuel
savings of up to 30% at a Mach number of 2.5 and
up to 20 % at a Mach number of 3, as well as an
increase in the flight range of aircraft equipped
with such engines or replacement of much of the
fuel with payload [4, 5]. The main areas of appli-
cation of such engines are cost-effective ammuni-
tion deliveries, propulsion engines for pilotless
target aircraft and unmanned aerial vehicles, and
cruise missiles. In the future, they can be used to
boost the thrust of manned aircraft. The U.S. Na-
vy has been developing a detonation gas turbine
unit to be installed on surface ships instead of
conventional gas turbine engines. Power plants
for natural gas detonation (in particular, power
plants for gas pumping units of main gas pipe-
lines) are also being developed in order to reduce
the consumption of natural gas by gas transmis-
sion companies [4].

Oil and gas industry

At present, technical solutions for the use of gas
detonation for impacting the fractured reservoir
of hydrocarbons (o0il wells) to increase the final
oil recovery of the reservoir and the flow rate of
wells are being developed [6]. Detonation com-
bustion is used to increase the reliability of igni-
tion of gas burners of elevated and ground-type
flare systems for combustion of waste gases and
multiphase systems of industrial effluents in gas
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and oil fields, in petroleum, chemical, and petro-
chemical industries [7].

Detonation gas spraying (DGS) of reinforcing
coatings is used to increase the abrasive resis-
tance of drilling tools (cones, three-cone and dia-
mond drill bits), to restore and to strengthen
equipment parts [8]. The penetrating capacity of
multilayer lining for perforating oil and gas pro-
duction wells made with the help of DGS increa-
ses by 25—35 %.

Mining industry

Thermodynamic drills for the destruction of
strong rocks, with the use of detonation combus-
tion, provide a 2—2.5-time increase in the yield of
block stone (granite) of high quality [9]. Russia
and the United States have carried out studies to
create bulldozers with a gas-pulse unit [10].

Gas detonation mills are being developed for
grinding of materials, in particular for fine and ult-
rafine grinding of, for example, pigments, which
reduces the energy consumption of grinding pro-
cesses [11].

Metallurgical industry

Pulse-detonation gas burners for industrial fur-
naces and thermal power plants provide a reduc-
tion in the specific consumption of natural gas by
at least 8—10%; an increase in the rate and, accor-
dingly, a reduction in the time of the heating pro-
cess; and a reduction in oxidation losses. In addi-
tion, these technologies optimize the use of pro-
duction space, increase the service life of burners,
reduce the cost of environment measures, etc. [10].

Some enterprises use pulse cleaning of heating
surfaces of recovery boilers [12]. For dividing
high-grade hot steel billets into parts on machines
for continuous casting of billets, pulse cutting
machines that use drives with the pulse combus-
tion of combustible blend have been introduced
in rolling production [13].

Chemical and petrochemical industry

Gas-phase detonation synthesis is used to ob-
tain polycrystalline and nanosized titanium dio-
xide, nanoglobular carbon, including precursors
for the production of fullerenes, carbon nanotu-
bes, graphene, carbines, and others. [ 14, 15].
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Treatment of dispersed particles by gas detona-
tion is used to obtain metal oxides from their salts,
to rearrange the crystalline structure of metals or
to evaporate liquid from solutions for obtaining
solids or solid solutions, amorphous and quenched
powders, to spheroidize and to reduce oxide pow-
ders, to obtain acetylene black and highly-dis-
persed powder of lead zirconate titanate that is
widely used for the production of radio compo-
nents based on electronic ceramics, etc. [16].

Mechanical engineering/machine building is
a leading industry in the development and use of
detonation gas technologies and devices, many of
which are designed in Ukraine. While processing
metals by pressure, GD-based devices are used
for pulse cutting of cold rolled products by short
knives with a large wedge angle to obtain blanks
from plastic steels, as well as from relatively britt-
le steels with a high content of carbon, mangane-
se, etc. GD is also used to obtain blanks for fur-
ther rolling, flash stamping of long products, as
well as for face stamping [17], to manufacture
high-speed power drives for free forging or hot
stamping of parts in one or more transitions, to
produce blanks and parts from difficult-to-form
materials [13]. This technology is effective for
stamping sheet metal and shaping sheet materials
[17], in machines for pulsed briquetting of bulk
materials, obtaining briquettes with a sufficiently
high strength and density for remelting and sha-
ping products, for example, inserts and plugs from
cutting chips of ferrous metals to protect the
closed bottom mold when pouring steel, consum-
able electrodes made of titanium sponge, as well
as briquettes made of titanium alloy shavings and
to compact the porous mass in gas cylinders [17].

The most well-known are the developments for
detonation-gas spraying to ensure the produc-
tion of coatings with increased strength and den-
sity, which have been made in Ukraine [17—20].
GD is also used in equipment for surface heat
treatment (pulse plasma detonation generators)
while reinforcing parts and tools; in thermoche-
mical and thermopulse installations for removal
of burrs, blunting of edges of arbitrary radius,
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cleaning from technological pollution of external
and internal surfaces of details [21], jet-abrasive
processing, etc.

Construction and production of construction
materials

Technologies based on GD are used for de-
stroying buildings (demolition of old buildings,
structures, clearing of debris), eliminating ice
congestion on rivers, and uprooting stumps. This
technology is useful for improving the efficiency
of destruction of large fragments of objects and
for raising the safety of works by reducing the
range of fragmentation [22], for destroying and
developing, moving, laying, and compacting soils
[10]. Soil compaction of the borehole space in-
creases the bearing capacity of bored piles more
than twice [22]. GD-compacted concretes have
improved characteristics, their strength increases
by 20—40%.

Agriculture and forestry

Soil treatment by the GD method enables wor-
king on sown fields, as it does not damage young
plants, and seed germination of cotton and corn
increases by 15%, the time of full germination de-
creases by 2—3 days, the maturation of cotton
shortens by 10—14 days due to the acceleration
of plant development in all phases. In addition, it
improves the accumulation of nutrients in diffe-
rent parts of the plant (roots, leaves, stems, fibers)
and therefore increases the yield of cotton by an
average of 10% and raises the overall level of soil
biological activity [23, 24]. GD is also used for
pest and weed control, pre-sowing seed treatment,
destruction of silkworm pupae, and cotton har-
vesting [24]. It is also effective to use GD for sca-
ring away birds and wildlife animals to protect
vineyards, orchards, rice and cereals, as well as at
airports (to prevent birds from getting into air-
craft engines) and fish farms (to scare birds away
from water), etc.

Geology and exploration

Sources of seismic oscillations based on GD are
used for searching and prospecting mineral de-
posits, as well as for engineering geological and
hydro-acoustic surveys.
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Utilities

Since the GD-based technologies are quite
simple, affordable, and low-cost, they are used for
restoring the productivity of water wells; for
grinding and melting of snow and ice mass; for in-
cinerating waste, and crushing tires for further
processing.

Emergency damage control/incident miti-
gation

GD-based technologies for throwing fire ex-
tinguishing substances, remote extinction of large
fires, localization of forest fires (fire breaks) have
been developed. To eliminate fires in buildings,
knapsack periodic-pulse gas-water extinguishers
have been designed. The use of GD-based sys-
tems for forced triggering of avalanches is also ef-
fective.

Healthcare

GD-based systems have been developed for
needle-free injections, pain abatement, and tis-
sue damage reduction.

Soldiery

GD is used in volumetric explosion munitions,
demining (as compared with the manual method,
the economic costs are reduced 5 times and the
productivity increases more than 100 times), in
gas detonation flamethrowers, when disposing of
ammunition (crushing of solid explosive charges).

Other applications of gas detonation

The practical application of the gas detonation
phenomenon is constantly expanding, increasing
the number of relevant inventions and enginee-
ring solutions in various fields of management.
An example is the initiation of combustion and
explosion of solid and liquid explosives, in par-
ticular reliable initiation of simultaneous detona-
tion of numerous dispersed charges; acceleration
of compact bodies in ballistic and other experi-
ments. The use of pulsed shock and convective
thermal effects of a GD jet for gasification of hea-
vy oil and coal fractions, household and indust-
rial waste, crushing of rocks, ice, etc. is effective
as well.

There are many fundamental and practical prob-
lems that prevent the use of gas detonation in de-
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vices. One of the key problems is the initiation of
detonation in relatively short pipes (up to 1 m
long) at a low ignition energy of the blend (up to
several joules). Ensuring a rapid transition of
combustion to detonation in hydrocarbon-air
blends with minimal ignition energy is the most
important fundamental problem, the solution of
which opens the way for the practical use of gas
detonation. The publications on this issue have
been overviewed in [25].

Thus, for the practical use of gas detonation, it
is necessary to develop fundamentally new spe-
cial devices that ensure reliable, safe, and con-
trolled triggering and propagation of detonation
waves in gases and sprayed fuels. In Ukraine, ef-
fective technologies and equipment, which use
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THHOBAIIINHI MOKJIMBOCTI TA3OBOT IETOHATIIT

Beryn. Bubyxosi TeXHOJIOTIT 3HAXOASATH HIMPOKE 3aCTOCYBAHHS Y BUAOOYBHUX Faly3saX IPOMUCIOBOCTI, B MAIIMHOOY Ly BAaHHI
JUISL 3BAPIOBAHHSL, 3Mil[HEHHs Ta iH. O[HAK BUKOPUCTAHHS TBEPANX BUOYXOBUX PEYOBUH OOMEKEHO, TIEPII 32 BCE, BUMOTaMU
Gesnexu. Tomy Bce OiIblIly yBary BUKJIMKAE BAKOPUCTAHHS OiJIbIll 6€3M1EYHOr0 i 3pyYHOI0 [yKepesia eHeprii — razoBoi aeTo-
Haiiil. PiBeHb THCKIB, TeMIIepaTyp i MBUAKOCTEIH, 1110 PO3BUBAIOTHCS 32 A€TOHAIIHHUME 260 OJU3bKUMU 10 HUX 34 IHTEHCHB-
HICTIO y/IlapHUMHU XBUJIIME B Ta3ax, a TAKOK iMITYJIbCHUI XapakTep BIJINBY 3a3HaueHNX (haKTOPiB, BU3HAYAIOTH BUCOKI TI0-
TEHIIHI MOKJIMBOCTI iX TEXHIYHOTO Ta TEXHOJIOTIYHOTO BUKOPUCTAHHS.

IIpoGaemaTuka. Y 6araTboxX TEXHIYHMX CHCTEMax IepeBaxkaioTh gediarpailiiiti peskumu ropints. OfHAK TePMOAUHA-
MIYHO BUTIIHIIIMM CIIOCOOOM CIIaJIIOBaHHsI i epeTBOPEHHs XIMIYHOI eHepril najuBa B KOPUCHY poOOTY € AeTOHAIIHHII pe-
KM TopinHs. e 00yMOBITIOE TOTIIBHICTD PO3POOKH, TOCTIIIKEHHS 1 GIJIBIIT MTMPOKOTO BITPOBAKEHHST PI3SHOMAHITHUX TeX-
HOJIOTiif i MPUCTPOIB 3 BUKOPUCTAHHIM KEPOBAHOI Ta30BOi IETOHAITI.

Mera. CrcTeMaTH3allist Ta aHali3 OCHOBHUX TEHAEHIIIN PO3BUTKY Ta PO3POOKHU IETOHAIIHHO-TA30BUX TEXHOJIOTIH i TIpH-
CTPOIB B YKpaiHi Ta CBiTi.

Marepiam ta Mmetoau. CrucreMaTH3allis Ta aHaI3 HAYKOBHUX MyOJiKaIliil i MaTeHTIB MI00 IPAKTUYHOTO 3aCTOCYBAHHS
Ta30BOi /IeTOHAIIII B Pi3HUX cepax eKOHOMIKN.

PesyapraTn. Busgsieno Ta mpoananizoBaHo TeHEHIII] MPAaKTMYHOTO BUKOPUCTAHHS ra30BOi ETOHATII] B PI3HUX TalTy3sX
npomucIoBocTi. [IpiopuTeTHi po3poOKH 3 TEXHONOTTYHOTO 3aCTOCYBAHHS METOAY B MAIMHOOYIyBaHHI BUKOHAHO B YKpaiHi.
IIpore 3a HUBKOIO TEXHIYHUX HATIPSIMKIB CIIOCTEPITa€ThCs BiZICTABAHHS HAYKOBO-0CIIHUX POOIT 31 CTBOPEHHS JIeTOHALIHO-
Ta30BUX TEXHOJIOTIH i TPUCTPOIB.

BucHoBkH. /7151 IPaKTHYHOIO BUKOPUCTAHHS MOKJIUBOCTEN ra30B0i JeTOHAIliT HeOOXiAHOIO € pO3POOKa IIPUHIIMIIOBO HO-
BUX [IPUCTPOIB, 110 3a0€311e4yI0Th HaliliHe, Ge3lleuHe i KepoBaHe BUHUKHEHHS i MOITMPEHHs AeTOHALITHUX XBUJIb B rasax i
PO3IOpOIIIeHIX ManBax. [a30Ba IETOHAITISI € EPCIEKTUBHOIO /ISt CTBOPEHHS GBI IOCKOHAINX TEXHOJIOTH Ta 06/ Ia[HAHHS.

Kunwuoei ciosa: razosa JieTOHaILisl, TOPIHHS, IETOHAIIHO-Ta30BI TEXHOJIOTIT, 060pOOKa MaTepiasiB, raysi TEXHIKH.
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