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INNOVATIVE DESIGNS OF PUMPING DEEP-WATER HYDROLIFTS
BASED ON PROGRESSIVE MULTIPHASE NON-EQUILIBRIUM MODELS

Purpose. Development of methodological support for a unique method of a pumping deep-water hydrolift (PDH)
for transporting multiphase flows with a solid fraction and innovative pumping systems for its implementation in
complex conditions of great depths.

Methodology. Theoretical studies of a mechanism of multiphase flows in a flow section of a hydrolift transport
pipeline and designs of a pumping unit that transports heavy hydro mixture with an abrasive solid fraction to build an
adequate model of a pumping deep-water hydrolift of gasified liquids with high gas content. The method is based on
a logical structure of multiphase flow studies under conditions of large pressure gradients and a new approach to the
calculation of powerful hydrolifts that pump compressible and incompressible non-equilibrium heterogeneous mix-
tures. Depending on the size of a desorption flow and the depth of a hydrolift, a rational amount of pumping units and
their location are determined. Flow and energy parameters of a process of transportation of a hydro mixture using
mathematics and software for a method of hydrolifting are calculated.

Findings. An experimental technology for transporting heavy abrasive rock masses in oceanic areas with high gas
content in sea water is suggested. This technology is the combination of an innovative method of a pumping hydrolift
of solid material as part of gasified liquids and the original design of a pumping unit and also is distinguished by im-
proved performance characteristics. A new deterministic model of a non-equilibrium multiphase flow in a pressure
pipeline of considerable length and a simulation software complex is developed.

Originality. A unique PDH that transports heterogeneous mixtures, created on progressive non-equilibrium mul-
tiphase models considering the processes of desorption mass transfers caused by significant pressure gradients is de-
veloped.

Practical value. Innovative designs of pumping units are suggested and patented, which prevent overmilling of
solid particles by eliminating the interaction of a pump impeller with transported material.
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Modern requirements of safety, performance and
energy efficiency stimulate scientific and technological
progress in the field of creation [1, 2] and engineering
support of operation [3, 4] of machines, their equipment
[5, 6] and mechanisms [7, 8] for mining [9, 10 ], trans-
portation [11, 12] and mechanical engineering [13, 14].

At the present time, a new branch of mining is being
rapidly developed — deep sea mining. Leading global
companies show primary interest for a development of
large deep-water polymetallic ore deposits. The main
technological operation is transportation of extracted
raw materials to the surface. As a result of analysis of
main efficiency indicators of a hydrotransport system
(availability coefficient, efficiency coefficient, solid
granulometric composition, degree of equipment func-
tionality, deposit development specifics, adaptability to
operating conditions), it is shown that the pump version
of a hydrolift in a wide range of depth and productivity
changes is the most promising.

© Sladkowski A. V., Kyrychenko Y. O., Kogut P. 1., Samusya V. 1., Ko-
losov D. L., 2019
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The results of geological exploration showed that
significant deposits of solid minerals that pose indus-
trial interest were found in the Pacific and Indian
oceans. In addition, there are vast areas of volcanic na-
ture at great depths, characterized by abnormally high
gas content in sea water. Vast experience of working
with various pumps in mining and oil and gas industries
has been accumulated. In the oil and gas industry, mul-
tiphase pumps are used to pump oil and gas mixtures
[15]. Slurry pumps are used for hydrotransport of mix-
tures of liquids and solid materials in horizontal pipe-
lines [16] in the development of deep-water solid min-
eral deposits [17]. A significant part of scientific publi-
cations is dedicated to the design and study of dynamic
processes in airlift systems [18, 19]. Nevertheless, the
analysis of the results of studies of pumping deep-water
lifts for transporting hydro mixtures in vertical pipelines
showed a lack of publications in open sources in this
field during the past 5 years. The exception is only one
paper [20].

Problem statement. The problem of deep-water
pumping hydrotransport systems is high energy intensity
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and low reliability of pumping deep-water hydrolift in
complex conditions of great depths.

Unsolved aspects of the problem consist in decreasing
the efficiency of pumping deep-water hydrolift with in-
creasing depths of development and during transporta-
tion of highly concentrated abrasive slurries.

This work is relevant, since it is devoted to further
development of a pumping variant of a hydrolift, which
has a tendency of improvement through increasing the
reliability of installations by developing progressive de-
signs that prevent the interaction of solid particles with
the blades of impellers of pumping units. In addition,
the suggested approach allows increasing the efficiency
of a hydrolifting process in the conditions of oceanic ar-
eas with high gas content.

The objective of the paper is to develop method-
ological support for a unique method of pumping
deep-water hydrolift for transporting multiphase flows
with a solid fraction and innovative pumping systems
for its implementation in complex conditions of great
depths.

When modeling the installation, it is expedient to
conditionally split the transport pipeline into two sec-
tions. Two-phase hydro mixture (liquid and solid parti-
cles) moves in the lower part. A 3-phase mixture of a
bubble structure (liquid, solid particles and gas) moves
in the upper part of a pipeline, due to the intensity of
desorption. Improving the efficiency of the transporta-
tion process of solid material is due to natural additional
airlift effect. In addition, the desorption flow signifi-
cantly changes static and dynamic properties of gasified
liquids.

A deep-water mining complex, equipped with a
pumping hydrolift is shown in Fig. 1.

Considering these features, the following mathemat-
ical model of a PDH that is self-adjusting to the proper-
ties of a transporting medium (2 and 3-phase mixtures)
is suggested. The first step of the experimental innova-
tive technology is development of mathematical soft-
ware for a method of pumping deep-water hydrolift and
structures of its implementation. The ideology of math-
ematical software of the method is based on use of sepa-
rate models of multi-phase unsteady flow from a con-
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Fig. 1. Deep-water mining complex, equipped with a
pumping hydrolift [21]
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tinual point of view. The transported mixture consists of
various interacting, interpenetrating continuous phases,
characterized by their own densities and velocities. In
addition, neglect the change in flow parameters in a
cross-section of a pipeline, rotation and collision of par-
ticles with each other, the distortion of flow lines of lig-
uid and the increase in turbulent pulsations. At the same
time, solid particles are the same shape, diameter and
surface condition.

The lower section of a pumping pipeline that trans-
ports a two-phase mixture is described via a system of
two equations of motion of an unsteady equilibrium
process and two equations of continuity
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The upper section of the pumping pipeline is de-
scribed by a system of three equations of motion of an
unsteady non-equilibrium process, considering the
desorption mass transfer and three equations of conti-
nuity
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F — is the flow area of a pipeline, which is considered
deformable under the action of internal pressure forces,

Tl:D2 * * . * .
F=T§ p0=p0(1—Cl—C2); pr=Cp; P53 =Cypy;
a, — velocity of sound in pure unbounded fluid; K, —
bulk modulus of elasticity of fluid; a, — velocity of prop-
agation of small perturbations in a pipeline with pliable
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oF
walls for clean fluid; 5 — pliability of a cross section of

a pipeline in relation to internal pressure; K; — bulk
compression modulus for solids; E; and v; — Young’s
modulus and Poisson’s ratio of material of solid parti-
cles; K, — bulk compression modulus of a gaseous phase;
a, — velocity of sound in a gas bubble; G — specific de-
sorption flow; v,, v, V, — velocities of liquid, solid and
gaseous phases; pg, p;, p» — true densities of carrier lig-
uid, solids and gas in gas bubbles; C,, C, — volume frac-
tion of solid and gaseous matter in the mixture; C, =
=1- C, - C, — volume fraction of carrier liquid; p —
pressure; x — vertical coordinate; ¢ — time; Cxl,sz —
frontal resistance coefficient of a solid particle or gas
bubble; 2, &,, — Darcy friction factor of pulp or three-
phase mixture; D — pipeline diameter; g — free fall ac-
celeration; o — pipeline inclination angle; R;, R, — ra-
dius of a solid particle or gas bubble; k,, k, — coefficient
of influence of phase element on non-sphericity and
concentration. Indices denote: 0 — liquid, 1 — solid par-
ticle, 2 — gas bubbles, p — pulp, m — mixture.

Equations (1—10) are added with corresponding ini-
tial and boundary conditions that depend on the size of
gas content of sea environment in a specific region of the
World Ocean. The authors clearly understand that the
continuity equations (8—10) strictly describe the process
of mass transfer in a case of steam-water rather than gas-
water mixture, as in our case with the use of Henry’s law
[20]. However, at this stage of research, this assumption
may be acceptable. Universality of the mathematical
model is that in a case of neglecting the gas phase with
C, = 0 in equations (5, 8, 10), the resulting system of
equations automatically turns into (1—4). In other
words, the developed model describes processes in both
the lower and upper sections of a transport pipeline that
transports both the two-phase and three-phase mix-
tures. In addition, the equations are applicable for an
arbitrary orientation of a transport pipeline, since they
allow varying its angle of inclination. For the majority of
operating modes, the shape of a transport pipeline is ei-
ther vertical or inclined with a variable curvature, and
the productivity by solid material of a pumping deep-
water hydrolift significantly depends on the angle of in-
clination of a transport pipeline. The efficiency of the
model lies in a fact that only one type of equation is
used; this is essential for numerical integration of dif-
ferential equations for solving multidimensional prob-
lems. The developed model is integrated into an intelli-
gent iterative calculation procedure for numerical im-
plementation of the suggested approach.

Methodological support of the suggested experimen-
tal technology includes mathematical and software
parts. The enlarged structure of the research has a fol-
lowing form.

1. Based on results of geological exploration, a prom-
ising ocean region with high gas content in sea water is
determined for extraction of solid minerals.

2. After the complex is installed in the selected area,
a transport pipeline is conditionally split into two sec-
tions depending on the volume gas content.
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3. A two-phase model is used for the lower section of
a transport pipeline in the area of significant pressure
with insignificant gas content to determine flow rate and
energy parameters of a flow.

4. For the upper part of a transport pipeline with de-
creasing pressure and increasing gas content for a bubble
structure of a mixture flow, a three-phase model is used
in calculations.

5. Types of pumps, their location and their rational
amount are determined depending on a depth of a hy-
drolift.

6. Software modules for implementation of two- and
three-phase models describing the lower and upper sec-
tions of a transport pipeline are developed.

7. A simulation complex of pumping deep-water hy-
drolift is discovered in a final stage of designing. It com-
bines the developed software modules and is prepared
for design investigation.

Given the significant increase in the dimension of
problems associated with numerical methods for integrat-
ing differential equations, it is advisable to use the soft-
ware library for numerical computations in applied math-
ematics and science (GNU Scientific Library), which
significantly expands the set of mathematical possibilities.

Improvement of the pumping hydrolift is in reducing
the energy intensity of transporting the material using
the airlift effect and increasing the reliability and dura-
bility of installations by developing special designs that
eliminate interaction of solid material with blades of im-
pellers of pumping units.

Hydrotransport system operates as shown in Fig. 2.

The control unit 7 starts the pump /7 filled with sea-
water that starts pumping out the water concentrated in
the accumulator 4. When pumping the water from the
accumulator, a hydro mixture stream containing miner-
als begins to flow into it under the action of static pres-
sure. When the flow formed by the pressure pipeline
pump 3 passes through the accumulator, an ejection ef-
fect occurs due to the tip /2. This effect ensures that the
seawater concentrated in the accumulator 4 flows to-
gether with the high-pressure flow formed by the pump.

When the hydro mixture flow gets from the part of
the suction pipe 2, that is connected with an ocean ba-
sin, into the accumulator, the velocity of the hydro mix-
ture decreases. Thus, a process of continuous sedimen-
tation of solid particles from the suction pipe takes place
in the accumulator under the action of gravity. During
the sedimentation process, solid material enters the bot-
tom of accumulator, where it enters an ejection zone,
and is transported as part of the flow of the pressure
pipeline section. The design of the tip provides the re-
duction of the area of its cross-section in the direction of
a hydro mixture flow. This prevents the high-pressure
flow from the section of the pumping pipe getting into
the section of the suction pipe through the accumulator.
Thus, it is possible to continuously lift the raw mineral
materials within the hydro mixtures, preventing the in-
teraction of solid particles with the blades of operating
elements of the pump.

For the case of ensuring high productivity of hydro-
transport, a screw feeder is provided in the accumulator.
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Fig. 2. Hydrotransport system

The location levels of attachment zones of parts of a suc-
tion pipe, connected with the ocean basin and the
pump, to the accumulator are above the level of the
screw feeder /4. In this variant of a system, the control
unit starts the screw feeder after the pump reaches its
performance parameters. The screw feeder ensures the
guaranteed transfer of the entire volume of solid mate-
rial into the flow of the pressure pipeline.

The design of a tip described above also ensures the
efficient integration of the pressure pipe flow after solid
particles are integrated.

The trajectory of a flow of a suction pipe through the
blades 5 of the impeller 6 ensures its rotation, what con-
tributes to the sedimentation of raw mineral materials,
and also prevents the agglomeration of solid material in
the accumulator and clogging.

Avoiding the clogging of a hydrotransport system is
also achieved as a result of washing the entire area of an
accumulator bottom — the inclined trough 13, with a
flow of the discharge pipe.

After starting the pump, the control unit, using the
sensor for determining the flow rate of the liquid & and
the consistometer /0, controls the mass flow rate of the
solid material in a flow of a suction pipe before removing
solid particles from its composition. Using the sensor for
determining the flow rate of liquid 9 and consistometer
11, the control unit also monitors the mass flow rate of
raw mineral materials in a flow of the pressure pipeline
after the inclusion of solid particles removed from a
hydro mixture flow of a suction pipe. Next, the con-
trolled values are compared and their compliance is
achieved by adjusting the pump flow rate.

If it is necessary to increase the mass flow rate of the
solid component in a hydro mixture flow of the pressure
pipe after solid particles that are included in its compo-
sition, are removed from the hydro mixture of the suc-
tion pipe, the control unit increases the pump flow rate.

ISSN 2071-2227, Naukovyi Visnyk NHU, 2019, N 2
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Immediately before the system stops, the control
unit stops the pump and the screw feeder.

Restarting hydrotransport system is performed ac-
cording to the above algorithm. It is the combination of
a unique method of hydrolifting and an innovative
pumping unit, including a number of original designs,
which ensures the reduction of the energy intensity of the
process of transporting heavy abrasive slurries, simulta-
neously with increasing the reliability of the system, and
is know-how of this technology. In this context, im-
provements have been made to the previously known
methods and installations for hydrolifting of a two-phase
hydro mixture [20]. In order to increase the efficiency of
transportation of a three-phase soil-liquid-air mixtures
in the upper section of a transport pipeline, constructive
and functional changes have been suggested. A three-
phase mixture flow control unit /5, an intelligent hydro-
lift process control unit /6 in the entire transport pipe-
line (upper and lower sections), a three-phase mixture
flow sensor 77, a three-phase consistency sensor /& are
additionally included. In addition, in the upper section
of the transport pipeline, the types of pumps / are
changed. A number of features of installation are con-
tained within the corresponding know-how documenta-
tion for this design.

Conclusions.

1. The suggested pumping deep-water hydrolift is a
unique mining machine for the conditions of oceanic
areas with high gas content in seawater, and character-
ized by increased transportation efficiency of heavy
abrasive media due to the additional “free” airlift effect,
and having a high probability of technical implementa-
tion in complex conditions of great depths.

2. A new approach to calculation of unconventional
pumping hydrolift units which pump compressible and
incompressible hydro mixtures in long pipelines of vari-
ous inclinations is suggested, which allow investigating
the parameters of two- and three-phase flows effectively,
quickly and efficiently within a single mathematical ap-
paratus.

3. A mathematical and software modeling complex
and a method for calculating an unconventional pump-
ing deep-water hydrolift using the characteristic ratios
of hyperbolic differential equations describing the dy-
namics of multi-phase flows with the most complete ac-
count of forces of inter-phase interaction within the
bubble structure of the mixture flow have been devel-
oped.

4. An increase in reliability of the developed hydro-
transport systems of raw mineral materials is achieved
due to the guaranteed prevention of a possibility of clog-
ging of structural elements of an intelligent hydrolift sys-
tem by solid material and, as a result, a significant im-
provement in operating conditions in high-performance
pumps with high efficiency.

5. The implementation of a method of transporta-
tion of solid material in a composition of gasified sus-
pended liquid allows a less energy-consuming mode of
hydrolifting of heavy slurries due to the airlift effect
and reduces the wear of a pipeline. At the same time,
eliminating the interaction of abrasive solid material
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with impellers increases the reliability of pumping
units.

Prospects. At the next stage of development of this
technology, systematic modeling of design and opera-
tional parameters of a deep-water hydrotransport system
is envisaged in wide ranges of changes of its productivity
and depths of field development in order to determine
rational operating modes.
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Meta. Po3pobka MeTOAMYHOTO 3a0€e3MeYeHHSs YHi-
KaJIbHOTO CITOCO0Y HACOCHOTO TJIMOOKOBOIHOTO TipO-
ninitomy (HIT) nist TpaHcriopTyBaHHS 6aratodazHux
MOTOKIB i3 TBepOI0 (pakili€elo Ta iHHOBaLIIHHMX HACO-
CHUX YCTAaHOBOK IUISI IOTO peari3allil y CKIIagHUX YMO-
BaX BEJIMKUX TJTMOMH.

Metoauka. TeopeTuuHi JOCHIIKEHHSI MeXaHi3My
bararoa3HUX TeUiil y MNPOTOYHIM 4YacTUHI TpaH-
CIIOPTHOTO TPYOONPOBOAY TiAPOMiAiOMY Ta KOH-
CTPYKILIili HACOCHOI YCTAaHOBKH, IO TPaHCIOPTYE
BaXKy TiIpocyMilll 3 abpa3uBHOIO TBEpIOO pakiii-
€10 1151 TOOYI0BU afleKBaTHOI MOZIeJIi HACOCHOTO TN -
OOKOBOJHOTO TiAPOMigiOMY ra30BaHUX PiIUH 3 BEJIU-
KHUM razoBMicTOM. MeTonuka 6a3yeTbcsl Ha JIOTIUHIil
CTPYKTYPi AOCHiIXeHb 6araToda3Horo MoToKy B yMO-
BaX BEJIMKUX TPAMi€HTIB TUCKY I HOBOMY ITiIXOIi IO
pPO3paxyHKy IMOTY>XKHUX TiIpomigfioMiB, 110 MepeKa-
YyIOThb HEBPiBHOBAXKE€Hi Te€TEepPOreHHi CyMilll, sKi
CTHCKAIOThCS TAa € HECTUCIMBUMHU. 3aJIEXKHO Bil Be-
JIMYUHU TIOTOKY AeCcOpOliil i TIMOMHM Tigpormigiiomy
BU3HAYalOTh pallioHAIbHY KiJIbKiCTh HACOCHUX arpe-
raTiB i ix micle po3rainyBaHHsI. Po3paxoByloTh BU-
TpaTHi Ta e€HepreTUYHi IMapaMeTpu Ipoliecy TpaH-
CMOPTYBaHHS TiAPOCYMIillli 3 BUKOPUCTAHHSM Marte-
MAaTUYHOTO W MPOrpamMHOTO 3a0e3MeYeHHsT Croco0y
rinponigiiomy.

PesyasTaTn. 3ampornoHoBaHa eKCIepUMEHTaIbHA
TEXHOJIOTiS JUIST TPAHCIIOPTYBAaHHS BaXXKMX aOpa3uB-
HUX TipChKUX Mac B OKEaHIYHMX paifloHaX 3 BEJIUKUM
ra3oBMiCTOM y MOpChKiii Boai. Llst TexHomorisI 110IsI-
ra€ B MOE€AHAHHI iHHOBALIIMHOIO CIIOCO0Y HACOCHOTO
riponigiioMy TBEpAOro marepiainy y CKJjaji ra3oBa-
HUX pIiIUH i OpMUTiHAJIBHOI KOHCTPYKIIil HAcOCHOI
YCTAaHOBKU Ta BiAPi3HSIETHCS MOJIMIIEHUMU eKCILTya-
TalilHUMU XapakTepucTukamu. PospobiieHa HoBa
JIieTepMiHOBaHa MOJe/b HEpiBHOBaXKHOIO Garatodas-
HOTO MOTOKY B HaIipHOMY TPYOOTPOBOAI 3HAYHOI
MPOTSIXKHOCTI Ta CUMYJISILLIAHUAN MPOrpaMHUI KOMIT-
JIeKC.

HaykoBa HoBusHa. Po3po6ieHo yHikanbHuii HI'T,
1110 TPAaHCHOPTYE reTepOreHHi CyMillli, SKU CTBOPEHO
Ha OCHOBIi IPOTPECUBHUX HEPiBHOBAaXKHUX Oaratodas-
HUX MoJieJiell 3 ypaxyBaHHSIM MacOOOMiHHMX IPOLIECiB
JIecopOlrii, 110 BMKJIMKAaHI 3HAYHUMHU Tpali€eHTaMU
THUCKY.

IIpakTiyna 3HaumMicTh. 3amporiOHOBaHi i 3arma-
TEHTOBaHi iHHOBAIliliHi KOHCTPYKIIil HACOCHUX YCTa-
HOBOK, $IKi BUKJIIOYAIOTh MEPEenoApiOHeHHSI TBEPAUX
YacTOK LIJISIXOM YCYHEHHS B3aEMO/ii poO0Yoro KoJjeca
Hacoca 3 MaTepiajioM, 1110 TPAHCITOPTYETHCS.

Kmouosi cioBa: nacoc, mpybonposio, poboue koaeco,
eidpompancnopm, aza, mamemamuyHa mooens, eeme-
POCEHHI cyMiuli, KOHCMPYKUis
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Ieas. Pa3zpaboTka MeToguueckoro obdecrnedyeHust
YHUKAJbHOIO CcIocoba HAcOCHOTo TJyOOKOBOAHOTO
ruaponoabema (HI'T) mist TpaHcriopTUpoBaHUsT MHO-
roa3HbIX TTOTOKOB C TBEpAOM (dpakmueil 1 MHHOBA-
IIMOHHBIX HACOCHBIX YCTAHOBOK JUISI €TO peai3allii B
CJIOKHBIX YCIIOBUSIX OOJIBIIINX TJTyOWH.

Metomuka. TeopeTmyecKue HMCCICIOBAaHUS MeXa-
HU3Ma MHOTO(a3HBIX T€YEHUI B MPOTOYHON YacTu
TPAHCIIOPTHOTO TPYOOIIPOBOIA THAPOIIOAbEMa 1 KOH-
CTPYKLIMI HACOCHOW YCTAaHOBKM, TPAHCIIOPTUPYIOLLIEHA
TSKETYI0 TUAPOCMECH ¢ a0pa3suBHOM TBEPAOH (hpaKiv-
el Uil TIOCTPOCHUS aleKBaTHOW MOIEIU HACOCHOIO
IyOOKOBOJIHOTO THAPOITOAbEMA Ta3MPOBAHHBIX K-
KocTell ¢ 00JbIIUM TazocoaepkaHueM. Metonuka 6a-
3UpyeTcs Ha JIOTUYECKON CTPYKTYpe WCCIICAOBAHUIA
MHOTO(a3HOTO TTOTOKA B YCIIOBUSIX OOJIBIINX I'PaICH-
TOB JABJICHUS W HOBOM TIOIXOAE K pacdyeTy MOIITHBIX
TUAPOIIOTBEMOB, TIEPEKAYMBAIOIINX CXKIMaeMbIe 1 HE-
CXKMMaeMble HEepaBHOBECHBIC TE€TEPOTCHHBIC CMECH.
B 3aBUCUMOCTH OT BEIMUYUHBI 1€COPOLIMOHHOTO TTOTO-
Ka W TIyOWHBI THUAPOIIOABEMA OIPEACNISIOT pPaIro-
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HaJIbHOE KOJIMYECTBO HACOCHBIX aTPeraToB 1 X MECTO-
ToJIoKeHne. PaccumThIBalOT pacXomHbIC M SHEPIeTH-
YecKHe IapaMeTphl IIpoliecca TPAaHCIIOPTUPOBAHMS
TUAPOCMECH C MCIIOJIb30BaHMEM MaTEeMaTUYECKOIo U
MMPOTPaMMHOTO 00eCIIeueHUs Crocoda ruapoIoabeMa.

PesyabraTel. [lpennoxeHa sKcrepuMeHTalIbHask
TEXHOJIOTUS IJISI TPAHCITIOPTUPOBAHUS TSDKEIbIX abpa-
3WBHBIX TOPHBIX MacC B OKEAHNYECKUX paifoHax ¢ 00JTb-
IIM Ta30CoAepKaHueM B MOPCKOi1 Bome. JlanHas Tex-
HOJIOTHS 3aKJTIOUAeTCS B COYETAHUY MHHOBAIIMOHHOTO
CITocoba HaCOCHOTO THAPOTIOIbeMa TBEPIOTO MaTepHa-
JIa B COCTaBe Ta3MPOBAHHBIX KUAKOCTEH U OPUTHUHAIb-
HOM KOHCTPYKIIMU HACOCHOM YCTAHOBKY 1 OTIIMYIACTCST
VIAYYIIICHHBIMU 3KCIUTyaTallMOHHBIMM XapaKTePUCTH -
kamu. PaspaboraHa HoBasi IeTepMUHUpPOBAHHAsI MO-
JIeJTb HepaBHOBECHOTO MHOTO(ha3HOT0 ITOTOKA B HAIIOP-
HOM TpPyOOIIPOBONE 3HAYUTEIbHON MPOTSKEHHOCTU U
CUMYJISILIMOHHBIN IIPOrpaMMHBIA KOMILIEKC.

Hayunas noBuszna. PaspaboraH yHukanbHbiii HIT,
TPAaHCIIOPTUPYIOIINI TeTepOTeHHBIE CMECH, CO3IaH-
HBII Ha OCHOBE ITPOTPECCUBHBIX HEPABHOBECHBIX MHO-
roa3HbIX Mofesieil ¢ y4eTOM MacCOOOMEHHBIX Jie-
COPOIIMOHHEBIX TTPOIIECCOB, BEI3BAHHBIX 3HAUNTEIIBHBI-
MM rpamgreHTaMM JaBJICHUS.

IIpakTHyecKas 3HauMMOCTh. [IpenmoXeHbl 1 3ara-
TEHTOBaHBl MHHOBAIIMOHHBIC KOHCTPYKIINM HACOCHBIX
YCTaHOBOK, HMCKJTIOYAIOIINE TIepenu3MeTbueHUe TBEp-
IIBIX YACTHII TTyTeM YCTpaHEHMSI B3aMMOACHCTBUS pa-
Oouero KoJyieca Hacoca ¢ TPaHCIIOPTUPYIOIIUMCS MaTe-
pUaJIOM.

KmoueBbie cioBa: Hacoc, mpyboonposod, pabouee ko-
seco, eudpompaucnopm, ¢haza, mamemamu4eckas Mo-
denb, cemepocentble cMecu, KOHCMPYKUYUs

Pexomendosano 0o nybaikauyii dokm. mexH. HAYK
B. A. Ponaem. Jlama nadxoodxcenns pykonucy 06.04. 18.
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