Mining Science

YK 622.271 https://doi.org/10.33271/crpnmu/60.038

© A. Bondarenko?, O. Shustov!
! Dnipro University of Technology, Dnipro, Ukraine

SUBSTANTIATION OF THE PARAMETERS OF THE EROSION JET
UNDERWATER FACE

© A.O. bongapenko?, O.0. Illycros!
! HamionansHuii Texnivamii yHiBepcHTeT «JIHIIPOBCHKA MOiTeXHiKay, JIHinpo, Ykpaina

OBIPYHTYBAHHS MAPAMETPIB IIIJIBOIHOI'O BUBOIO
PO3SMUBAIOYOI'O CTPYMEHSA

Purpose: development of a mathematical model that describes the geometric parameters of the
contact surface of an inclined turbulent flooded axisymmetric water erosion jet with an underwater
face of incoherent soil.

Methodology consists in developing a physical model of a turbulent flooded axisymmetric water
erosion jet in contact with the underwater face of incoherent soil, a mathematical description of the
expanding and changing direction of the jet stream, statistical processing of experimental data with
the determination of numerical values of empirical coefficients.

Findings. A physical model is developed for the contact of a turbulent flooded axisymmetric water
erosion jet with an underwater face of incoherent soil. To develop a mathematical model, an assump-
tion was made about the possibility of describing the process by an idealized calculation model ob-
tained using experimental data and generalized by the methods of similarity theory and turbulent jets.
As a result of evaluative processing of experimental data, empirical dependences are obtained to de-
termine the geometric parameters necessary when constructing the contact surface of the erosion jet
with eroded soil. The final formation of a mathematical model of the underwater zone of erosion of
the suction dredge is carried out with the determination of the numerical values of the specified list
of empirical coefficients. Testing of the developed method for calculating jet desintegrants took place
during the development of the draft ejector dredger ZNS 630-90.

Originality. The criterion empirical dependence was established for the first time to determine a
sufficient number of geometrical parameters of the surface underwater face needed to adequately
build the contact surface of the erosion jet with eroded soil.

Practical value: The application of the developed mathematical model in the design of working
member of the ejection dredger ZNS 630-90 allowed, while maintaining the given productivity, to
reduce the equipment operating cost by 15%, to get the opportunity to mining soil with a grain size
of up to 200 mm, to reduce the sand production cost by 12%.

Keywords: underwater face, turbulent jet, jet disintegrant, incoherent soil.

Introduction. Working members with hydraulic disintegrants are used to inten-
sify underwater surface of incoherent soil of category 1 ... 2 in the absence of re-
strictions on the depth of mining. It is known that when soil is suction without prelim-
inary loosening, the soil mining process practically stops when the distance between
the pipe end and the bottom reaches 1,5 ... 2 diameters of the suction pipe [1]. Such
conditions necessitate the use of sophisticated methods of working movements or the
high qualifications of the dredgemeister. The use of hydraulic disintegrants allows to
increase the productivity of soil mining while reducing the cost. The essence of the
hydraulic method of disintegration and soil mining is that their primary separation from
the bottom is carried out by a hydraulic disintegrant, and the sludge is sucked by a
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suction tip, combined with a disintegrant in one working member. Devices that imple-
ment the hydraulic method of underwater face destruction are divided into two types:
devices for surface and deep erosion.

Relevance of research. One of the goals of studying the underwater erosion of
incoherent soils by a turbulent flooded water jet is to study the dependence of the shape
and size of the erosion zone on the initial parameters of the jet.

Previous surveys of erosion of incoherent soil made it possible to master the es-
sence of the phenomena that occur when underwater erosion of soil array by a vertical
and inclined water jet. As a result, physical and mathematical models of the indicated
processes were obtained, but the basic process, which proceeds in the face of a suction
dredger with hydraulic loosening of a rock mass, has still not been fully studied.

An analysis of previously performed work related to the calculation of the param-
eters of the underwater and sump vertical and inclined erosion streams indicates the
development of mathematical models to determine some basic parameters, such as
range, length, width [1 — 3]. These mathematical models are designed to establish the
values of a limited list of geometric parameters. In this regard, the use of such models
does not allow to obtain rational design and technological parameters of the working
member.

Presentation of the main research and explanation of scientific results. In the
present work, the task is to develop a mathematical model that allows to set the values
of a sufficient number of geometric parameters to build the contact surface of the ero-
sion jet with eroded soil. The mathematical model is constructed in accordance with
the previously developed physical model [3, 4]. Therefore, in this work, we consider
an inclined water turbulent erosion jet that separates particles of incoherent soil, with
the formation of a washout zone in the surface underwater face of a suction dredge
(Fig. 1). The erosion by a vertical erosion jet as a special case of an inclined jet is not
considered, since the real use of the working member of a suction dredge in an under-
water face is accompanied exclusively by the operation of an inclined erosion jet. Phys-
ical modeling of the underwater face of the erosion jet showed the presence of a free
moving phase range the erosion zone. In accordance with modern concepts, interac-
tions at such a boundary can be locally described, but their unique control is extremely
difficult. Therefore, when developing a mathematical model of the process, the possi-
bility of strong idealization of computational models obtained using experimental data
and generalized by similarity theory methods was accepted.

In order to develop a model of the contact surface of an inclined erosive jet with
an underwater face, we consider the scheme (Fig. 1).

Suppose a stream of incompressible fluid flows from a nozzle of radius R into an
array of incoherent soil, the average particle size of which — d.,. The nozzle is installed
on the surface of the bottom of the reservoir, while the axis of the jet passes through
the point of intersection of the forming surfaces of the mining ledge and its base. The
erosion zone formed by such a jet is called the underwater surface erosion zone. We
introduce some notation (Fig.1):

39



Mining Science

Fig. 1. Scheme of the interaction of an inclined erosive jet with incoherent soil in
the underwater face

R — nozzle radius, m; qu — nozzle diameter, m; ¢ — expansion angle of a half of the

jet, degrees; L(; — the length of the main section of the erosion zone; characterizes the

distance set aside along the axis of the jet between the nozzle and the projection of
point B on the axis, m; 0 — maximum half-width of the main section of the jet; char-

acterizes the distance from point B to the axis of the jet, m; LO — range of a jet; char-

acterizes the distance set aside along the axis of the jet between the nozzle and the point
of the erosion zone P lying on the axis of the jet as far as possible from the nozzle, m;

L,, — the most remote point of the erosion zone; characterizes the distance between
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the nozzle and the point of the erosion zone M, m; O, — distance from point M to the

axis of the jet, m; LZ — horizontal range; characterizes the distance between the nozzle

and the point of the erosion zone G lying in the horizontal plane, maximally distant
from the nozzle, m; U, — the initial velocity of the fluid from the nozzle, m/s; U, — soil

erosion speed on an inclined surface of the erosion zone, m/s; Q, — fluid supply through
the nozzle, section 0-0, m3/S; Ql — fluid supply through the section 1-1, m3/S; 0,

— fluid supply when leaving the erosion zone, m3 /s.

The modeling of the main section of the erosion jet is carried out taking into ac-

count the equality of supply of the jet body in sections 0-0 and 1-1, i.e.
Qo =Q1-

As well known, the speed of the jet in the 0-0 section is equal U, and in turn, the
speed on the contact surface of the jet with the eroded soil in section 1-1 — is the value
of the erosion speed on the surface with the corresponding angle of inclination. There-
fore, we have the equation

U,7R*=U 577Z'C2L52 :
Transforming the last equation, we obtain a dependence for determining the length of
the main portion of the erosion zone [3, 5]:
L5 — B i . (1)
c\Us”

When evaluating the data of laboratory experiments performed in the framework
of previous studies, it was found that the experimentally obtained jet expansion coef-
ficient, expressed from dependence (1) for the conditions of operation of an inclined
jet in an underwater face, is not a constant. In accordance with basic studies of turbulent
jets, it is known that when a turbulent flooded water stream flows into unlimited space,
the expansion angle of the half-jet corresponds to 12,6 degrees [6]. Hence, the expan-
sion coefficient of the half-jet

¢ =1g(¢)=0,22, ()
where @ — jet expansion angle.

Correspondence of the mathematical model to the real physical picture occurring
in the underwater face of a turbulent jet is possible when an empirical correspondence

coefficient K is introduced into dependence (1):
R |U
Lo=— |20 3
As a result of a preliminary analysis of the form of empirical curves [3, 5], the
dependence of the correspondence coefficient K on the initial velocity of fluid outflow

from the nozzle U g was obtained as
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k :E%jm(a—buo), @

where o —angle of repose of the underwater ledge of a suction dredger; & — angle of
inclination of the axis of the erosion jet, pending from the vertical, degrees;

a, b, m — empirical coefficients.
The proposed model for establishing the length of the main portion of the erosion

zone L5 allows us to determine the maximum half-width of the main portion of the jet

0 in accordance with the theoretical dependence

0 =cL; =tg(g)L, =0,22L;. (5)
Consideration of a turbulent inclined water jet forming sections of the rotation and
return flow (Fig. 1) allows us to judge the complexity of the ongoing processes for
performing mathematical modeling with the construction of a theoretical model. The
calculation of the forces of the influence of the jet stream on the medium, which leads
to the corresponding perturbations in the latter, is a very difficult problem in the hy-
drodynamics of jet flows. Therefore, in this work, the task is to develop a mathematical
model that allows to set the values of a sufficient number of geometric parameters to
build the contact surface of the erosion jet with eroded soil based on empirical models.
As a result of evaluative processing of experimental data, empirical dependences are
obtained to determine the geometric parameters necessary when constructing the con-
tact surface of the erosion jet with eroded soil [3, 5]:

Rev, 2 2
axial jet range Loo =cL, v dLaAU d + eLnd » M; (6)
U %/ 0
p
- Rev
the most remote point of the L, = cL, 3 n —dLMAUdep +eLMd2p, M @
erosion zone U I09070
distance from point M to the _ Revy, d 4%
_ mp Ou =65, —p =05, AT +e5, 0% M (g)
axis of the jet U |09070
Rev, 2p -
horizontal jet range L. =cL, U ggoyo —d, Agd™ +e dF, M. 9)

where ¢, dy e ;e ,dL, €L, ¢, ds, .85 cL,,dL,, e, —empirical

coefficients; A —conditional speed; d? - boundary soil size, taken equal to 0,00016 m.
The conditional speed Ay, is expressed as the ratio of the initial nozzle outflow

velocity ug to the known value of the erosion velocity Up for the soil in question. In
accordance with [5], the erosion speed of the soil on a horizontal surface is indicated

U €9070 . Then we write the equation for the conditional velocity in the form
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Ug

B U ggom ' (10)

Ay

The numerical values of the empirical coefficients were obtained as a result of
processing experimental data in a laboratory study of the erosion of the soil by an in-
clined turbulent jet in the underwater face of a suction dredger.

The final formation of a mathematical model of the underwater zone of erosion
of the suction dredge is carried out with the determination of the numerical values of
the specified list of empirical coefficients.

A laboratory study of the process was carried out under the influence of a turbu-

lent water jet on an array of incoherent soil with an average particle size dcp = 0,265
mm with tilt angles &= 15, 30, 45, 60, 75, 90 degrees and the diameter of the erosion
nozzle Dy=1,25; 2,0; 2,8; 4,0 mm [7].

For each angle, the number of experiments averaged 50. The process of underwa-

ter erosion of the soil by a turbulent water jet with angle of inclination of the jet axis
75 ° is shown in Fig. 2.

Fig. 2. Underwater erosion of the soil by a turbulent water jet with an angle of
inclination of the jet axis 75°
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The values of empirical coefficients were obtained as a result of data processing
using the least squares method implemented on the basis of the Mathcad program, as
well as statistical data processing in Microsoft Office Excel.

Statistical analysis of experimental data showed that the standard deviation of in-
dividual measurements from the calculated values, for example, for the length of the
main section of the erosion jet Ls, was 18,5 %, and for the range of the jet L, — 13,2

%. The confidence interval for the mathematical expectation with a confidence of 90%
was +4,5 % and 3,2 % of the calculated values, respectively.

Graphic images of the empirical dependence and experimental values, for exam-
ple, the range of the jet L, from the initial velocity of the fluid out of the nozzle, are

shown in Fig. 3. Analyzing the graphs, we are convinced that with an increase in the
initial velocity of the outflow, the studied parameters tend to increase and have a linear
dependence in the indicated speed range.

The application of the obtained dependences for determining the geometric pa-
rameters of the jet face and designing the jet desintegrants of suction dredgers is sim-
plified to the use of such well-known parameters as the radius of the erosion nozzle,
the initial velocity of the fluid from the nozzle, the erosion velocity on the erosion zone
inclined surface, empirical coefficients.

The developed method for calculating jet disintegrants was tested during the de-
velopment of the draft ejector dredger ZNS 630-90 [8-10]. As a result of pilot-industrial
tests carried out in 2009 of the ejector dredger ZNS 630-90, equipped with the soil
extraction device SGZ 630-90, its advantages and disadvantages are justified. The tests
confirmed the sufficient convergence of the calculated and experimental data, which
indicates the relevance of the developed method. The ejector dredger ZNS 630-90,
manufactured on the basis of the dredger MZ-11, during 2009, was widely used in
dredging and mining operations in the water area of the river Dnieper. Application of
the developed system of jet preparation and hydrotransportation under the indicated
conditions allowed:

— keep sand production productivity unchanged;

— reduce costs under the item “Costs for the maintenance and operation of equip-

ment” by 15%;

— reduce the time of maintenance and in-line repair of equipment by 28%;

— get the opportunity to mine soil with particle sizes up to 200 mm;

— reduce the cost of sand production by 12%.

The results obtained allowed us to recommend the ejector dredger ZNS 630-90
for production and already in 2010 - 2011 two such machines were made. At present,
ZNS 630-90 dredgers are successfully operated in the mining of non-metallic river
gravel deposits in Ukraine and diamond deposits in Liberia.
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Conclusions.

Analytical dependences for determining the geometric parameters of the main
section of the erosion jet are obtained as a function of the radius of the nozzle, the
velocity of the fluid from the nozzle, the properties of the eroded material in the form
of the erosion velocity on the inclined surface of the erosion zone, the expansion coef-
ficient of the jet, and the correspondence coefficient.

It was found that the correspondence coefficient, when determining the length of
the main section of the erosion jet, is directly proportional to the flow velocity of the
turbulent erosion jet and inversely proportional to the angle of inclination of its axis.

The type of criterial empirical dependence has been established to determine a
sufficient number of geometric parameters of the surface underwater face needed to
adequately build the contact surface of the erosion jet with eroded soil.
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AHOTANIA
Merta: po3poOka MaTeMaTUYHOI MOJIEN, sIKa OIHCY€E FeOMETPUYHI MapaMeTpH MOBEPXHI KOHTAKTY
MOXWJIOTO TYpOYJIEHTHOI'O 3aTOIUIEHOI'O0 OCECUMETPUYHOIO BOJSHOIO PO3MMBAIOUOTO CTPYMEHS 3
M1BOJJHUM BUOOEM HE3B S3HOTO IPYHTY.

MeToanka A0CTiZKeHb TIOJSrae y po3pooii Gpi3udHoi Mojieli TypOyJIEHTHOTO 3aTOINIEHHOTO Oce-
CUMMETPUYHOIO BOJSIHOI'O PO3MMBAIOYOI0 CTPYMEHsSI IpPU HOro KOHTAKTI 3 MiJBOJHUM BUOOEM
HE3B S3HOT0 TPYHTY, MaTeMaTUYHUNA OMUC CTPYMHMHHOTO MOTOKY SIKUIM PO3LIMPIOETHCS M 3MIHIOE
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HaNpsSMOK, CTATUCTUYHIA 00poOLli eKCIepUMEHTATBHUX JaHUX 3 BU3HAYEHHSM UYMCIIOBHX 3HAUYEHb
EeMITIpUYHUX KOSPIIi€HTIB.

PesyabTaTn aociigxennb. Po3pobnena ¢izuyHa MoAenb KOHTaKTy TypOyJIEHTHOTO 3aTOIJICHOTO
OCECHMETPHYHOTO BOJASHOTO PO3MHUBAIOYOTI0 CTPYMEHS 3 IiIBOJHUM BHOOEM HE3B’SI3HOTO TPYHTY.
Jist po3poOKH MaTeMaTUYHOT MOZEI MPUITHATE TPUITYIICHHS PO MOXKJIMBICTD OIHCY MPOIECY i1e-
aJIi30BaHOI0 PO3PAXYHKOBOIO MOJEIUIIO, OTPUMAHOIO 13 3aCTOCYBAaHHIM €KCIIEPUMEHTAIBHUX JTAaHUX
1 y3aranbHeHOi MeToJaMH Teopii moao0u i TypOyJIEeHTHHX CTpyMeHiB. B pe3ymbraTi OLIHOYHOI
00pOOKH EKCTIEPUMEHTAIBHUX JaHUX OTPUMAaHi EMITIpUYHI 3aI€KHOCTI JUIs BA3HAUYECHHS T€OMETPHY-
HUX TIapaMeTpiB, HEOOXIAHUX MPH MOOYAOBI MOBEPXHI KOHTAKTa PO3MHUBAIOUOTO CTPYMEHS 3 TPYH-
toM. KiHneBe (hopMyBaHHS MaTeMaTUYHOI MOJEJ1 M1JIBOJIHOI 30HH PO3MHUBY 3€MJIECOCHOTO CHapsija
BUKOHAHE 3 BU3HAYEHHSAM YHCJIOBHMX 3HAUYEHb YKA3aHOIO MEPENiKy eMIIIPUYHUX Koe(ilieHTIB. ANpo-
Oarrist po3po0JIEHOr0 METOAY PO3pPaxyHKy CTPYMUHHUX PO3MYIITyBadiB MPOUIILIA B X0l PO3POOKH
poeKTy exekropHoro 3emcHapsaa 3HC 630-90.

HaykoBa HoBM3HA. Yrepile BCTaHOBJIICHUH BUIJISAJ KPUTEPIAIbHOI €MIIPUYHOI 3aJIeKHOCTI AJIs
BHU3HAYEHHS JIOCTATHHOI KUTHKOCTI TEOMETPUYHUX TMapaMeTPiB MOBEPXHEBOTO MiABOJIHOTO BUOOIO,
HEOOX1THUX JIJIs a/IeKBaTHOI MOOY0BU MOBEPXHI KOHTAKTY PO3MHMBAIOUYOT0 CTPYMEHS 3 TPYHTOM.

IIpakTruyHe 3HAYeHHsI: 3aCTOCYBaHHS PO3pOOIECHOI MATEMAaTUYHOT MOIEII1 ITPH IPOEKTYBaHH1 IPyH-
T03a0IpHUX TIPUCTPOIB exxekTopHOro 3emcHapsiaa 3HC 630-90 mo3Bonuiam mpu 30epekeHH] 3a1aHo1
MIPOJYKTUBHOCTI 3MEHIIMTH BUAATKH Ha eKCIuTyaTallito oonagHanss Ha 15%, oTpuMaTu MOXIIMBICTh
PO3pOOIIATH TPYHT KpymHHIcTIO 10 200 MM, 3HU3UTH COOIBApTICTh BUIOOYTKY micKy Ha 12%.

Knrouoei cnosa: niosoonuii 6uobiil, mypoyienmuuti Cmpycitb, 2i0pasiivHull po3nyuly8ad, He36 s3Hull
2PYHM.

AHHOTALIUA
Hean: pazpaboTka MaTeMaTHYECKOW MOJIETH, OMMCHIBAIOIICH T€OMETPUUYECKUE MTapaMeTPhl TTOBEPX-
HOCTHU KOHTAaKTa HaKJIOHHOW TypOYJEHTHOHN 3aTOIUICHHONH OCEeCHMMMETPUYHON BOASHON pa3MbIBalO-
el CTpyu ¢ MOJIBOJAHBIM 3a00€M HECBSI3HOTO TPYHTA.

MeToauka uccjieloBaHu COCTOUT B pa3paboTKe Pu3nuecKoi MoJIenu TypOyJICHTHON 3aTOIICHHOM
0CECHMMMETPHUYHOMN BOASIHON pa3MbIBAIOLIEH CTPYH MPH €€ KOHTAKTEe C MOJBOJHBIM 3a00€M HECBSI3-
HOT'O IPyHTa, MaTeMaTUYEeCKOE ONKMCAHUE PACIIUPSIONIETOCS U MEHSIOIIEr0 HalpaBIeHUe CTPYITHOrO
MOTOKA, CTATUCTHUYECKON 00pabOTKEe IKCHEPUMEHTAJIbHBIX JAHHBIX C OMpPENEICHUEM YHUCICHHBIX
3HAYEHUHN SMIUPUIECKUX KOIPPHUIINEHTOB.

PesyabTarsl nccaenoBannii. Pazpaborana pusmueckas Mojiesb KOHTaKTa TypOyJICHTHOH 3aTOIJICH-
HOW OCECUMMETPHYHOW BOJSTHOW Pa3MBIBAIOLICH CTPYH C MOABOIHBIM 3a00€M HECBS3HOTO IPYHTA.
Jnst pa3pabOTKH MaTEeMaTHYEeCKON MOJIENU MPHUHATO JOMYIIEHHE O BO3MOKHOCTH OIMCAHMS IPO-
1[ecca uJIeaTu3UPOBaHHON pacueTHOM MOETBIO, TIOTYYSHHON ¢ MPUMEHEHHEM SKCIIEPUMEHTATBHBIX
JAHHBIX U 0000IIEHHON METOJaMU TeOpUHU No100us U TypOYIEHTHBIX CTpY. B pesynbTare omeHou-
HOM 00pabOTKH IKCTIEPUMEHTANBHBIX TAHHBIX MOTYYSHBl SMIUPUYECKUE 3aBHCUMOCTH JIJIsl OTIpeie-
JICHUS] TEOMETPHUYECKUX MMapaMeTPOB, HEOOXOIUMBIX MPHU MOCTPOSHUH MOBEPXHOCTH KOHTAKTa pas3-
MBIBAIOIIEH CTPYH € pa3MbIBaeMbIM I'pyHTOM. OKOHYaTeITbHOE (POPMUPOBAHNE MATEMATUIECKONU MO-
JIeNTd TIOJBOJIHOM 30HBI pa3MbIBa 3€MJIECOCHOTO CHApsa BHITIOJHEHO C OMpEeAENICHHEM YHCIOBBIX
3HAYEHUH YKa3aHHOTO TMEePEYHs SMIUPHUECKUX KOIPPUIIMEHTOB. Anipodanus pa3paboTaHHOTO Me-
TOJIa pacyeTa CTPYWHBIX Pa3phIXJIUTENEH MPOoIUIa B X0/Ie pa3paboTKH MPOEKTa 33KEKTOPHOTO 3eMCHa-
psga 3HC 630-90.
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Hay4ynass HoBH3HA. BriepBble yCTaHOBIIEH BUJ KPUTEPUAIBHON SMIIMPUYECKON 3aBUCUMOCTH JUIS
OIPEIIEIICHUS IOCTATOYHOI'O KOJIMYECTBA NEOMETPUYECKUX MapaMEeTPOB IIOBEPXHOCTHOI'O MOABOJI-
HOTro 320051, HEOOXOUMBIX JUISA a/IeKBaTHOT'O MOCTPOSHHS TTOBEPXHOCTH KOHTAKTa Pa3MbIBAIOIICH
CTPYH C Pa3MbIBAEMBIM I'DYHTOM.

IIpakTnueckoe 3Hauenue: [Ipumenenne pazpaboTaHHON MaTeEMaTUUYECKON MOJENN IIPH MPOEKTH-
pOBaHUM IPyHTO3a00pPHBIX YCTPOMCTB 33kekTopHoro 3eMcHapsiaa 3HC 630-90 no3sonunu npu co-
XpaHEHUU 33/1aHHOM MTPOU3BOJUTEILHOCTH YMEHBIIUTh PACX0/Ibl HA SKCILIyaTaluo 000py10BaHUS
Ha 15%, nony4uTh BO3BMOXKHOCTB pa3padaTbiBaTh IPYHT KPYNHOCTHIO 10 200 MM, CHU3UTH cedecTo-
UMOCTb J100bIuM niecka Ha 12%.

Knrouesvie cnoea: noosoonwlii 3a60t, mypoyieHmuas cmpys, 2UOpasIudecKuti paspoixiumens, He-
CBA3HBIU 2PYHM.
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