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DYNAMICS OF HEAVY VIBRATING MACHINES TAKING
INTO ACCOUNT INSTABILITY IN TIME
OF THEIR PARAMETERS

Abstract. Underground mining of uranium ores consists of several technological processes, one of the most
important of which is the release of broken rock from the working excavation zone and loading it into transportation
vehicles. The issue of increasing the intensity of production requires a simultaneous increase in the productivity of all
production processes, including the production of mineral raw materials. At the same time, it is necessary to create
both a high-performance and a safe process. This problem is successfully solved by the use of vibration machines
with elastic links made of elastomeric materials, which, along with an increase in productivity, can reduce energy
consumption and the number of freezes. An integrated approach was used, which includes analytical studies and
results of industrial tests of vibratory feeders for underground mining and delivery of uranium ores and building
materials. On the basis of the developed algorithm and synergistic model of fatigue microfracture of rubber links in
vibratory feeder, mathematical equations were obtained, which made it possible to describe dynamics of feeders with
time-depending parameters; when solving the integro-differential equation of the oscillatory system, the dependence
of the amplitude characteristics of the feeder on the time of its operation is obtained. An original algorithm and
synergistic model were developed, and on their basis, a mathematical apparatus was created, which allowed
determining change of amplitude of vibratory feeder oscillations during its operation. On the basis of analytical
calculations, a method was developed and introduced for predicting changes of parameters change of oscillation
amplitudes of vibratory feeder used for underground mining and feeding of uranium ores.

Key words: vibratory feeder, vibrations, synergetic model, fatigue failure.

Introduction. During the long-term operation of mining machines, the physical and mechanical
properties of elastic links based on elastomeric materials do not remain constant, but change significantly
due to aging of the material from a long cyclic load or the action of an active external environment, for
example, radiation fluxes. This leads to a change in the parameters of the machines themselves and the
disruption of technological processes [1-5].

The presence of experimental data on changes in the basic mechanical properties of elastic links over
time, such as shear modulus G and dissipation coefficient y for given loading conditions, significantly
simplifies the calculation of vibratory machines. However, such experimental information is in most cases
absent since to obtain it requires a variety of and fairly lengthy studies. Below we consider an algorithm
that allows one to determine the mechanical characteristics with a minimum of experimental data, taking
into account the microdestruction that develops in elastic links.
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The purpose of the work is the development of a synergetic model and algorithm for calculating
vibration feeders taking into account the instability in time of their parameters; confirmation of the
analytical model by the results of industrial tests.

Method. In this paper, we consider the dynamics of heavy mountain vibrating feeders of the VOF
type (vibrating ore feeders) working under the rubble for the production and delivery of uranium ores.
Structurally, VOF vibrating feeders are a single-mass oscillatory system; prismatic rubber elements of the
RMB type (rubber-metal blocks) serve as elastic links. During operation, such elements experience simple
shear deformations; their physical and mechanical parameters are unstable in time: the shear modulus
increases, and the dissipation coefficient decreases. Such a change is mainly associated with aging
processes inherent in all elasto-hereditary materials, which include rubber [6-10].

The calculation algorithm described below uses the Walpole method developed for composite
materials [11,12], which consists in the fact that the characteristics of the material are determined
averaged by the characteristics of the main material, the characteristics of the material of the inclusions
and depending on the concentration of these inclusions.

In our case, the main material is intact rubber, and the inclusion material is the microdestruction that
develops in the main material.

It was previously shown [13] that for cases when instantaneous modulus G of initially homogeneous

material and elastic modulus of inclusions G, do not depend on time, and when inclusions in material are
only of one type, then instantaneous value of effective moduli G, of non-uniform material, i.e. material
with different inclusions, can be represented as:

« -1 -1
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where G, is tensor of inclusion elastic modulus, Pa; 60 is isotropic tensor, which is connected with the
tensor of the moduli G/ of the material basic matrix by the known ratio [14], Pa; p is total concentration
of inclusions in typical volume of material; I is identity tensor.

Hence, value of G, can be obtained after determining G, andG,, and performing appropriate

mathematical operations.

With the help of physical model of rubber fracturing [15] under the action of cyclic loading, we
obtain ratio for effective modulus of the rubber in question, whose mechanical properties change
significantly as a result of structuring processes: shear modulus increases, and dissipation factor decreases.
It should be noted that in this paper, only one macroscopic characteristic of rubber is considered, namely,
effective shear modulus. Despite availability of experimental data, it is impossible to take into account
dependence of dissipative properties on developing fracture directly in the general algorithm because of
absence of well-developed mathematical apparatus.

With taking into account experimental information mentioned above [15], let’s accept the following
synergistic model of fatigue fracture of rubber elements. Sample is a set of material points, each of them
features the same properties as the source material. Process of accumulation and development of
microfractures is interpreted as formation, in the initially homogeneous and isotropic material, of some
areas with inclusions (areas containing fractures) with new properties, though identical in all areas.

When calculating the effective modulus, a number of assumptions is made; rubber in the initial state
is homogeneous and isotropic; the modulus of the resulting inclusions is n times larger than the modulus
of the base material; developing inclusions are mathematically characterized by a matrix of elastic moduli
similar to the matrix of elastic moduli of the base material; the elastic modulus of the material inclusions is
independent of time.

Taking into account the proposals made, and presenting the independent components of stress tensor

in the form of a six-dimensional column matrix [16], matrix of elastic moduli G} can be written in the
following way
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2E/3 0 0 0 0 0
0 2E/3 0 0 0 0
A 0 0 2E/3 O 0 0
G(; = / l Pa1 (2)
0 0 0 2E/3 0 0
0 0 0 0 2E/3 0
0 0 0 0 0 2E/3
matrix of elastic moduli of microdamages can be written as
2En/3 0 0 0 0 0
0 2En/3 0 0 0 0
A 0 0 2En/3 0 0 0
0 0 0 2En/3 0 0
0 0 0 0 2En/3 0
0 0 0 0 0 2En/3

where E is elastic modulus of medium, Pa.
To obtain the values of the moduli G;, by the formula (1), it is necessary to determine all the tensor

guantities included in this expression and perform the corresponding mathematical operations with them.
So, the components of the tensor G, are presented in the form
oijkl = MSHSH +M(&I8ik +8jI8ik)’ Pa, (4)
3\ +8u 2(3)+8u)
and tensor itself has the following form

10E/9 E/9 E/9 0 0 0
E/9 10E/9 E/9 0 0 O
é - E/9 E/9 10E/9 0 0 0f o )
0 0 0O E 0 0
0 0 0 0 E 0
0 0 0 00 E

where A and p are the Lame coefficients for basic medium, s': § are the Kronecker symbols; i, j, k,
1=1,23.

Tensor operations: sum of tensors, inverse tensor and convolution of tensors are performed according
to the known formulas for tensor analysis [16]. Finally, we get the following expression for

A 0O 0 0O

. Pa. (6)
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Here, the following expressions are accepted
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When n =0, i.e. in the absence of any fractures, effective modulus coincides with the modulus of the
source material; when n =1, effective modulus coincides with the modulus of microdamages. These
conclusions are natural as they follow from the very statement of the problem and validate correctness of
the made calculations.

In this way, dependences of stresses and strains on the magnitude of microfractures, which are
developing in the material, can be obtained. And relation between the deformation y and stress t in this
case is expressed as

r=é;f v, Pa, (8)
where

DS Wi o) P ©
(n +2] +p(L-n)

Here, G;, is initial value of the source material modulus, Pa.

Results and discussion. Let’s use the obtained results for calculation of effective modulus of RMB
type elements made of 2959-type rubber (on the basis of natural caoutchouc with filling of 45 mass parts
of black carbon), for which initial value of rubber dynamic is G;, = 1.60 MPa (at an oscillation angular
frequency o = 60-80 rad/s). Let’s use the previously obtained in [6, 8-10] experimental results on time-
dependent change of the shear modulus for elements made of rubber 2959, and let’s assume that n = 1.2,

Let’s consider a concrete example. Let it be necessary to predict a change of oscillation amplitude in
ore vibratory feeder of the VPR-4m type, elastic links of which are made in the form of shift elements of
the RMB type. Parameters of vibratory feeder are as follows: mass of vibrating elements is m = 3770 kg;
oscillation angular frequency is ® = 101.5 rad/s; initial value of instantaneous shear modulus for rubber is
Gin = 1.76 MPa; and dissipation coefficient is v = 0.31.

Equation for the vibrating elements movements in the vibratory feeder is

mx +C,X = Psinwt , (20)

where m is mass of the work member, kg; C; is reduced stiffness of the main elastic links, N/m; P is
exciting power, N; o is loading angular frequency, rad/s; t is time, s.
The solution of equation (10) is expressed as

x = asin(ot — ), (11)

where X is coordinate, m; o is phase, rad.
Express the dependence of the amplitude of the conveyor oscillations as follows

a= Q .
02— A(0)]- 0 + B o)

Here a is amplitude of oscillations, m; Q is the force of inertia, N; o is natural vibration angular
frequency of an ideally elastic system, rad/s; Ai(®w) and B;(w) are rheological characteristics of rubber
(cosine and sine Fourier transform of a fractional exponential function) [6].

Values for effective modulus were determined from the dependence G ~ p/pir by the formula (9),
rate of critical fracture py, = 5,6 was taken according to the experimental data obtained in [6], and kinetic
curve p(t) was also obtained experimentally on model samples with long-term cyclic loading.

Time dependence of vibratory feeder amplitude calculated in this way is shown in figure and, as it is
seen, satisfactorily coincides with experimental data [6]. This coincidence confirms the suitability of the
proposed method for calculating mechanical characteristics of vibration machines, the elastic links of
which change their parameters over time. As it is seen, oscillation amplitude decreased from 5.2 mm to
3.7 mm after 24,000 hours and led to degradation of vibratory feeder productivity.

It should be noted that in engineering practice, change of oscillation amplitude in vibratory machines
during their long-term operation is quite frequent phenomenon. In practice, this undesirable phenomenon
is usually eliminated by changing frequency of drive oscillations or, in case of excessive stiffness, by
replacing elements in the elastic suspension.

(12)
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Change of oscillation amplitude of the VPR-4m vibratory feeder
at long-term operation: the points is experimental data, the line is calculated curve

Conclusions. 1. A synergistic model and algorithm were developed for calculating vibratory feeders
for drawing and feeding uranium ores with taking into account time-dependent instability of elastic
suspension parameters.

2. When solving the integro-differential equation of the oscillatory system and taking into account the
unstable in time rheological parameters of the rubber elements of the elastic suspension of the feeder, the
dependence of its oscillation amplitude on the operating time is obtained; calculation results satisfactorily
coincide with the data of industrial tests.

B. U. I[blp;:[al, H. . .JIncnual, B. A. .JIammz, T. H. Aram,uonl,
E. B. Kanramc033, A. B. TOHCTeHK03, AL A. IIepﬂm”l3

MonskoB aThiHmarel YKpaHHa YITTHIK FLTEIM aKaAEMUSCHIHBIH
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IHAPAMETPJIEPI YAKBITBIHIATBI TYPAKCBI3/IBIKThI
ECKEPETIH AYBIP JIPIJI MAINNHAJIAPBIHBIH JTUHAMMKACHBI

AHHOTanMsi. YpaH KeHiH XepacTbl eHIipy OipHeIle TeXHOJOTHSUIBIK YIepicTepAeH Typajbl, ONapAblH €H
MAaHBI3IBICBIHBIH Oipl — CHIHFaH Tay JKBIHBICTAPHIH Ta3apTy KEHICTITiHEH IIBIFApy JKOHE OHBI KOJIK KypalgaphlHa
THEy. OHIIpIC KapKbIHIBUIBIFBIH apTTHIPy Maceseci 0apiblK eHAIPICTIK yAepicTepiH, OHbIH IIIiHAE MHHEpPAaNIbI
LIMKI3aT OHIIPICIHIH OHIMALIIrIH Oip yakbITTa apTThIpyabl Tajamn ereni. COHbIMEH Oipre »orapbl THIMALTIKTI e,
Kayirci3 yaepicti e Kypy KaxeT. Bys1 Macese ayiacToMepIiik MaTepraigapAaH skacajiFran cepriMi OaillaHbIChl Oap
JUpLT MalIMHAApbIH KOJJaHy apKbUIbl COTTI IIelniieai, Oy jkaFiail eHIMAUIIKTIH jKoFapbulaybIMeH Oipre sHeprus
LIBIFBIHBIH KOHE KAThII KaJly CaHbIH a3aiiTyra MyMKIHIIK Oepei.

OPTYPIi TEXHOJOTHSUTBIK MaKcaT YIIH TipiJl TEXHOJOTHSICHIH JKacayablH QJIEMIIK TOKIPUOECIH 3epTTey OHBIH
HETi31HeH MUHepaIbl OCTiHIe OHJIEY YIIiH KOJIAHBUIATBIHIBIFBIH KepceTTi. JKepacThl xaraalbIHIa Aipil TEXHOJO-
THSCHIH KOJJIaHy 9JIEMIIIK TOXipuOee ic )Ky3iHAe KOK, COHBIMEH KaTap Oy Macese OOMBIHINA FEUTBIMU 9IcOHeTTEp
Je Ke3/ecner .

JKymbIcTa ypaH KeHiH OHAIpY KoHE jKeTKi3yae Onokanga acTelHIA kyMmblc ictedTiH VPR tunreri aysip mipin
Oepetin ¢unepiep (mipin keHiH Oepy) AMHAMHUKAchlH KapacTblpambl3. KypbeUIBIMIBIK TyprbliaH anranga, VPR
nipingerkimrepi — OipTekTi Maccainsl TepOenic xyheci; BRM tunreri npusMansilk pe3eHKe 3JIeMEHTTep (pe3eHKe-
MeTayul OJIOKTap) cepmiMai OysIH peTiHzae Kbi3MmeT ereni. JKyMbIc Ke3iHae MyHAal 3IeMEeHTTep KapamaibiM BIFBICY
nedopManusiapbiHa YINBIPaiIbl; oapAbH (U3MKANBIK )KOHE MEXaHUKAJIBIK MapamMeTpiiepi yakbIT OOWBIHILA TYpaK-
CBI3: BIFBICY MOJIYJI JKOFapbUIAii/ibl, ayl BIABIpAay Kod(duuueHTi ToeMeHaenai. MyHmait e3repic HeETi3iHEH pe3eHKE
KipeTiH OapJIbIK 37aCTO-TYKBIM KyalalTBIH MaTepuangapra TOH KapTaro yaepiciHe OaillaHBICTBI OOJIBIN Kelei.

AHaNUTUKAIIBIK 3€PTTEYJIepAl JKOHE ypaH KEeHiH, KYPBUIBIC MaTepUalIapbIH KEPACThl Ka3blll LIbIFApy/ia jKOHE
JUpLIIl OHEPKACINTIK ChIHAY HOTIIKEJIepiH KOCKAaHAa KEeUIeHAl TACLI KOJIAaHBUIABL O3IpJICHIeH alllTOPUTMIE JKOHE
TepbenmMeni OeprimiTiH pe3eHke OaiiaHbICTaphl MHUKPOKPEKHHTIHIH CHHEPIeTHUKAJIBIK MOJEINIHE CyHeHe OTBIPHIII,
YaKbITTBl TYPAKChI3 NapaMeTpiepMeH KOPEKTEHIprilTep AMHAMUKACHIH CUIIATTayFa MYMKIHIIK OepeTiH MaTeMaru-
KaJbIK TEHICYJICP AaNbIHIBI; TepOeIMeNi XYWEHIH HHTErpo-mudQepeHINaniblK TCHICYIH MICMKeHAe (QUIepIiH
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aMIUIMTY/a CHIIATTaMallapbIHbIH >KYMBIC YaKbITBIHA TOYEJAUIIr anbiHaabl. TYIHYCKa alropuTM KoHE CHHEpreTHKa-
JIBIK MOJIEJTh KacaJlAbl )KOHE OJIapJIbIH HETi3iH/e MaTeMaTHKaIBIK armapar KYpbULAbL, OJI )KYMBIC Ke3iHae Iipin Oep-
rimTig TepOetic aMIUIMTYIaChIHBIH 63TepyiH aHBIKTayFa MYMKIHIIK Oepe/i. AHaJTUTHUKAJIBIK €CeNTey HEeTi31Hae Aipit
OeprimTiH TepOenic aMIUINTYyAachl MapaMeTpIIepiHiH e3repyiH 0oipkay ofici »acalabl jkeHe eHrisiunmi. byn amic
ypaHZpl IaxTajga KyMeIc icten TypraH VPR-4 M gipin GepriwiHig TepOesic aMIUIMTYJaChIHBIH ©3repyiH ecernTey
YIIiH pyAaHBI TOTy KoHE apOanapra THey Ke3iHae mainaraneuiasl. MyHIai Gunepnepain xKyMbIc Mep3iMi IIaMaMeH
2-3 xpul. Y BUOpaTopisl ¢uuep KYMBICBIHBIH OYKin ke3eHiHAe (mamamen 30 MBIH caraTr) JKYMBIC OpTaHIapHI
TepOenicTepiHiH aMIDIUTYIackl MEH XHLJIITiH eIIey OObIHIIA IKCIEPUMEHTTIK 3epTTeyiep KYPri3iiai. ANbIHFaH
ecernTey HOTIKENepi OHIIPIiCTIK ChIHAK HOTIKeJIepi OOMBIHIIA KaHAFaTTaHAPIBIK ACHTeHIe.
Tyiiin ce3aep: mipin Oeprimi, Aipis, CHHEPTETUKAIBIK MOJEIH, IIapIIay.
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JTAHAMUKA TSKEJBIX BABPAITMOHHBIX MAIIIUH
C YYETOM HECTABWJIBHOCTH BO BPEMEHU UX TIAPAMETPOB

Annoranus. [TonzemHast pa3paboTka YypaHOBBIX Pyl COCTOUT M3 HECKOJBbKHX TEXHOJIOTHYECKHX IIPOLECCOB,
OJIHUM U3 HamboJsiee BaXKHBIX U3 KOTOPBIX SBISAETCS BBITYCK OTOMTOH FOPHON MAacChl U3 OYMCTHOTO NMPOCTPAHCTBA U
Norpy3ka €€ B Cpe/ICTBa TPaHCIOPTHPOBKU. BONpoc MOBBINIEHHS NHTEHCUBHOCTH JTOOBIYM TPEOYyeT CHHXPOHHOTO
MOBBIIIEHHUS MTPOU3BOIUTEIBFHOCTH BCEX IPOLIECCOB JOOBIYM, B TOM YHCJE U BBIIYCK MHHEPAJIBHOTO ChIpbs. [Ipu
3TOM HEOOXOAMMO CO3/1aBaTh KaK BHICOKONIPOM3BOANTENLHBIN, TAK U O€30IacHbIH Iporecc. JTa npodiaema yCIenHo
pemaercs MpUMEHEHHEeM BHOPAaIMOHHBIX MAIlMH C YIPYTHMMH 3BEHBSIMH M3 3JIACTOMEPHBIX MaTE€pHalIOB, KOTOpHIE
HapsALy C YBEJIMYEHUEM NIPOU3BOAUTENLHOCTH MO3BOJSIOT CHU3UTh SHEPrOEMKOCTh M KOJIMYECTBO 3aBUCAHHH.

W3yueHne MUpPOBOTO OIBITA CO3JaHWS BHOPAIMOHHON TEXHWKH PA3IMYHOTO TEXHOJOTMYECKOr0 Ha3HAuCHHUS
MI0Ka3aJ0, YTO MPEUMYILECTBEHHO OHA HCIOJIb3YeTCs IS epepaboTKi MUHEPAIBLHOTO Ha HoBepxHOCTH. [Ipumene-
HHUe BUOPAMOHHOM TEXHUKH B CTECHEHHBIX MOJ3EMHBIX YCJIOBHSIX B MUPOBOW NMPAKTHKE MPAKTHYECKH OTCYTCTBYET,
a TaK)Ke OTCYTCTBYET U Hay4yHas JINTEPATypa 110 JaHHOMY BOIIPOCY.

B craThe paccmaTpuBaeTcsi AMHAMMKA TSOKEBIX TOPHBIX BUOpaIMOHHBIX nurTaTesneil Tuna BIIP (BubpannonHsie
MUTaTeN PYAHbIE), paOOTAIONINX MO/ 3aBAJIOM Ha BBIMTYCKE M JIOCTABKE YPaHOBBIX pyll. KOHCTpYyKTHBHO BHOpoOMUTa-
tenn BIIP npencraBisiioT co00il 0THOMACCHYIO KOJIeOaTeIbHYIO CHCTEMY; YIIPYTMMH 3BEHbSIMU CIIy)KaT NPU3MAaTH-
YecKue pe3MHOBBbIE 3JeMeHTHl Tuna bPM (6moxu pesnHOoMertammudeckue). Ilpu skcIuryaTtariuu Takue 3JI€MEHTHI
UCTIBITBIBAIOT JepopManuyl MpocTOro CABWTa; MX (PU3MKO-MEXaHWYECKHE IMapaMeTphl BO BPEMEHHM HecTaOMIIbHBIL:
MO/JIyJIb CJIBUT'a YBEIHUMBAETCs, a KO3 uimeHT auccunanny ymeHbiaercs. Takoe n3MeHeHHe CBSI3aHO B OCHOBHOM
C IPOLIECCAMHU CTapPEHHUS, IPUCYIIUMU BCEM YIIPYTrO-HACIEACTBEHHBIM MaTepHralaM, K KOTOPbIM OTHOCUTCS U PE3MHA.

Hcnonp3oBaH KOMIUIEKCHBIM MOAXOM, BKIIOYAMOIIUM aHAIMTUYECKHE HUCCIEAOBAaHHMS M PE3YNbTaThl
MIPOMBIIIJICHHBIX UCTIBITAHUH BUOpONIUTATEINCH TPH MOA3EMHON HOOBIYE U I0CTaBKE YPAHOBBIX PYA U CTPOUTENBHBIX
MarepuasioB. Ha ocHOBe pa3pabOTaHHBIX aJrOpUTMa M CHHEPTETHYECKOW MOJIENH YCTaJIOCTHOIO MUKPOPa3pyIICHHS
PE3MHOBBIX 3BEHBEB BHOPOMHTATENS MOJYYCHHI MAaTeMaTHYECKHE YPAaBHEHHS, MO3BOJIIIONINE ONMUCATh TUHAMUKY
MUTaTeNNel ¢ HeCTaOMIBHBIMU BO BPEMEHH ITapaMeTpaMu; TP PEIIeHNH WHTETPo-An(epeHINaIbHOTO YPaBHEHUS
KoJIe0aTeNnbHOM CHCTEMBI MOJy4eHa 3aBUCHUMOCTh AMIUIMTYJHON XapakTepUCTUKH MHUTATeNs OT BPEMEHH €ro
JKCIUTyaTaruu. Pa3paboTan OpUrHHAIBHBIN aITOPUTM M CHHEPreTHYEeCKas MOJIENb M Ha UX OCHOBE CO3IaH Marte-
MaTHYECKUH ammapar, MO3BOJIIONINNA OMpPENeuTh W3MEHEHHE aMIUINTYIBl KOJIeOaHnil BHOpOIHTATENS B TCUCHUE
ero skcruryaranuu. Ha ocHOBe aHanMTHYECKHX pacuéToB pa3paboTaH M BHEAPEH METO] MPOrHO3MPOBAHUS HU3MEHE-
HUSI TApaMeTPOB aMIUIMTYAbl KoyeOaHuid BHOponuTareis. DTOT METOJ| MCIOJNb30BaH Ul Pacuéra HW3MEHEHHS
aMIUTMTY/bI KoJieOaHuii BuOpanonHoro nurarens tuna BITP-4m, paGoraroniero B ypaHOBOM pyJHHKE TOJ 3aBajOM
IIPU BBIITyCKE PyJbl M HOTPYy3Ke €€ B BarOHETKH. J[JIMTENBHOCTh SKCIUTyaTallMM TaKWX MUTATeJeld NnpuMepHo 2-3
roga. Ha nmpoTsbkeHn Bcero BpeMeHH 9KCIUTyaTaluu Tpéx BUOponmTareneil (okono 30 ThICSY 4acoB) NPOBOIMINCE
SKCIIEPUMEHTANIbHbIE HCCIEJOBAaHUS IO 3aMepy aMIUIMTYAbl M YacTOThl KoleO0aHWH uX pabodmx OpraHoB.
ITomy4yeHHBIE Pe3ynbTaThl pacuy€Ta yAOBIECTBOPUTEIBHO COBIANAIOT C PE3YIbTaTAMH NPOMBIIIJICHHBIX HCIIBITAHHUH.

KaroueBble ci10Ba: BHOpONUTATENb, KOIEOAHNUS, CHHEPI€THUECKAsl MOZIEINb, YCTAIOCTHOE Pa3pyIICHHE.
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