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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 simultancous 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 ¢lastic 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 instantancous value of effective moduli G’ . of non-uniform material, i.e. material

with different inclusions, can be represented as:
~ ~ ~ N ~ 2~ AN 4 e
G, =G +(1—p)(G5 —G;): {1 +p(G(; +G;j : (G(') —G{)} , Pa, (1)

where él’ 1s tensor of inclusion elastic modulus, Pa; C’_\}O’ 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; / is identity tensor.

Hence, value of Ge’f can be obtained after determining G/ and G, 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 propertics 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
arcas 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 # 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 clastic 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 ¢lastic moduli é(’) 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 0 0 0
G = / Pa, @)
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 2Enf3 0 0 0 0
A 0 0 2FEn/3 0 0 0
Gl’ = n/ > Pa: (3)
0 0 0 2Enf3 0 0
0 0 0 0 2Enf3 0
0 0 0 0 0 2En/3

where £ 1s 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

quantities included in this expression and perform the corresponding mathematical operations with them.
So, the components of the tensor G/, are presented in the form

u-+6n) uOL +14p)
== 738 5 =5 5 +8.5. ), Pa, 4
0ifkl 37\,4‘8“ ikl 2(37\,"1‘8“) ( il~ ik gl tk) ( )
and tensor itself has the following form
10E/9 E/9 E9 0 0 0
Ef9 10E/9 E9 0 0 0
A E/9 E9 10E/9 0 0 O
G| / Pa, 5)
0 0 0 E 0 0
0 0 0 0 £ 0
0 0 0 0 0 £
where A and p are the Lame coefficients for basic medium, s™'; & are the Kronecker symbols; 7, 7, &,

1=1,2,3.
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

4 0 0 0 0 O

- . 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 vy and stress t in this
case is expressed as

T:Ge'f"Y:Pa’: (8)

where

(1 - n)(l - p)(n + 3]
G, =G, n+ 2/ Pa. ©)

[n-l-;j-i-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 @ = 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 instantancous shear modulus for rubber is
Gy, = 1.76 MPa; and dissipation coefficient is y = 0.31.

Equation for the vibrating elements movements in the vibratory feeder is

mi+C,x = Psinot , (10)

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; 7 is time, s.
The solution of equation (10) is expressed as

x=asin(o>l—(p), (11)

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

a= 0 .
-4 0)]-07f + B o)

Here a is amplitude of oscillations, m; O is the force of inertia, N; ©, is natural vibration angular
frequency of an ideally elastic system, rad/s; 4,(0) and B;(®) 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.r~ p/p;, by the formula (9),
rate of critical fracture p,, = 5,6 was taken according to the experimental data obtained in [6], and kinetic
curve p(f) 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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AMIUTHTYJa CHITATTAMAJIAPBIHBIH JKYMBIC YAKBITBIHA TOYCJALIIT anbHasl. TYIMHYCKA alTOPHTM KOHE CHHEPICTHKA-
JIBIK MOJCITH YKACAJIIBI YKOHC OJIAPIBIH HCTI3IHAC MATCMATHKAJBIK ANMapaT KYPBUIABL, O JKYMBIC KE3iHAC Hipia Oep-
TiIOTiH TepOEITiC AMIUTHTY JACHIHBIH 63TCPYiH AHBIKTAyFa MYMKIHIIK Oepeni. AHATMTHKAIBIK €CENTEY HETI3HIe Mipia
OcprimTiH TCPOCNIIC AMIUTHTYAACH MAPAMCTPIICPiHIH ©3repyiH OoJpKay omici sKacammsl >koHE CHrisimmi. Bym omic
VpaHZBl IMAXTana >KyMmsic icren typraH VPR-4 M xipin OepriminiH TepOelic aMIDIHTYAACHIHBIH 63ICPYiH ecenTey
YIIiH pyAaHBI TOTY JKOHE apbanapra Tuey Ke3iHze maiimanansumabl. MyHmail Guaepiaepaid sKyMbIC MEp3iMi IaMaMeH
2-3 xpuL. YO BHOpATopibl (uaep *KyMBICHIHBIH OYKINT Ke3eHiHAe (mamameH 30 MBIH caraT) >KYMBIC OPTaHAAPbI
TepOETCTEPIHIH AMIUTHTYJAChl MEH KULUIITIH oimey OOMBIHINA KCIICPUMEHTTIK 3€PTTEYJICp KYPrisindi. ATbIHFaH
CCCNTCY HOTIHKEIICPl OHAIPICTIK CBIHAK HOTIKEICP OOMBIHIIA KAHAFATTAHAPJIBIK TCHICHIC.
Tyiiin ce3aep: qipia Oeprim, Tipis, CHHCPTCTHKAIBIK MOICIH, IIAPIIAY.
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_ANHAMHKA TAXEJBIX BUBPAIITMOHHBIX MAIIIAH
C YYETOM HECTABWJIBHOCTH BO BPEMEHHU UX TAPAMETPOB

Annoramms. ITomzemHas pa3paboTka YPaHOBBIX Py COCTOHMT H3 HECKOJIBKHX TEXHOJOTHYECCKHX IPOLECCOB,
OJHUM W3 HAMOOJEE BAXKHBIX M3 KOTOPBIX ABILIETCS BBIIYCK OTOMTOH TOPHOHM MAcChl M3 OYHUCTHOTO HMPOCTPAHCTBA U
mOTPy3Ka €& B CPSACTBA TPAHCHOPTHPOBKH. BOMPOC MOBBIIICHUS WHTCHCHBHOCTH MOOBMH TPEOYST CHHXPOHHOTO
TIOBBINICHUS IPOU3BOJUTEILHOCTH BCEX IPOLECCOB JOOBIMH, B TOM YHCIC M BBIMYCK MHHEPAILHOTO CHIPhS. [Ipm
3TOM HEOOXOAMMO CO3aBaTh KAK BBICOKOIIPOM3BOANTEILHBIHN, TAK M OC30IMACHBIH IPoIecc. JT1a nmpodieMa YCIEIIHO
pemaeTcs MPUMEHEHUEM BHOPANMOHHBIX MAIIUH C YIPYTHMH 3BCHBSIMH H3 3JIACTOMEPHBIX MATEPHAIOB, KOTOPbIC
HAPAIY C YBEIMYCHHEM MMPOU3BOAUTEIBHOCTH MO3BOJIIOT CHU3HTD SHEPrOEMKOCTD H KOTHUYCCTBO 3aBHCAHUIA.

H3yueHne MHpPOBOTO OIBITA CO3JAHWS BHOPAUMOHHOM TEXHHKH PA3IHYHOTO TEXHOJOTHUYECKOTO HAZHAUCHUS
MOKA3aJI0, YTO MPEUMYIIECTBEHHO OHA MCIIOIB3YETCs A MepepabOTKH MHHEPAIBHOTO HA MOBEPXHOCTH. [Ipumene-
HHUC BUOPAIMOHHOM TEXHUKU B CTCCHEHHBIX MOJ3EMHBIX YCIOBUIX B MHPOBOH MPAKTHKE IMPAKTHUCCKH OTCYTCTBYET,
a TAKoKEe OTCYTCTBYET M HAYYHAA JIUTEPATypa MO JAHHOMY BOIPOCY.

B crarse paccMaTpuBaeTCs JMHAMHKA TSHKEIBIX TOPHBIX BHOPAIMOHHBIX nurareieh Tuna BIIP (BuOpanuoHHbIC
MUTATENH PyIHBIC), pAOOTAFOINKX TI0/T 3aBAJIOM HA BBIMYCKE M TOCTABKE YPAHOBBIX pyd. KOHCTpYKTHBHO BHOpOIIHITA-
temu BIIP mpeactassmor co00i 0 JTHOMACCHYIO KOJICOATEIbHYIO CHCTEMY; YIIPYTHMHE 3BECHBSIMH CIIy>KaT MPHU3MAaTH-
YCCKUC PC3HHOBBIC 3ICMCHTHI THma BPM (0moxu pesmHOMeTammucckue). [Ipu 3KCIIyaTalHud TAKHCS 3ICMCHTHI
HCTIBITHIBAIOT Ac(OpMALMH TPOCTOTO CABWTA; MX (PH3MKO-MEXAHMYCCKHE IAPAMETPhl BO BPEMCHH HECTAOMIIBHBI
MOJYJb CIBUTA YBEIMYMBACTCS, a KO3 PUIMEHT AuCCHIIAay YMEHBINACTCS. Takoe H3MEHEHNE CBSI3aHO B OCHOBHOM
C IPOLIECCAMH CTAPESHU:A, IIPUCY IIUMHU BCEM YIIPYTO-HACICACTBECHHBIM MATEPHATIAM, K KOTOPBIM OTHOCHTCS H PE3HHA.

Hcnonp30BaH KOMIUICKCHBIM MNOAXOJ, BKIIOYAIOINUNM AHANHTHYCCKHAC HCCICAOBAHMA M PE3YJIbTATHI
MIPOMBIIUICHHBIX HCIIBITAHMHA BUOPOIHUTATEICH PH MOA3EMHON JOOBIUE W JOCTABKE YPAHOBBIX PYA M CTPOUTEIBHBIX
Marepuanos. Ha ocHOBE pa3pabOTaHHBIX aNTOPUTMA M CHHEPTECTHICCKOW MOJCIH YCTAJOCTHOTO MHKPOPA3pyLICHH
PE3MHOBBIX 3BCHHCB BHOPOIMTATEIS MOJIYUCHBI MATEMATHUYCCKHC YPABHCHUS, MO3BOJLIIOLINE OIUCATh JAWHAMHUKY
TUTaTEeNCH ¢ HECTAOMIPHBIME BO BPEMCHHU MAPaMETPAaMHU; IPH PEIICHUU HHTETPO-Au(h()epeHINATLHOTO YPABHEHIS
KOJICOATEIHHOH CHCTEMBI MOIYYEHA 3aBHCHMOCTh AMIUIUTYTHOM XAPAKTEPHCTHKH IHMTATEIsI OT BPEMECHH C€TO
JKCIUIyaranun. PazpaboTaH OpUTHHANBHBIN ANTOPUTM M CHHEPTETHYCCKAs MOJCIh M HA MX OCHOBE CO3JAaH Marte-
MATHYCCKUH anmapar, MO3BOJLIOINMI ONPEACIUTh W3MCHEHHE AMIUIATYIBI KOJICOAHWH BHOPOMHTATEN B TCUCHHC
ero sKkcruyaramud. Ha OCHOBE aHATMTHYECKUX PAcUETOB pa3paboTaH M BHEAPEH METO MPOTHO3ZUPOBAHMS M3MCHE-
HUS TAPAMETPOB AMIUTHTYAbI KOJCOAHWH BHOPONMHUTATEISL. JTOT METOJ HCIOJB30BAH I PAcuéTa HM3MCHCHHS
AMIUTHTY AT KOJICOAHHH BHOPAHOHHOTO TTaTe st Tuia BITP-4M, paboTaromero B ypaHOBOM PYIHHKE TOJ 3aBAJIOM
TIPH BBIMYCKE PyAbl U MOTPY3KE €€ B BArOHETKH. IMTEIBHOCTb 3KCILTyaTAllMM TAKUX MUTATEJICH MPUMEPHO 2-3
roga. Ha mpoTspKCHHH BCETO BPSMCHH SKCIUTyaTallH TPEX BHOpomHUTATeNCH (0K0710 30 THICAY YaCOB) MPOBOHINICH
JKCIICPUMCHTAIbHBIC HCCICAOBAHIA IO 3aMEPy AMIUIMTYABI M YacTOThl KOJNEOAHWMH WX PabOuMX OPTaHOB.
IToyueHHBIE pe3yIbTAaTHI PACUETA YAOBICTBOPUTEIBHO COBNAAAIOT C PE3YIbTATAME MPOMBIIUICHHBIX HCTIBITAHAN.

KioueBbie cioBa: BHOPOIIUTATEND, KOJICOAHNUS, CHHEPTETHYCCKAS MO/ICNIb, YCTAIOCTHOE PAa3pyIICHHE.
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