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The problem of infinite plate loaded with normal force following a complex trajectory”

A. V. Galaburdin'™

"Don State Technical University, Rostov-on-Don, Russian Federation

o o o o o o 3k
3anaya o0 6ecKOHEYHOIl MJIACTHHE, HATPYKeHHOH HOPMAIBHOH CHJION, ABMIKYLIEHCA 1O CI0KHOI TPaeKTopuu

A. B. Fanaﬁypzmnl**

*

! JIoHCKoOl TOCYMapCTBEHHBIH TEXHHUECKUIT yHHBEPCHTET, T. PocTo-Ha-JloHy, Poccuiickas demeparus

Introduction. A method for solving the problem of an infinite
plate on an elastic foundation is proposed. The plate is affected
by a periodic load in the form of a force following an arbitrary
closed path. The work objective is to develop a numerical meth-
od for solving problems of the elasticity theory for bodies under
a moving load.

Materials and Methods. Given the periodicity of the load under
consideration, it is decomposed in a Fourier series in a time in-
terval whose length is equal to the load period. The solution to
the original problem is constructed by superposition of the solu-
tions to the problems corresponding to the load specified by the
terms of the Fourier series described above. The final solution to
the problem is presented as a segment of a series. In this case,
each term corresponds to the solution of the problem of the im-
pact on an infinite plate of a load distributed along a closed
curve (the trajectory of the force motion). To find these solu-
tions, the fundamental solution to the equation of vibration of an
infinite plate lying on an elastic base is used.

Research Results. A new method is proposed for solving prob-
lems on the elasticity theory for bodies with a load following a
closed path of arbitrary shape. The problem of an infinite plane
along which a concentrated force moves at a constant speed is
solved. It is determined that the trajectory of motion is a smooth
closed curve consisting of circular arcs. The behavior of dis-
placements and stresses near a moving force is considered. The
energy propagation of the elastic waves is studied. For this pur-
pose, the coordinates of the Umov — Poynting vector are calcu-
lated. The effect of the force motion speed on the length of the
Umov — Poynting vector is investigated.

Discussion and Conclusions. The method is applicable when
considering more complex objects (plates of complex shape,
layered plates, viscoelastic plates). Its advantage is profitability

since the known problem solutions are used to build the solution.

" The research is done within the frame of the independent R&D.
" E-mail: Galaburdin@mail.ru
" PaGoTa BBIIIOJNHEHA B pamkax uHHIaTuBHOW HUP.

Beeoenue. [lpennaraercs METO] peIICHUS 33/1a4K O OECKOHEYHON
IUIACTHHE, JIeKallell Ha ynpyroM ocHoBaHuu. Ha mnactuny nei-
CTBYET IIepHOANYECKas Harpy3Ka B BUJIE CHJIbI, IepeMelnaromelics
10 TPOW3BOJIBHOM 3aMKHYTOM Tpaekropuu. Llenb uccnenoBanus
— pa3paboTKa YHCIEHHOTO METO/Ia PeLIeHHs 3a1ad TEOPUH YIIpy-
TOCTH U1 Tell, HAXOMAIMXCS IO MACHCTBUEM IOIBIDKHOMI
Harpy3Ku.

Mamepuanst u memoOvl. YUUTBIBas MEPHOJUIHOCTh PACCMATPH-
BaeMOM Harpys3KH, OHa packiajpiBaeTcs B psa Pypbe Ha BpeMEH-
HOM OTpe3Ke, JUIMHA KOTOPOro paBHa Nepuoiy Harpysku. Pere-
HHUEe WCXOMHOW 3aJaull CTPOUTCS IOCPEICTBOM CYTEPHO3HINH
peleHuit 3a1a4u, COOTBETCTBYIOIIUX HArpy3Kke, 3alaBaeMoil ciara-
€MBIMH OTMCaHHOTO BhIIIe psiia Pyppe. OKOHUATENBHOE PETIeHIe
3aj1auM NpeJICTaBisieTCs B BUJE oTpe3ka paaa. Kaxnoe ciaraemoe
IIPY 3TOM COOTBETCTBYET pELIECHHIO 3aJaud O BO3ZIEHCTBUM Ha
OECKOHEUHYIO IUIACTHHY Harpy3KH, pacTpeeieHHOH M0 3aMKHY-
TOW KpUBOH (TPacKTOpUM IBIXKEHHS CHbl). [ HaxokaeHus
9THX PeIIeHNH HUCTIONB3yeTcsl (YHIAMEHTAIBHOE PEIICHHEe YpaB-
HEHMsI KoJleOaHust GECKOHEYHOH TUIACTHHBI, JIeKallled Ha yIpyroM
OCHOBaHHH.

Pezynomamor uccnedosanus. [pennoxeH HOBBI METOJ peLICHHS
3a71a4 TEOPUH YMPYrOCTH JUISL TEJI C HArpy3KOH, ABMXKYIIEHUCS IO
3aMKHYTOW TPaeKTOPHH TPOU3BOILHON (opMEL. Pemena 3amada o
OECKOHEYHOH IIOCKOCTH, O KOTOPOH C TIOCTOSTHHOH CKOPOCTBIO
JIBIDKETCSI cocpenoTodeHHas cuia. OmnpeneneHo, 9T0 TPaeKTOpHs
JIBIDKEHUS TIPEICTABISIET COOOH TMIafKYyI0 3aMKHYTYIO KpHBYIO,
COCTOSILIIYIO U3 YT OKpY)KHOCTel. PaccMoTpeH XapakTep U3MeHe-
HUS TIEpEeMEIICHUH W HaNpsDKCHUH BOJMB3M JIBIDKYIICHCS CHITBL.
W3yueHo pacrpocTpaHeHue sHepruu ynpyrux BoiH. C 3Toi ne-
JIBI0 BBIITOJIHEHO BBIUWCIEHHE KOOPJMHAT BEKTOpa YMOBa —
IToiiTrHra. I/ICCJ'ICJIOBaHO BJIMAHUEC CKOPOCTH ABUKECHUA CHJIbI Ha
JUMHY BexTopa YMmosa — [loiftunra.

Obcyoicoenue u 3axnovenus. MeTon IPUMEHNM H TIPU PacCMOT-
peHnu Ooliee CIOKHBIX 0OBEKTOB (TUIUTHI CIIOXKHOW (OPMBI, CIIOH-
CTBIE IUIUTHI, BS3KOYNpyrue mmthl). Ero npenmymiectBo — 3Ko-
HOMUYHOCTb, TaK KaK Ul MOCTPOCHHS PEIICHUs HCHONIb3YIOTCS
YK€ U3BECTHbIE perieHus 3a1ad. OKoHUaTeIbHOE pEeIleHne BhIpa-
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The final decision is expressed in a convenient form — as the
sum of curvilinear integrals. The results obtained can be used in
the road design process. Studying the energy propagation of
elastic waves from moving vehicles will enable to evaluate the
impact of these waves on buildings near the road. The wear of
the pavement is estimated considering data on the behavior of

displacements and stresses.

Keywords: infinite plate, moving force, arbitrary closed path,
energy of elastic waves
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JKaeTcsl B yI0OHOM BHJie — KaK CyMMa KpUBOJIMHEHHBIX HHTETpa-
710B. [omyueHHBIE pe3ynbTaThl MOTYT ObITh HCMOJIB30BaHbI B IPO-
Lecce MPOEKTUPOBaHWsA Jopor. M3ydeHwe pacrpocTpaHeHHs
SHEPIHU YIPYTUX BOJH OT JBIDKYIIUXCS TPAHCIOPTHBIX CPECTB
TO3BOJIUT OLEHUTH BO3AEHCTBUE YKa3aHHBIX BOJH HA CTPOCHMS,
pacrionokeHHble BOm3H gopord. C yderoM JaHHBIX O XapaKTepe
W3MEHEHUS] NEPEMELCHNH M HaNpsDKEHUM OLIEHMBACTCSl M3HOC
JIOPOKHOT'O MOKPBITHSL.

KniodeBble cioBa: OecKOHEYHAs IUIACTHHA, JIBIDKYIIAsICS
Harpyska, IpOW3BOJBHAS 3aMKHYyTas TPAaeKTOPHs, JHEPTHs
YIPYTHX BOJIH.

Obpasey ona yumuposanusa: T'anaOypnun, A. B. 3agada o Gec-
KOHEYHOM IUIaCTHHE, HarpyXeHHON HOPMAJbHOM CHJIOH, IBIXKY-
mieiics mo cioxno TpaekTopuun / A. B. TamaOypaun / BectHuk
JHon. roc. TexH. yH-ta. — 2019. — T. 19, Ne 3. — C. 208-213.

https://doi.org/10.23947/1992-5980-2019-19-3-208-213

Introduction. The study on dynamic phenomena caused by the action of a moving load is an urgent task that
has application significance (for example, when solving transport development issues). In the papers devoted to this
problem, various tasks with a moving load were considered. In particular, it is shown how a load moving in an infinite
straight line at a constant speed acts on a half-plane or half-space (elastic isotropic, transversal isotropic, viscoelastic).
In this case, when solving the problem, a moving coordinate system associated with a moving force is introduced; this
enables to exclude time from the number of independent variables [1-5]. Some papers consider the action on an infinite
plate or strip (elastic or viscoelastic) moving uniformly along a rectilinear load path. In this case, the same method of
eliminating a temporary variable is used, or a quasistatic formulation of the problem is considered [6—12]. The tasks in
which the length of the load path is finite and the path itself is a curved line are of main interest. In this case, finite ele-
ment modeling of a moving load is frequently used [11-13]. In a number of papers, when solving such problems, varia-
tional methods are used (in particular, the Rayleigh — Ritz method) [14—-16] or a variation of the Galerkin method,
which makes it possible to reduce the problem to ordinary differential equations. In this case, various objects of the ap-
plication of a moving load are considered (plates, layered plates, viscoelastic plates, half-spaces — both isotropic and
anisotropic) [17—19]. This paper presents a method that develops the ideas described in [20-23].

Materials and Methods. Consider an infinite plate lying on an elastic Winkler base, which is under the action
of a normally applied force moving along a closed path.
The problem is reduced to the integration of the equation of motion of a plate lying on an elastic Winkler base [14]:

A2W+c‘262W+kW=£, (1)
! D

Eh’

where W is the plate deflection; D =———
12(1-v7)

; E is Young's modulus; v is Poisson's ratio; /4 is the plate thickness;

_ h . . . K . . . . .
o % p is the density of the material; & = D ; K is the compliance coefficient of the elastic base; P is the concentrated

force moving along a closed curve y with the constant speed a.
Let us introduce the coordinate s counted from some fixed point of the curve y. Then the force P moving along the
curve y with the velocity a will be described by the relation P = P(s —at) . The function P(s —at) is periodic in ¢, with peri-

L .
od T = —, where L is the length of the curvey.
a

Solution. Consider the steady state. We expand the function P(s —at) in the Fourier series in the variable ¢ on

L L . . .
the segment [—2—,2—} . In this case, the expansion coefficients appear as:
a 2a
L
70 diakny/
G = I P(s—at)e Ldt .

2

After changing the integration variable in the integral s —at = z , we obtain:

Mechanics

209



http://vestnik.donstu.ru

210

Vestnik of Don State Technical University. 2019. Vol. 19, no. 3, pp. 208-213. ISSN 1992-5980 eISSN 1992-6006
Becmuux /lonckozo zocydapcmeennozo mexnuueckoz2o ynugepcumema. 2019. T. 19, Ne 3. C. 208-213. ISSN 1992-5980 eISSN 1992-6006

7

¢ = I P(z)e

e

. . . . . L L .
where d, are Fourier series expansion coefficients on a function segment [—5,5} of the function P(z).

eZik%
5

a

2ikms,
_21k%d2 ¢ i =d_,
a

Then the moving load can be presented as a Fourier series:

1 i Zikrr(s—aty
P(s—at)=— d_e L
( ) p Z k

k=—0

Given the linearity of the problem, its solution can be presented as:

o0
k=—0
where Wk are plate deflections caused by the action of a vertical load whose distribution along the curve 7 is described by the
. 2ikny L . —2ikant,
functione /L that varies in time according to the law e L,

To determine Vf/k, we use the fundamental solution to the equation (1), which corresponds to
2ikamn

P =38(x—xy)3(y—yo)e "k ,rne o) = .

Using the limiting absorption principle and traditional methods for constructing solutions to differential equations,

2
K
2
c

we can obtain a fundamental solution to the equation (1), which at & > , has the form:

i
Vs %X0sVy) = ———[ Ky (0,R)~ Ko (0,R) ],
wi (%, 1, X0, Vo) 47[82D|: o (uR)—Kq (o )]

] 2 : A
where R = [(x — X )2 +(y-xo )2 }A , €= ;‘}k - wk% , 0 = sel% , oy = seil% , Ky(z) is the Macdonald function.
C

2
® L

At k< Lz, the solution is given by:
c

=5 (1R)- K, (YR)} :

i
Wi (X, YV, X, =
1 (6, VX0, Vo) 4TW2D{2

2
where y = ¢ (DLZ -k, H(()l) (yR) is the Hankel function.
c

~ 2ikn(s—at)
Then W, = @wk (6, ¥, x0(8), ¥ (5))e 4 ds . Using the well-known formulas of the thin plate theory and
¥
the formula obtained from the above relations determining the deflection W (2), we can calculate the displacements u,,

u, and the stresses o, o, and G, at any point on the plate.
For large £, it is necessary to calculate the integral of fast oscillating functions. For this, a quadrature formula

based on replacing the weakly oscillating part of the integrand by a cubic spline was used, and the highly oscillating

Zikny . . .
factor e /L was considered as a weight function [15].

Research Results. So, an infinite plate lies on an elastic Winkler base. A normal force acts on it moving along
the trajectory shown in Fig. 1.
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Fig. 1. Load motion trajectory

The computation was performed at the following initial data: 2 = 0.25 m; s = 221 m/s; £ =232469-10 N/m2; v
= 0.36. Fig. 2 shows the calculation results corresponding to K = 1.864 m * and a = 125 m/s.
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Fig. 2. Variation of displacements and stresses

These graphs describe changes in displacements and stresses in the coordinate system associated with the point
of application of the moving force P. The ¢ axis is directed tangentially to the motion path 7 , and the n axis is directed

along the external normal to the region bounded by the path # (see Fig. 1) atz = % .
In this case, the displacement vector and stress tensor, respectively, were represented as:
U=Ut-7+Un-i+W-k, S=St-1 +Sn-mn +Smm-(fa +7t ),

where & is normal to the plate.
Fig. 2 shows the change along the ¢ axis of the displacement vector components Wz,Utt,Unt , the stress ten-

sor Stt, Snt, Stnt , and the variation of these values along the n axis— Wn,Utn,Unn and Stn,Snn, Stnn .
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According to the calculations, the behavior of these values at all points of the trajectory remains unchanged.
The computation also showed that with a change in the velocity of the load a in the range from 0 to 125 m/s, the com-
ponents of the displacement vector and the stress tensor increased moderately (by 3-4%).

To study the elastic energy propagation, the components of the Umov-Poynting vector ¢; =—S; -0,u; (S;are

the components of the stress tensor, u; are the coordinates of the displacement vector) whose direction indicates the

direction of energy propagation, and the length describes the amount of energy transferred through a surface unit per-
pendicular to this vector line per unit time.

Fig. 3 shows the elastic energy propagation near a moving concentrated force (the position of the force is
marked with a red asterisk.
7 T T T T T T T T

Fig. 3 Elastic energy propagation

Discussion and Conclusions. The analysis of the results obtained shows the following: at the speed variation
limits indicated above, the length of the Umov-Poynting vector is almost proportional to the load speed and a sound
energy pattern near the force changes slightly during the movement. The behavior of the displacements and stresses
calculated above at all points of the trajectory remains unchanged, and their values weakly depend on the load speed a
when this velocity varies from 0 to 125 m/s.

Application of the proposed method to an infinite plate lying on an elastic base does not exhaust its possibili-
ties. It can be used when considering more complex objects (plates of complex shape, layered plates, viscoelastic
plates). The considered method differs from the mentioned above in greater efficiency since it uses the known problem
solving to construct the solution. The final decision is expressed in a convenient form — as a sum of curvilinear inte-
grals.

The results can be used in the road design process. Studying the elastic energy propagation from moving vehi-
cles will provide evaluating the impact of these waves on buildings near the road. The wear of the pavement is estimat-
ed considering data on the behavior of displacements and stresses
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Introduction. In modern production, when performing finish-
ing operations, centrifugal rotary processing in the medium of
abrasive plays an important role. High productivity, low costs
and extensive technological capabilities are the main ad-
vantages of these cleaning and finishing operations. This paper
considers the process of abrasive particle — workpiece surface
interaction within the framework of the static contact problem
of the elasticity theory. Thus, plastic deformation in the con-
tact area comes into account.

Materials and Methods. The abrasive particle (corundum) is
simulated with a linearly elastic body, whose Young's modu-
lus is significantly larger than that of the work material. The
process material (steel) is simulated with an elastoplastic bi-
linear body using the von Mises yield criterion.

Research Results. Finite element modeling of the structures
under consideration was performed in the ANSYS CAE pack-
age. The process of abrasive particle — workpiece surface in-
teraction was simulated; its stress-strain state was analyzed.
The results of numerical experiments are presented. They have
determined how equivalent plastic strains are distributed at
depths of the cone penetration of 0.01 mm and 0.05 mm. The
data obtained, as well as the areas of plastic strain values of
more than 1%, are visualized in the ANSYS CAE package.
Discussion and Conclusions. It is established that the equiva-
lent plastic deformation is proportional to the depth of penetra-
tion (DP). It reaches a minimum value of 0.158 at DP = 0.01
mm, and a maximum of 0.825 at DP = 0.05 mm. The depend-
ences of the plastic region sizes on DP are determined for
cases when the plastic deformation exceeds 1%. At the maxi-
mum penetration (0.05 mm), the deformation radius is 1 mm,
and the depth is 0.8 mm.

On the basis of the data obtained as a result of the conducted

" The research is done within the frame of the independent R&D.

Bseoenue. B cOBpeMEHHOM NPOW3BOACTBE IPH BBIIOJHEHHN
(DUHUIIHBIX OIepalyii BaXHYIO POJIb UIPaeT IEeHTPOOEXHO-
poranonHas o6paboTka B cpene abpasuBa. OCHOBHBIE IIpe-
HMYIIECTBa 3TOT0 METOZA OTACIOYHO-3aUUCTHOH 00paboTKu:
BBICOKasl ITPOM3BOAUTENBHOCTh, HH3Kas CeOECTOMMOCTh H
MIMPOKHE TEXHOJIOTHYECKHE BO3MOXKHOCTH. B nanHOM mccie-
JIOBaHUH PaccMaTpUBaeTCs IPOIECC B3aMMOJCUCTBUS abpa-
3MBHOM YaCTHI[BI C TOBEPXHOCTBIO JIETalM B PaMKaX cTaTHde-
CKOM KOHTAaKTHOM 3aaul Teopuu ynpyroctd. [Ipu sTom yun-
TBHIBAETCA IIACTHIECKas AeOopMaIis B 001aCTH KOHTAKTa.
Mamepuaner u memoowi. AGpa3uBHas yacTuia (KOPYHI) MO-
JeTMpyeTcs TMHEWHO yIpyruM TenoM, Moxyns KOHra koTopo-
r'0 3HAYUTENBHO OOJIBIIE, YeM Yy 00pabaThIBAEMOTO MaTepuaa.
OOpabaTbiBaeMblii MaTepuai (CTajb) MOJIEIUPYETCS YIPYTo
TUTACTHYIECKUM OVITMHEHHBIM TEJIOM C IPUMEHEHHEM KPHTEPHS
IIaCTUYHOCTH Mu3eca.

Pesynomamer ucciredoganus. BBIIOTHEHO KOHEYHORIEMEHT-
HO€ MOJIETIMPOBaHKUE paccMaTpuBaeMbIX KOHCTpykuuil B CAE-
nakere ANSYS. CmonenupoBaH mpolecc B3auMOAEHCTBUS
a0pa3uBHON YAaCTHIIBI M TIOBEPXHOCTH JETaJH, IPOAHAIU3NPO-
BaHO €¢ HampsDKEHHO-Ae(opMHUpoBaHHOEe coctosiHue. [lpex-
CTaBJICHBI PEe3yNbTATHl YHCICHHBIX KCIIEPUMEHTOB, KOTOPHIE
MIO3BOJIMIIM YCTAHOBUTD, KaK PAaCIPeIessIOTCS IKBUBAICHTHBIC
IuTacTHYeCKUe AehopManuy pyu TTyOHHaX BHEAPEHHS KOHyca
0,01 mm u 0,05 mm. TloydeHHBIE NaHHBIE, a TaKXKe 00JIACTH
3HAUYCHUI IUTacTUUecKoi nedopmaru 6onee 1 % BU3yanusu-
poBansl B CAE-mmakere ANSYS.

Obcyaicoenue u 3akmouenusi. Y CTAHOBIICHO, YTO DKBHBAJICHT-
Hasi ulactudeckas nedopmarys HNponopLHOHANbHA TIyOuHEe
BHepeHus (I'B). Ona pocTHraeT MHHHUMAJIBHOTO 3HAYCHUS
0,158 nmpu I'B=0,01 mm, makcumansHoro 0,825 — mpu
I'B = 0,05 mm. OmipezneneHbl 3aBUCHMOCTH pa3MepoB 00JIacTH
racTadeckor pedopmanuu or I'B ms cirywaes, xoraa rura-
cTraeckas pedopmarus npesbimaet 1 %. [Ipu MakcumansHOM
BHenpenun (0,05 MM) pamiyc nedopmanmu coctaBisieT 1 M,
rryouna — 0,8 Mm. Ha ocHOBe naHHBIX, HONYyYEHHBIX B pe-

3YyJIbTATC MMPOBCACHHOI'O UCCICAOBAHUS, MOTYT OBITH BI)I6paHI>I
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research, the parameters of the technological process (rota-
tional speed, size of the abrasive surface, mass of abrasive
particles) that affect the workpiece — abrasive particle interac-
tion can be selected. A judicious choice of these parameters

will increase the processing efficiency.

Keywords: centrifugal rotary processing, abrasive treatment,

mapamMeTpbl TEXHOJIOTHYECKOTO Tpolecca (CKOPOCTh Bpallie-
HUS, pa3Mep aOpa3WBHOW MOBEPXHOCTH, Macca aOpasHBHBIX
YaCTHII), KOTOPhIC BIHSAIOT Ha B3aUMOJCHCTBHE MEXIYy JIeTa-
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Introduction. In modern production, when performing finishing operations, an important role is played by
centrifugal rotary processing (CRP) in an abrasive medium. The primary advantages of this method of finishing —
clearing operation are high productivity, low cost and wide technological capabilities. This study discusses the process
of interaction of an abrasive particle and a workpiece surface in the framework of the static problem of the elasticity
theory. In this case, plastic deformation in the contact area is taken into account. An abrasive grain element in the form
of a truncated cone (more precisely: a circle of a minor diameter of this cone) interacts with the workpiece surface. In
this case, friction and plastic deformation of this surface should be considered. Kinematic or force boundary conditions
are applied to a larger diameter circle. In case of kinematic conditions, normal and tangential displacements of the circle
and its rotation are specified. In case of force conditions, force and torque are set. The stress fields and equivalent plas-
tic deformations near the contact area are investigated.

Modeling the geometry of an abrasive particle of a centrifugal rotary processing. The summary of the
CRP method is that the abrasive particles 3 and the workpiece 4 (Fig. 1 [1]) are loaded into the working chamber and
rotated about the vertical axis so that the entire mass of the load becomes a torus [2, 3] in which particles move along
spiral paths.

tank

Fig. 1. Centrifugal rotary processing in abrasive medium:
1 is fixed cylindrical ring; 2 is rotor; 3 is abrasive grain; 4 is workpieces

The toroidal helical flow is ensured through the design of the machine working chamber consisting of a fixed
cylindrical ring 1 and a rotating bottom (rotor) 2 adjacent to it, having a common plate shape. Workpieces 4 are loaded
into the working chamber in bulk together with abrasive particles 3. To reduce wear, the inner surfaces of the bottom
and the fixed part of the working chamber are coated with a wear-resistant material. Rubber or polyurethane coatings
are most commonly used.

The scheme for constructing an indenter (in the form of a truncated cone) penetration model suggests a spheri-
cal shape of an abrasive granule with a set of truncated cones [3]. An approximate idea of the geometry of a spherical
abrasive particle is shown in Fig. 2 [4].
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Fig. 2. Geometry of a spherical abrasive granule:
1 is approximate to actual one; 2 is simulated one

According to the model, the abrasive grain has a shape of a truncated cone. This model considers the always
occurring blunting of abrasive grains. Fig. 3 presents a diagram of interaction of the abrasive particles and workpieces

[5].
| | 2 |
~ 2a /T
.
\‘ ™~ ~ - -
s ~ - r
; ¥ PR
=

Fig 3. Scheme of conical indenter penetration

In the force acting on the indenter, normal and tangent components are distinguished [2]. According to the
work of A. N. Beskopylny [5], a normal component of the cutting force is:

2ah*E", n <k,
2
P= *
){h +C1J RS
C
* 1_2 * * £
where C = (1 -3 )ctg(y) + x%; C = a(l -3 )ctg(y) ; O 1is the relative height of influx; £ 1is the re-

duced modulus of elasticity; #” is the depth of grain indentation; y = ngT is the plasticity parameter.

Mathematical model. Optimization of the abrasion process requires the development of improved models of
frictional interaction between abrasive particles and the surface of a metal component. In this model, it is required to
require heating and surface wear due to the impact and sliding of an abrasive particle.

Under the abrasive processing, contact interaction occurs, which leads to wear and heating of the workpiece
surface. The basic data on the processes of friction and wear are shown in [6]. Processing in a rotation chamber is de-
scribed by M. A. Tamarkin and his disciples [1-5]. The features of this process are discussed in [7-9].

In the presented paper, the contact interaction of an abrasive particle and the workpiece surface is considered in
the framework of axisymmetric deformation of an abrasive particle fragment and the workpiece surface. The abrasive
particle fragment is a truncated cone, the smaller base of which interacts with the workpiece surface (Fig. 4).

d,
= P
2
|72]
=
Q
=
4
B
n
O
Z
—
o
=
— dl -—

Fig. 4. Particle and workpiece model: 1 is abrasive particle; 2 is workpiece
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According to the model, an abrasive particle (corundum) is a linearly elastic body, whose Young's modulus is
much larger than that of the processed material. The processed material (steel) is modeled as an elastically plastic bilin-
ear body. The Mises yield criterion [10] is applied.

The abrasive particle and the workpiece are in contact without friction. Contact surfaces are the upper plane of
the workpiece, the smaller base and the side surface of the cone. The lower plane and the side surface of the workpiece
are fixed normal. On the larger base of the truncated cone, boundary conditions are specified: power (uniformly distrib-
uted pressure) or kinematic (vertical displacement). The indentation of a particle into a workpiece is considered, the
zone of plastic deformations and their maximum values are investigated.

Solution method. To solve the described boundary-value problems, the finite element method implemented in
the ANSYS CAE package is used. Fig. 5 shows the finite element mesh of the first problem.

Contal72

Contal82
Targel69

Fig. 5. Finite-element segmentation in the contact problem: 1 is abrasive particle; 2 is workpiece

In the contact area and possible plastic deformation, the grid is condensed. The end elements PLANE183 (ma-
terial 1), PLANE182 (material 2) and TARGE169, CONTA172 are used for the contact surfaces. The abrasive particle
and the workpiece are symmetrical; therefore, half the axial section is considered (see Fig. 5

Results of numerical experiments. In the numerical calculations, the following data were used in the prob-
lem: the radii of a truncated cone were 0.5 mm and 1 mm; cone height was 1 mm; part radius was 5 mm; thickness was
3 mm. Young's modulus of the material 1 was equal to 2 x 10° GPa; Poisson's ratio was 0.3. Young's modulus of materi-

al 2 was equal to 2x10% GPa; Poisson's ratio was 0.28. The yield stress was 0.22 GPa. Fig. 6 shows the distribution of
equivalent plastic deformations at a cone penetration depth of 0.01 mm (Fig. 6, a) and 0.05 mm (Fig. 6, b).

NODAL SOLUTION

.105382 140509

035127 070255 C
.017564 .052691 .087818 .122946 .158073

a) b)

Fig. 6. Distribution of equivalent plastic deformations at cone penetration depth of
0.01 mm (a); 0.05 mm (b)

Fig. 7 shows the dependences of the maximum value of equivalent plastic deformation on the depth penetration
(DP).
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Fig. 7. Peak plastic deformations depending on the depth of penetration
In modeling experiments, the authors have found that equivalent plastic deformation is proportional to the pen-
etration depth. Equivalent plastic deformation reaches a minimum value of 0.158 at a GV = 0.01 mm, a maximum of
0.825 at DP = 0.05 mm. The dependences of the sizes of the plastic deformation region on the penetration depth were
determined for the cases when plastic deformation exceeded 1% (Fig. 8—10). Areas of plastic strain greater than 1% are

selected using ANSY'S software. In this case, the depth (H) and radius (L) of the deformation zone are determined.

Qasery Subgrid Results
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Fig. 8. Sizes of the plastic deformation region
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Fig. 10. Dependence of depth of plastic deformation region on penetration depth

The dependence of the cone penetration depth on the uniform pressure acting on its larger base is determined.
This dependence is presented in Table 1.
Table 1
Dependence of cone depth penetration on pressure

Voltage (N/mm®)

100

150

200

250

300

—-0.059

-0.119

-0.237

-0.354

—-0.530

Displacement (mm)

The results of numerical experiments make it possible to determine the regions of plastic deformations and
their magnitude depending on the penetration depth. The data in Table 1 relate them to the force that should be applied
to the abrasive particle. This effort can be determined through the parameters of the process.

Discussion and Conclusions. In this work, we have performed:

- finite element modeling of the interaction of an abrasive particle and the workpiece surface;

- analysis of the stress-strain state of the surface.

The dependence of the peak plastic deformation on the cone penetration depth (0.01 mm - 0.05 mm) is deter-
mined. It is found that this value varies from 0.158 to 0.825.

The dependences of the sizes of the plastic deformation region on the penetration depth are determined for the
cases when the plastic deformation exceeds 1%. At maximum penetration (0.05 mm), the deformation radius is 1 mm
and the depth is 0.8 mm.

Based on these data, the process parameters (rotation speed, abrasive surface size, mass of abrasive particles)
that affect the interaction between the workpiece and the abrasive particle can be selected. The rational choice of these
parameters will improve the processing efficiency.
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Introduction. The integration of reliability and optimization
concepts seeks to design structures that should be both
economic and reliable. This model is called Reliability-Based
Design Optimization (RBDO). In fact, the coupling between
the mechanical modelling, the reliability analyses and the
optimization methods leads to very high computational cost
and weak convergence stability.

Materials and Methods. Several methods have been developed
to overcome these difficulties. The methods called Reliability
Index Approach (RIA) and Performance Measure Approach
(PMA) are two alternative methods. RIA describes the
probabilistic constraint as a reliability index while PMA was
proposed by converting the probability measure to a
performance measure. An Optimum Safety Factor (OSF)
method is proposed to compute safety factors satisfying a
required reliability level without demanding additional
computing cost for the reliability evaluation. The OSF
equations are formulated considering RIA and PMA and
extended to multiple failure case.

Research Results. Several linear and nonlinear distribution
laws are applied to composite yarns studies and then extended
to multiple failure modes. It has been shown that the idea of
the OSF method is to avoid the reliability constraint evaluation
with a particular optimization process.

Discussion and Conclusions. The simplified implementation
framework of the OSF strategy consists of decoupling the
optimization and the reliability analyses. It provides designers
with efficient solutions that should be economic satisfying a

required reliability level. It is demonstrated that the RBDO

* The research is done within the frame of the independent R&D.
" E-mail: ghias kharmanda@bme.lth.se, imad.antypas@mail.ru
" PaGoTa BBIIIOJIHEHA B pamkax uHuIaTuBHON HUP.

Beeoenue. WuTerpanys  KOHUENUMH  HAAEKHOCTH U
ONTHMH3ALMN HAIIpaBJIeHA Ha Pa3pabOTKy CTPYKTYp, KOTOPHIE
JIOJDKHBI OBITh DKOHOMUYHBIMH M HAaJSKHBIMH. JTa MOJEINb
Has3biBaeTcss ONTHUMU3anUs MNPOEKTHPOBAHHS HA OCHOBE
HagexHoctn  (RBDO).  ®dakruyeck  CBSI3b  MEXAY
MEXaHHYECKUM MOJECIHPOBAHUEM, AHAIN30M HAJEKHOCTH H
METOJaMH ONTHMHU3aIUH IPUBOAUT K OYEHb BBICOKUM
BBIYHCIMTENBHEIM ~ 3aTpaTaM ¥ c1abod  CTaOWIIBHOCTH
KOHBEPT €HIIUH.

Mamepuanvl u memooul. JIjs IpeooNeHHs ITUX TPYAHOCTEH
OBUTO  pa3pabOTaHO HECKOJIBKO METOAO0B. MeToasl mmoj
Ha3BaHueM «MHaekc mokasatens HaaexHoctH» (RIA) wu
«Meton ouenkn 3ddekruBHOcTH» (PMA) - 310 11Ba
aIbTePHATUBHBIX MeTojga. RIA ommchBaeT BepoOsSTHOCTHOE
OrpaHMYeHHe KaK WHJIEKC HaJeKHOCTH, B TO BpeMsi kKak PMA
OBUT NIPEUIOKEH KaK IyTh MpeoOpa3oBaHUs BEPOSTHOCTHON
Mepbl dddexTrBHOCTH. [IpeyioxkeH MeToJ ONTHMAIBEHOTO
koodummenta  O6ezomacHoctm  (OSF)  mmsm pacuera
K03 GHIIHEHTOB 0€301acHOCTH, YIIOBJIETBOPSIOLINX
TpeOyeMOMy YpPOBHIO HaJEKHOCTH, O€3 JOMOJHUTENbHBIX
BBIUMCIUTENBHBIX ~ 3aTpaT Uil ONEHKH  HAaJEKHOCTH.
VYpaeuenust OSF chopmynmpoBans! ¢ ydyerom RIA u PMA u
PAaCIIUPEHBI IO CIIyJasi ¢ HECKOJILKIMH OTKa3aMH.
Pesynemamul  uccnedosanus. HecKonbKo JHHEHHBIX U
HEJIMHEHHbIX 3aKOHOB pacIpelesieHus MPUMEHSIOTCS K
HCCIIEIOBAaHUSAM  KOMIIO3UIMOHHBIX ~ HUTEH, a  3areM
pactpoCTpaHsIOTCST Ha MHOXKECTBEHHBIE pEXHMBI OTKa3a.
Bbruto moxazano, uto uaes meroga OSF 3axiouaercs B TOM,
4T00Bbl M30eXKaTh OLCHKH OTPAaHWYCHUS HAJEKHOCTH C
MOMOIIIBIO KOHKPETHOTO TIPOIIECCa ONTHMHU3AIIH.
Obcyarcoenue u 6b1600b1. YTIPOIICHHAS CTPYKTYpa PeaTH3aIin
ctpaterun  OSF  3aimowaeTcs B pas3fesieHMH aHalu3a
HagexHoctn. Omna

s¢dexTrBHBIE

OIITUMHU3 Al u MPpEeaOCTABIIACT

MIPOCKTUPOBIINKAM pemicHuA, KOTOPBIC

JIOJDKHBI SKOHOMHUYECKH YJIOBJIETBOPSTH TpeOyeMBI ypOBEHb
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compared to OSF has several advantages: small number of HagexxHoctu. [lokazano, uro RBDO B cpaBuenun c OSF
optimization variables, good convergence stability, small UMEET psJi NPEeHMYIIECTB: HEOOJbIIOE YHCIO IEePEeMEHHBIX
ONTHMH3ALMH, XOpOLIasi CTAOHIBHOCTh CXOAWMOCTH, Majoe

computing time, satisfaction of the required reliability levels. .
BpeMsI BBIYHCIICHUH, YIOBIETBOPEHHE TPeOyeMBIM YPOBHSIM

HaJIeKHOCTH.
Keywords: Reliability-Based Design Optimization, Structural KnioueBble cii0oBa: onTHUMHU3alMs Ha OCHOBE HAJEKHOCTH,
Reliability, Safety Factors, Fatigue Damage Analysis, Multi CTPYKTYpHasi HaJeXKHOCTh, (pakTOpbl 0E30MacHOCTH, aHAIU3
Failure Scenarios. ymepba OT W3HONIIEHHOCTH, CIEHAPHH MHOMKECTBEHHBIX

OTKa30B.
For citation: Kharmanda Ghias, Antypas Imad R.. Efficient Obpazey Ona  yumupoeaunua: Xapmanna, M. T.
optimum safety factor approach for system reliability-based O¢ddexTHBHOCT ONTHMHU3AIMK HPOCSKTUPOBAHUS HAa OCHOBE
design optimization with application to composite yarns. HaI&KHOCTH CUCTEMBI IPUMEHHUTENBHO K COCTAaBHBIM HUTSM /
Vestnik of DSTU, 2019, vol. 19, no.3, pp. 221-230. M. T. Xapmanna, U. P. Artubac // BectHuk JloH. TOC. TEXH.
https://doi.org/10.23947/1992-5980-2019-19-3-221-230 yH-Ta. — 2019. — T.19, Ne3. C. 221-230.

https://doi.org/10.23947/1992-5980-2019-19-3-221-230

1. Introduction

When Deterministic Design Optimization (DDO) methods are used, deterministic optimum designs are usually
pushed to the design constraint boundary, leaving little or no room for tolerances (or uncertainties) in design,
manufacture, and operating processes. So deterministic optimum designs obtained without consideration of
uncertainties could lead to unreliable designs, therefore calling for Reliability-Based Design Optimization (RBDO). It is
the objective of RBDO to design structures that should be both economic and reliable. However, the coupling between
the mechanical modeling, the reliability analyses and the optimization methods leads to very high computational cost
and weak convergence stability. To overcome these difficulties, two points of view have been considered. From a
reliability view point, RBDO involves the evaluation of probabilistic constraints, which can be executed in two different
ways: either using the Reliability Index Approach (RIA) or the Performance Measure Approach (PMA) [1]. The major
difficulty lies in the evaluation of the probabilistic constraints, which is prohibitively expensive and even diverges for
many applications. However, from an optimization view point, a hybrid method based on simultaneous solution of the
reliability and the optimization problem has successfully reduced the computational time problem. However, the hybrid
RBDO problem is more complex than that of deterministic design and may not lead to local optima. To overcome both
drawbacks, an Optimum Safety Factor (OSF) method has been proposed to compute safety factors satisfying a required
reliability level without demanding additional computing cost for the reliability evaluation. The efficiency of the OSF
method has been demonstrated relative to the hybrid one for a linear distribution law [2]. In this work, the OSF is
reformulated considering RIA and PMA. Next, an extension to multiple failure modes is carried out. Finally, an
application on composite yarns is carried out for linear and nonlinear distribution laws and multiple failure modes
(scenarios).

2. Reliability-Based Design Optimization
The reliability-based design optimization problem is performed by nesting two sub-problems [3, 4]:

1: Optimization problem: The objective is to minimize an objective function f (x) subject to deterministic
constraints g (x) <0 and a required reliability level B(x,u)>p, as follows:
min: f(x) subject to g (x)<0 and B(x,u)>p, (1)

2: Reliability problem: The objective is to find the minimum distance between the origin of the normalized
space and the MPP (Most Probable failure Point or design point) on the limit state function (Fig. 1). The problem can be
written as follows:

B=mind(u)=

n
Zulz subject to H (x,u)<0 )
1

For more details about reliability analysis, readers can see [5]. These two sub-problems are carried in two
different spaces: physical and normalized spaces (Fig. 1).
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X, 4 Physical Space u,+ Normalized Space
Safe iﬂiﬁfu’e
Region egion
Design H(x,u)=0
Point
........... A
’ 5 (74 s

Fig. 1. Physical and normalized spaces [3, 4]

These nested problems require a high computing time, however, the Optimum Safety Factor (OSF) is used to solve
these numerical difficulties.

3. OSF developments

In the RIA and PMA, the major difficulty lies in the evaluation of the probabilistic (reliability) constraints; this
is prohibitively expensive and even diverges for many applications [6]. RIA describes the probabilistic constraint as a
reliability index while PMA was proposed by converting the probability measure to a performance measure. It has been
found in the literature that PMA is more efficient and stable than RIA in the RBDO process [1]. Furthermore, PMA
converges to different optimum solutions when starting from different initial designs [7]. In this section, it is shown that
the OSF formulations can be deducted from both approaches (RIA & PMA).

3.1 OSF considering RIA and PMA

3.1.1 OSF based on RIA

The probabilistic constraint in RIA can be evaluated by solving the first-order reliability analysis to calculate
the design point P* which is formulated as an optimization problem with an equality constraint A (u) = 0, in the
normalized space:

min : d@)
u (3a)
subjectto:  H (u)=0
and can be also written as:
min . d? (u) (3b)

Sllllbject to: H(u)=0
The Lagrangian function for the problem (3b) can be written as
L(u,A)=d? (u)+1- H(u) (4)
The optimality conditions for the Lagrangian function are:
oL od® , OH _

—=——+A—=0 , i=1,..,n (5a)
Ou;  Ou; Ou;
oL
—=H(u)=0 5b
> (u) (5b)
Using the expression for the square distance ¢° in the equation (3b), we get:
u; :_&6_H’ i=1..,n (6)

3.1.2 OSF based on PMA
The evaluation of the probabilistic constraint in PMA requires an inverse reliability analysis, which corresponds

to the inverse problem of the reliability analysis to calculate the design point P*, which is formulated as an optimization
problem with an equality constraint d 2(u) = Btz , in normalized space:
min : H(u)
v (7a)
subject to:  d(u)=p,

and can be also written as:
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muin 1 H®) (7b)
subject to:  d? (u)= B>

The Lagrangian function for the problem (7b) can be written as

L(u,hs) = H (u)+ [ d (u)-P7 | ®)
The optimality conditions for the Lagrangian function are:
2
a—L:a—H K%:O , i=1,.,n (9a)
oL
5 =4 () (9b)
Using the expression for the square distance @° in the equation (7b), we get:
u; :—La—H, i=1..n (10)

According to equations 6 and 10, the resulting normalized vector u can be written in term of the same
derivative 0H/ou; .

3.2 OSF for component RBDO

Let us consider now the case of n=2 normalized variables i = I, 2 (see Fig. 2). The tangent of ais given
by: tan o =u, /u; . Using (6) and (10), we get the same formulations as follows:
oH
oy
oH
o

(11)

tana =

The formulation (11) shows that there is no difference between RIA and PMA for the following OSF developments.
The problems (3) and (7) give us the reliability index B as the minimum distance between the limit state surface and the

origin [8]. This means that the resulting reliability index may be lower or higher than the target reliability index 3,. As
we wish to satisfy a required target reliability level for the optimization problem, we can write
n
2 2
BY = > ui (12)

i=l

Thus, the general expression for the normalized variable u; when using RIA or PMA, is

o)
Ou;

S

J=1

. i=l..n (13)

=
I
I+

=

—

The calculation of the normalized gradient 0H /0du is not directly accessible because the mechanical analysis is
carried out in the physical space rather than in the standard space [9, 10]. However, using theory of statistics, we can
derive the following expression from which the computation of the normalized gradient can be carried out by applying
the chain rule on the physical gradient 6G /Oy :

OH _ 0G oTi ' (x.u)
ou; Oy ou;

4

k=1,..,K (14)

, i=1,..,n,

where T/(x,u) is the inverted probabilistic transformation function. We find that the normalized gradient can be
expressed as
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o _ /G_G L i=loan (15)
Ou; ;

To summarize, we satisfy the required target reliability index as follows:

i=1,...,n (16)

Thus, we compute the optimum safety factors subject to the optimum values of the normalized variables ul* . According

to (13) and (15), it has been demonstrated that the optimum values of ul* can be written in the following form:

, i=1..,n 17
where the sign of = depends on the sign of the derivative, i.e.:
a—G>0<:>u;‘>o anda—G<0©u§‘<0 Ji=l..n (18)
i i
U1 .
Safe “ Failure
Regio Limit
Failure
-~ * .
, N R Region
A
Hy,uy)=0

Fig. 2. Design point modeling in a double normalized variable space

The efficiency of the OSF is to transfer the reliability problem into an analytical formulation (17). This
formulation has been extended to several distribution laws (normal, lognormal, uniform Weibull, and Gumbel laws) for
single failure mode cases considering only RIA [11]. However, in this work, both RIA and PMA are used to show the
efficiency of the OSF formulation, and an extension to multiple failure case is carried out in the next section.

3.3 OSF for system RBDO

The system reliability problem can be written as:

—mind(u;) = Ju? +u3 +..+u> st: H (5t ) 0 (19)

Bsystem

where d(y;)is the minimum distance between the Most Probable failure Point (MPP) and the optimal solution
in the normalized space (Fig. 1). AndH; (ul) <0 represent the different failure modes. Using similar way, the

analytical formulation using OSF for a system RBDO can be written as follows:
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m
oG,
Loy,

n m
$ oG,
i=l | j=1 Vi

(20)

The formulation (20) provides different optimum values of the normalized variables at the failure point and

taking into account several failure modes.
4. Numerical Application on composite yarns

Composite materials have been used in structures for centuries. In recent times, composite parts have been
used extensively in aircraft structures, automobiles, sporting goods, and many consumer products. Composite materials
are those containing more than one bonded material, each with different structural properties. The main advantage of
composite materials is the potential for a high ratio of stiffness to weight. To solve the composite yarns structures (or

a) Ropes of composite yarns

4.1 Problem description

M3

M2

M1

Fig. 3. Material structure

b) Section of the studied rope

For tri-material structure illustrated in Fig. 3, the number of yarns #; , the section S;, the Young's modulus E;,

the Poisson's ratio v;and material density p, are given according to each material as shown in Table 1.

Table 1
Material properties of different used yarns
Material number n; S, (m’) E; (Pa) v; p; (Kg/m’)
M1 5 10e-8 5.8¢6 0.4 4.0
M2 15 10e-8 8eb 0.3 5.0
M3 10 10e-8 9¢6 0.2 6.0

4.1 Single yarn behavior
A stress unilateral structure is not capable of transmitting compression, i.e. negative stress: all its internal efforts
are traction. The formulation of this problem is complex and may lead to non-existence of solutions or several
approximate solutions. Some methods have been developed to determine a solution among all resulting configurations

[12].

{a) —a—»l

a) Initial case of a yarn and

Fig. 4. The tension on the yarn

b)

FE

W

p=pllte)

b) Stress case when applying external forces
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The behaviour of an elastic file is not defined by the single Hooke’s law; even in the frame of the linear elasticity, we
have

S:Z and 7>0 (21)
K

where K >0 is the constant of elasticity and T is the tension which defines the internal efforts of the studied yarn. The

total section is given by
n 2 3
S:ZSL["FZSZ,J- +ZS3,k (22)
i=1 j=1 k=1

and the total tension is given by

n 2 3
T="T;+Y T+ By (23)
i=1 j=1 k=1

with
St Sa,) S5k
T,=—T,T,,=—LT and Ty, =—=T
1,i S 2,j S 3,k S

Fig. 4a shows the initial case of a yarn in which the volume mass =p,. When applying an external force and
considering the gravity force (see Fig. 4b), the equilibrium vector equation can be written as
dr
—+pog=0, (24)

da
with p=p,(1+¢).

For our studied rope, there is a non gravity force p,g =0 . So, we get

T(L) =1, (25)
This way, the tension is a proportional value of the external force as follows
Sy S, S3.k
Lo=—2f T, =—Lf and Ty, =% (26)
1,i S fex 2,j S fex 3,k S fex
Here, the failure conditions are written as follows:
€1, < €1, max » 82,]’ < 82,max and &3k = €3 max (27)
In order to compute the maximum strain of each material, we have
T ; T, ; T
€ -:i,a ——T R and g5, = —* (28)
1,i K 2,j K 3,k K
Li 2, 3.k

4.3 Procedures

DDO procedure:
The optimization problem is to minimize the mass subject to the allowable strain €, and taking a global

safety factor S . This optimization problem must be followed by the reliability analysis as follows:
1- Optimization problem
min  mass(x)  subject to &(x) <g,, =&y /Sy (28)

2- Reliability analysis

subject to &(u) < g, (29)

RBDO procedure
Using OSF method, the RBDO procedure contains three main steps:

1- The first step is to obtain the design point (MPP). It is the objective to minimize the volume subject to the design
constraints without consideration of the safety factors. This way, the optimization problem for a single failure mode is
simply written as:

min mass(y)
subject to €(y) < €, (30)

and for a multiple (double) failure mode as follows:

min mass (y)
subject to €(y) < g}y, (31)
T(y) < Tiim
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2- The second step is to compute the optimum safety factors using linear and nonlinear distributions [9] when the
number of the deterministic variables is equal to that of the random ones. During the optimization process, we obtain
the sensitivity values of the limit state with respect to all variables.
3- The third step is to calculate the optimum solution. This encompasses inclusion of the resulting values of the safety
factors into the design variables in order to evaluate the optimum solution.

4.4 Numerical results

4.4.1 Component RBDO
According to Table 2, the DDO procedure leads to a high reliability index, while the RBDO one satisfies the

required reliability level for the linear and nonlinear distribution laws. The resulting reliability index is: =3 that

corresponds to a probability of failure ( P, ~ 0.1%).

Table 2
DDO and RBDO results for a single failure mode
Desi Optimum Solution
Parameters If;:f? DDO RBDO
Normal Normal Lognormal Uniform Weibull
S1 0.2900 0.4400 0.3415 0.3387 0.3413 0.3455
S2 0.4750 0.8500 0.5774 0.5698 0.5655 0.5922
S3 0.5550 1.2300 0.6846 0.6737 0.6632 0.7072
€ max 0.0095 0.0048 0.0078 0.0079 0.0080 0.0076
Mass 0.034 0.0669 0.042 0.041 0.041 0.043
p -- 7.8231 3.00 3.00 3.00 3.00
Spi -- -- 0.849274 0.856135 0.849613 0.839352
Sia -- -- 0.822641 0.833690 0.839981 0.802099
Sr3 -- -- 0.810724 0.823839 0.836908 0.784831

4.4.2 System RBDO
It is easy to study structures under the most critical mode but it may provide inaccurate results for structural

reliability analysis. When dealing with several failure modes, the sensitivity study of each failure mode with respect to
all parameters may lead to strange results for the role of certain parameters. The required reliability for both failure
modes (tension and strain) is considered to be: 3, =3 that leads to a system reliability index By, =B, . The system

reliability index should be bigger or equal to the minimum required reliability index of all failure
modes B, = min(B;). Table 3 shows Linear and nonlinear RBDO results for the same target reliability index for

both failure modes.

Table 3
Linear and nonlinear RBDO results for multiple failure modes
Design Optimum Solution
Parameters . - -
Point Normal Lognormal Uniform Weibull
S1 0.2900 0.3432 0.3402 0.3421 0.3479
S2 0.4750 0.5774 0.5698 0.5655 0.5922
S3 0.5550 0.6850 0.6740 0.6632 0.7078
€ 0.0095 0.0078 0.0079 0.0080 0.0076
T 66335 58956 59526 59909 57830
Mass 0.0343 0.0418 0.0413 0.0409 0.0430
Biystem 0.0000 3.0242 3.0242 3.0241 3.0183
Sp 0.00 0.845081 0.852562 0.847811 0.833615
Sra 0.00 0.822641 0.833690 0.839981 0.802099
Sts 0.00 0.810263 0.823460 0.836803 0.784156
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6. Conclusions

In this paper, the OSF method is shown as a distinctive tool for RBDO problems. This method is based on the
sensitivity of the limit-state function with object of determining the role of each studied parameter relative to the failure
mode (or modes). First of all, it has been shown that the idea of the OSF method is to avoid the reliability constraint
evaluation with a particular optimization process. In addition to its simplified implementation framework to completely
decouple the optimization and the reliability analyses, it provides designers with efficient solutions that should be
economic satisfying a required reliability level. The developed equation of OSF basing on both of RIA and PMA leads
to the same formulations. The OSF procedure needs only single optimization process for the design point without
additional computing time because it has a single variable vector. Finally, the developments based on the reliability
view point are less efficient than those based on the optimization view point because the second provides us with
reliability-based optimum designs without additional computing cost for probabilistic (reliability) constraints and can
lead to global optima. It is shown that the RBDO compared to OSF has several advantages: small number of
optimization variables, good convergence stability, small computing time, satisfaction of the required reliability levels.
For composite structures, the RBDO problems are more difficult than for simple structures because we deal with several

related limit state functions.
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Micrometric research results of vacuum dough divider components’

E. G. Martynova', S. A. Velichko?, A. V. Martynov3**

123 Ogarev Mordovia State University, Saransk, Russian Federation

o o sk
Pe3yJIbTaTbI MUKPOMETPAKHBIX HCCJICA0BAHUU NAE€TANCH TECTOACTUTEIbHBIX MAILIMH BAKYYMHOI'O THUIIA

E.T. Mapreinosa ', C. A. Betmuxo’, A. B. MapTbinos®

123 HanmoHaIbHBIA HCCITEN0BATEIbCKHI MopI0OBCKHIA TOCYAapCTBEHHBIH YHUBEpCUTET, T. CapaHck, Poccuiickas deneparust

Introduction. Nowadays, vacuum-type dough dividers are used
in industries with a production volume of up to 4,000 loaves
per day. In the dough divider operation, due to wear of the
working surfaces of the piston, chamber, and drum, the gap
between them goes beyond the value equal to 50 microns,
which provides vacuum in the suction chamber. As a result,
the suction process becomes unstable; the dough divider
disturbs the weight accuracy of bakery goods. Repair of such
equipment is carried out mainly through a full or partial
replacement of worn parts and assemblies with new ones. To
increase their durability, there is a need to develop a new
highly efficient technology with the restoration of worn part
surfaces using the welding and surfacing methods.

Materials and Methods. A new technique of determining the
number of objects for research using the “STATISTICA”
program is presented. Wear surfaces of the vacuum dough
divider parts are determined.

Research Results. Micrometric studies of the dough divider
components were carried out. They showed the presence of
appreciable size distortions due to the local wear of the
working surfaces. In this case, a side gap between the suction
chamber and the main piston and between the drum and the
suction chamber is 6 times higher than the permissible one,
and a vertical gap between the division box and the piston
exceeds the permissible gap by more than 10 times. Wear of
the working surfaces of the dough divider parts is local in
nature, while the range of values is as follows: for the main
piston, it is 10-200 microns; for the gaging piston, it is 250-
900 microns; for the suction chamber and division box, it is

300-400 microns; for the drum surfaces, it is 280-300 microns.

" The research is done within the frame of Contract No. 18-43130003/18.

Beeoenue. B HacTosmee BpeMst Ha MPOU3BOJICTBAX ¢ 00BEMOM

Beimycka 1o 4000 Oymok B JeHb  HCIOJB3YIOTCS
TeCTOJeNUTENbHBIE MAlIMHBI BaKyyMHOTo THma. B mpomecce
9KCILTyaTaI[H TECTOACIUTENFHOTO YCTPOUCTBA M3-32 N3HOCOB
pabounx MOBEpPXHOCTEH MOpLIHA, KaMephl, OapabaHa 3a30p
MEXy HUMH BBIXOAUT 32 BEIMYMHY, paBHYI0 50 MKM, IpH
KOTOpOil oOecreunBaeTcsi BakyyM BO BCACHIBAIOIIEH Kamepe.
B pesymprare sTOro mpomecc BCACHIBAHUSI CTaHOBHUTCS
HECTaOWIBHBIM, TECTOJEINUTEIbHOE YCTPOWCTBO HapylIaeT
TOYHOCTh PAa3BECOBKH XJIEOOOYIOUHBIX H3Aenuid. PemoHT
Takoro oOOpyIOBaHUS  NPOBOAMTCA B

HCIOJIE30BAHMEM  IOJIHOM  WJIM  YaCTHYHOM

OCHOBHOM  C
3aMeHBI
W3HOLICHHBIX JIETaleH U y3J0B Ha HOBBIC. J{JIs MIOBBIICHUS HX
JIOJITOBEYHOCTH BO3HHKAET MOTPEOHOCTh B Pa3pabOTKe HOBOM
BBICOKOA(PEKTUBHOI

TEXHOJIOTHHA C BOCCTAHOBJICHHEM

N3HOIIEHHBIX MIOBEPXHOCTEH neTanei CBapOYHO-
HAIUTAaBOYHBIMHM METOaMH.

Mamepuanvt u memoou. [IpeacraBnena HOBasi METOANKA
OIpEZIeNIeHNsT KOJMYeCTBA OOBEKTOB [UISI MCCIEHOBAHHS C
WCTIONIb30BaHUEeM TporpamMmbl «CraTucTHKay. OmnpeneneHbl
MOBEpXHOCTH H3HOCA JeTajedl TeCTONEIMUTEIbHBIX MalluH
BaKyyMHOT'O THIIA.

Pesynomamut uccneooganus. IIpoBeNeHBI MHUKPOMETPaXKHBIE
HCCIIEIOBaHMsl  JieTalled  TeCTOHENUTENBHBIX  YCTPOMCTB,
KOTOpBIE MOKA3aJIH HAIMYNE Y HUX 3HAUNTETbHBIX HCKAKCHUIH
pa3MepoB M3-3a JIOKAIBHOTO M3HOCA PabOYUX MOBEPXHOCTEH.
[Ipu sTOoM OOKOBO¥ 3a30p MEXIY BCACBHIBAIOIIEH KaMepoll U
TJIaBHBIM TOPIITHEM, 6apabaHOM U BcachIBaIoIIeii kamepoii B 6
pa3 MpeBbIILAeT JOIMYCTUMBIN, a BEPTUKAIBHBIN 3a30p MEXIY
MEpHOU KaMepol W MOPIIHEM IPEBBIIAET TOMYyCTUMEIH 3a30D
6omee ueM B 10 pa3. M3HOCH pabovnx MOBEPXHOCTEH AeTaNICH
TECTO/ICIUTEIHHBIX MAIIUH HOCST JIOKATBHBIA XapakTep, MpH
3TOM JHana3oH 3HAYCHUI COCTABISAET: JJIS TJIABHOTO MOPIIHS
— 10200 wmxkm; wmepHoro mopmHI — 250-900 MKM;

300400 w™xM;

BCACHIBAIOIINX M MEPHBIX Kamep —
noBepxHocTeit 6apabarna — 280-300 MKM.

™ E-mail: el.mart2012@yandex.ru, Velichko2005@yandex.ru, Martynov-230685@yandex.ru

" PaGora BbINOTHEHA 10 1oroBopy Nel8-43130003/18.
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Discussion and Conclusions. The conducted micrometric
studies showed the presence of appreciable size distortions due
to the local wear of the working surfaces. Based on the results
obtained, it can be argued that the most productive and
economically viable technique for the restoration of worn
is, the

surfaces of dough divider parts for example,

electrospark machining.

Keywords: dough divider, dough weight distribution, wear of
dough divider parts, measurement diagram, gaps in mobile
interfaces of dough divider.

For citation: E.G. Martynova, et al. Micrometric research
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DSTU, 2019, wvol. 19, no. 3, pp. 231-241.
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Oobcyarcoenue u 3AKTIOUEHUS. IIpoBenennsre
MHKPOMETPaKHbIC HCCISTOBAHMS IETANCH TECTOACTUTEIBHBIX
YCTPOMCTB MOKa3ajid HAJM4He Yy HHUX 3HAYUTEIbHBIX

HCKa)XEHUH pPa3MepoB H3-3a JIOKAJIbHOTO H3HOCA pPaboumx
noBepxHocTe. OCHOBBIBAsICh Ha IOJy4EHHBIX pe3yNbTaTax,
MOKHO yTBEpXKIaTh, 4YTO HawOoliee TEXHOJIOTUYHBIM H
SKOHOMHYECKH  LENeco00pa3sHbIM OIS

HU3HOMICHHBIX HOBerHOCTeﬁ neraneit TECTOACIIUTCIIBHBIX

BOCCTaHOBIICHHS
MAILUH ABJIAETCS METOJ HJIEKTPOUCKPOBOI 00pabOTKH.

Kniwouegvle  cnosa:  TecTONENUTENBHOE  YCTPOMCTBO,

pa3BecoBKa TeCTa, M3HOCHI JACTANCH TECTOACIUTEILHOTO
YCTpOIiCTBa, CXeMa W3MEpEHHs, 3a30pbl

COIIPSIKEHUAX TECTOACIIUTEIIbHBIX yCTpOﬁCTB.

B IIOABHXKXHBIX

Oébpaszey ona yumupoeanus: MapteiHoBa, E. I'. Pesynprare

MHUKPOMETPAXKHBIX HCCIIeT0BaHU I neTaen
TECTOACIUTEIbHBIX MAIIuH BaKyyMHOTO THIIA /
E.I'. MapreiHoBa, C.A. Bemmuko, A.B.MaptsHOB //
Becrnuk [lon. roc. texn. yH-tra. — 2019. — T.19, Ne.3. —
C.231-241. https://doi.org/10.23947/1992-5980-2019-19-3-

231-241

Introduction. Bread baking holds a specific place in the food industry. Products of enterprises of this

specialization are top requested. However, despite high
production may be wasteful. This is due to the insufficient

demand for bread and bakegoods, in some cases, such
mechanization of the baking process and the complexity of

its maintenance. To make an enterprise of such specialization profitable, it is necessary to use high-tech equipment in
the process of making bread, which includes, for example, dough-dividing machines [1].
Dough dividers are designed for mechanical processing of dough through dividing it into portioned pieces of a

certain weight and shape. Dough dividers are most often used in bakeries that supply bread, loaves, rolls, etc. to the

market.
At the bread factories and in bakeries,
“GORIZONT” and of foreign manufacture - “PARTA U2”,

dough-making machines of domestic production “Voskhod”,

“Kumkaya”, “CRV” are mostly often used [2, 3]. Imported

equipment is although more functional than domestic analog models, but, it costs 1.5-2.5 times as much.

The main unit of the dough divider that performs the key function is a dividing device (Fig. 1) which consists
of hopper A4; bin hopper B; suction chamber body C; dividing knife D; main piston E; suction chamber F; measuring
piston G; drum-type tail gate / (hereinafter referred to as the drum) with division box H [4].
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drum (Fig. 2 ¢), etc., wear out.
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b) 9

Fig. 1. Structure diagram of vacuum-type dough divider: 4 is hopper; B is bin hopper; C is suction chamber body; D is dividing
knife; E is main piston; F is suction chamber; G is measuring piston; H is division box; / is tail gate (drum); K is conveyer belt.

When in operation, the working surfaces of the main piston (Fig. 2 a), the suction chamber body (Fig. 2 b), the
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A A
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a) b) <)

Fig. 2. General view of dough divider components: (A is maximum wear region): a is measuring piston;
b is suction chamber body; ¢ is drum

As a result, gaps between them go beyond the value at which vacuum is maintained in the suction chamber; the
suction process goes out of control, and the dough divider disturbs the weight distribution accuracy of bakery goods [5].

Till now, repair of such equipment is carried out by 70-80% using spare parts priced from 200 to 300 thousand
rubles. The component parts of foreign equipment are particularly expensive [6].

At a number of technical service enterprises, the restoration of components is carried out through the building-
up of cast iron, stainless steel and non-ferrous metal on worn surfaces, and then through machining according to the
allowance and technical requirements of the maker [6, 7]. However, this technique is unsustainable, time-consuming,
and it has high cost.

To increase the durability of such machines, a new highly efficient technology is needed, which provides
restoring components through coating with the desired physical and mechanical properties. One of the main criteria for
selecting a technique of restoring worn parts is evaluation of the part surface wear that determines the required
thickness of metal coatings.

In this regard, the work objective is to assess average values of gaps and wear of dough divider components
according to the micrometric study results.

Materials and Methods. The number of dough dividing devices for micrometric studies was selected using
the chi-square test. When using this criterion, the critical power value p,, = 0.80 [8] and the value of the one-sided
probability belief p, =0.80 [9] were set.

The determination of the number of objects is carried out according to the hypothesis: for a given value of the
significance level o = 0.05. According to the null hypothesis, the number of objects is enough for research, according to
the alternative one, it is not enough. If the significance level of the current value o; is higher than the accepted value of
0.05 and the current value of the chi—square p,; criterion power is higher than the critical value of 0.80, then the null
hypothesis is valid, and vice versa.

For the accepted parameter values, the dependency graph of the number of objects N and the one-sided
confidence probability p, of the chi-square criterion is shown in Fig. 3.
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Fig. 3. Dependency graph of number of objects N and the one-sided confidence probability of chi-square criterion

The graph shows that for the accepted one-sided confidence probability p, = 0.80, the number of objects for

the experiment is N = 19 pcs.

The calculation results in the STATISTICA program show that the design value of the significance level of the
chi-square test a; = 0.064 is higher than the accepted 0.05, and the actual power of the criterion p,;= 0.84 is higher than
the critical value 0.80 [8]. The results obtained validate the null hypothesis with a certain number of dough divider
devices N =19 pcs.

Under the micrometric studies at the first stage, gaps in the interfaces were measured.

According to Fig. 1, a divider consists of a suction chamber and a division box, inside which the main
piston and the measuring one, respectively, are moving.

When measuring the gap in the horizontal plane of these joints, the piston 1 is shifted all the way to the fixed
chamber 2 and, on the opposite side, the gap Z; is measured in different sections (Fig. 4,a). Also, in this position of the
piston 1, the gap Z, in the vertical plane is measured.

o N
Ny & 1 [
(¢

a) b)

Fig. 4. Measurements of gap in sliding joints of dough dividers

http://vestnik.donstu.ru

Then piston 1 is shifted to the opposite direction (Fig. 4, b), and the measurement algorithm is repeated.
Such measurements were carried out in the extreme and middle working position of the main and measuring piston

234 1 (Fig. 1).
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The tail gate-drum coupling is structurally made of two parts — a housing with a division box and a faceplate.
The gap in this coupling is measured between the drum and the suction chamber.

If a gap in the joints is more than 0.05 mm, the wear of the part working surfaces is measured. When the
dough divider is operating in the joints, the main piston is a suction chamber, the measuring piston is a division box,
and the drum is a suction chamber (Fig. 1). The unworn surface of the parts is absent, their relative wear is measured
according to [10, 11].

The relative wear of the outer part surfaces in the i-th section is calculated from the formula
UIH = dmax - di

where d,x is maximum part size, microns; d; is the part size in the i-th section, microns.
The relative wear of the internal part surfaces in the i-th section is calculated from the formula

B _
Ul =D i D, mins
where D; is the part size in the i-th section, microns; D, is the minimum part size, microns.

When measuring, the sections of the chamber parts of the dough dividers are selected according to the working
stroke of the pistons in those places where the working surfaces are in contact (Fig. 1).
The relative wear of the drum surface is measured through radial deviation of the fixed points of the drum
surface relating to the center holes of the bearing trunnions. A measurement circuit of the drum working surface is
shown in Fig. 5.

1 2 3 4 56 7 8 9
| | ! | | |
= ‘ |\ I | | | | | | 2 \| |
A -L——L——'—i<——0—i—r——o————0—i A
B 11 5% -+ f B
0
C 5 Tt e R @ _ opposite to division boxes in
° the upper part of faceplate
D 41 »— & — & — ——& ¢ o — —& — 9o — —0] D
2 drum wear zone opposite to
[ e .
S A —— VA - division boxes in lower part
0 / / / C,|/ of faceplate

4&%

280

Fig. 5. Measurement circuit of the drum working surface

For measurements, the drum is installed in the centers of the lathe. Measurements during a longitudinal
movement are made by the detecting head along the drum in different planes, but without changing the position of this
head in the radial direction.

To measure the external components of the dough dividers, MP02102 micrometer with an accuracy of 0.003
mm in 0.002 is used. For internal parts -GOST 868 indicating hole gage NI-100M, whose measurement error is 0.015
mm, with GOST 577 ICh10 mercer clock gauge head, 1 accuracy class in 0.01 mm.

Research Results. The average values of the gaps between the pistons and chambers of the dough divider
according to Fig. 3 are shown in Tables 1 and 2.
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Table 1
Average values of the gap between suction chamber and main piston
Distance from front Gap average value, mm (+0.02)
chamber edges, mm Z, Z, 75

0 0.02 0.20 0.12

25 0.18 0.22 0.18

50 0.30 0.22 0.20

75 0.25 0.20 0.20

100 0.30 0.25 0.20

150 0.25 0.25 0.20

200 0.25 0.20 0.20

Table 2
Average values of the gap between division box and piston
Distance from front Gap average value, mm (£0,02)
chamber edges, mm 2 | Z | 7
Left chamber
5 0.50 0.35 0.30
25 0.50 0.45 0.35
50 0.55 0.50 0.35
75 0.50 0.35 0.30
Right chamber

5 0.10 0.40 0.10
25 0.10 0.45 0.15
50 0.05 0.45 0.15
75 0.05 0.40 0.15

Tables 1 and 2 show that the side gap between the worn-out suction chamber and main piston reaches 300 um

in some areas. Given the increased wear of the output part of the lower plane of the chamber, the vertical clearance is at
least 400-500 um. Values of the lateral and vertical gaps between worn division boxes and pistons also far exceed the
permissible value and reach 550 pm.

The average values of the gap between the drum and the suction chamber are shown in Table 3.

Table 3
Average values of the gap between drum and suction chamber
. Clearance in mm (£0.02) at points
Sections
1 2 3 4 5 6 7 8 9
A 0.06 0.15 0.15 0.13 0.10 0.20 0.18 0.21 0.07
B <0.05 0.26 0.30 0.30 0.08 0.25 0.25 0.28 <0.05
C <0.05 0.17 0.15 0.18 0.07 13 0.15 0.15 0.05
D <0.05 0.09 0.10 0.08 <0.05 0.12 0.11 0.10 <0.05
E 0.05 0.07 0.08 0.08 0.05 0.05 0.06 0.08 <0.05
F <0.05 0.16 0.14 0.15 0.09 0.15 0.15 0.13 <0.05
G <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

As follows from Table 3, the gap between the drum and the suction chamber in 300 pm far exceeds the

permissible value.

Tables 4-5 show the measurement schemes and average wear values of the part surfaces that determine the

performance of the dough dividers.
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Table 4
Results of micrometric measurements of main piston
. Average measurements, .
Sections 8 Observations
mm
1 2 3

Sectional piston height measurements, £0.01 mm

10 9 8 7 6
Average - I I = =
measurements, mm "- . 12 ] :D
. 14 e . |_—;
5 4 3 2
1 99.95 In zones 1-2 on the bottom surface, wear is up to 0.2 mm deep,
2 99.93 20 mm long, and 5-6 mm wide
3 99.90
4 99.86
5 99.82
6 99.95
7 99.96 )
2 99.92 On the total area of bottom and top surfaces of zones 3-14, there is
tearing and furrows up to 0.1 mm in depth, some dents
9 99.89
10 99.87
11 99.80
12 99.82
13 99.84
14 99.80

Sectional measurements of piston width, £0.05 mm

3
Average measurements, mm 4| .
8
1 189.80
2 189.65
3 189.60
4 189.60 There is tearing and furrows up to 0.1 mm in depth over the total area of
5 189.80 the side surfaces
6 189.80
7 189.70
8 189.60
9 189.80
10 189.80 In this area, on the right side, there is longitudinal tearing up to 0.3 mm
in depth
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Table 5
Results of micrometric measurements of measuring pistons
+
Sections Measurement results, mm (+0.01 Observations
mm)
1 2 3
1 2 3 1 2 3
T 1 1 1
D : . : . Ll . Ie
| ' 10 Sectional 7 ! ' 10
Average . - : 1 ™ !
-~ < measurement i | 1
measurements, " 12 9 [~ 1 ]
v 1 scheme of ! \ 12
mm A . . ™ I
v piston width N .
. : . : . . : . : .
789 4 I 5 6 4 5 6
PISTON No. 1 (left), sectional measurements of piston height
1 99.88
On the bottom surface in zones 1-3, there is tearing up to 0.3
2 99.88 .
mm in depth
3 99.78
4 99.80
5 99.78
6 99.69
7 99.58
8 99.57
9 99.60
10 99.42...60 On the top surface (half the area) in zones 10-12, there is
11 99.40...50 fatigue wear, on the rest area, there is tearing up to 0.2 mm in
12 99.55 depth
PISTON No. 1 (left), sectional measurements of piston width
1 82.33
2 82.33
3 82.27
4 82.38
5 82.36
6 82.31
E 7 81.92
2 In zones 7-9, there is uniform wear, the amount of wear on the
= 8 82.00 . .
) left surface is greater than of the right one
3 9 82.15
% .
=)
% 10 81.80...90
Z 11 82.00 In zone 10, there is fatigue wear up to 3.5 cm”in area
= 12 82.14
=
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PISTON No. 2 (right), sectional measurements of piston height

—_—

99.78

99.77

99 68 On the bottom surface in areas 1-6, there is tearing and furrows

99.80

99.83

99.75

99.50

99.48

99.47

g =) EN-1 R=CY RN ¥ N VY [N JORY I

99.22...49 in area

—_
[\

99.20...50

99.22...53 On the top surface in zones 10-12, there is fatigue wear up to 90%

PISTON No. 2 (right), sectional measurements of piston width

82.29

82.31

82.18

82.38

82.41

82.28

81.66

81.98

O| 0| Q| | | | W | —

82.22

—_
(=]

81.49...75 On both surfaces in zones 10-11, there is fatigue wear up to 50%

in area

—_—
—_—

81.58...92

—
[\

82.10

As follows from Table 4, the height of the main piston wear along the sections is uneven. It is minimal at the
rear part of the piston (1020 um) and gradually increases to a maximum value up to 150 um to its front face. The
nature of the change in the size of the piston width is similar, in which the maximum value of wear of at least 200 um is
also located at its front face. Grooves of various depths (from 100 to 300 pum), furrows, some dents are visible on the
total frictional area. Piston wear is caused by mechanical abrasion.

The inspection results of a measuring piston (Table 5) show that wear along the height and width is maximum
in its front part (Table 3) and it can reach 800-900 microns. However, there is a feature caused by the presence of
vertical and horizontal gates. The areas of friction surfaces opposite these gates are worn out more — by an average of
250-300 pum. Besides, in the fore piston lead-in, opposite the gates, on the top and side surfaces, there are sections of
increased wear. This is clearly seen in Fig. 2, a.

The wear monitoring of the components of the suction chamber and division box shows that a long-term
operation has also affected their size variation. As in the case with pistons, they are worn unevenly over sections along
the total length of the working stroke. A characteristic feature of the suction chamber is increased wear (300—400 pm)
of the bottom plane at the outlet part over all sections (Fig. 2, b). The width of the increased wear stripe of the suction
chamber is 25-30 mm.

The measurement results of the radial deviation of the drum working made according to the scheme of Fig. 4
are shown in Table 6.
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Table 6
Average values of radial deviation of drum working surface'
Sectional measurement results
Sections N <«
1 3 5 5 7 9
A -0.03 -0.11 -0.06 -0.05 -0.13 -0.04
B 0 -0.28 -0.03 -0.03 -0.22 -0.02
C 0.01 -0.16 -0.04 -0.05 -0.11 -0.03
D 0 -0.05 -0.02 -0.03 -0.06 0.01
E -0.02 -0.06 -0.02 -0.02 -0.04 -0.01
F -0.01 -0.09 -0.05 -0.04 -0.10 0.01
G 0 -0.02 -0.01 -0.02 0 0
"Note.

1) — and « are directions of the longitudinal movement of detecting head;

2) points G1 and G9 are basic

Along with measuring the radial deviation of fixed surface points, it is possible, using the data from Table 3, to
determine the boundaries of worn sections and the values of wear. The most worn sections of the drum working surface
are in the sections opposite the division boxes in the upper and lower parts of the faceplate (Fig. 2c, 4)

As follows from Table 3, maximum wear on the most worn sections of the drum working surface reaches
280-300 pm.

To restore worn surfaces of dough divider components in the modern repair production, the most productive
and economically viable technique is the electrospark machining [12].

Electrospark treatment is the process of transferring electrode material to a surface to be treated through the
spark electric discharge. A feature of this method is a localization of worn areas, the absence of heating the components
and the possibility of applying any conductive materials that provide high tribological properties of friction couples
with minimal surface preparation.

Conclusion. Thus, the micrometric studies of dough divider parts show that they have appreciable distortions
due to local wear of the working surfaces.

The investigation of gaps in the dough divider joints shows the following: the lateral gap between the suction
chamber and the main piston is 6 times higher than the permissible one and reaches an average value of 300 pum; lateral
and vertical gaps between the division box and the piston are 550 pm, which is more than 10 times the allowable gap;
the gap between the drum and the suction chamber is 6 times the permissible gap and reaches an average value of 300
pm.

Wear of the working surfaces of the dough divider parts are local in character. The range of values for the main
piston is 10-200 pm; for the measuring piston, it is 250-900 um; for the suction chamber and division box, it is 300-400
um; for the drum surfaces, it is 280-300 um.

Based on the results obtained, it can be argued that the electrospark machining is the most productive and
economically viable technique for restoring worn part surfaces of the dough dividers.
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Theoretical background of hydraulic drive control system analysis for testing piston hydraulic

cylinders ™
A. T. Rybak', I. K. Tsybriy?, S. V. Nosachev?, A. R. Zenin*"

1234 Don State Technical University, Rostov-on-Don, Russian Federation

TeopeTI/meCKne OCHOBBI pacdeTra CHCTEMbI YIpaBJCHUS THAPABJIUYECCKOIo NnmpuBoAa CTeHIAA IJIH HCIBITAHUH

*
MOPIITHEBLIX TMAPABJINYCCKUX HUJIUHAPOB

A.T. Pblﬁa](l, n. K. Hblﬁpﬂﬁz, C.B. HocaqéB3, A. P. 3enun”

1,2,3,4

Introduction. The durability and performance of hydraulic
machines is determined through life tests. At that, various
braking devices (mechanical, electric, hydraulic, etc.) are used
for strength loading of the hydraulic motor, as a result of
which a significant amount of energy is lost. This can be
avoided if the method of rotational motion with energy recov-
ery is used during life tests. This approach is applicable for
hydraulic pumps, motors, and hydraulic cylinders.

Materials and Methods. A test bench is presented, the design
of which provides recreation of the conditions most appropri-
ate for the field operation of hydraulic cylinders. In this case,
energy recovery is possible. To solve the research problems,
methods of mathematical modeling were used, the basic func-
tional parameters of the proposed design were calculated. The
determination of the pressure increment at various points in
the hydraulic system is based on the theory of volumetric ri-
gidity. When modeling the motion of the moving elements of
the bench hydraulic system, the laws of rotor motion are used.
Research Results. In the structure of the test bench, the cylin-
ders in question are located in the pressure main between the
hydraulic pump and the hydraulic motor. This enables to sig-
nificantly reduce the bench itself and to save a significant
amount of energy due to its recovery. A basic hydraulic dia-
gram of the test bench for piston hydraulic cylinders is pre-
sented, in which the operation of the moving elements of the
system is shown. A mathematical modeling of the hydraulic
system of the bench is performed. A kinematic diagram of the
mechanism for transmitting motion between test cylinders is
shown.

Discussion and Conclusions. The system of equations present-

" The research is done within the frame of the independent R&D.

JIoHCKOI rocyIapCTBEHHBIN TEXHUUECKUN YHHUBEpPCHUTET, T. PoctoB-Ha-/lony, Poccuiickas denepanus

Beeoenue. J1onroBeyHOCTh U pabOTOCIIOCOOHOCTH THAPABIIH-
YECKUX MaIllMH ONPEAeISIETCS B Pe3yIbTaTe PECYPCHBIX MCIIBI-
taHuil. [Ipu 3TOM U1 CHIIOBOTO HArpyXEHUs THAPABIMIECKO-
TO JBUTATENs] NPUMEHSIOTCS Pa3IMYHBIE TOPMO3HBIE YCTpPOW-
cTBa (MEXaHUYECKHUE, DIICKTPUIECKUE, THAPABINIECKHE H JIp.),
B pe3yNIbTaTe YEro TepsieTCs 3HAUUTETbHOE KOJTUIECTBO SHEP-
IHU. DTOr0 MOXHO M30€XaTh, €CIIH MPU PECYPCHBIX HCIbITa-
HHSX UCITIONIB30BaTh METOJ BPAIIATEILHOTO JBHKEHHS C PEKy-
nepanuei sHepru. Takoil MOAX0x MPUMEHHM UIs THAPABIIH-
YECKHUX HACOCOB, MOTOPOB, a TaKKe I'MIAPABIMIECKHX LMIHH-
TIPOB.

Mamepuanvr u  memoowi. IlpencTaBieH HCIBITATENbHbIN
CTEHJI, KOHCTPYKIHS KOTOPOTO ITO3BOJISIET BOCCO3JAaTh YCIO-
BUSI, MAaKCUMAJIbHO COOTBETCTBYIOIME PEabHON 3KCILTyaTa-
I[MY THAPABINYECKHX IIIHHAPOB. [Ipn 3TOM BO3MOXHA peKy-
nepanus SHepruu. [ pemreHus 3a7ad MCCIIeOBaHUS HC-
MOJB30BaHBl  METOABI MaTEMAaTHYECKOTO MOJEIUPOBAHMS,
paccuuTaHbl OCHOBHBIE ()YHKIIMOHAIBHBIE MApaMETPHI Mpea-
naraemMoil koHcTpykiuu. OmpeneneHne NpHpalieHHus JaBie-
HUS B Pa3JIMYHBIX TOYKAX THAPABINYECKOH CHCTEMBI Oa3upy-
eTCsl Ha TEOpUH O0OBEMHOM >KecTKOCTH. [Ipu MopenupoBaHuU
JIBIDKEHHUS TTOJIBIDKHBIX 3JIEMEHTOB I'MIPABINYECKOI CHCTEMBI
CTEH/Ia CIIOTb30BAaHBI 3aKOHBI IBIDKEHUS POTOPA.
Pesynomamul uccredoéanus. B cTpyKType HCHBITaTENBHOTO
CTEeHJIa pPaccMaTpHUBaeMble THAPONMINHIPHI Pa3MEIICHB B
HAMOPHOM MarucTpaji MeXIy THMIPOHACOCOM U THAPOMOTO-
poM. DTO IMO3BOJSIET CYIIECTBEHHO YMEHBIIHTH CaM CTEH] U
COKOHOMHTH 3HAYUTEIHHOE KOJIMYECTBO PHEPIUH 3a CUET ee
pexynepauuu. [IpuBeneHa nmpUHLMIHAIBHAS THApaBIXYECKast
cXeMa CTeHJIa IS MCTBITaHNH TOPIIHEBEIX THIPONMIIHHAPOB,
B paMKax KOTOPOH NOKa3zaHa paboTa MOJBIKHBIX 3JEMEHTOB
CHCTEMBI. BBITIOTHEHO MaTeMaTHYeckoe MOJEIMPOBAHHUE THI-
paBiIH4ecKkoil cucreMmbl creHAa. Iloka3zaHa KHHeMaTHYeCKas
CXeMa ME€XaHu3Ma nepeaavyu ABMKEHUS MEXKAY UCTIBITYEMbIMU
IIIAHAPAMH.

Obcyscoenue u 3axmovenus. TIpencraBieHHas B CTaTbe CH-
CTeMa ypaBHEHHII IIOKa3bIBaeT, KAKMM 00pa3oM OIpeersieTCs

™ E-mail: 2130373@mail.ru, irconst@mail.ru, nosachev-s@yandex.ru, azenin@donstu.ru
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ed in the paper shows how the increment of pressure at the
selected nodal points of the energy recovery system is deter-
mined (in particular, how the increment depends on time, re-
duced coefficient of volumetric rigidity, operating fluid con-
sumption, and piston areas). The velocities of the hydraulic
pistons are determined according to the kinematic scheme of
the mechanical transmission of the bench. Thus it can be ar-
gued that, thanks to the solution presented in the paper, the life
test results of hydraulic cylinders will adequately reflect their

operation under rated duties.

Keywords: piston hydraulic cylinders, test bench, testing, en-
ergy recovery, math modeling, kinematic motion transmission
scheme.
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NpHUpanieHie OaBICHUS B BBIOPAHHBIX Y3JIOBBIX TOYKaX CH-
CTEMBI PeKyIepaIuy SHepTruH (B YaCTHOCTH, KaK NMPUpPAILECHNUE
3aBUCHT OT BPEMEHH, NPUBEAEHHOro Koddduimenta oobeM-
HOW JKECTKOCTH, pacxoia pabouell >KUIKOCTH, IUIOIAAN
nopIuHei). BennauHbl cKopocTeil mepeMenieHus IyH:XepoB
TUIPABIMYECKUX LUIMHAPOB ONPENENICHbl COrTIACHO KHHEMa-
TUYECKOHW CXeMe MEXaHHYeCKOoN nepenauu creHnpa. Mrorm
HCCIIeI0BaHMs IO3BOJIAIOT YTBEPIXKIATh, UTO, Oraromaps npea-
CTaBICHHOMY B CTaTbh€ PELICHHIO, PE3yIbTaThbl PECYPCHBIX
UCTIBITAHUH THIPABIMYECKUX IHIMHIPOB OYyIyT aJeKBaTHO
OTpakaThb MX pabOTy IpH HOMH HAJIBHOM PEXHME DKCIUTyaTa-
IHUH.

Knrwoueswvie cnosa: NOPIIHEBBIC TUAPABINYCCKUE HUIIUHIPBLI,
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Introduction. One of the important stages of the machine-building production including the production of hy-
draulic machines is the end product qualification test [1].

The most significant (at the same time labor and energy consuming) tests are life time tests. They determine
the durability and long-term intended operability. Life tests should be performed in the mode most closely approximate
to the nominal conditions of hydraulic cylinders. In this case, various braking devices (mechanical, electrical, hydraulic
and others) are used for power loading of the hydraulic motor, as a result of which a significant amount of energy is
converted into heat. This is especially true for testing medium-duty and high-energy-rate hydraulic machines.

As a result of an active search for a solution to the indicated problem, a life time test for rotary hydraulic ma-
chines with energy recovery is developed [2—4]. This approach provides significant savings when testing hydraulic
pumps and hydraulic motors. Test methods with energy recovery are also developed for hydraulic cylinders [5—10]. The
schemes described in [9, 10] make it possible to produce a bench tester for hydraulic cylinders operating mode fully
compatible with their field work.

Materials and Methods

Problem formulation. A stand design is proposed that provides recreating conditions most closely resembling
the field work of hydraulic cylinders. At that, energy recovery is possible, which reduces significantly its costs, espe-
cially during resource tests. To solve the research problems, mathematical simulation techniques were used, the basic
functional parameters of the proposed design were calculated.

Description of the test bench. The test bench for life time tests of piston hydraulic cylinders with energy re-
covery was developed on the basis of the previously proposed test method with energy recovery of rotary hydraulic
volumetric machines [3, 4]. This solution implies that the hydraulic motor returns energy to the hydraulic pump shaft
through the mechanical drive system. The tested hydraulic cylinders are located in the pressure line between the hydrau-
lic pump and the hydraulic motor [5, 6]. Such tests can reduce drastically the stand itself and save a significant amount
of energy due to its recovery.

The hydraulic circuit diagram of the test bench for piston hydraulic cylinders is shown in Fig. 1.
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Fig. 1. Hydraulic circuit diagram of the stand for resource tests of piston hydraulic cylinders with energy recuperation

Fig. 1 shows that the tested hydraulic cylinders C/ and C2 interconnected by a mechanical transmission M73
are installed between a hydraulic pump and a hydraulic motor.

The stand operates as follows. The electric motor EM through the mechanical transmission M7/ drives the
shaft of the hydraulic pump P. The energy transported by the actuation fluid is transferred by it along the hydraulic line
1-2 to the input of the hydraulic distributor D, which directs it, for example, along the highway 4-5-6 to the piston cavi-
ty of the hydraulic cylinder C1.

The hydraulic cylinder C/, through the mechanical transmission M73, transfers the energy received from the
actuation fluid to the rod of the hydraulic-cylinder C2, which, in this case, acts as a pump and transfers the energy of the
actuation fluid located in its piston cavity.

From the piston cavity of the hydraulic cylinder C2, the actuation fluid is fed through hydraulic line 12—13—
14-15-16 to the input of the hydraulic motor M, which converts the energy obtained from the actuation fluid into the
shaft rotation energy. The rotation of the shaft of the hydraulic motor M through a mechanical transmission M72 is
transported to the shaft of the hydraulic pump P. MP2 transmission is designed so that the speed transmitted to the shaft
of the hydraulic pump P from the shaft of the hydraulic motor M is slightly higher than the frequency with which the
primary energy source (electric motor EM) rotates the hydraulic pump shaft. This helps to slow down the rotation of the
shaft of the hydraulic motor M. As a result, the inlet pressure rises, and the safety valve SV2 opens. Pressure also in-
creases in the cylinders C/ and C2, which determines their operation in the corresponding mode.

When the hydraulic cylinder (C7) rod is extended at full travel, a position change command is sent to the dis-
tributor D, and the actuation fluid supplied to the input of the distributor D from the hydraulic pump P is sent along the
hydraulic line 9-8—7 to the rod cavity of the hydraulic cylinder C/. This causes a reverse movement of its piston, but
the energy recovery system operates as in the forward stroke of the piston.

Research Results

Mathematical modeling of the hydraulic system of the stand. We are developing a mathematical model of
the proposed recuperative system for testing piston hydraulic cylinders. As a basis, we use the theory of volumetric ri-
gidity [11-13] considering the given coefficients of volumetric s rigidity of hydraulic elements. This approach more
accurately simulates a system resembling field conditions of hydraulic cylinders [14—19]. Under modeling hydraulic
drives, special attention should be given to determining the reduced volumetric rigidity coefficient of hydraulic lines. Its
value for metal pipelines is calculated according to well-known dependencies, and for high pressure hoses (HPH), it is
determined experimentally [20, 21].

In accordance with the theory of volumetric rigidity, the equation of pressure increment at any point of the hy-
draulic system can be determined from the equation:

dp =G (D Qi) Qui) dt,
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where Y Q,y; and Y. Qg are total input and output flow rate of the actuation fluid during the time df coming out of the
considered (i-th) volume of the system; C; is the reduced volumetric rigidity factor of the selected area of the hydraulic
system.

Conventionally, we will divide the hydraulic system of the bench (see Fig. 1) by nodal points. We assume vol-
ume of the hydraulic tank with atmospheric pressure as point 0, and write the equations for determining pressure at the
selected nodal points.

dpr = G(Qu— Q12 — Q1-3)dt,
dps = C5(Q1-2 — Q24 )dt,
dps = C3(Q1-3 — Qm )dt,
dps = C4(Qa-4 — Q45 )dt,
dps = C5(Q4-5 — Q56 )dt,
dps = Ch1(Qs-6 — Vnafo)dt,
dp; = Cur1 (Vn1 fowr — Q7-g)dt,
dpg = Cg(Q7- — Qg-g)dt,
dpy = C9(Qg-9 — Qo-10)dt,
dpio = C10(Qo-10 = Qi0-11)dt,
dpi1 = €11(Qro0-11 — Q11-18 — Qoka)dl,
dpy7 = C17(Qoka — Q17-20 — Qok2)dt,
dpao = C20(Q17-20 = Q20-19)dt,
dp1g = Cur2(Q20-19 — Vnzfuur)dt,
dpiz = Co2(Vn2fu — Q12-13)dt,
dpiz = C13(Q1z-13 — Q13-14)dL,
dpis = C14(Q13-14 + Qoxz — Qox1)dt,
dpis = Ci5(Qok1 + Qoxz — Qis-16)dt,
dpis = C16(Q1s-16 T Qoks — Qxnz — Qm dt,
dpis = Cig(Qi1-18 + Qu — Qup — Qoxs — Qoxs)dt.

Here, dp;...dps are pressure increments at characteristic points of the pressure hydraulic line of cylinder C/ in the time
dt; dp7 ... dpl0 are pressure increments at characteristic points of the drain line of cylinder CI in the time dt; dpl1 ...
dpl8 are pressure increments at the characteristic points of the hydraulic energy recovery system including the hydrau-
lic cylinder C2 and hydraulic motor M, during the time df; dp6 and dp7 are pressure increments in the piston and rod
cavities of the hydraulic cylinder C/ during the time dt; dpl2 and dpl9 are pressure increments in the piston and rod
cavities of the hydraulic cylinder C2 during dt; dp20 is pressure increment at the outlet of the rod cavity of the cylinder
C2 during dt; CI ... C5, C8 ... Cl11, CI3 ... C18 and C20 are the reduced volumetric rigidity factors at the characteristic
points of the bench hydraulic system; C,; and C,, are the volumetric rigidity factors of the piston cavities of the hydrau-
lic cylinders CI and C2 [11-13]; Cyyy and Cypo are the reduced volumetric rigidity factors of rod cavities of hydraulic
cylinders CI and C2 [11-13]; Qy is the hydraulic pump (P) capacity; Oy is the flow rate of the actuation fluid through
the hydraulic motor M; Qok;... Qoks are flow rates of the actuation fluid through the check valves CV1 ... CV5;
Oxmi and Oy, are the flow rate of the actuation fluid through the safety valves SVI and SV2; Q) 35, O1 2, 02 4, Q4 5, Os 6,
073, 039, Q9 10, Q10 11, Q11 18, Q19 20, O13 14 are fluid flows in the corresponding sections of the bench hydraulic sys-
tem; ; v,; and v,, are piston velocities of the hydraulic cylinders CI and C2, respectively; f; are piston areas of the
tested hydraulic cylinders C/ and C2; f; ., are piston areas of the tested hydraulic cylinders C/ and C2from the side of
the rod cavities.

Flow rate values of the actuation fluid required to calculate the increment of pressure are determined from the
formula:
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2
Qi =uf ’E |p; — Dival - sign(@; — pis1)-

Here, p; and p;,, are pressure values at the inlet and outlet of hydraulic resistances; f is a clear area of the corre-

sponding resistance; p is the drag coefficient; p is the fluid density.
For sections of the hydraulic lines (linear hydraulic resistances), the reduced flow coefficient is determined
from the formula:

where d; and /; are the inner diameter and length of the corresponding section of the pipeline; 2, is the pipe friction
number of the pipeline section determined with account for the flow regime of the actuation fluid and the properties of
the pipeline.

The given volumetric rigidity factors of metal pipe wires are determined from the formula [11-13]:

4 Ef
€ =— L
L TR LT
S Ej

where d and [ are the diameter of the pipeline under study and its length; & is the pipe wall thickness; E;; and E; are
the elastic modulus values of the liquid and material of the pipeline wall.

The reduced volumetric rigidity factor of the HPH and pipelines made of elastic materials should be deter-
mined experimentally [20, 21].

The pump performance is determined by its volumetric efficiency:
_ quWH
Qu=——"To,
where gy is the hydraulic pump displacement; @y is the rotational speed of the hydraulic pump shaft; n, is the momen-

tary value of the pump volumetric efficiency.

PH
Mo =1—(1—Monom) p_

nom
Here, 1y is the rated value of the pump volumetric efficiency (taken equal to the volumetric efficiency at the nominal

pressure (PN) of the pump); p,,. is rated working pressure (RWP) of the hydraulic pump; p is the current pressure
value at the pump outlet (pressure at point 1 of the hydraulic system).

Simulation of the movement of moving elements of the stand hydraulic system. Values of operating gaps
of the check valves are determined from the equation of motion of their gates:

dv 1 [d? dh
— = % (pll(]l - pZKII) - an , d:ﬂ = Vkmr

dt myg,

where v, is the valve gate speed; m,, is the reduced valve gate mass; /,, is motion (size of the operating gap) of the
valve gate; d,, is the valve bore diameter; F,, is the spring impact on the valve gate; ¢ is time.

The law of rotor float of the hydraulic pump P and the hydraulic motor M is described by their motion equa-

tion:
doy 1
dr = m W (@im — Pam) — My,
doy 1 . .
—— = —(Mspimn + Myivnz — Wy (D1 — Par))-
at  Jp

Here, wy, wy are characteristic volumes of the motor M and pump P, respectively; wy and wy are angular rotational
velocities of the shafts of the hydraulic motor M and pump P; Jy, Jyy are central moments of inertia of the rotors of the
hydraulic pump and hydraulic motor; py is the pressure at the inlet of the hydraulic motor M; p,y is the pressure at the
outlet of the hydraulic motor M; p,, is the pressure at the inlet of the pump P (pressure in the tank taken equal to the
atmospheric pressure); p; is the pressure at the outlet of the hydraulic pump P; M5y and M)y, are torques created by the
electric motor and hydraulic motor, respectively; iym and iy, are gearing ratios of mechanical transmissions M72
(from the shaft of the hydraulic motor to the shaft of the hydraulic pump H) and M7 (from the shaft of the electric mo-
tor to the shaft of the hydraulic pump P), respectively.

The mechanical transmission M72 provides the ratio of the shaft speeds of the hydraulic motor M and the hy-
draulic pump P described by the formula:
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Wy = Wyivmz-
Simulation of the stand mechanical schematic. To determine the hydraulic piston velocities, we consider the
kinematic scheme of the mechanical transmission of the MT3 bench (Fig. 2).

Fig. 2. Kinematic scheme of motion transmission mechanism between the tested cylinders

The transmission works as follows. Bodies of the hydraulic cylinders C/ (Ly) and C2 (L) are pivotally
mounted at the points G1 and G2, respectively, and their pistons are pivotally connected at the points B1 and B2 to the
rocker arm with a rotation axis at the point 4.

Assume that the leading hydraulic cylinder (hydraulic engine) is the hydraulic cylinder L,;, and the working
cylinder (hydraulic pump) is the hydraulic cylinder L. The hydraulic piston speed Ly is set according to the flow rate
Qs ¢ of the actuation fluid entering its piston cavity. Then, its piston speed can be determined from the formula:

Ty
fu

The hydraulic piston motion Lyy; is transmitted through the pivot B, to the rocker arm AD which rotates around
the point 4. Having decomposed the joint speed B; into radial v,; and tangential v,;, we determine the value of the tan-
gential component:

Utl = vLIl - SlnBl .

Then the angular velocity ®ap of rotation of the rocker arm 4D can be determined from the expression:
VU1

Wgpp = ——
r

where 7 is the length of the radius connecting the point 4 of the rocker arm rotation with the pivot B1.

The motion of the piston of the hydraulic cylinder L,; is transmitted through the rocker arm 4D to the piston of
the hydraulic cylinder L, connected to the rocker arm AD through the pivot B,. In this case, the tangential velocity of
the pivot B, is determined from the formula:

V2 =712 Wap
where r; is the length of the radius connecting the point A4 of the rocker arm rotation with the pivot B2.

Projecting the tangential velocity of the pivot B2on the direction of piston motion of the hydraulic cylinder Ly,
we determine the speed of its movement:
v = 2
"2 Sing,
The angles B; and B, are determined according to the law of cosines from the triangles 4GB, and AG,B,, re-
spectively:
L2, +17 — I3
2Ly
12, + 7% — 13

2L,m

CosB; =
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Here, Ly; and L, are distances between axes of attachment of the respective hydraulic cylinders to the stand frame and
to the rocker arm considering the degree of extension of their pistons; L 1 and L 2 are distances between the axis of
rotation of the rocker arm and the attachment points of the pivots of the hydraulic cylinders bodies to the stand frame.

Discussion and Conclusions. The system of equations presented in the paper shows how the pressure incre-
ment at the selected nodal points of the energy recovery system is determined (in particular, how the increment depends
on the time, the reduced volumetric rigidity factor, the flow rate of the actuation fluid, and the area of pistons). The mo-
tion velocities of the hydraulic pistons are determined according to the kinematic scheme of the stand mechanical
transmission. The study findings show that, thanks to the solution presented in the paper, the results of the life tests of
hydraulic cylinders will adequately reflect their operation under the rated duties.
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Selection rationale for leakage monitoring in gas pipeline’
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Introduction. Efficient leak detection methods and gas flow
metering are analyzed. The work objective is to select an
automatic system of methods providing the improvement of
the quality of leakage monitoring and gas flow metering in
gas pipelines.

Materials and Methods. The following techniques for detect-
ing gas leakage in the pipeline are considered: according to
the pressure profile, volume balance method, acoustic emis-
sion method, variable-pressure drop method on the forcing
device, ultrasonic method.

Research Results. The analysis shows that all techniques for
monitoring leakage and gas flow are dependent on the envi-
ronmental parameters. Therefore, an important task is to
achieve independence of the measurement results from
changes in the environmental parameters. In most flow me-
ters, changes in density, pressure and temperature affect dras-
tically the measurement results. An additional error that arises
in this case can reach large values.

Keywords: main gas pipeline, control, leakage, control sys-
tem, robot.
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Bsedenue. AnammsupytoTcs 3¢ (GEKTHBHBIE METOABI OOHApY-
JKeHUsI yTeueK M ydera pacxoja rasa. Llemsro paboTsl saBiseTcs
BBIOOp ABTOMATHYECKOH CHCTEMBI METOMOB, IO3BOJLFOLIEH
HOBBICHTbH KQUECTBO KOHTPOJIS YTEUEK M y4eTa pacxo/ia raza Ha
MarucTpajabHBIX Ta30MPOBOIAX.
Mamepuanvt u memoovi. PaccMOTPEHbI CIECAYIOIINE METOJIbI
oOHapyXXeHHs YTe4eK rasa B TpyOOIpoBoje: NOo mpoduiio
JTaBIICHHS, 00bEMHO-0aJIaHCOBBIH, METOJ aKyCTHYECKOW dMHC-
CHH, METO]] IIEPEMEHHOTO Tepenaa IaBIeHHs Ha BBIHYXIal0-
IIEM yCTPOMCTBE, YIBTPa3ByKOBOI METOI.
Pesynomamol uccnedosanus. AHanu3 NOKa3bIBAaCT, YTO BCE
METO/Ibl KOHTPOJISL yTEUYEK U Pacxoa rasa 3aBUCAT OT Hapa-
MeTpoB oOkpyxaromei cpensl. IlosTomy BaxHOW 3amaueit
SIBJIICTCS JTOCTHXKEHHE HE3aBUCHMOCTH DPE3YJIbTaTOB H3Me-
peHHli OT W3MEHEHHs MapaMeTpoB cpenbl. Y OOJBIIMHCTBA
pacxoIoMepoB M3MEHEHHE IUIOTHOCTH, AABICHUS U TeMIle-
patypbl cpefibl CYIIECTBEHHO CKa3bIBAaeTCs Ha pe3yibTaTax
n3MepeHus. Bo3HuKalomas npu 5TOM JONOJHHUTENbHAS I10-
IPEIIHOCTh MOYKET JOCTUTATh OOJBIINX BEIHYHUH.

KiroueBble c10Ba: MarucTpaabHbIH ra3omnpoBo/], KOHTPOJIb,
YTEUKH, CHCTEMA YIPaBIEHH, pOOOT.

Oébpasey ona yumuposanusn: Jlebeny A. JI. O6ocHOBaHKE
BBIOOpa CHOCOOOB KOHTPONSL yTedeK Ha ra3ompoBoje /
A. 1. Jlebenp, C. I1. ['mymko // BectHuk J{oH. TOC. TEXH. YH-
ta. — 2019. — T. 19, Ne 3. — C. 250-255. https://doi.org/
10.23947/1992-5980-2019-19-3-250-255

Introduction. Due to the high growth of the gas industry, the increase in the share of natural gas relative to
other energy sources in the domestic Russian market and the increase in gas consumption in the world market, reducing
gas losses and improving the safety of operation of gas pipelines is an urgent task [1]. Therefore, the most important
problem is to maintain the working condition of the linear sections of the field and main gas pipelines (MGP). Under-
ground gas pipelines operated under normal conditions can be maintained in working condition for several decades. The
maintenance of the working condition of underground and aboveground MGP is facilitated through their condition
monitoring and on-time scheduled maintenance.

Defects on the MG occur as a result of corrosion and, less commonly, due to mechanical damage. Detection of
places of corrosion and damage is associated with time and material costs. Breaking a gas pipeline for direct visual in-
spection is economically unprofitable or impossible. Examination of only the outer surface of the pipe usually turns
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sour. Therefore, it is relevant to monitor the status of underground and aboveground field MGP without breaking. The
solution to this problem is complicated by considerable technical difficulties; however, modern methods and means of
measuring equipment enable to overcome them. These means vary in the following properties and parameters:

e physical phenomena underlying the work;

e principle of action;

e sensitivity;

e area of application;

e diagnosis locality or globality.

In gas leak detection systems in the pipelines, organoleptic and instrumental methods are used. The easiest
method is odor fixation. For visual control methods, a foaming soap emulsion is used to record the occurrence of ice or
a snow coat, the appearance of yellow grass in summer or brown snow in winter. Undoubtedly, instrumental methods
are more advanced and accurate.

They are based on the use of automatic and manual gas analyzers. As automatic gas analyzers, gas sensors are
widely applied: these are high-precision measuring devices used in continuous automatic monitoring of the amount of
gases contained in air. Gas detectors are used in industrial, domestic and communal facilities. Gas sensors are available
in the form of separate devices that can be placed autonomously and respond to changes in the concentration of certain
gases. They instantly respond to an increase in the concentration of gases emanating from the gas transmission system.
Modern models of sensors are equipped with liquid crystal displays on which measured values are displayed. Built-in
memory provides recording the data and storing all measurement results. The display also shows information on the
durability of the device and existing troubles. This feature allows changing worn-out components in proper time.

Gas control sensors are divided into two main types: household and industrial. Household alarms provide a
number of responses to exceeding the set gas concentration. The main tasks of an industrial sensor are measuring and
displaying gas content indices. Industrial devices are used to solve more significant problems and as part of automated
systems together with a control panel that displays data from gas sensors. By the type of gas being monitored, methane
and propane alarms are distinguished, as well as alarms designed to measure the concentration of carbon monoxide or
carbon monoxide. Along with this, there are combined (multi-component) signaling devices. Gas sensors can be sta-
tionary, line-powered ones, located close to the electrical source, or portable, battery-driven sensors.

A gas contamination sensor is a multifunctional device; it has functions of audio and light warning. For exam-
ple, in the CAK3-MK-1 (SAKZ-MK-1) system (Fig. 1), if the device responded to gas pollution, its indicator lights up
and an audible alert is generated. Gas sensors have a relay output for connecting additional electrical devices: announc-
ers, fans, mechanisms and devices of the fire and dispatcher panels.

~

Gas ! Gas
| detector
C3-1-1G § He

detector
C3-1-2D;

To duplicate
signaling devices

Medium
flow
direction

Fig. 1. Gas alarm system CAK3-MK-1 (SAKZ-MK-1)

Gas pollution sensors according to STO (company standard) Gazprom 5.37-2011 are used in nodes of measur-
ing the flow rate and amount of flammable natural gas supplied from field treatment facilities, underground storage fa-
cilities, gas processing plants, to the main gas pipelines and then transported to consumers in the Russian Federation, to
neighboring countries where it is utilized and consumed on in-home process needs. Gas sensors are disadvantageous to
use throughout the main pipelines. Besides, in hard-to-reach locations of trunk pipelines, it is difficult to use organolep-
tic and instrumental methods for detecting gas leakage.
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Materials and Methods. In addition to the above methods for detecting gas leakage in pipelines, the following
techniques are used [2]:

* pressure profile analysis;

* volume-balance method;

* acoustic emission analysis;

« variable pressure drop analysis;

» mechanical method using velocity flowmeters;

* ultrasonic flow rate metering method.

According to the leakage detection method for pressure profile analysis, a simulation of the pressure distribu-
tion along the pipeline and a statistical analysis of this distribution are performed. In case of gas leakage, the flow rate
in the controlled section becomes greater than the initial flow rate in this section, and the flow rate in the section after
the leakage point becomes smaller than the initial flow rate. As a result, the pressure drop in the area to the leakage
point increases, and after the leakage decreases, which leads to the appearance of a break in the pressure profile. The
leak detection method through analyzing the pressure profile works only in the stationary mode since many factors
cause similar changes. A significant drawback of this method is low accuracy and presence of false responses. To re-
duce false responses, deviations should be recorded at least at two adjacent points. For the same purposes, an averaged
pressure distribution profile is used, which is a quasistationary profile. This profile is obtained through filtering pressure
at points in the pipeline. The averaged pressure profile is not constant. It changes, but more slowly than the actual pres-
sure, which leads to an increase in the detection time of leaks.

The volume-balance control technique rests on the fact that when a leak is formed, the inlet flow rate becomes
greater than the outlet flow rate. In addition, this method considers the amount of gas in the pipe itself, which decreases
when a leak occurs. To implement this technique, it is necessary to measure the flow rate at the boundaries of the con-
trolled area using high-precision tools.

The control parameter in the volume-balance method is not the gas pressure, but its normalized flow rate. The
control of the pipeline section is performed through determining the difference between the normalized volumes of gas
entering and leaving the section between two local flowmeters. This method provides the diagnosis of both rapidly de-
veloping breaks in the pipe, and slowly developing leaks, as well as leaks in very large sections of the pipeline between
the flowmeters. The minimum value of the diagnosed leak is determined, first of all, by the error in measuring the flow
rate and, with current means of measuring the flow rate, is at the level of 0.5-1.0%. Accuracy of leakage monitoring
depends on the precision of the flowmeters. It is impossible to detect a leak whose flow rate is less than the measure-
ment error. In this case, it is not the absolute error that matters, but only a meter to meter error.

The volume-balance method does not determine the leakage coordinate — this is its major drawback. Besides,
the volume-balance flow in the sections provides the determination of the point of leakage in the gas pipeline only to an
accuracy of the estimation of this parameter to a specific section. This, in turn, leads to additional time and gas losses
from the moment of leakage to the moment of its elimination.

The acoustic emission analysis method takes the lead in the industry of the automatic detection of gas leaks in
pipelines [3]. This method is based on the registration and analysis of acoustic waves that occur during plastic defor-
mation and microlysis of the pipeline material, as well as when gas flows through the open-end holes in the pipe. Piezo-
electric transducers and high-speed pressure meters are used to receive acoustic emission signals.

The advantages of this method are as follows:

» high sensitivity to developing defects;

* short detection time;

* high accuracy of determining the leakage coordinates.

The disadvantage of this method is difficulty of the acoustic emission signal extraction against the background
of noise and interference. To increase noise immunity and reduce the number of false alarms, adhoc techniques of pro-
cessing the received signals are applied.

When developing a system for detecting gas leakage at gas pipelines and gas metering units at the production
facilities, the following tasks should be addressed:

* obtaining independence of measurement results from changes in environmental parameters due to gas pres-
sure control;

* improving the accuracy of monitoring leakage and gas flow.

Gas flow measurement is an important task in the gas industry since a gas metering system is infeasible with-
out flow measurement tools. At the gas industry facilities, tachometers and counters are used to measure gas flow and
its quantity. Recently, the state-of-the-art-type ultrasonic flowmeters are also actively introduced into the gas pipeline
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control industry [4]. However, nowadays, a method of variable pressure drop on a constriction device (CD) is most
widely used for measuring gas flow rate. The principle of method is to measure the pressure drop before and after the
CD installed in the gas stream. Gas volumetric flow rate Q for special CD is determined from the formula:

O = CE¢F, /ﬂ ,
p

where C is the discharge coefficient which is the ratio of the actual flow rate to the theoretical one; £ is the input veloci-
ty coefficient; ¢ is the expansion coefficient considering an increase in the specific gas volume; F, is the area of CD, m>;
Ap is the drop created by the CD, Pa; p is the gas density, kg/m’.

Advantages of the variable pressure drop method are as follows:
1. Versatility. This method is used to measure the flow rate of almost any medium: liquid, gas, steam. For viscous lig-
uids, CDs of special form are used.
2. Low initial cost. The cost of a flowmeter based on the method of variable differential pressure comprises the cost of
the CD, impulse lines and differential pressure sensor.
3. A simple verification technique. For periodic calibration of flowmeters, it is necessary to measure the geometric di-
mensions of the CD and to check the differential pressure sensor.

4. Zero moving parts.

5. Possibility to measure flow under high pressure conditions. Pressure in the pipeline can reach 40 MPa.

6. Possibility to measure flow over a wide temperature range of the medium being measured — from minus 200
to plus 1000° C.

7. A wide range of sizes. The considered method is used on pipelines in the range of nominal diameters from
15 to 2000 mm.

Disadvantages of measuring gas flow by the method of variable pressure drop analysis on the CD are the fol-
lowing:

1. Narrow dynamic range. The standard dynamic range of the CD is approximately 1: 3. This limitation is as-
sociated, first of all, with a quadratic dependence between the flow rate and the pressure drop on the CD. The dynamic
range can be increased by the use of high-precision differential pressure (DP) indicators.

2. High operation cost. CD-based flowmeters require periodic maintenance, which includes measuring the ge-
ometrical dimensions of the constriction device, cleaning the impulse lines, heating the impulse lines, and zero setting
on the DP indicator.

3. Low accuracy of measurements. The measurement error is usually 3.0-3.5%.

The principle of operation of tachometric flowmeters is based on the dependence of the speed of the transduc-
er, installed in the pipeline, on the gas flow. In the flowmeters of the “counter” type, the flow transducer shaft is con-
nected to a counting mechanism through the gearbox, which provides measuring the amount of transmitted gas. The
advantages of such devices are speed and a wide range of measurements.

The error of the counters is 0.5-1.5%. The application of tachometric transducers can reduce the error in con-
verting the flow rate to the converter speed up to 0.3%. The major disadvantages of tachometric flowmeters are wear of
supports and the presence of moving elements. The disadvantage in relation to flowmeters with CD is the need for cali-
bration facilities.

The principle of operation of ultrasonic flowmeters is based on the phenomenon of displacement of sound vi-
brations by a moving medium. This method has the following disadvantages:

* dependence of the intrinsic ultrasonic velocity on the physicochemical properties of the medium being meas-
ured;

* flow velocity is averaged along the ultrasonic beam, and not over the cross section of the pipe.

Averaging the flow rate brings the developers to supply the design with additional sensors or reflectors, which
makes the flow meter more complicated. This increases the chances of an error in case of the system sensors break-
down.

Advantages of this method are:

» zero pressure drop;

* high speed;

* zero moving elements.

Research Results. The analysis shows that the task of detecting and localization (accurate positioning) of gas
leakage cannot be solved using one of the considered methods. Given the advantages and disadvantages of the methods
discussed in this paper, it is proposed to solve the problem using three methods and stepwise:

* determine the section with gas leakage between stations using the volume-balance method;
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* establish a local section of pipeline damage and gas leakage by the method of acoustic emission analysis;

» using ultrasonic flaw detection, determine the leakage coordinates within the specified local damage section.

To control horizontal and straight length sections of the gas pipeline and to accurately fix the leakage points
using an ultrasound scanner, various robots can be applied [5-7], for example, video crawlers which are mobile and
universal means of pipeline inspection. They are suitable for various applications due to the modular design and the
ability to inspect the pipes with diameters from 150 to 900 mm from inside. Fig. 2 shows one of these robots, Rovver
600 video crawler. The remote control of the robot provides checking focus and lighting, as well as heading the motion
in the area of obstructions or branches.

Fig. 2 Rovver 600 video crawler

Discussion and Conclusions. The authors propose to increase the reliability of detection and localization of
gas leakage using a combined three-stage technique, which includes a sequential application of the volume-balance
method, acoustic emission analysis, and ultrasonic flow rate metering. In certain situations, the use of task-specified
robots is recommended. The authors hold that robots should be equipped with a 90-degree bend detection sensor
mounted on the head link, as well as with speed and distance sensors for accurate positioning. This will reduce the time
of diagnosing gas pipelines of various types and cut down the cost of monitoring their condition.

Analysis of information on accidents in the gas complex is of great importance, first of all, for evaluating risk
factors and the reliability of the gas transmission system. The analysis results are required to validate design solutions of
gas supply system facilities, and they are applied when planning measures to increase their reliability and safety under
operation.
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Comparison of graphic expression of dependences of transporter cut profile of threshing-
separating unit on the second volume and spike fraction humidity™
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CpaBHenue rpaguyecKkoro BbIpazkeHHsl 3aBHCUMOCTeil npoguiisi cpe3a TPaAHCIIOPTHPYIOLLET0 yCTPoiicTBa
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Introduction. Threshing is a multifactorial process which is
affected, in particular, by the feedrate of the crop, the specific
weight of the threshed grain and return, separation rates, weed-
iness and moisture of the crop. From this point of view, the
issues of optimizing the profile of the transporter cut, which
allows for threshing and separation with the least effort, are
also relevant. It was also experimentally established that the
threshing process is affected by the volume of grain material
delivered per second (second feed) and the unit velocity.
Materials and Methods. The studies were conducted on a test
bench equipped with a threshing-separating device in the form
of a single-cavity hyperboloid. When performing the work, the
width of the drum was divided into three zones, and the length
— into five cells. Wheat grain, obtained through threshing and
separation in each zone and cell, came to individual containers.
Straw was collected separately. Then, the grain and straw were
weighed. The resulting data was processed by statistical and
mathematical methods.

Research Results. The lengths of each cell were calculated
based on the ratio of the total separation and the amount of
grain mass per unit length. The lengths of each cell were calcu-
lated depending on changes in humidity. Indicators of the ratio
between mass humidity and cell length are presented in the
form of a table.

By the given table values for different moisture levels of the
grain mass, graphs were constructed, each of which was de-
scribed by a mathematical model considering the drum length
and width. An averaged cut profile is presented for the treated
plant mass with humidity of 8%, 12%, 16%, 20%, and 24%.

Discussion and Conclusions. Analysis of the data in this paper

"™ The research is done within the frame of the independent R&D.
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Bseoenue. O6MonoT mpencraBiusier co00if MHOro(haKTOPHBIH
MPOIIeCC, Ha KOTOPBIH BIHSAIOT, B YaCTHOCTH, CKOPOCTD MOJIAYU
PACTUTEIBHOM MacChl, YIENbHBIH BeC 00MOJIOYEHHOTO 3epHA U
HEIOMOJIOTA, TOKA3aTeln Cemapaliy, 3aCOPEHHOCTb W BIIAXK-
HOCTB PAaCTHTENFHON Macchl. C 3TOW TOYKH 3pEHUS aKTyaIbHBI
M BOIIPOCHI ONTUMH3AIUMH TPOQHIS Cpe3a TPAHCIOPTUPYIOIIIC-
ro ycTpoiicTBa, KOTOpas MO3BOJSET NMPOBOIUTH OOMOJOT W
Cemapalio ¢ HAUMEHBIIUMH yCWIHAMH. OTBITHBIM MyTEM
YCTaHOBJIEHO TAaKKe, YTO Ha MpoIecC 0OMOIOTA BIHAIOT 00bEM
MOJIaBa€MOTO 3€pHOBOTO MaTepHuaja 3a CEeKyHAy (CeKyHAHas
10/J1a4a) U CKOPOCTh IBM)KEHHS arperara.

Mamepuanvt u memoosi. ViccnenoBanus MpOBOIUINCH HA HC-
MBITATEILHOM CTEHIE, OCHAIIEHHOM MOJIOTHJILHO-
CeMapupyoIuM YCTPOHCTBOM B (popMe OIHOIOJIOCTHOTO TH-
nep6ononna. [Ipu BRIMOJTHEHUU TPEICTABICHHONW paOOThI MIH-
puHa GapabaHa ObLTa pa3jeneHa Ha TPU 30HBI, a JJIHHA — Ha
IATh sT9eeK. 3epHO IMIICHUIBI, MOJTyYeHHOE MPHU O0OMOJIOTE U
cemapaiy B KaXXI0W 30HE U siYeiKe, MOCTYMAIo0 B OTACIbHBIC
koHTeitHepsl. ColomMa coOmpanack OTAENBbHO. 3aTeM 3€pHO U
CoJIOMa B3BEIIUBAIKCE. [l0yueHHbBIC B UTOTE JaHHBIE 00pada-
THIBAJIUCh CTATUCTUYECKUMH U MAaTEMAaTHUYECKUMHU METOIaMH.
Pesynomamer  ucciedosanus. PaccdauTaHBl AMHHBI  KaXIOW
AYEHKU UCXOJsl U3 OTHOILEHUS CYMMAapHOH cenapanuy 1 KOJlu-
YecTBa 3€pPHOBOW MAcChl, MPUXOAAMICHCS HAa €AWHUIY JTAHBL
BrranciieHbl JIUHBI KaXXI0M SYEHKHA B 3aBUCHMOCTH OT H3Me-
HEHMs BIIAXXHOCTH. IloKa3aTeln COOTHOIICHHS BJIAKHOCTH
Macchl M JUTHH SYeeK MpeICTaBIeHbl B BHIe TaOmumbl. [lo 3a-
JaHHBIM Ta6HI/IquIM 3HAYCHUSAM JIsL pa3nan1>1x ypOBHeﬁ
BII&YKHOCTH 36PHOBOW MacChl IIOCTPOEHBI TPayKH, KaXKIbIi U3
KOTOPBIX OIMCAaH MaTeMaTH4eCKOW MOJEINbI0, YUUTHIBAIOIIEH
JUTMHY | IUpuHy OapabaHa. [IpencTaBieH ycpeaHEHHBIH Tpo-
¢wte cpesa it 00pabaThiBaeMOi PaCTUTEILHON MacChl BIIAXK-
HoCcThIO 8%, 12%, 16%, 20%, 24%.

Ob6cyaicoenue u 3axnodenus. AHanM3 TaHHBIX 3TOH U Ooiee

paHHHX PaboT MO3BOJMII CPAaBHUTH IpaUyecKoe BHIPAKEHHE
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and earlier ones provides the comparison of the graphic expres-
sion of the dependences of the transporter cut profile on the
second volume and humidity of the grain mass entering it. It
has been established that the cut profile curves are identical
along the entire length of the drum. The confidence factor is
close to 1, which indicates the accuracy of the model. The iden-
tity of the averaged cut profiles is obviously dependent on

moisture of the plant mass and on the second feed.

Keywords: threshing and separating device, grain mass, spike
fraction, plant mass input, transporter, cut profile, return, sepa-
ration, weediness, humidity.

For citation: A.G. Dyachenko, et al. Comparison of graphic
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ing-separating unit on the second volume and spike fraction
humidity. Vestnik of DSTU, 2019, vol. 19, no. 3, pp. 256—261.
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3aBUCHMOCTEH MpOQMIIs cpe3a TPaHCHOPTUPYIOLIETO YCTPOii-
CTBa OT CEKYHAHOTO 00bEeMa M BJIAXXHOCTH MOCTYIIAIOLIEro Ha
HEro 3epHOBOTO BOPOXA. YCTAaHOBJICHO, YTO KPUBBIE MPOQUILL
cpe3a WISHTHYHBI IO Bcell mmHe Oapabana. Kosgpduiment
JOCTOBEPHOCTH OJM30K K 1, YTO TOBOPUT O TOYHOCTH MOJEINH.
OueBniHA HWISHTHYHOCTh YCPEOHEHHBIX INpodmieil cpe3a B
3aBUCHMOCTH OT BJIQ)KHOCTH DPACTHUTENBHOM MacChl M OT ce-

KyHJHOH [10J1a4u.

KiroueBble €J10Ba: MOJIOTHWIBHO-CENApUPYIOLIEe YCTPOUCTBO,
3epHOBOH BOPOX, KOJIOCOBas (ppakuus, mojada pacTUTEIBHON
Macchl, TPaHCIOPTHUPYIOIIEEe YCTPOHCTBO, NPOQHIbL cpe3a
TPaHCHOPTHPYIOLIETO YCTPOHCTBA, HEIOMOJOT, Cemapanus,
3aCOPEHHOCTD, BIAXHOCTD.

Oébpaszey ona yumuposanua: Jlpsuenko, A. I'. CpaBHeHue
rpadu4ecKoro BBIPAKEHUS] 3aBHCHMOCTeH mpodwmis cpesa
TPaHCHOPTHPYIOLIETO
CEHapUpYIOLIEro arperara OT CEKyHIHOIO 00beMa M BIaXHO-
ctu kosocoBod Qpakuun / A. I'. Ipsuenko, T. I1. CaBoctuHa,
C.b. Uman // Bectauk [JloH. roc. TexH. yH-Ta. — 2019. —
T.19, Ne3. — C.256—-261. https://doi.org/10.23947/1992-
5980-2019-19-3-256-261

ycTpoiicTBa MOJIOTHIIBHO-

Introduction. Improving the quality indicators of grain is one of the important factors in the yield enhance-

ment [1, 2]. In the process of grain harvesting, especially threshing, severe damage to grains occurs [3]. In a combine
harvester, the grain is separated from straw impurities. At this stage, the grain gets damaged, its quality deteriorates,
quantitative losses occur [4].

Negative impact of these factors can be reduced if the path of the mass in a uniform layer along the entire
length of the drum during the threshing process will be increased. Previous studies show that the threshed grain passes
in a denser layer in the middle of the drum [5], and separation increases in this zone. Closer to the edges of the drum,
the mass is much less dense, and the volume of separated grain here is 2—3 times less than in the middle [6, 7]. From
this point of view, the most promising is the design of the threshing-separating device of the tangential-axial type,
which evenly distributes the threshed mass along the entire length of the drum.

Losses during threshing and separation depend on the quality indicators of grain and on the technical specifica-
tions of the drum [8, 9]. Optimization of the profile of the transporter cut which provides threshing and separation with
the least effort is also relevant. The profile of the transporter cut is a part of the separator transition grate designed for
uniform and continuous movement of the spike fraction along the width of the tangential axial threshing and separating
unit (TSU) in the form of a rotation hyperboloid.

In the day, the dependence of the cut profile on the cutter speed, its height setting and the angle of the reaper
cutting elements [10] was determined. In addition, it was experimentally established that the threshing process is also
affected by the volume of supplied grain material per second (second feed) [8], as well as the speed of the unit [11].

The work objective is to develop a mathematical model of the threshing process with a uniform supply of the
processed mass along the entire length of the threshing and separating drum.

Materials and Methods. The studies were performed on a test bench equipped with a threshing and separating

unit in the form of a one-sheet hyperboloid (Fig. 1).
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a) b)
Fig. 1. Diagram of the stand equipped with threshing and separating unit: side view (a); top view (b)

The test bench consists of an electric motor (1). From it, rotation is transmitted to the drive drum (4) through a
belt drive. A threshing and separating unit is installed on the drum. Its shape is a rotary one-sheet hyperboloid (7). The
threshing and separating unit (7) consists of rear beaters (6) and a deck (5). The test bench is protected by a cover (8).
An ear fraction enters the feeding section (2). This mass is fed through the conveyor belt (3) to the threshing and sepa-
rating unit (7).

When studying, the width of the drum was divided into three zones, and the length — into five cells. Wheat
grain obtained through threshing and separation in each zone and cell came to individual containers for collection.
Straw was collected separately. Then the grain and straw were weighed.

The data obtained as a result of the study were processed by statistical and mathematical methods [10, 11].

Preliminary investigations [6, 7, 12] afford the following statement: as the threshed grain mass moves through
the TSU, the total grain separation increases from the first zone to the third.

Within the framework of the presented paper, the cut profile was determined experimentally.

The objective of the study is to compare the dependence of the profile on:

- the volume of plant mass feeding per second;

- humidity of the plant mass.

The relationship between the cut profile and the second feed rate was established earlier [13, 14]; therefore, it
is necessary to determine a similar dependence of the profile and the humidity index of the threshed mass. Table 1
shows the absolute values of cell separation depending on humidity [12].

Table 1
Absolute total cell separation values as a function of mass moisture

Grain moisture ZS | ZS , ZS X ZS A ZS S ZS Const
w=8% 10.8893 6.74 4.578 4.401 7.4922 34.1004 0.0341
w=12% 8.2186 5.291 3.603 3.264 5.3326 25.7084 0.02571
w=16% 6.7987 4.569 3.317 3.115 4.8956 22.6958 0.0227
w=20% 6.3305 4.172 3.154 2.916 4.4444 2.017 0.02102
w=24% 6.0782 3.906 3.029 2.786 4.2682 2.065 0.02007

Results and Discussion. To determine the cut profile, the following condition should be fulfilled: maintaining
a constant (const) amount of the processed mass per unit length of the TSU. The const value is determined through the
ratio of the total separation to the length of the drum L = 1200 mm. The determination technique was applied earlier
when constructing cut profiles corresponding to various values of the second feed [14].

To calculate the length of each cell, it is necessary to determine the ratio of the total separation and the amount

of grain mass per unit length:
Z [
l P = =1

2
const

(1)
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where ZS _ is the absolute total separation value in the i-th cell; const is the volume of the processed mass per unit
l

length of the TSU at a given moisture content of the plant mass.
Substituting the values from Table 1 to the formula (1) and calculating the length of each cell depending on the
change in humidity, we obtain the results given in Table 2.

Table 2
The ratio of mass moisture and cell lengths
Grain moisture Gomm | L, mm | fy,mm | fy,mm | (5, mm | ¥/ mm
w=8% 319.331 197.7 134.3 129.1 219.71 1000
w=12% 319.685 205.8 140.1 127 207.43 1000
w=16% 299.558 201.3 146.2 137.3 215.71 1000
w=20% 301.209 198.5 150.1 138.7 211.47 1000
w=24% 302.925 194.7 151 138.8 212.72 1000

The total length of all cells . { is equal to the width of the drum B = 1000 mm.
The length values (; are plotted on the abscissa and correspond to the i-th cells of the drum length (L).

Using the given tabular values for each of the moisture content of the grain mass, approximate functions f (x)
were obtained. Each graph shown in Fig. 2 is described by a mathematical model of the dependence of the drum length
(L) on its width (B).
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Fig. 2. Cut profiles depending on the moisture content of the grain mass: a) 8%; b) 12%; c) 16%; d) 20%; e) 24% 259
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Fig. 2 shows the identity of the graphs. Consequently, it is possible to construct an averaged cut profile for a
full moisture range of the processed grain mass. For this purpose, the length values of each cell are summed up and di-
vided by the total number of humidity indices. By analogy with the previous graphs, an average cut profile is plotted

(Fig. 3).

B, mm
1200 -

=+=w -~ Polynomial (w)

1000 -

800

600

400
y =-13,167x2 + 280,13x - 238,13
200 + RZ=0,9897
B - B - L, mm
0 240 480 720 960 1200

Fig. 3. Average cut profile for the treated plant mass with moisture of 8%, 12%, 16%, 20% and 24%

The data from Fig. 3 are compared to the earlier obtained averaged cut profile due to the second feed (Fig. 4).

B, mm
1200
=+=q - Polynomial (q)
1000 -
800
600 -
400 -

y =-4,5599x* + 217,85x - 177,75

200 - R¥=0,9859

. ) ) L, mm
0 240 480 720 960 1200
Fig. 4. Average cut profile for the treated plant mass depending on the second feed

Discussion and Conclusions

1. Fig. 2 shows that when the moisture content of the treated plant mass is changed, the curves of the cut pro-
file are identical along the total length of the drum.

2. The confidence coefficient of the approximation R? shows the degree of compliance of the trend model with
the initial data. The confidence coefficient is close to 1 which indicates the accuracy of the model.

3. The identity of the average cut profiles depends obviously on the moisture content of the plant mass (Fig. 3)
and on the second feed (Fig. 4).
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Distinction between the concepts of mathematical and logical modeling’
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Pa3rpalmtleﬂne MOHATHU MATEMATUYECKOI0 U JIOTHYECKOI'0 MOAeJIUPOBAHUSA

E. H. Koanigenko' ™

%

! loHCKO# rocynapCcTBEHHbII TeXHIHYECKUIl YHHBEPCUTET, I'. PocToB-Ha-J[oHy, Poccmiickas denepariis

Introduction. Technologies of mathematical and logical mod-
eling of problem solving according to the existing practice of
their distribution are divided into two areas: widespread math-
ematical modeling and infological modeling which is currently
underdeveloped, especially for sophisticated systems. Funda-
mental differences between these technologies, in particular
for the machining preproduction, are that logical modeling is
informationally and logically related to organization systems,
and mathematical modeling is associated with control process-
es in the organization systems. Logical modeling is used to
operate with geometric objects in the technological schemes of
their interaction through basing methods, geometric shaping in
a static (ideal) setting of the corresponding schemes. Mathe-
matical simulation is used to operate material objects in the
control processes of their transformations through cutting
methods, i.e. imperfectly, considering heterogeneous errors.
Between the organization systems under study and manage-
ment processes in them, there are information and logical links
of their organic unity, which deny their separate consideration.
In the information deterministic technology for solving prob-
lems of a high-level automation, the distinction between the
concepts of “mathematical” and “logical” modeling is rele-
vant; it has scientific novelty and practical significance.
Materials and Methods. To characterize the properties of the
concepts of “mathematical modeling”, “logical modeling” and
the knowledge functions resulting from the formulation of the-
se concepts, fundamentally different methods and appropriate
tools are used. The differentiation of the concepts under con-
sideration is based on the differentiation of technologies
(methods, appropriate tools, algorithms, operations) for solv-
ing applied problems of any knowledge domain.

Research Results. The ideas of “logical modeling” and “math-
ematical modeling” are conceptual general-theoretical notions
with invariant properties required for solving practical prob-
lems of any application domain. In accordance with the dis-
tinction between these concepts, the problem solving technol-
ogies are divided into two types: system engineering technolo-

gy — in the organization of information object systems, and

" The research is done within the frame of the independent R&D.
“E-mail: e.n.kolybenko@mail.ru
™ PaGoTa BBINONHEHA B HHULIMATHBHOM TIOPS/IKE.

Beeoenue. TexHOTOTIHM MaTeMaTHIECKOTO U JIOTHIECKOTO MO-
JETMPOBAHHS PEICHNs 3a/ad MO CYIIECTBYIOIIEH MpaKTHKe
UX PacIpOCTPaHEHHs PACTIPENCIAIOTCA Ha JIBa HAIPABICHHS:
MIIPOKO PacIpOCTPAHEHHOE MAaTeMATHIECKOe MOISITHPOBAHUE
1 MHGOPMALMOHHOE JIOTHYECKOE MOJCIHPOBaHUE, KOTOPOe B
HACTOSIIIIMA MOMEHT Pa3BHTO HEIOCTATOYHO, B OCOOCHHOCTH
JUTSL CIIOXKHOOPTaHU30BAaHHEIX cucTeM. [IpuHIMNuanbpHee pas-
JIMYHSL ITUX TEXHOJOTHH, B YaCTHOCTH Ul HOATOTOBKH IPO-
M3BOJICTBAa 00pPa0OTKON pe3aHHeM, B TOM, YTO JIOTHIECKOE MO-
JeMpOBaHHE WH()OPMAIIMOHHO U JOTHYECKU CBSI3aHO C CH-
CTeMaMH OpTaHHW3aIl{, a MaTEMaTH4YeCKOe — C TPOIECCaMH
YIpaBJIeHHs B CHCTEMax opraHu3anud. Jlormieckoe Monemu-
pOBaHHUE HCIOJIB3YETCS AL OIEPUPOBAHKS T€OMETPHIECKIMHI
00BEKTaMH B TEXHOJIOTHMYECKHX CXeMaX WX B3aHMOICHCTBHS
MeToJaMH 0a3MpOBaHMs, T€OMETPUYECKOro (GopMooOpazoBa-
HUS B YCIOBHSIX CTaTHYECKOH, T. €. UIaTbHOM HaCTPOMKHU CO-
OTBETCTBYIOMINX CXeM. MaTeMaTinieckoe MOJEeINPOBAHHE HC-
MONB3YeTCs AT OTIEPHUPOBAHUS MAaTePHATbHBIME O0BEKTAMH B
MpoIleccax yImpaBJIeHUs UX MpeoOpa3oBaHUsIMHI METOJaMH 00-
paboTKM pe3aHueM, T.€. HEHUACATFHO C Y4eTOoM (YHKIHO-
HaJIbHO PAa3JIMYHBIX TOrpemHocTed. Mexay paccMmarpuBae-
MBIMH CHCTEMaMH{ OpPTaHM3AIMK U MPOLECCaMH YIIPABICHHS B
HHUX CyNIECTBYIOT MH(OPMALMOHHBIE W JOTUUECKUE CBSI3U HMX
OpPraHWYECKOro €IMHCTBA, OTPHUIIAIOIINE MX pa3/elbHOe pac-
cMotpenne. st wHGOPMANMOHHOH JETEPMHHUPOBAHHON
TeXHOJIOTHH PEIIeHHs 33/ad BBICOKOTO YPOBHS aBTOMATH3a-
I[UX pa3TpaHUICHHUE MOHATHH «MaTeMaTHIECKOe» M «IoTHde-
CKO€» MOJIETHNPOBAHNE aKTyalbHO, 00JIagaeT HayqHONH HOBHU3-
HOM U NPaKTUYECKON 3HAUMMOCTBIO.

Mamepuanet u memoowi. JIns XapaKTepUCTHKN CBOMCTB TOHS-
THH «MaTeMaTH4eCKOe MOJICTHPOBAHHEY, «JIOTMYECKOe MOJe-
JHUPOBaHUe» U QYHKIUIT 3HAHMH, CIIEAYIOMUX U3 HOPMYIUPO-
BaHUS STHX IOHSATHI, WCHONB3YIOTCS NPHHIUIHAIGHO pas-
JUYHBIE METONBl W COOTBETCTBYIOIINE WHCTPYMCHTAJIbHBIE
cpencTBa. B ocHOBY pasrpaHUYeHNs pacCMaTPHBACMBIX ITOHS-
THH TIOJIOKEHO pa3TPaHWYEHHE TEXHOJIOTHH (METOXBI, COOT-
BETCTBYIOIIME CPEJCTBA, AJTOPUTMEI, OINEpPAlliH) PpEIICHHS
NPUKIIAHBIX 387124 KaKOH-THO00 MPEAMETHOM 001aCTH 3HAHUHA.
Pesynomamul uccnedosanus. IIoHATHA «I0THYECKOE MOAETH-
pOBaHHE» M «MAaTEeMaTHYECKOE MOJCIHPOBAHUEY SIBIIIOTCS
KOHIENTYaJIbHBIMU O6LH6TCOpeTI/I'-IeCKI/IMI/I IOHATUAMU, 06na—
JAIOIMIMMH WHBAapHAHTHBIMH CBOICTBaMH, KOTOpBIE HE00XO-
JIIMBI JUTS PEIICHUS 3329 MPaKTUKH KaKOKH-JIO0 TpeaMeTHON
obiacta. B cooTBeTCcTBHM € pasrpaHUYSHUSIMH PacCMaTpHBa-
€MBIX ITOHATHH, TEXHOJIOTHU PEIICHUS 3a1a4 MOPa3IeIsIFOTCs
Ha J1Ba THUIIA: TEXHOJIOT U CHCTEMHOM WHXXCHCPHUU — B CUCTE-
Max opraHusalunu l/IH(I)OpMaL[I/IOHHbIX 06’]>eKTOB 1 TEXHOJIOTUA


Maxim
Штамп


Konvioenko E. H. Paszpanuuenue NOHAMUI MAMEMAMUYECKO20 U IO2UHECKO20 MOOEIUPOSAHUA

Kolybenko E. N. Distinction between the concepts of mathematical and logical modeling
T N N N N N — — N N N N N N N N N N NN NN N NN —_—

system science — in the management processes of transfor-
mation of the corresponding material objects. These areas
should exist in the information and logical link of their organic
unity.

Discussion and Conclusions. The author distinguishes between
the concepts of “logical modeling” and “mathematical model-
ing”, which is a key condition for a successful transition to the
deterministic information technology of a high-level automa-
tion in solving practical problems of any knowledge domain,
for example, of the production design machining.
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CHCTEMOTEXHUKH — B IIpOIleccax yIpaBlIeHUs IpeoOpa3oBa-
HUSMH COOTBETCTBYIOIIMX MaTepUaIbHBIX OOBEKTOB. OTH
HAaIpaBJICHUS JIOJDKHBI CYIIECTBOBAaTh B MH()OPMAIIMOHHOH H
JIOTUYECKOH CBS3M MX OPTaHNYECKOTO SJHHCTBA.

Obcyscoenue u 3axarouenus. ABTOPOM pasTpaHUUuEHbI MOHS-
THSI IOTMYECKOE MOJEIHMPOBAHUE» M «MaTEeMaTHIECKOe MO-
JCITUPOBAHKEY, UTO SBIACTCS BOKHEHIINM YCIOBHEM YCIIEII-
HOTO Ilepexoia K JeTepMHHHPOBAHHONH HH(OPMAIIOHHOMN
TEXHOJIOTMH BBICOKOTO YPOBHS aBTOMATH3allMd B PEIICHHU
3a7a4 TPAaKTHKH KaKOW-THOO MpenIMeTHOW o0iacTH 3HAaHHH,
HarpuMep, TeXHUYECKOIl IOATOTOBKH IPOHM3BOJCTBA PE3aHHU-
eM.

KnroueBble ciioBa: TexHHYECKasl MOJrOTOBKA MPOH3BOJCTBA,
o0paboTKka pe3aHHeM, CHCTEMHBIH aHAIN3, HHPOPMAaIOHHAS
TEXHOJIOTHs, MOACIUPOBAaHUE PELICHUM, CUCTEMHAs TEXHOJIO-
THs.

Oébpasey ona yumupoeanusa: Konsibenxo, E. H. Paszrpannye-
HME MOHATHI MaTeMaTH4eCKOro U JIOTHYECKOTO MOJEIHPOBa-
uust / E.H. Koneibenko // Becthuk JloH. TOC. TEXH. YH-TA. —
2019. — T. 19, Ne 3. — C. 262-267. https://doi.org/10.23947/

1992-5980-2019-19-3- 262-267

Introduction. The main concepts of systems engineering as a creative technology for the integrated solution to
engineering and organizational and management tasks are described in [1]. It is noted that the extremely high complexi-
ty and variety of large-scale highly automated systems significantly complicates the use of exclusively mathematical
tools to determine them. The systems engineering concept was formed as part of the practice of successful development.
However, this paper has come out with a change in the literal translation of the concept of “systems engineering” to the
concept of “system science”. Further, the system science was developed as an independent field of knowledge. Func-
tions of the system science include management of the transformation of material objects in the corresponding systems
of the organization. After the introduction of the concept of “system science”, systems engineering in our country as a
conceptual breakthrough competitive information technology for creating large complex powerful information systems
was largely lost. The development went in the direction of designing control technological processes in organization
systems through functionally different methods and means of the mathematical apparatus.

Functionally different aspects of the approach to system science in the cognition of the domain knowledge base
for seven levels of the hierarchy of its basic objects of various types are described in [2] as an example of production
design engineering (PDE) by cutting throughout its cycle.

Functions of systems engineering technology include the organization, on an invariant basis, of powerful de-
terministic systems for logical information modeling of the solution to a possible set of problems in models of basic
knowledge objects and databases of their solutions with the issue of design documentation. Insight into the papers [3—
13] marks that the direction of systems engineering technology is widely developed in terms of information and soft-
ware for information processing systems on a computer, as well as in functionally different management. In the machin-
ing PDE, the development has gone towards translating traditional knowledge into an electronic form for computer per-
ception. On the basis of such transformations of the knowledge form, ineffective dialog systems have been organized
that do not have access to CAD systems for solving problems of low-level automation practice. System science is wide-
ly developed.

Deep properties of concepts are given in [14]: “... one of the human consciousness attributes is the ability to
apply previously accumulated knowledge to solve emerging logical problems™; ... a concept can also be defined as a
certain linguistic construction that has a certain meaning, that is, a figurative content”. Ib.: “The object under study is
called an original, and the object investigated instead of the original one to study certain properties is called a model”.
Ibid: “Modeling is a method (or process) of studying the properties of original objects through examining the corre-
sponding properties of their models”.

If the properties of a real object are described in words, a mathematical formula, a drawing or a diagram, i.e.,
are formalized in a model, then such a model can be called an information one. Only knowledge of an informational na-
ture is suitable for computer processing. A systematic analysis of knowledge on systems engineering technology is dif-
ficult to understand, but its results are informative and at the same time concise. Proceed from the need to embed for-
malized concepts in the structure of basic knowledge objects of various types of application domain, the content of con-
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cepts should achieve maximum precision. The author's updated interpretation of the existing and new concepts is most
important.

Materials and Methods. We introduce the updated concept of system principles. System principles are infor-
mational logical statements of the approach to solving the problems of analyzing technological systems, processes of
functionally various purposes under the conditions of respectively static, dynamic setting, verified through the multiple
practice of their application.

Next, we formulate system principles.

1. A necessary condition for a sequenced technological procedure of functionally various nature (engineering,
physical, chemical, biological) of transformation of any object is the presence of a control system. The transformation
management function is always specific, implemented in relation to the corresponding technological system. Conse-
quently, a necessary condition for the existence of a transformation management system for an object is the existence of
an appropriate technological system for its organization. We refer to the well-known and fair saying: “You can’t man-
age a poorly organized object well”.

At that, the concept of “organization” is further considered on the basis of compliance with the concept of
“structure” in various aspects of its interpretation using the example of the machining PDE. The author has organized
the solution to the PDE tasks on a possible set of workpieces, production facilities, machine tools, cutting tools, devices
for installing cutting tools and production facilities; we use the notation {...}— a set.

We introduce the updated concepts.

* A structure is a construction (organization) of an object determined by decomposition methods as part of
structure elements and synthesis methods through superimposing relationships between structure elements of different
levels and one level of structure, which are based on design quality parameters of the main elements of integration,
structure disintegration.

* The main elements of structure integration, disintegration are the elements of knowledge that characterize
functionally various elements of the object structures ({details}) of the stage of designing preproduction (DPP) and ob-
jects ({primary blanks}) of the stage of production design engineering (PDE), as well as links between structural ele-
ments.

* The design quality of the main elements of integration, disintegration in the structure of objects ({de-
tails}) of the DPP stage and in the structure of objects ({primary blanks}) of the PDE stage is a function that
should be unconditionally executed for a set of design quality parameters that characterizes a possible set of various
properties of objects in their distribution among various of the object structure elements and the relationships between
the elements of the structure of objects.

* The basic object of knowledge is material that is defined on the basis of the concept of “structure” in the or-
ganic unity of its information and logical connections with the concepts of “content” and “form”, which deny their sepa-
rate consideration.

* The information “slave” (main) transformation object is a primary material whose knowledge infor-
mation display is possible only in a unified environment of one level of the structure of the technological scheme based
on the interaction of structural elements of a “slave” object in a general case with the group of structural elements of a
“master” object, and controlled transformation is realized only in the corresponding processes.

2. The conjugation of the “slave” and “master” objects of interaction through superimposing the links of its
functional purpose from the side in a general case of a group of structure elements of the “master” object to the func-
tional elements in the structure of a “slave” object allows us to determine the method for converting the “slave” object
and the properties of the mating objects.

3. The information technology operations for solving the problems of the DPP and PDE stages are distributed
into the main and auxiliary operations. We distribute the main operations in two directions — technological and design-
ing ones. In main operations, we consider types of support for engineering systems for organizing work machines and
work machine systems for cutting. In auxiliary operations, we consider types of support for engineering systems for
controlling working machines for cutting. Auxiliary operations of the design direction should be assigned to the corre-
sponding departments of the DPP stage. Types of support for engineering systems of organization and management are
determined in the information and logical communication, consisting of organizational, methodological, logical, norma-
tive, informational, software, and technical.

4. The objects of transformation in the machining PDE are material objects {details, assembly units of
products} of the DPP stages and {primary blanks, blanks} of the PDE stages. Geometric objects are ideal ones corre-
sponding to the material objects of the DPP and PDE stages.

The structure of the objects of the DPP stage is considered in accordance with the composition of the work
functions performed by each of the four groups of structure elements [15]. The work functions of the structural elements
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in this paper are determined by combining the basing functions with other functions into their possible combinations.
The composition of the functions includes basing, directing, torque transmission, division and fixation.

The structure of the objects {primary blanks blanks} of the PDE stage is considered in accordance with the
composition of the work functions performed by two “slave” objects of interaction in the corresponding process flow-
sheets. The composition of the functions includes basing, basing and geometric shaping of the structural element.

5. The knowledge of geometric objects is based on the distribution of the basic elements (integration, disinte-
gration) of the structure of production objects (primary blanks, blanks), respectively, and their design quality parameters
through the sequence of transformations by cutting into groups:

e linear and angular dimensions of elementary simple and superimposed (simple, complex) form elements;

e macrogeometric shape of form elements;

e microgeometric shape (height of microroughnesses) of form elements;

e positional relationships for the execution of the functions of the mutual arrangement between the centers of
the coordinate systems of functionally various groups of form elements in the structure of one object and various ob-
jects, as well as between the coordinate “geometric” axes of the “basic” and “superimposed” simple and complex form
elements:

o functionally different relations for the execution of functions of relative position, for example (alignment, per-
pendicularity, parallelism) between the coordinate “geometric” axes of the form elements in their various groups of
the structure of one object and between the coordinate “guide” axes of the process flowsheets of interaction of vari-
ous objects.

6. We consider information models of organization systems on the basis of the following principles:

« timeless, in space, in a general combination of information and logically connected coordinate systems;

+ ideally under the conditions of static adjustment of process flowsheets of interaction of information objects
without using any forces, but considering the time factor under the conditions of dynamic adjustment of transformation
control processes of the corresponding real “slave” objects;

« taking into account functionally different errors in the design quality parameters of the main elements of inte-
gration, disintegration of the structure of real “slave” objects.

7. We consider the technology of information logical modeling of solving practical problems by methods and
appropriate means on the basis of the following principles.

7.1. We operate with a functionally defined system of concepts, each of which has its own formalized designa-
tion. Problem solving is based on the distribution of the structure of information models for the basic objects of
knowledge in two parts of information: invariant, typical object-oriented parametric. Information models of basic
knowledge objects of a higher level are organized on the basis of typical object-oriented parametric parts.

7.2. In typical object-oriented parametric parts of information models of basic knowledge objects of all types,
the tasks of unconditional maintenance of design quality for the basic elements (integration, disintegration) of the struc-
ture of “slave” transformation objects are solved. Problem solving is always specific within the record of information. It
is performed in accordance with the integrated algorithm in the technique of mapping and converting the domain
knowledge base in the hierarchy of the classification structure of its basic knowledge objects at seven levels of struc-
ture; in accordance with the graph of the structure of the basic object of knowledge of any type.

7.3. In the decision databases defined on the invariant parts of information models of the basic objects of
knowledge, in the general case, within the framework of structure transformations, work functions and parameters of
various properties, the problems on optimizing the material and labor resources are solved.

7.4. We use the means of a system analysis of knowledge: conceptual ideas, set theory, graph theory. Concep-
tual ideas are “reflection”, “transformation”, “structure”, “set”, etc. Graphic tools are formalized designations of con-
cepts embedded in the structure of basic knowledge objects. Set theory is a branch of mathematics that includes the
concept of a “logical operator” for expressing assertions through imposing connections between formalized concepts,
etc. Graph theory is a branch of mathematics that studies, in particular, “structure graphs” used by “Venn diagrams” for
imposing relations between functionally uniform objects of consideration.

8. Logical information modeling of the basic objects of knowledge of functionally various types of any subject
area, which is based on the system analysis principles for establishing a continuous, flexible integral algorithm in tech-
nology (methods, appropriate tools, algorithms, operations) for mapping knowledge, reveals all “flaws” of the amor-
phous (outside the structure) mapping of knowledge. Here, the target properties of the concept of “logical modeling”
and the knowledge functions following from its formulation are important.

9. We consider mathematical models of control processes on the basis of the following principles:

* in accordance with the algorithm in the technology for solving problems of the knowledge domain;
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» considering the information and logical links of the integral organization systems and management processes,
parameters of time and space;

* not ideal under the conditions of dynamic tuning of interaction between real objects of a technical, physical,
chemical, biological nature using various forces.

Various errors of the design quality parameters of the main elements (integration, disintegration) of the struc-
ture of real “slave” objects determined by experimental measurements in the process of their transformation are subject
to accounting with their subsequent regulatory ordering to the calculated maximum permissible accuracy deviations to
use in the reference documentation in the form of recommended technical design conditions.

10. The mathematical modeling technology of solving practical problems is considered on the basis of the fol-
lowing principles:

* operating with a functionally defined system of parameters, each of which is indicated by its own symbol;

* using various techniques and appropriate means of the mathematical apparatus;

* problem solving is always specific within the limits of information recording; it is performed as a parameter
transformation (parametric models).

Research Results. Under the control of the person’s goal-setting function [16], the concepts of “space - time”,
“organization systems - control processes”, “logical modeling - mathematical modeling” are considered on an invariant
basis with respect to any knowledge domains in their systemic information and logical connection. The identifier of
their connection, which has the property of integrity, which denies separate consideration, is the concept of “Content of
the transformation of “slave” objects” within certain engineering control elements [17].

The system engineering technology defined by the author for the machining PDE in the practice of contract
works as an information technology for its domain knowledge base can be extended to pressure, welding, functionally
various management, computer processing of information.

Discussion and Conclusions. The machining PDE stage is, of course, a large complex information product

which includes both functionally various systems for organizing its information products and their management process.
Multiple attempts to solve the problems of PDE automation throughout the whole cycle of its practice were unsuccess-
ful due to the logically informal presentation of the source data and the presence of significant difficulties characteristic
of large complex automated systems when implementing design solutions using only a mathematical apparatus.
On the ground of the logical incompleteness of traditional descriptive knowledge, the transition to the technology of
their mapping into knowledge of an informational nature to achieve a sufficient level of automation of solving practical
problems is essentially difficult or impossible. To establish a continuous and flexible integrated algorithm in a determin-
istic technology for solving problems of a high level of automation, methods and tools of system engineering of infor-
mation logical modeling are required.
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Introduction. The paper presents a theoretical study on binary
salt ion transport considering the water dissocia-
tion/recombination reaction. The work objectives are as fol-
lows: to build a mathematical model; to develop an algorithm
for the numerical solution to the boundary value problem cor-
responding to the mathematical model; to work out the simi-
larity theory including the transition to a dimensionless form
using characteristic quantities; to determine a physical mean-
ing of trivial similarity criteria; to find nontrivial similarity
criteria; to build and analyze the volt-ampere characteristic
(VAC).

Materials and Methods. The theoretical study and numerical
analysis of the transport of binary salt ions consider the disso-
ciation/recombination reaction of water. In this case, the heat
transfer equation and the mathematical model of electrodiffu-
sion of four types of ions simultaneously (two salt ions, as
well as H* and OH ions) in the diffusion layer of elec-
tromembrane systems with a perfectly selective membrane are
used. For the first-order differential equations, a singularly
perturbed boundary-value problem is set. In the equation for
the electric field, the right side is independent of the intensity.
In the numerical solution to the digitized system of equations
by the Newton-Kantorovich method, this causes the stability
of the method. In this regard, the boundary-value problem is
reduced for numerical solution: a transition to a system of the

second-order equations is provided, and the missing boundary

Bseoenue. CTaThs TOCBSIIEHa TEOPETHUECKOMY WH3YIECHHIO
HepeHoca HOHOB OMHAPHOU COJIM C yYETOM PEaKLMH IUCCOLHU-
aru (pekoMOMHAIMK) BoAbl. Llenmm mccnemoBaHus: MOCTpoOe-
HHE MaTeMaTHYeCKOH MOJeNH; pa3paboTka aJropuTMa dHc-
JICHHOTO pPEIICHUs] KpaeBOH 3aJadyd, COOTBETCTBYIOLIEH MaTe-
MaTHYeCKOH MOJEINH; Pa3BUTHE TEOPUH MOTOOUS, BKIIIOYAst
nepexox K 0e3pazMepHOMY BHJY C HCIIOJIb30BAaHHEM Xapak-
TepHBIX BEIIMYHH; ONpeAeneHne QU3MIECKOT0 CMBICIIA TPUBH-
AIBHBIX KPHUTEPHEB MOAOOHS; HAXOXKACHHWE HETPHBHUAIBHBIX
KPHUTEPHEB IOJI00MS; IMOCTPOSHNUE W AHAIM3 BOJBTaMIIEPHOI
xapakTepuctikn (BAX).

Mamepuanst u memoost. Ilpu T€OpETUUECKOM HCCIIECAOBAHUMI
U YHCIICHHOM aHajM3€ IepeHoca NOHOB OMHAPHOH COMM ydu-
TBIBAETCS Peakiys Aucconuanun (pexomOuHanum) Boapl. [Ipu
9TOM HCIOJIB3YIOTCSl YpaBHEHHE TEIUIONPOBOAHOCTH M MaTe-
MaTHdecKasi MOJIeNb dMeKTPoau((y3uH OJHOBPEMEHHO YETHI-
PEX BUIOB HOHOB (JByX HOHOB CONIM, a Takke MOHOB HT u
OH™) B mudy3noHHOM CII0€ dIEKTPOMEMOPAHHBIX CHCTEM C
HACATHLHO CEJICKTUBHON MEMOPaHOA.

Jns muddepeHnnansHpIX ypaBHEHHH MEPBOTO TOPSIKa CTa-
BUTCSI CHHTYIISIDHO BO3MYIIEHHasl KpaeBas 3ajqada. B ypasHe-
HHUH JJIsI HAIIPSDKEHHOCTH DJICKTPUYECKOTO TMOJIsl IPaBasi 4acTh
HE 3aBHCHT OT HANpPSDKEHHOCTH. [Ipn YHCICHHOM peIIeHUH
JIUCKPETU3UPOBAHHON CHCTEMbI ypaBHEHU mMeToqoM Heroro-
Ha — KaHTopoBu4a 310 00ycIoBIMBaeT MpoOIeMbl YCTOWIH-
BOCTH MeTOZIa. B CBsI3M ¢ 9TMM KpaeBasi 3a1aua IPHUBOAUTCS K
BHAY, YAOOHOMY [UIsl YHCIEHHOTO PEIIeHHs: oOecreunBaeTcs
Mepexos K CHCTEMEe YpaBHEHHH BTOPOTO MOPSAKA, PACCUHUTHI-
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conditions for the electric field strength are calculated.
Research Results. A new mathematical model, a numerical
algorithm to solve a boundary value problem, and software are
developed. A numerical analysis is carried out, and fundamen-
tal laws of the transport of salt ions are determined considering
the dissociation/recombination reaction of water molecules,
temperature effects, and Joule heating. The VAC is built and
analyzed.

Discussion and Conclusions. The transport of binary salt ions
through a diffusion layer near a cation exchange membrane is
considered. A mathematical model of this process is proposed.
It takes into account the temperature effects due to dissocia-
tion/recombination reactions of water molecules and Joule
heating in a solution. The basic laws of the transport of salt
established

tion/recombination reaction of water molecules and tempera-

ions  are considering  the  dissocia-
ture effects. The temperature effects of the dissocia-
tion/recombination reaction and the Joule heating in the elec-
troneutrality region (ENR) are almost imperceptible (with the
exception of the recombination region, RR). The Joule heating
in the space-charge region (SCR) is by two orders of magni-
tude larger than the cooling effect of the water dissociation
reaction. Upon recombination, approximately the same heat is
released in the RR as during Joule heating in the expanded
SCR. However, due to the small size of the RR, the effect of
this heat is imperceptible. Therefore, we can assume that there
is only one heat source at the interface in the SCR, which, due
to its noticeable size, causes a significant increase in tempera-
ture in the entire diffusion layer. It follows that the emergence
and development of gravitational convection is possible. Gen-
eral conclusions, following from the results obtained, open up
the possibility of intensifying the process of transport of salt
ions in the electrodialysis machines.

Keywords: membrane system, ion exchange membrane, space
charge, extended space-charge
recombination reaction of water molecules.

region,  dissociation-

For citation: N.O. Chubyr, et al. Modeling and numerical
analysis of the effect of dissociation-recombination of water
molecules on the transport of salt ions in diffusion layer. Vest-
nik of DSTU, 2019, vol. 19, no. 3, pp. 268-280.
https://doi.org/10.23947/1992-5980-2019-19-3-268-280

BAIOTCS] HEAOCTAOIINE KPaeBhIe YCIOBUS IS HANPSDKEHHOCTH
3MEKTPHIECKOTO MOJISL.

Peszynvmamul uccredoeanus. PazpaboraHpl HOBass MaTeMaTH-
yeckas MOJENb, AITOPUTM UHCIEHHOTO PEIIeHUs] KpaeBoi
3aa4yy, IporpamMMmHoe obOecrieueHue. [IpoBeneH 4HCIEHHBII
aHaNMM3 W OIpeNeNeHbl (QyHIaMeHTaJIbHBIC 3aKOHOMEPHOCTH
MEPEeHOca MOHOB COJM € y4eTOM pEaKIHH Aucconuanuu (pe-
KOMOWHAITH) MOJIEKYJI BOJBI, TEMIIEpaTypHEIX 3()(HEKTOB H
JIxoynesa pasorpesa. IlocTpoena u npoanamusupoBana BAX.
Obcyscoenue u 3axaoyenue. PaccMOTpeH NepeHOC HOHOB
OuHapHOW conm depe3 AnQQy3HOHHBIA CIOH y KaTHOHO00-
MeHHOW MeMOpaHnbl. Ilpeanoxena Mmaremarndeckas MOJENb
Ha3BaHHOTO IIPOIlecca, KOTOpasl yYHUTHIBACT TeMIIepaTypHEIE
3¢ ¢dexThI, 00yCIOBIECHHBIE PEAKIMAMHU JHUCCOUUAINU (PEKOM-
OMHAIM) MOJIEKYJT BOIBI U JIXKOYJIEeBBIM HarpeBOM B pacTBO-
pe. YCTaHOBJIEHBI OCHOBHBIE 3aKOHOMEPHOCTH IIepeHoca
HOHOB COJIM C YYETOM pEaKIHH Tucconuanuu (pekoMOHHa-
I[MM) MOJIEKYJ BOJBI M TeMmnepaTypHbIX 3¢ dexros. Temmepa-
TypHbIe 3Q(EKTH OT peaKkIuy AUCCOIHMAINN (PEKOMOMHALIN)
n Jlxoynesa pasorpesa B OOH mpakTuuecku He3aMeTHBI (Hc-
KJIIoYeHne — obnacte pekombuHanuu, OP). JxoyneB Harpes
B obmactu npoctpancTBeHHoro 3apsia (OI13) Ha nBa mopsaka
Oonple oxiaxnparomero 3ddexra peaknMud AUCCOUALUH
Bonmel. [lpu pexomOmHammu B OP BeImensercs mpuMepHO
CTOJIBKO JK€ TeIlIa, CKOJbKO Ipyu J)KoyiaeBoM Harpese B pac-
mmpenHod OI13. OxgHako u3-3a Manbix pazmepos OP BrustHUE
3TOrO TEIUla He3aMETHO. 3HAYUT, MOXKHO CYUTaTh, YTO €CTh
TOJIKO OJIMH MCTOYHHK TeIula Ha Mexxdas3Ho rpanuie B OI13,
KOTOPBIH Oaromapst CBOEMy 3aMETHOMY pa3Mepy 00yCIOBIH-
BaeT 3HAYMTEJBHOE TOBHILICHHE TEMIEPaTyphl BO BceM IH(-
¢dy3nonaoM cioe. OTcrona cienyeT, 9T0 BO3MOKHO BO3HHK-
HOBEHHE W Ppa3BUTHE T'PABUTAIIMOHHOI KoHBekumu. OOmmmne
BBIBO/IBI, CIIEYIOIINE U3 MOJTYYSHHBIX Pe3yIbTaToB, OTKPhIBa-
€T BO3MOKHOCTh HHTEHCH(HKAIINH TIPOIIecca IIepeHoca HOHOB
COJIM B DJIEKTPOIUAIN3HBIX allapaTax.

KnroueBbie cioBa: MeMOpaHHBIE CHCTEMBI, HOHOOOMEHHAs
MeMOpaHa, TIPOCTPAHCTBEHHBIN 3apsij, pacliupeHHas 001acTb
MIPOCTPAHCTBEHHOTO 3apsja, AMCCONHAIMS (pEeKOMOMHAIINS)
MOJIEKYJT BOJBI.

Oébpazey ons yumupoeanusn: MoenupoBaHrue U YHUCICHHBIN
aHanM3 BIMSHMS pEaklMH AUCCOLMalHK (pe-KOMOMHALIUM)
MOJIEKYJI BOJBI Ha IMEPEHOC HOHOB CONM B IU(PPY3HMOHHOM
cioe / H. O. UyOsipb [u mp.] // BectHuk JIoH. roc. TeXH. yH-Ta.
— 2019. — T.19, Ne3. — C.268-280. https://doi.org/
10.23947/1992-5980-2019-19-3-268-280

Introduction. Intensive current mode involves using currents several times higher than the limited elec-
trodiffusion. In this case, secondary (or conjugated) phenomena of concentration polarization occur in the membrane

systems:

- spatial electric charge occupies a macroscopic region comparable to the thickness of the diffusion layer;
- the solution pH changes [1-3], which is explained by the water splitting;

- microconvective flows are formed, etc.

Considering impact of the dissociation (recombination) reaction of water molecules is essential to understand-
ing the transport processes in the electromembrane systems, as some authors believe that the occurrence of new charge

carriers H* and OH~ can cause a decrease or even disappearance of the space charge, which is the basis for other trans-

fer mechanisms ( e.g. electroconvection). The dissociation reaction of water molecules is endothermic, and the recom-
bination reaction is exothermic. Centers of the reaction sites are separated in space. This causes an uneven temperature
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distribution and, therefore, affects all the physical properties of water: dissociation coefficient, heat capacity, etc. In
addition, an uneven temperature distribution can cause gravitational convection. Thus, the study of temperature effects
associated with the reactions of dissociation and recombination of water molecules is an urgent task [4]. In this paper,
we confine ourselves to considering the effect of the uneven temperature distribution on the dissociation coefficient of
water molecules.

Materials and Methods

1. Mathematical model

1.1. Simultaneous equations

Consider a one-dimensional stationary transport process for single-charged salt ions in the Nernst diffusion
layer. We take into account the dissociation (recombination) reactions of water and the temperature effects associated

with the Joule heating of the solution. Such a case is described through a system of equations [5]:
-F de dacy

]'1=R_T0 1 1E_D1E, (1

J2 = Riszczj_i_ D, %a (2)
Ja = - DaCs G2 = D3 2, (3)
o = e DaCa G2 = Da )
=L -G, 5)
0=""0+R; ,i=1..4 (6)
KT+ E -1+ B(CoCy — k(1) = 0. %

Here, Ry = R, = 0,Rs = Ry = kCp,o — kyC3Cy = ky(kyy — C3Cy), Ky (T) = Ky, e?TT0)_ i = 1,2 are salt ion
indices; i = 3 and i = 4 are, respectively, the indices of hydrogen ions H* and hydroxyl OH™; E = _;—x(p is the electric
field strength; C;, j;, D; are, respectively, concentration, flux, diffusion coefficient of the i-th ion; k;(T) is the constant
of water dissociation rate; k, is the constant of the recombination rate of hydrogen ions H* and hydroxyl OH™; k,,is the
equilibrium constant; &, is the dielectric capacitivity; F is the Faraday number; [ is the total current density; k is the
coefficient of thermal conductivity; p, is the density of the solution; ¢, is specific heat of the solution; G = E - [ is the

density of heat sources associated with the passage of electric current through the solution (Joule heating of the solu-
tion); B = qk,, Q = (C3 C, — k‘iiﬂ) = qkr(C3 C,—k, (T)) is the density of heat sources and sinks associated with

the recombination and dissociation of water molecules.
The total current density / is equal to: I = I + I,,,.
Here, I; is partial current density by salt ions; I, is partial current density by water ions.
From (6)—(8), it follows: j; = const, j, = const, I; = F - (j; — j,) = const, I, = const, but j; # const,

. k . o o .
ju # const, a? = oo s thermal diffusivity of the solution.
oCp

1.2. Boundary conditions
Assume that x = 0 corresponds to the depth of the solution, where the electroneutrality condition C; — C, +
C; — C, = 0 is fulfilled, and x = § corresponds to the conventional “solution — membrane” interface. Thus, 8™ is the
thickness of the Nernst diffusion layer.
In this paper, for definiteness, a cation-selective membrane (CSM) is considered, which for simplicity will be
assumed to be ideally selective (jz(u) = 0).
v KOM

¥
@—

<—_C!’

H,0

7
r— =

o>

0 i ) X

Fig. 1. Diagram of diffusion layer near cation-selective membrane

1) Boundary conditions in the depth of the solution (x = 0)

few .
Assume,C; (0) = Cyg, C;(0) = Cpp, C3(0) = C39, C,(0) = Cao’ while Cyg + C39 = C30, T(8) = T,
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2) Boundary data at the “solution — membrane” interface (x = 9)

Suppose that C, (8) = Cy4y, C5(8) = C3p. At this, the sum Cy,, + Cs,,, is comparable to the tabular value of the
exchange capacity of the cation-selective membrane. The flux density j,(8) = j,, of ions OH is determined by the
catalytic reaction of dissociation of water molecules in a thin surface layer of a cation exchange membrane.

For temperature, the condition of flow balance is used at the point x = § [1]:

dx dx
2. Transition to dimensionless form
2.1. Characteristic quantities and formulas for the transition to a dimensionless form
As a characteristic concentration of C, we take the concentration of salt cations C;,. Actual values of C;, are

within the range of10™>M — 1M. As a characteristic temperature, we take the room temperature T, = 298K. As a char-
2D1D,
D1+D;

acteristic length, we consider the thickness of the diffusion layer 8, which is of the order of 10~*m. Denote D, =

as the electrolyte (NaCl) diffusion coefficient @y = % — as the thermal potential [5].

We pass to dimensionless quantities:

x® =% oW = % g — 284 ;@ — L’ Di(u) _ ﬁ, Is(u) _ 1_s, I\E/u) — Il’ Ci(u) _ G s _ _iS
5 I Do Inp

©o’ @p dx’ np Inp 10”7t DiC1o
JiF . W — 1 _ DoCq1oF
Di(u)lnp, i=1234TY = . Im!J =5
Then, k‘(;o(T) _ ':Cw_(;) - y(u)emu)mu)_l), where y® = (ckW)Z’ b@ = pT,.
10 10
Assume that S(u) — M (w) — @ﬁ
C1oF282° F2 Dy’

2.2. Transition to dimensionless form in equations
Focusing on [6], we pass to the dimensionless form in the system of equations (1) - (6):

(u)
ac — @ - (u)
—2=VE® -, ©)
(w)
dc .
T =—CVEW -y, (10)
(u)
s~ _ ~w ()
o = GUEY =) (an
S(u)Déu) :_xj?gu) = g® (]'(‘Sl)eb(u)(T(u)_l) _ C?Eu)CzEu))’ (12)
(w)
acy” _ (w) (W)
= —CUEW -y, (13)
ROING %fiu) — W (]'(‘E;l)eb(“)(T(")—l) _ C3(“)Cf‘)), (14)
aEW _ ) _ s @) _ )
eW——=0" -+ - " (15)
We write the total current density in the form of Is(u) + I‘E,u) =],

Here,
Is(u) — Dl(u)jl(u) _ Dz(u)jz(u)’ I‘Elu) — Déu)jéu) _ Diu)jiu))
moreover, for a perfectly selective membrane jz(u) = 0 and, consequently,
W — p) ;)
s 1 J1 -

Under the transition to a dimensionless form, the heat equation (7) takes the form:

2 (u)
JACH) (Z;_u))z +EW . [ 4 gw (Cgu)Ci”) _ Y(u)eb(u)(T(u)_1)> =0 (16)
Here, k@ = —%_ and g = r¥uo
’ DoC1oR DoRTy

2.3. Physical meaning and evaluation of the trivial similarity criteria

The parameters s(u),Déu),Diu), a®™ @) ké;‘ ), B(u), b are trivial similarity criteria. Let us determine their
physical meaning and values at the characteristic input parameters of the problem.

1.b™ ~ 15,

2. The parameter Y™ is the square of the ratio of the concentration H* or OH™ ions in a neutral solution
(pH = 7) to the electrolyte concentration. Its values vary from 107° to 107*#, and it can be considered a small param-
eter.

2
3. W = CTOTFOZZ =2 (%d) , where I; = 21;::;32 is Debye length. Thus, the parameter €™ is the doubled
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square of the Debye length ratio I, to the diffusion layer width 8. The values of €™ vary from 107" to 1077, and this
parameter can be considered small.

RToer Ky _ RTo€yr 2kyCig

4. = =
F2 Dy  2C1oF? Dy

= (z ) Here, L. ’Zk " . This value is proportional to the width of the re-
T rt10

combination region (RR). Thus, the parameter a® is the square of the ratio of the Debye length to the width OP [ ,.
The parameter a®) = 14 and in the framework of this problem, it is a universal constant since it does not depend on the

input parameters of the problem. So: ll—d =+ a® = 3.74, i.e., the width of the OP is approximately 37 % of the width of

r

the quasi-equilibrium region of the space charge (SCR, Debye length).

2.4. Nontrivial similarity criteria, physical meaning and evaluation of quantities

In the equation (16), the dimensionless coefficients k™ and B® are trivial similarity criteria. Any relation be-
tween trivial criteria is called a nontrivial similarity criterion. Below, we express k™ and p™ through other known
similarity criteria.

2 2
A"po¢ a”  Poc . Po¢
1) Consider k™ = —— = p—2 B0 _ PO Here, = ’ i the Lewis - Semenov number. We in-
DoC1oR DOCwR Do CioR (.‘10R Do

. . C10
troduce the dimensionless number p = p
op’

ric heat capacity, varies from indicates the relative specific volumetric heat capacity, it varies from 1078 to 1074,

E The number p indicates the relative specific volumet-

and it can be considered as a small parameter.

kr82C 82 2kyC 82 82 .
2) Consider the parameter p® = &2 =10 — 42 Zfrma0 4 = = Arn_5. Here, Arn = 9= 228 is the
DoRT,  2RT, Do 2RTy D20 12 RT,
rt10

dimensionless quantity which is a thermal analogue of the Arrhenius criterion. It characterizes the sensitivity of the heat

8 2 1(lg 2 S5 2 a lg 2 lg 2
amount of a chemical reaction to temperature changes. As _(z_) = _(z_) (z_) =2 and € =2 (E) ,a=2 (z_) ,

T T d T
then B = Arn -2 Thus the heat equation (16) has the following dimensionless form:

d2 (uw)
ele &L
3) The calculations show that
_kw R kyeF?8* R kyF?8?
Y C10 PoCp RToer pocp  PoCpTosr

. 12\2 , ke F262 _ . o o
Since e = 2 (Ed) , then N, = p":‘% ~ 2,5+ 1073, Therefore, we obtain a nontrivial similarity criterion,
ocpToer

which shows the relation

yu = nZe.
Likewise,
EL=T1Ng1.
Here,
_ R*Togr 1n-14
Ngq = =y 3,5-107, 17)
Y = Ngp€?, (18)
F4*8%k
Na2 = RZTOZs‘g
Note that n3 = ng,1 Ny 5.
2.5. Dimensionless form of a system of equations
Thus, a dimensionless system of equations describing the model has the form (index u is omitted for simplici-
ty):
dc
d_xl = GiF - ]1, dx =—GE - ]2; P = GE —J3,
eDs d_13 = a(Yeb(T v — C3C4) dC4 = —CE —jy,

eD, 514 = a(ye?TV - ¢5¢,), sg = C1 —Cy+C3—C,y.

2
sLeZTZ + epEl + padrn(CsC, — ye?TV) = 0.
The system of equations contains three small parameters €, u and y, connected by relations (17) and (18). The
parameter € enters the equations singularly, i.e., as a coefficient in the derivatives, and the parameter y is regular, so the
system of equations is simultaneously singularly and regularly perturbed.
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2.6. Transition to dimensionless form under boundary conditions

The dimensionless boundary conditions have the form:

Cilx=0 =1, Calx=0 = 1+ C30, C3lx=0 = C50, Calx=0 = Cao = - T(0) =1,

b
C30

Cily=1 = Cim, C3lx=1 = C3m:f4|x=1 = Jjam>
. d d
_kaT(l) = uD,b, ah(l)-

Remark 1. Owing to continuity, the following is valid:

Iy = D3jzm — Dajam = D3j30 — Dajao-

3. Numerical solution algorithm

3.1. Transition to a boundary value problem for a system of second-order equations

Due to the small parameter € in the equations (12), (14) and (15), the boundary-value problem (9) - (16) is sin-
gularly perturbed; therefore, the system is inconvenient for a numerical solution [7]. In addition, differential equations
are of the first order, and a boundary-value problem is set for them. In the equation (15), for the electric field strength,
the right-hand side is independent from E. This causes stability problems in the numerical solution to the discrete sys-
tem of equations by the Newton — Kantorovich method [8]. Therefore, the boundary value problem (9) - (16) should be
reduced to a form convenient for a numerical solution. To do this, we pass to the system of second-order equations:

dzcl _ i d2C2 _ —_d dZC3 _ i _ a(yeb(T'l)—C3C4)
dx2  dx (ClE)’ dx2 ~ dx (CZE)’ dx2  dx (C3E) eD3 ’
a’*c, _ —d _ a(yebTY_c;c,) a’E _ . . dc; _dcy
dx?2 - dx (C4‘E) €Dy > dez - E(Cl + CZ) J1 +]2 + dx dx’
eLe L 4 euEl +- padrn(CyC, — ye?TD) = 0 (19)
2xz TEH 3 3bs —Y .

In connection with the transition to systems of the second-order equation, it is necessary to supplement the ini-
tial boundary conditions with the missing boundary conditions for the function E. From the boundary conditions, it fol-
lows that at the point x = 0, the electroneutrality condition C; — C, + C3 — C, = 0 is satisfied. Due to the continuity,
with some accuracy, in the vicinity of the point x =0 x =0, C; — C, + C3 — C, = 0 is fulfilled, therefore E, can be
calculated from the electroneutrality condition. Adding the equations for C;, i = 1, ...,4 and using the electroneutrality

=4 (C1(0) = C,(0)).

1+Cyp

condition C;q — Cyo + C39 — C4o = 0, we can obtain the relation E|,—q =
From the equation for E at x = 1, we have: 83—5 =(C; —Cy+ C5— Cy)ly=1-
x=1

Research Results

3.2. Numerical Results

To analyze the results of the numerical solution, along with the graphs of the desired functions C;, E, j3, j,, T, we
consider the graphs of the functions p(x) = C; — C, + C3 — C,, p(x) = C3C, — ye?T~V. The function p(x) character-
izes the distribution of charge density, and p(x) is the deviation from the equilibrium of the dissociation (recombina-

tion) reaction.
Line Graph:C3*C4-gramma*exp(b*(T-1))
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Fig. 2. Graph of function p(x) = C; — C, + C3 — C4 ([0; 0.93]) (a); graph of function p(x) = C3C, — ye?T~D(b); graph of function
p(x) = C3C, — ye?T=1 in SCR (c); temperature graph (d)
From Fig. 2(a), it follows that the diffusion layer is divided into three regions. The first is the region of electro-

neutrality (ENR), where p(x) = 0. The second is the space charge region (p(x) > 0). The third is an intermediate layer
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between them where the charge distribution density has a pronounced local maximum. The SCR itself is divided into
two parts: extended and quasi-equilibrium (it is very small and adjacent to the interface). In the quasi-equilibrium part
of the SCR, the charge density distribution obeys the exponential law (not shown in Fig. 2).

A general view of the graph of the function p(x) (Fig. 2, b) shows that the deviation from equilibrium occurs:

- in the recombination region which is located inside the ENR;

- in the space charge region (Fig. 2, ¢).

In the first case, p(x) > 0, .e., recombination prevails over the dissociation C5C, » ye?T~V_ In the second
case, on the contrary, p(x) < 0, and dissociation prevails over recombination in the SCR, as well as in the intermediate
layer. The temperature (Fig. 2, d) increases linearly by 0.0028 in a dimensionless form (or 0,0028 - 298 = 0.83 de-
grees). The increase depends on the total current density or potential jump in the diffusion layer and can be up to tens of

degrees. Obviously, all terms of the equation (19) are small compared to the first one, that is, the second derivative is

d?T . . . . .
i 0. From this, it follows that the temperature is linear and is determined by the boundary conditions.
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As follows from Fig. 3 a, the sodium concentration decreases linearly in the ENR and becomes small in the
SCR, but it is higher than the concentration of the remaining ions (Fig. 3 d). The center of the RR is the intersection
point of the graphs of concentration of Na* u Cl™ and, respectively, of OH~ and H*. To the right of the center, the
concentration of Cl~ decreases faster than the concentration of Na*. The deficit of negatively charged ions resulting
from this is compensated by the rapid growth of hydroxyl ions, and the condition of electroneutrality is preserved (Fig.
3a).
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From the data in Fig. 4, it follows that in ENR, the electric field strength increases rapidly tens of times (Fig.
4, a). A particularly high rate of the electric field strength is observed in the SCR upon reaching values of the order of
1
7
carriers change: before RR, the charge is determined by Na*, Cl~, H* ions, and after — by Na™, Cl~, OH ions. The
appearance of a “step” owes to the fact that the diffusion coefficient of hydrogen is approximately two times greater
than the diffusion coefficient of hydroxyl. The VAC increases without limit with a growth of the potential jump in the
over-extreme mode I; > 2 (Fig. 4, d). This growth tends to be much slower than the experimentally observed one,
which means that along with the dissociation (recombination) reaction of water, there is another mechanism of super-
limit transfer. It is generally accepted that electroconvection is such a mechanism [9-11]. In this regard, a problem of
evaluation and interaction of the dissociation (recombination) reaction and electroconvection occurs.

In the RR there is an internal boundary layer of E electric field strength (Fig. 4, b). This is due to the fact that charge
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Fig. 5. Flux plot of hydrogen j; (a) and hydroxylj, () ions

Fig. 5 shows that the flow of hydrogen ions is positive. It is constant to the left of the RR and is practically
equal to zero to the right of the RR till the SCR. In the SCR, the flow of hydrogen ions increases linearly due to the in-
tense dissociation of water. The flow of hydroxyl ions to the left of the RR is practically zero, and to the right, it is
negative and constant until the SCR. In the SCR, the flow of hydroxyl ions, as well as the flow of hydrogen ions, in-
creases linearly. In a quasi-equilibrium SCR, the hydroxyl ion flux changes sharply and satisfies the boundary condition
j4(1) = j,(m). The recombination region is an internal boundary layer for the flows of hydrogen and hydroxyl — they
change sharply here.

Discussion and Conclusions. In this paper, the transport of binary salt ions through a diffusion layer near a
cation exchange membrane is considered. A mathematical model of the process is proposed, which takes into account
the temperature effects caused by the dissociation (recombination) of water molecules and the Joule heating in solution.
This model consists of 9 ordinary differential equations with corresponding boundary conditions. An algorithm for the
numerical solution to a boundary value problem is developed, and its computational investigation is presented. The
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basic laws of the transfer of salt ions are defined considering the dissociation (recombination) reaction of water mole-
cules and temperature effects.

It is shown that the VAC grows without limit with a growth of the potential jump in the over-extreme mode,
and is much slower than in experiments. Therefore, along with the dissociation (recombination) reaction of water, there
are other mechanisms of super-limit transfer (for example, electroconvection and gravitational convection). Thus, a
challenge arises of assessing the interaction of dissociation (recombination) reactions, electroconvection, and gravita-
tional convection.

Temperature effects from the dissociation (recombination) reaction and the Joule heating in the ENR are al-
most imperceptible (with the exception of RR). The Joule heating in the SCR is two orders of magnitude higher than the
cooling effect of the water dissociation reaction. Upon the recombination, approximately the same heat is released in the
RR as during the Joule heating in the expanded SCR. However, due to a small size of the RR, the effect of this heat is
imperceptible. Thus, we can assume that there is only one source of heat at the interface in the SCR, which, due to its
noticeable size, causes a significant increase in temperature throughout the diffusion layer. It follows that the emergence
and development of gravitational convection is possible.

In the paper, a solution of sodium chloride is considered; however, the study is valid for a solution of any bina-
ry salt.

General conclusions following from the results obtained enable to intensify the process of salt ion transport in
the electrodialysis machines.
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The problem of mathematical finite element modeling of inhomogeneous deformable solids

using scanning’
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! Irkutsk National Research Technical University, Irkutsk, Russian Federation

IIpo6;1ema MaTeMaTH4eCKOr0 KOHEYH03J1eMEHTHOI0 MOJAeIHPOBAHUSI HEOJHOPOAHBIX Je(hOPMHUPYEMbIX TBEPABIX

sokok
Te€J C IPUMECHCHUEM CKAHUPOBAaHUA

B. JI. 3bionr'”

! YpkyTckuii HalMOHAbHbIH HCCeI0BaTeNbCKHUiT TeXHUIeCK il yHuBepeuTer, T. MpkyTck, Poccuiickas denepartus

Introduction. In the mathematical finite element modeling, an
average value of the mechanical characteristics of the deform-
able solid material is used. In aircraft, machine building, con-
struction engineering, medicine and other fields, polymer
composite materials and materials of natural origin are in-
creasingly used. In the latter case, the actual change in the
mechanical characteristics differs significantly from the aver-
aged change; therefore, when using the averaged parameters to
build and analyze finite element models, the results can be
significantly distorted. This paper describes the creation of
mathematical methods for studying changes in the mechanical
characteristics of a material of inhomogeneous deformable
solids. The results obtained in this way are used to construct
finite element models and analyze their stress-strain state.
Materials and Methods. Naturally occurring materials and
composites are considered as inhomogeneous deformable
solids. To study the changes in the mechanical characteristics
of the material, a method was developed based on the use of
two components: the pixel characteristics of raster images
scanned by a computer tomograph and the experimental data
of field tests of standard samples.

Research Results. A complex of mathematical methods has
been developed for modeling the interpretation of scanning
raster images by a computer tomograph, which allows for the
study of any complicated structures of real deformable solids.
The results are used in the construction of finite element mod-
els of such bodies considering the heterogeneity of the me-
chanical characteristics of the material. The analysis of the

stress-strain state of finite element models of test samples has

" The research is done within the frame of the independent R&D.
" E-mail: bright1388@gmail.com
" PaGoTa BBIIIONHEHA B pamkax uHMIaTuBHONH HUP.

Bseoenue. Tlpn MaTeMaTHIeCKOM KOHEYHODIIEMEHTHOM MOJIe-
JIMPOBAHUH HCIONB3YeTCsl YCpeTHEHHOE 3HaYeHHE MeXaHude-
CKMX XapaKTEpUCTHK Marepuana JeGopMHpyeMBIX TBEPABIX
Ten. B aBHa-, MalIMHOCTPOCHUH, CTPOUTENBCTBE, MEIUIMHE U
IPYyrUX 00JacTsIX BCE IMIMPE MPUMEHSIOTCS TOJIUMEpPHBIE KOM-
MO3UTHBIC MaTePUATIbl U MaTEPUAIBI IPUPOJTHOTO MPOUCXOXK-
neHust. B mocnenHeM ciydae peanbHOe H3MEHEHHE MEXaHHde-
CKMX XapaKTePHCTHK 3HAYUTEIBHO OTIMYACTCSA OT YCPETHCH-
HOTO, CIIC[IOBATENIbHO, TIPU HCIOJIb30BAHHH YCPETHCHHBIX
mapamMeTpoB IJIs HOCTPOCHUS M aHAIN3a KOHEYHODJIEMEHTHBIX
MOJeINel pe3yIbTaThl MOTYT CYIIECTBEHHO HCKaXKaThCs.

B nanHO# cTaThe ONMHMCAaHO CO3[aHME MAaTEMaTHMYECKUX METO-
JIOB WICCIICIOBAHUS U3MEHEHUSI MEXaHUIECKUX XapaKTEePUCTHK
MaTepuana HEOTHOPOAHBIX AeHOPMHPYEMBIX TBEPIBIX Tell.
[Monmy4eHHple TakuM 00pa3oM pe3yabTaThl HMPUMEHEHBI IS
MOCTPOCHUSI KOHCYHORJIEMEHTHBIX MOJENCH W aHauu3a WX
HaInpsHKEHHO-Ie(POPMUPOBAHHOTO COCTOSTHUSL.

Mamepuanst u memoowsl. B xadecTBe HEOAHOPOIHBIX Aedop-
MHPYEMBIX TBEPIBIX TEJN PACCMOTPEHBI MaTepUallbl MPUPOJ-
HOTO TPOUCXOXKICHNS W KOMIIO3UTHL. [lJIs McclenoBaHus U3-
MEHEHHsI MEXaHHUECKHX XapaKTePUCTUK MaTepuaiia paspabo-
TaH crnoco0, OCHOBAHHBII HAa HMCIIOJH30BAaHUU JBYX COCTaBIIS-
FOIIMX: THKCEIbHONH XapaKTEpPUCTHKUA PAaCTPOBBIX HM300paxe-
HUI CKaHUPOBAHHS KOMITBIOTEPHBIM TOMOTPad)OM M IKCIIEPH-
MEHTAIBGHBIX JTAHHBIX HATYPHBIX HCIBITAaHUHA CTaHIAPTHBIX
00pasIoB.

Pezynvmamut uccnedosanus. Co3maH KOMIUIEKC MaTeMaTHYe-
CKUX METOIOB MOACIUPOBAHKA HHTEPHPETALMNA PACTPOBBIX
N300paKCHUI CKAaHUPOBAHUS KOMIBIOTEPHBIM TOMOTpPadoM,
MO3BOJISTIONINK MPOBOAMUTE HCCIEIOBAHHUE JTIOOBIX CIOXKHBIX
CTPYKTYP PEaIbHBIX Je(OpPMHUPYEMBIX TBEpABIX Tell. Pe3yib-
TaThl HCHONB3YIOTCS TPH MOCTPOCHUH KOHEYHOAJIEMEHTHBIX
MojieNiedl TaKHX Tel C y4eTOM HEOJHOPOIHOCTH MeXaHHYe-
CKUX XapaKTepUCTUK MaTepHuaa.

AHanmmi3 HampsHKeHHO-1e()OPMHUPOBAHHOTO COCTOSHUS KOHEU-
HODJIEMEHTHBIX MOJIEJIEH TECTOBBIX 00pa3loB AO0Ka3al TOY-
HOCTb M CXOJUMOCTD YHCJIEHHOTO PEIICHHS METOAa KOHEYHBIX
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proved the accuracy and convergence of the numerical solu-
tion of the finite element method in modeling the property of
heterogeneity of the mechanical characteristics of the material.
Discussion and Conclusions. The developed approach can be
applied to any physical principles of scanning (X-ray, ultra-
sound, laser, etc.) and for any types of materials if the data
obtained as a result of scanning is developed in the form of a

digital (raster) image.

Keywords: finite element method, deformable solid, inhomo-
geneity, mechanical properties of material.

For citation: Duong, V.L. The problem of mathematical finite
element modeling of inhomogeneous deformable solids using
scanning. Vestnik of DSTU, 2019, vol. 19, no. 3, pp. 281-289.
https://doi.org/10.23947/1992-5980-2019-19-3-281-289

JJIEMEHTOB MPH MOJICIUPOBAHUH CBOMCTBA HEOMTHOPOIHOCTH
MEXaHHYECKUX XapaKTePHCTHK MaTepHaa.

Obcyscoenue u 3axaroyenus. Pa3paboTaHHBIN MOAXOA MOXET
OBITh MPUMEHEH JUTS JTIOOBIX (PU3MUYECKUX MPHUHIUIIOB CKaHHU-
poBaHUs (PEHTTEHOBCKHM, YIbTPa3BYKOBOM, JTa3epHBIA U Ap.)
U A7 TI00BIX THIIOB MAaTEPUAoB, €Cld HHGOpMALus, Moy-
YeHHAs B pe3yNbTaTe CKaHMPOBaHUs, CPOPMHUpPOBAaHA B BHUJIC

dpoBoro (pacTpoBOro) U300paKEHHSI.

KiroueBbie cji0Ba: METOJ KOHEYHBIX 3JIEMEHTOB, HehopMu-
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Introduction. In the finite element (FE) modeling, mechanical characteristics of the material of deformable
solids (DS) are specified as an averaged value used for the whole model. For example, mechanical characteristics of
steel are determined through tensile and compression tests of standard regular samples. This approach is acceptable for
the design and engineering practice. However, in modern aircraft, engineering, construction, medicine and other fields,
polymer composites and materials of natural origin are increasingly used. A real change in the mechanical characteris-
tics of such materials differs drastically from an average value; therefore, when using average parameters to build and
analyze finite element models, the results can be significantly distorted.

Research Results

1. The main mathematical dependence of modeling heterogeneity of real deformable solids. To solve the
presented problem, a method for determining a real change in the mechanical characteristics of the material based on
the use of:

- DS scan results;

- data of field tests of standard samples [1].

This method makes it possible to recognize any complex heterogeneous material structure and apply this data
to increase accuracy and realism in mathematical finite element modeling of real DS.

Fig. 1a shows an example of a raster image of scanning a material of natural origin (human bone). Its section
demonstrates a change in mechanical characteristics depending on the values of the color indices (pixels) [2]. Fig. 15
shows the scan result of the composite material in the form of a raster image of the cross section of a regular sample
(the scanning was performed by V.G. Tolstikov). Real changes in the mechanical characteristics of the fibers and matrix
(adhesive) in the structure are indicated. In addition, the scanning has shown the possibility to assess quality of the
composite materials (fiber arrangement, adhesive layer thickness, internal defects, etc.).
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Fig. 1. Material of natural origin (a) and composite material () scan bitmap analysis

A general diagram of mathematical simulation and the algorithm of the proposed scanning technology are
shown in Fig. 2 [2].

1 Deformable solid with heterogeneous properties
_?; J Computer tomograph scanning
|
.
Ll Section bitmap packetizing
|
. 2
4~] Color index matrix construction
. .
5] Geometry 6| FE mesh 71 Material
~ building "~ generation mechanic data
Extrinsic Pl h definition
geometry | |pf | TANCESH [ [7 Innodes |
1 ) T ,
Internal Volume mesh I: In finite ‘
structure olume mes _elements |
! v !
i] General FE model construction
1] FE model SSS analysis

Fig. 2. Mathematical and finite element modeling of real deformable solids

The diagram reflects a full range of modules: from scanning DS to obtaining its FE model and analysis of the
stress-strain state (SSS). If necessary, the cycle of operations is ensured within each block of the algorithm.

Scanning is performed using a computer tomograph (CT). When working with deformable objects, it provides
image packetizing; each one is a raster image in a certain section [3, 4]. Standard raster image formats are jpeg, dicom,
bmp, png, etc. Regardless of the format used, a raster image should be represented as a numerical matrix for further
processing.

To determine the dependence of mechanical characteristics (for example, in the form of an elastic modulus) on
the values of color indices, a special weight factor is applied [1], which establishes the relationship between the average
value of the color indices 7., and the experimental value Eoy. The average value of the elastic modulus (£¢y) obtained
in the experiment on the tension (compression) of standard samples is used to interpret mechanical changes in the pixel
characteristic.

Then the weight factor that determines the transition from the pixel color index to the elastic modulus is deter-
mined through an expression of the following form:

k= FOIL )
Nep
Here, n,, is an average value of color indices of a scanning bitmap packet:
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However, for a large amount of CT SSS scan data with a high degree of the structure heterogeneity, it is re-
quired to use the mathematical expectation dependence when determining an average value of the color index. That is,

ncp

n., is defined as an average value:
ngp = E(n)= Y mip;(m;), 3)
i=1
where 7; is the color index value on the interval [; p; (n;) is the probability of occurrence of n; (color index values) in the
interval /.

Pixels, each of which has a corresponding color index, are assigned the values of the elastic modulus of the
material £;. For this, the weight factor & is used:

E = kg. @)
Here, E; is the elastic modulus value corresponding to the value of the color index number #;; kg is weight factor of the
elastic modulus.

The dependence (4) for the FE model is implemented through solving the following tasks:

- determination of the dependence of mechanical characteristics on the values of color indices;

- determination of the mechanical characteristics of the material in the nodes and in the finite elements of the
FE model.

A change in the elastic modulus is determined on the basis of a linear or non-linear dependence on the values
of the color indices. For a material with a low degree of heterogeneity, the dependence can be constructed according to
the linear law (4) using a single constant value of the weight factor of the elastic modulus.

However, such materials are rare in nature and engineering. Most often, several areas can be distinguished in
the structure of a DS material, each of which has a different variation range of the elasticity modulus than the others.

It is proposed to apply a nonlinear law for such materials, which provides its own weight factor value in each
region of the DS structure. In this case, the dependence of the change in the DS elastic modulus on the color indices is
presented as a piecewise linear function (Fig. 3a).
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Fig. 3. Piecewise linear (a) and continuous (b) function of DS elasticity modulus
variation from color index values

Using a piecewise linear function is difficult from the point of view of the computational algorithm efficiency,
in particular, due to the following reasons:

- the larger the number of the DS structure regions, the greater the number of weight factors and the more
complicated the calculation of the elastic modulus for nodes and finite elements;

- transition values of color indices between DS regions or objects involve not one value, but ranges of values of
color indices in a bitmap (see Fig. 3b).

To solve this problem, a nonlinear dependence in the form of a spline, for example, a cubic one [5], can be
constructed on the basis of a piecewise linear function. Such a nonlinear dependence of the DS elastic modulus on color
indices is universal when combining several zones with different patterns of mechanical characteristics (see Fig. 3b).
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Next, the interpretation of the scanning data is associated with the interpolation and transmission of color index
values from pixels to the nodes of the FE mesh. In the most complex and general case, the FE nodes of the mesh lie
between adjacent planes with a bitmap. They vary widely in shape and size. Besides, additional internal contours and
other geometric features appear in them. In this case, a number of mathematical dependences are used for interpolation;
they are determined with respect to a straight line inclined to the Z axis [6].

In [2], a more similar description of the mathematical dependence and the block diagram of the algorithm for
determining the mechanical characteristics of the material in the nodes and finite elements of the DS FE model is pre-
sented (see Fig. 2, block 7).

To use the results of determining the heterogeneity of the material mechanical characteristics in the FE model,
they are converted to a file with the * pcl extension. Two functions of the Patran Command Language: “material.create”
and “elementprops_create” [7, 8] are used for this.

2. Investigation of the accuracy and convergence of the analysis results of the FE models considering
simulation of heterogeneity of mechanical characteristics. In the framework of this study, accuracy and convergence
of the numerical solution by the finite element method (FEM) using the presented technique are determined. For this
purpose, we used the SSS calculations of a human bone tissue (a fragment of the femur).

The selection of DS and its analysis are nonessential, but they are caused by important factors: heterogeneity of
the bone material, individuality of its geometry, as well as high technology and quality of CT scanning in medicine.
Bone tissue is well studied in practice, which makes it possible to reasonably consider the correctness of its mathemati-
cal simulation.

The first study uses parallelepiped specimens cut from a fragment of a human femur (Fig. 4a). The results of
the study are shown in Fig. 45 as proof of accuracy and convergence of the FEM numerical solution with respect to the
full-scale experiment data [9, 10].

10 mm

Y

Sample sizes

136
135
134
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132
131
130

Experimental

Experimental

Normal stress, MPa

2 4 8 16 32

Number of finite elements

b)
Fig. 4. Dimensions and orientation of real samples (a); graph of convergence of normal stress in the center of samples (b),
longitudinally (1), circumferentially (2) and radially (3)
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The results show that to achieve the desired accuracy of the FEM numerical solution, a FE mesh with a density
of three or more finite elements per 1 mm is required [11]. It is also obvious that the heterogeneity property of the DS
material mechanical characteristics can be reflected by a set of finite elements with their own elastic moduli and the
isotropic structure of the material.

a) b)

1 1.5 5 32
FE mesh density (number of nodes per 10 pixels)

VoltageVonMises, MPa

~*— HEXS elements —#—"TET4 elements

9
Fig. 5. SSS analysis result using HEX (a) and TET (b) type finite elements; graph of convergence results (c)

To study the applicability of two different types of solid FE (hexahedron and tetrahedron), an additional study
was conducted using incompatible shape functions (see Fig. 5) [12]. The results show that hexahedron-type FE has the
best indicators in terms of accuracy and convergence of results, as well as in the resource costs.

3. Modeling of real deformable solids. The technology presented is applied to real objects. For this purpose,
the SSS of the FE of tooth setups with a defect and a sealant made of composite material was constructed and analyzed.
One model presents a defect in the form of a carious region (cavity) in the upper part of the enamel. In the second
version of the FE model, this area is filled with a sealant made of composite material. Both models are built considering
heterogeneity of the material mechanical characteristics and an individual geometry.

A wireframe model of a human tooth, shown in Fig. 64, is based on the scan results [13, 14]. A change in the
material mechanical characteristics in the solid FE model (Fig. 6b) is simulated in a special program [13, 14]. Input
data: results of scanning and field testing.
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Fig. 6. Construction and analysis of FE models of a human tooth considering heterogeneity of material mechanical characteristics:
a) wireframe model; b) change in elasticity tooth modulus in FE solid model; ¢) design scheme; d) solid geometric model;
e) FE mesh generation; f) SSS analysis result of FE model of tooth with simulated defect; g) SSS analysis result of FE model of tooth
with simulated composite fillings

The design scheme is presented in Fig. 6¢. A defect and a composite filling are modeled on the upper tooth
(see Fig. 6d and 6e).

The analysis result of the FE model with a defect (see Fig. 6f) shows that the carious part of the tooth does not
absorb the load. That is, a healthy part of the tooth has an additional load, and the probability of decay increases. The
analysis result of the second FE model, after filling the caries area with a sealant made of composite material (see Fig.
6g), shows that the tooth almost completely restores its functional capacities since the stress pattern is identical to the
picture obtained for a healthy tooth [2].

Fig. 6g shows that stress maxima are observed at the contact points on the tops of the dental tubercles. A
higher load is picked up by the area of enamel and dentin. The inner part of the tooth is less stressed. This result is
compared to the calculation [2]. An average value of the mechanical characteristics of enamel and dentin is used.
Heterogeneity of the structure of the tooth material is not taken into account. The comparison shows a more uniform
stress distribution in the tooth body when modeling the distribution heterogeneity of its mechanical characteristics.

Discussion and Conclusions. The study results validate the accuracy and reliability of the presented method of
FE modeling based on scanning real DS considering heterogeneity of the material mechanical characteristics.

The presented complex of mathematical methods for modeling the interpretation of CT scanning bitmaps al-
lows the study of any complex structures of real DS. The results of such simulation are used to construct FE models
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considering heterogeneity of the mechanical characteristics of the material.
The developed mathematical modeling technique can be applied for any physical scanning principles (X-ray,
ultrasound, laser, etc.) and for any types of materials if the data received is a digital (raster) image.
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Introduction. A rapid development of the systems such as
Yandex, Google, etc., has predetermined the relevance of the
task of searching substrings in a string, and approaches to its
solution are actively investigated. This task is used to create
database management systems that support associative search.
Besides, it is applicable in solving information security issues
and creating antivirus programs. Algorithms of searching sub-
string in a string are used in signature-based discovery tasks.
Materials and Methods. The solution to the problem is based
on the Aho-Corasick algorithm which is a typical technique of
searching substrings in a string. At the same time, a new ap-
proach regarding preprocessing is employed.

Research Results. The possibility of constructing the transition
function and suffix references through suffix arrays and spe-
cial mappings, is shown. The relationship between the prefix
tree and suffix arrays was investigated, which provided the
development of a fundamentally new method of constructing
the transition and error functions. The results obtained enable
to substantially shorten the time intervals spent on the pre-
election processing of a set of pattern strings when using an
integer alphabet. The paper lists eight algorithms. The devel-
oped algorithms are evaluated. The results obtained are com-
pared to the formerly known. Two theorems and eight lemmas
are proved. Two examples illustrating features of the practical
application of the developed preprocessing procedure are giv-
en.

Discussion and Conclusions. The preprocessing procedure
proposed in this paper is based on the communication between
the suffix array built on the ground of a set of pattern strings

and the construction of transition and error functions at the

" The research is done within the frame of the independent R&D.
" E-mail: mazurencoal@gmail.com, boldyrikhin@mail.ru
" PaGoTa BBIIIOJIHEHA B pamkax uHHIaTuBHONH HUP.

Beeoenue. bypHOe pa3BUTHE TakMX CHCTeM, Kak Yandex,
Google u 1p., IpeNONPENETHIO aKTyaTbHOCTh 3aJa4H ITOUCKa
MOJACTPOK B cTpoke. Ha ceropHsmHuii AeHb aKTUBHO HCCIe-
IYIOTCSI TIOAXOMBI K €€ PEeIIeHHI0. DTa 3amada HCIOIb3yeTcs
IIPY CO3/IaHUM CHCTEM YIpaBJeHHs 0a3aMU NaHHBIX, OALEP-
JKMBAIOIIUX acCOIMAaTHBHBIA mouck. KpoMe Toro, oHa mpume-
HUMa TpU PEIICHUH BOMPOCOB MH(POPMALMOHHOH Ge30macHo-
CTH, CO3/IaHUH aHTUBUPYCHBIX MPOTrPaMM. AJITOPUTMBI ITOUCKA
MOJICTPOK B CTPOKE HCIIOJB3YIOTCS B 3a7adax OOHapyXKeHWs,
OCHOBAaHHOT'O Ha CUTHATYypax.

Mamepuaner u memoowsr. Pemenune 3amaunm Gasupyercs Ha
airoputMe Axo — Kopacuk, KOTOpBIi mpeacTaBiser codoit
KJIACCHYECKHH CIOCOO OCYIIECTBICHUS! MOUCKA TOJACTPOK B
cTpoke. Bmecre ¢ TeM mpuMeHEH HOBBII HOAXOJ B YacTH,
Kacaromieics: mpeIBapuTeIbHON 00pabOTKH.

Pesynomamor uccredosanus. [lokazana BO3MOKHOCTh TIOCTPO-
eHns1 QYHKIUH Tepexoaa M CyQPHUKCHBIX CCBUIOK IPH TTOMO-
M cy(pGHUKCHBIX MAacCHBOB ¥ CIICIMAIBHBIX OTOOpa)KeHHH.
HccnenoBana B3aMMOCBSI3b MEXIY NMPEePUKCHBIM TEPEBOM M
cydukcHBIME MaccuBaMu. JTO a0 BO3MOXKHOCTH pazpado-
TaTh NPUHIUITNAIGHO HOBBIH CIIOCOO TOCTpoeHHs (QyHKIMi
Mepexo/ia U OMIHOOK.

[NonyueHHbIE pe3yabTaThl MO3BOJIIOT CYIIECTBEHHO COKpa-
TUTHh BpEMs, 3aTpayrBacMoOe Ha IPEIBBIOOPHYIO 00pabOTKy
MHOXKECTBA CTPOK OOpaslOB NP HCIOIb30BAaHUM IIEJIOYHC-
JICHHOTO an(aBuTa.

B craThe mpuBEAEHO BOCeMb anroputMoB. OLeHeHbI pa3pado-
TaHHBIC aJITOPUTMBI. l_[OJ'ly‘-lCHHbIe PE3yIbTAaThl COTIOCTABJICHBI
C paHee HM3BECTHBIMH. J[OKa3aHBI JIBE TEOPEMbl U BOCEMb
nemM. ITpuBeneHb! Ba NpHMepa, WLTFOCTPUPYIOIIHE 0COOCH-
HOCTH NPaKTUYECKOTO MPUMEHEHUsI pa3paboTaHHOM HpoIeny-
PBI IPETIPOLIECCHHTA.

Obcyarcoenue u 3axmovenus. IIpennoxeHHas B JaHHOH CTaTbe
MpoILeaypa MPENPOLECCHHIa OCHOBBIBACTCS Ha CBSI3M MEXIY
Ccy(hUKCHBIM MacCHBOM, CO3/IaHHBIM Ha OCHOBE MHOXKECTBA
CTPOK 00pa3loB, U MOCTPOeHUEM (YHKIMI Mepexoia U OIIH-
00K Ha Ha4aJbHBIX 3Tanax pabots! aaropurma Axo — Kopac-
uk. Takodl MOAXOA OTIMYEH OT TPAAMIHOHHOTO U Tpedyer
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initial stages of the Aho-Corasick algorithm. This approach
differs from the traditional one and requires the use of algo-
rithms providing a suffix array in linear time. Thus, the algo-
rithms that enable to significantly reduce the time for prepro-
cessing of a set of pattern strings under the condition of using
a certain type of alphabet in comparison to the known ap-
proach proposed in the Aho- Corasick algorithm are described.
The research results presented in the paper can be used in anti-
virus programs that apply searching for signatures of mali-
cious data objects in the memory of a computer system. In
addition, this approach to solving the problem on searching
substrings in a string will significantly speed up the operation

of database management systems using associative search.

Keywords: string searching, Aho-Corasick algorithm, prefix
tree, suffix array, information search, error function, transition
function
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HCTIONB30BaHMS AITOPUTMOB, MO3BOJIIIOIINX IIOCTPOUTH Cy(d-
(UKCHBII MaccuB 3a JuHeHHoe Bpems. TakuMm oOpa3oM, omu-
CaHBl aNTOPHUTMBL, IO3BOJIIIOIINE CYIIECTBEHHO COKPATHUThH
BpeMsi Ha NpeABapUTENbHYI0 00pabOTKy MHOXKECTBAa CTPOK
00pa3IoB NpH yCIOBUH UCIOIb30BAHHS ONPEIEICHHOTO THIIA
angaBuTa IO CPaBHEHUIO C W3BECTHBIM IIOIXOJIOM, NPEAJIO-
*eHHbIM A. Axo 1 M. Kopacuk.

PesynbTaTsl HcCleOBaHUH, NPHBEACHHBIE B CTAaThe, MOTYT
OBbITh MIPUMEHEHBI B AHTHBHUPYCHBIX NPOTpaMMax, UCIOIb3Y-
IOIMUX IOUCK CHUTHATYyp BPEIOHOCHBIX HH(GOPMAIMOHHBIX
00BEKTOB B IaMSTH BEMHCIUTENBFHONH cucTeMbl. Kpome Toro,
JaHHBIA TOIXOJ K PEIICHHIO 3aJadd TOHMCKa MOACTPOKU B
CTPOKE II03BOJISIET 3HAYUTENBHO YCKOPHTH pabOTy CHCTEM
ynpaBieHus: 6a3 JaHHBIX, NPUMEHSIOIINX AaCCOLUATHBHBII
TIOUCK.

KiioueBble cJI0Ba: MOWCK MOJACTPOKH, aIOPHTM AX0 —
Kopacuk, npepuxcHoe nepeBo, cypuKCHBIN MaccHB, MOUCK
nHpopmarmy, GyHKINs omHO0K, HYHKINS epexoaa.

Oébpasey ona yumuposanusa: Masypenko, A.B. YckopeHHbII
MIPETMPOIIECCHHT B 3aJaue MOMCKa MOJICTPOK B cTpoke / A. B.
Masypenko H. B. bonasipuxun // BectHuk [oH. TOC. TE€XH.
ya-Ta. — 2019. — T. 19, Ne 3. — C. 290-300. https://doi.org/
10.23947/1992-5980-2019-19-3- 290-300

Introduction. Nowadays, awareness of the cybersecurity of distributed information systems and individual

computing facilities is growing essentially [1]. A range of such tasks is wide enough [1-10]. Of special interest is the
creation of powerful antivirus software (SW). One of the most important tasks solved through such SW is searching
substrings in a string [1, 5, 6, 10-13].

Materials and Methods. The task of substring searching is to find all the lines in the text 7 with a total length
m matching any pattern from a given set of patterns P. Suppose that the sum of the lengths of all elements P consisting
of characters of the alphabet [ is n. A solution to this problem was proposed by A. Aho and M. Corasick [6, 10]. In their

algorithm, the pre-election processing time is O(n|1 \) , and the search time is O(m|1 | + k) . Here, k is a number of match-

es found in the text with lines belonging to a set of samples.

Currently, the task of finding a substring in a string is being intensely investigated for two reasons:

- search engines are rapidly developing [11];

- the detection process in antivirus software products is based on signatures [1].

In this regard, algorithms have been created that have to be selected due to specific needs of the user. The latest
results obtained under solving the problem of searching a set of substrings are described in [13].

The results presented in this paper are based on the relationship between the suffix array created from a set of
pattern strings and the construction of transition and error functions at the initial stages of the Aho - Corasick algorithm.
This approach differs from the traditional one and requires using algorithms to construct a suffix array in linear time.

So, the paper describes the algorithms by which the pre-election processing time is reduced to O(n) .

, — k
Given the alphabet 7, a set of patterns P ={R.,P,,...,F,} where . €l , i=1k. Let us denote by n =Z' 1|P.|.

Assume that the alphabet / is a limited range of integers. The boundary may depend on the length of the string in ques-
tions el or may involve an interval [O,C] where c is a positive integer: ¢ 2 |s| . Let € € I be an empty string.

Let goto be a transition function and a failure — an error function. These modifications are concerned with the
methods for constructing the mentioned functions used in the Aho — Corasick algorithm [6, 10].

Suppose SuffArr(s) is a certain algorithm for constructing a suffix array for a string s e/ "in linear time. A
description of such algorithms can be found, for example, in [12—15].

Suppose x,y el * . Then, lep(x, y) is the largest common prefix of the strings x and y.
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Consider the strings € 1", s = s[s[0]s[1]...s[n—1]]. Let s[s[i]s[i +1]...s] /]| be a substring s including characters

fromitojwherei<j, i,j= 0,n—1. Let us denote p, by the suffix array corresponding to the string s. Suppose
ps = ps [p,[01p[1]...p[n —11],

that is s[s[ps[O]]...s[n—l]] < S[s[ps[l]]...s[n —1]] <..< SI:S [ps[n—l]]...s [n —1]] .

To construct a suffix array, the algorithm described in [15] will be used.

Supposea; &7, o, #0;, 1<i<j<k+l, oy <o, <..<oy,.Let Vbel o, <b, where 1<i<k+1. Grant-
ing P# &, alpha={0y,0,,....,04,0,} .

Suffix Array Processing Algorithm p_

Here, sel : s=o o, B...0 R0y, P el 1<i<k.
Adaptation (s, ps,alpha)
1. new_array < ¢

2. for (i <—|alpha|;i < |s

si++) |

3.j«0

4. while (s [s[ps [i]]...s[|s| —l]][j] ¢ alpha) {
5. new_array[i][j] <« s[s[ps[i]]...s[|s| —l]][j]
6.j«—j+1

7.}

8.}

9. ordered_list [0] <« new_array [O]

10. for (i < L;i <|s|~|alpha

;i++) {
11.j«<0
12. if(newiarray[i] # new__ array[i—l]) {

13. ordered_list[i] <« new_array[i]

4. j«j+1

15.}

16. }

17. return ordered_list

Lemma 1. Let P={R,P, ... 5}, s=oRa,P,...0; B0y, . Then the Adaptation algorithm builds an array of

lexicographically ordered suffixes of the patterns belonging to P over the time O(|s|—|alphal ).

Proof. In the loop of 2—38, the construction of the new_array is performed, whose i-th element is a prefix of the
corresponding suffix s which includes all the characters of this suffix starting with the zero position to its first element
belonging to the set alpha. In this case, using the suffix array p,, all suffixes s are looped over according to their lexi-

cographic order. Thus, the new_array consists of all suffixes of the patterns belonging to P according to their lexico-
graphic sequencing, and the recurrence of some suffixes is possible.

Note that all strings starting with characters belonging to the alpha array, that is, the ﬁrst|alpha| suffixes, are

excluded from consideration. Then, in the loop of 10—16, using the new array, the ordered list array is constructed
through eliminating repetition strings. To do this, due to the lexicographic sequence of the strings, it is sufficient to
check whether the string in question coincides with the previous one.

The loop of 2-8 is executed over the time O(|s| —|alpha|) since all strings starting with characters belonging to
the alpha array are excluded from consideration. In the loop 10-16, |s| —|alpha| of string matches occur. Thus, we ob-

tain an asymptotic estimate of O(|s| —|alpha|) algorithm running time. The lemma is proved.

Partitioning algorithm according to lexicographic sequencing
Here, s is an array of lexicographically ordered strings.
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DandC (s)
1. sub [0] <0
2.j«0

3. for (i(—O;i<|s|—l;i++) {
4. if (s[i]# s[i+1]) {
5.sub[j]«i+1

6.j« j+1

7.}

8. Sub[j]<—|s|

9. return sub

Lemma 2. The DandC algorithm based on an array of lexicographically ordered strings s constructs a sub array
consisting of positive integers that show the indices corresponding to the first strings among the strings with the first

characters equal over the time O(|s|) .

Proof. The boundary corresponding to the first character begins with 0, which corresponds to the assignment
performed in step 1. In the loop of 37, the first characters of the i-th and (i + 1)-th strings are sequentially compared

wherei = 0,|s| —2. If the characters are not equal, then the beginning of the boundary corresponding to the next charac-

ter is written to the sub array. Otherwise, the loop execution continues. The right boundary of the last character corre-
sponds to the number of strings in the s array (step 8).

The comparison in step 4 occurs over the time 0(1) , as the recording in step 5 and the increment in step 6 do.
Thus, the loop of 3—7 is performed over the time O(|s|) . The lemma is proved.

First link algorithm

Here, tree is a tree, lex words € 1 ’, link _num is the number of some character in lex words string, v is a
serial number of a new node that joins the node with the serial number node number .

BuildFirstLink (tree&, lex words&,v&,link _num,node _ number)

1. new tree.node [v]

2. tree.node [v] .State <— lex_words [lex_ words[0]...lex _ words[link]]

3. new tree.node [node_number] dink < tree.node [v]

4. tree.node [node _ number] dink.symbol <— lex_words [link _ num]

5. vev+l
Lemma 3. The BuildFirstLink algorithm constructs a new node with the sequence number v and an arc leading

from node_number to a new node v, in the tree over the time O(l) .

Substring link algorithm

Here, tree is a tree, lex words € 1 * , v is a serial number of a new node that joins the node with the serial
number sfart .

BuildSubstringLink (tree&, lex words&,v&, start)

1. for (k <« start;k < |lex7words|;k + +) {

2. new tree.node [v]

3. tree.node [v] State <— lex_words [lex _words[0]...lex _ Words[k]]

4. new tree.node [v —l] dink < tree.node [v]

5. tree.node[v—l] dink.symbol < lex_words [k]

6. v<ev+l1
7.}
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Lemma 4. The BuildSubstringLink algorithm constructs new nodes in free matching all prefixes of the string

lex_words starting with the prefix lex _words[lex _words[0]..lex_words[start]] over the time O(|lex _words|—start) .
Last link algorithm
Here, tree is a tree, lex _words € 1 * , v is a serial number of a new arc, / is an alphabet.

BuildLastLink (tree&, lex _words,v,I )

1. new tree.node [O] .link[v] <« tree.node [O]
2. symbols < &

3. for (i «—0i< |lex7words|;i++) {

4. symbols[i] < lex_words[i][0]

5.j«0

6. for (i <—O;i<|1|;i++) {

7.if (I[i] esymbols) {

8. tree.node[O] .link[v] symbol[ j] « I[i]
9.j«j+1

10. }

11.}
Lemma 5. The BuildLastLink algorithm builds a loop at the root node. Its marking corresponds to a set of sym-

bols by which it is impossible to go to other nodes of the tree from the root node over the time O(|lex _ words|+|1]).

Transition Algorithm
Here, lex _words is an array of lexicographically ordered strings.

CreateLink (lex _ words)

l.str< <
2. sub < DandC (lex_ words)

3.vel
4. tree <~ J

5. tree.node [0] State «— €

6. for (i <—O;i<|sub|—l;i++) {

7. BuildFirstLink (tree, lex _words [sub[i ]] 1,0, 0)

8. BuildSubstringLink (tree, lex _words [sub[i ]] ,V, 1)

9. for (j < sublil+1; j < subli+1]; j++) {

10. temp < |lcp (lex_ words[ j—1],lex _ words[j])| +1

11. z <« tree.getStateNumber(lcp (lex __words[ j—1],lex _words| j] ))
12. BuildFirstLink (tree, lex _words[ j],v,temp, z)

13. BuildSubstringLink (tree, lex _words [ J ] Y, temp)

14.}
15.}

16. BuildLastLink (tree, lex _words,v,lex _ words)

17. return tree
Lemma 6. The CreateLink algorithm builds a prefix free with a loop at the root node over the time

O(Z ‘llj: wordsf |lex _ words[i]|j .
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Proof. In step 2, the DandC algorithm is executed (see Lemma 2), after which, in step 5, the root node with the
serial number 0 of the tree is created. Its state is taken equal to a blank string € . Consider the loop of 6—15 at the i-th
step.

In step 7, using the BuildFirstLink algorithm, a node is created whose state corresponds to the first character of
the string lex words [sub[i]]. Given the construction of the sub array, it can be argued that such a character has not oc-
curred before among the first characters of the previous strings. Then, in step 8, the implementation of the BuildSub-
stringLink algorithm sequentially creates nodes whose state matches all prefixes of the string lex words [sub[i]] ex-

cluding the prefix built in the previous string.
In the loop of 9-14, using BuildFirstLink and BuildSubstringLink algorithms, we perform the same actions

with strings lying in an integer space [sub[i]+1,sub[i +1]—1]. Since each such string has a common non-zero prefix

with the previous string, the algorithm immediately switches to the state corresponding to the largest common prefix,
starting with which, it is required to build new nodes. In step 16, using the BuildLastLink algorithm, a loop at the root
node is created.

Steps 12 and 13 are performed over the time

0(1)+ O(|lex_ words[j]| —|lcp(lex_ words[j —l],lex_ words [j])| —1) =

= O(|lex_words [j]| —|lcp (lex_words [j —l],lex_words [j])|) .

Thus, it follows from Lemmas 2, 3, and 4 that the loop of 9-14 is executed over the time

O(Zsub[m]_l |lex_W0”dS[j]| —|lcp(lex_w0rds[j —l],lex_ words[j])D .

J=sub[il+1

The loop of 6-14 is executed over the time

O(Z_S_us_z |lex __words [sub[i]]U +

+O(Zmb—2 Zsub[i-*—l-]_l |lex _ words []]| - |le (Iex _words[ j—1],lex _words []])U =

i=0 J=sublil+1

‘sub‘fl
=0 / ds [ sub[i]||—|/ ds| |.
(Zi—O |ex_w0r s[su [1]]| |ex_w0r s|
It follows from  Lemma 5, that step 16 is  performed over  the time
lex _words|-1
0(|lex_words|+z‘0 | |lex_w0rds [Z]U Thus, we obtain an asymptotic estimate of the running time of the

algorithm

O(|lex _ words|) + OKZ%JS_I |lex __words [sub[i]]| - |lex _ words|) +

‘lex_ words‘—l ‘lex_ words"—l

+0(|lex_words|+ |lex_words [i]|j=0( |Zex_words[i]|j.
i=0 i=0

The lemma is proved.
The goto function algorithm
Here, P is a set of pattern strings.

ConstructGoto (P)

l.s<—aBo,B...0 B0,

2. py < SuffArr(s)

3. alpha < {00, ,...,04 0y, }

4. ordered list < Adapmtion(s, D ,alpha)
5. j«0

6. lex words < &

. P_length <« {|R|.|B|....| B}

3

8. for (i «—05i< |ordered_list|;i++)
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9.if ((|ordered _list[i]| € P_length) and (ordered list[i] € P))
10. lex_words[ j++] <« ordered _list[i]

11. goto <— CreateLink(lex _words)

12. return goto

k
We should remind that » 224 1|Pl.| for a set of patterns P={R, P, ..., B} .

Theorem 1. The ConstructGoto algorithm develops the gofo function over the time O(n) .

Proof. In step 2, a suffix array p, for the string s is constructed. In step 4, using the Adaptation algorithm, all

suffixes of the strings belonging to a set of patterns P are written to the ordered list array. In this case, recurrences are
not excluded. In the loop of 8-10, an array lex words containing suffixes belonging to P and arranged in lexicographic
sequence without recurrences is constructed. In step 11, a prefix tree is built with a loop at the root node based on the
strings contained in the /ex words array. The data structure returned by the CreateLink algorithm defines exactly the
goto function.

Step 2 is completed over the time O(n+k+1) [12]. From Lemma 1, it follows that step 4 is completed over

the time O(n+k+1—k —1)=0(n). In the loop of 8-10, only strings whose length is equal to the length of any pattern

are considered.
Thus, no more than O(n) checks are needed to find patterns of P. From Lemma 6, it follows that step 11 is

|fex _words|-1

completed over the time O( |lex_w0rds[i]|j = O(n) Since k£ < n, we obtain an asymptotic estimate of

i=0
the running time of the O(n)+O(n+k+1)=0(n) algorithm. The theorem is proved.

Research Results

Example 1.
Suppose P = {one, on,once,cell,lull,eye, near} . Then
s = oy onea,onosonceocelloslullageyea,nearayg . (1
Table 1 shows the result of the goto function algorithm on the entry of the string s (1).
Table 1
Prefix tree structure
node number | node state link branched states from node symbols on /ink branches from node

0 € l.c;2.¢;3.1;4.n;5. 0 l.c;2.¢;3.1;4.n;5. 0
1 c 1. ce l.e
2 ce 1. cel 1.1
3 cel 1. cell 1.1
4 cell - —
5 e 1. ey 1.y
6 ey 1. eye l.e
7 eye - -
8 / 1. Iu 1.u
9 lu 1. lul 1.1
10 lul 1. lull 1.1
11 lull - -
12 n 1. ne 1
13 ne 1. nea l.a
14 nea 1. near 1
15 near - -
16 0 1. on l.n
17 on 1. onc; 2. one l.c;2. e
18 onc 1. once l.e
19 once — -
20 one — -
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Suppose § = a,,,P.q,...a,Ba, R, is mirroring of the string s.
Failure function algorithm
Here, P is a set of pattern strings.

FalseSuﬁ‘(P)

1. § <oy, Boy...0,Bo By,

2. p; < Suffdrr(s)

3. alpha < {a,,0,,...,04 0y, }

4. ordered_list «— Adaptation(§, p;,alpha)
5. link« Q&

6. for (i <« 0;i <|§
7. inLink[i] < ¢

8. sub < DandC (ordered _list)
9.str«

10. for (i «0i< |sub|—1;i++)

si++)

11. for (j <« subli]; j < Sub[i+1]—1;j++)

12. str[j] <« |lcp(0rdered _list] j],ordered _list[j+ 1])|

13. for (i «0i< |sub|—1;i++)

14. for (k <« sub[i+1]-1;k > sub[i];k— —) {

15. for (j < sublil; j <k; j++)

16. min_element <— min (str[k —1],str[k -2],..., str[j])

17.if (min _element = |0rdered 7list[j]|)

18. min _temp [j - sub[i]] <« min_element

19.}

20. max_element <— max (mjn __temp[0],min _temp[1],...,min _ temp[w])
21. naiitn max_index: min _temp|[max_index | = max_element
22. inLink[k] < ordered _list [maxi index + sub[i]]

23}

24. for (i «—0;i< |inLink|;i++) {

25. link[i][0] <« ordered _list[i] ; //string mirroring

26. link[i][1] <« inLink[i] ;// string mirroring

27.}
28. return link

Remark. In string 20, w < sub[i+1]—sub[i]—1.
Theorem 2. The FalseSuff algorithm constructs the failure function over the time O(n) . Proof. In step 1, we

construct an array of characters that contains mirror images of strings belonging to a set of patterns P and some unique
characters. In step 2, we construct a suffix array p; for the string § . In step 4, using the Adaptation algorithm, all suf-

fixes of the strings belonging to a set of patterns P (a set of patterns consisting of mirrored strings P) are written to the
ordered_list array, and recurrences are not excluded.

In step 8, the DandC algorithm is executed (see Lemma 2), after which, in the loop of 10-12, we find the
length of the largest common prefix between the strings that match the first character. We write the result to the st ar-
ray. Note that this value is zero for the strings for which this condition is not satisfied. In the loop of 13-23, a special
mapping is constructed between the strings for which the first character matches. We describe this mapping. Indicate
some string

s € ordered _list [ordered _list [sub[i]] ,...,ordered _list [sub[i +1]— 1]] .
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Consider a set of strings belonging to ordered _list[ordered _list[subli]],...,ordered _list[subli+1]— 1]] . Their length

is equal to the length of the largest common prefix with s excluding s itself. From this set, we find the string s’ that has
an overall length, and assign it to 5. Obviously, the constructed mapping is a bijection under the condition of s’ # € . The
result is written to the inLink array. In the loop of 24-27, using the inLink array, we explicitly indicate the constructed

~!

mapping while mirroring each of the strings. Thus, we assign the §' node to the § node of the prefix tree constructed
on the basis of the array of patterns P. Its state is equal to the largest proper suffix § that occurs among the many states
of the considered prefix tree. But according to the definition of the failure function, this is the desired result.

k
Suppose n =z ._1|P,.|. Step 2 is completed over the time O(n+k+1) [12]. From Lemma 1, it follows that

step 4 is performed over the time O(n+k+1—k—1)=0(n). The loop of 6-7 is executed over the time O(|5]) = O(n).

From Lemma 2, it follows that step 8 is performed over the time O(n) The loop of 10—12 is executed over the time

sub|—2 subli+1]—
(Z - z ; | jj O(k), Vj v ;=1.The loop of 14-23 is completed over the time
J=sublil+

subli+1]-1 subli+1]—sub[i]-2 . . .
O(Zk by ,]+1Z, g ,) (Z,——o Yj):O(sub[l+l]—sub[l]—l), vy =1

Then the loop of 13-23 is executed over the time
[sub|-2 ) ) B ~
O(Zi—o (subli+1]— sub[i] —1)) = O(sub[|sub| -1]) = O(k

Since |inLink| <n, then the loop of 24-27 is executed over the time 0(|inLink|) = O(n) Thus, considering

that £ <n, we obtain an asymptotic estimate of the running time of the O(n) + O(n +k+ 1)+ O(k) = O(n) algorithm.

The theorem is proved.
Example 2.

Suppose, as in example 1, P ={one,on,once,cell,lull,eye,near} . Then
§ = agraena,eyeolluloslleco,ecnoosnoo,enoaq; . ()

Table 2 shows the result of the failure function algorithm on the entry of the string § (2).

Table 2
False links between nodes

inLink array link array inLink array link array
0. € 0. 0.nea; 1. ¢ 10. [ 10. 0.cel; 1.1
1. € 1. 0.c;1. ¢ 1. I 11.  O.cell; 1.1
2. c 2. 0.onc; 1. ¢ 12. [ 12, 0. ;1.1
3. € 3. 0.e;1. ¢ 13. [ 13, 0. lul; 1.1
4, e 4. O.ce; 1. e 14. € 14. 0.m;1. ¢
5. ec 5. 0. once; 1. ce 15. n 15. 0O.om;1.n
6. e 6. 0.ne;1. e 16. € 16. 0.0;1. ¢
7. en 7. 0. one; 1. ne 17. € 17. 0. near; 1. ¢
8. e 8. 0.eye; 1. e 18. € 18.  0.lu;1. ¢
9. € 9. 0.5;1. ¢ 19. € 19. O0O.ep; 1. ¢

For all nodes for which Fig. 1 does not show false links, we believe that a false link leads to a root node.
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Fig. 1. Prefix tree with false links

Discussion and Conclusions. A new preprocessing procedure in the Aho-Corasick algorithm is described. It
runs in the linear time O(n) . The connection between the suffix arrays and a prefix tree was investigated which allowed

us to propose a different way of constructing transition and failure functions. The results obtained provide reducing the
time on the pre-election processing of a set of pattern strings when using the integer alphabet.
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