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C03,HaH B LICIIAX I/IH(i)OpMI/IPOBaHI/Iﬂ YUATATEIbCKOU ayaAuToOpun O HOBEHIINX JOCTUIKCHUAX W NEPCIICKTUBAX B obactu
MCXaHUKH, MAIIMHOCTPOCHUH, I/IH(i)OpMaTI/IKI/I M BBIYHCIHTCIBHON TEXHUKHU. I/I3Z[aHI/I€ SABIIACTCA (bOpyMOM JJIA
COTpyAHUYECCTBA pOCCHﬁCKHX 1 MHOCTPAHHBIX YUYCHBIX, CHOCO6CTBy€T COMMKEHUIO pOCCHﬁCKOFO 1 MHUPOBOI'0 HAYyYHO-
I/IH(l)OpMaHI/IOHHOFO MMPOCTPAHCTBA.

/KypHaj BK/II0YeH B NepeveHb PeleH3MPYyeMbIX HAYYHBIX M3/IaHHI, B KOTOPOM JOJKHBI ObITH OIMy0IHKOBAHBI
OCHOBHBbIC HAYYHBIE Pe3yJIbTATBI JUCCEPTALNN HA COMCKAHNE YYCHOH CTeleHN KaHIWAATA HAyK, HA COHCKaHHUe
yueHoii ctenenu noktopa Hayk (Ilepeuens BAK) no ciaeayrommum Hay4YHBIM CIENHAJBHOCTAM:

1.1.7 — TeopeTnueckas MexaHHKa, TUHAMUKA MAIIUH (TEXHUYECKUE HAYKH)

1.1.8 — Mexanuka neopMHpPYEeMOT0 TBEPAOTO TeNa (TEXHUIECKUe, PU3NKO-MaTeMaTHIecKie HayKHn)

1.1.9 — MexaHuKa *XUAKOCTH, Ta3a ¥ IIa3Mbl (TEXHHIECKHE HAYKH)

1.2.2 — Maremarudaeckoe MOJIETNPOBAHNE, YUCICHHBIE METOIbI X KOMILIEKCHI IPOrpaMM (TeXHIYECKHE HAyKN)

2.3.1 — CucTeMHbIH aHaM3, yIpaBiIeHHe H 00paboTKa HH(POPMANNH, CTATUCTHKA (TEXHUIECKHE HAyKH)

2.3.3 — ABromaru3anys 1 yIpaBlieHHe TEXHOJIOTHUSCKUMH TIPOIECCaMH M IPON3BOACTBAMHE (TEXHHIECKHE HAYKH)

2.3.5 — Maremaruueckoe 1 IporpaMMHoOe 00ecTieyeHNE BBIYMCIUTENBHBIX CHCTEM, KOMIIIEKCOB M KOMITBIOTEPHBIX ceTell (TEXHIYECKIE HayKH)
2.3.7 — KoMnbIoTepHOE MOJCTINPOBAHKE U aBTOMATH3ALHS IPOSKTUPOBaHMs (TEXHUUECKUE, (PH3UKO-MAaTEeMaTHUECKUE HAYKH)
2.3.8 — Undpopmatika 1 nHGOPMAIIOHHBIE TIPOLIECCHI (TEXHUYECKUE HAYKHU)

2.5.2 — MamuHoBeieHHe (TEXHUYECKUE HAYKH)

2.5.3 — TpeHue 1 U3HOC B MalIMHAX (TEXHUYECKHE HAYKH)

2.5.5 — TexHousorust 1 060pyAOBaHIE MEXaHUIECKOH U (PU3MKO-TEXHUUECKOH 00pabOTKH (TEXHNYECKHE HAYKH)

2.5.6 — TexHOJIOT Sl MAIIMHOCTPOCHNUS (TEXHUYECKUE HAYKHN)

2.5.8 — CBapka, poACTBEHHBIE ITPOIECCH M TEXHOJIOTUH (TEXHUYECKHE HAYKH)

2.5.9 — Metoab! n mprOOPHI KOHTPOJIS U TUATHOCTHKY MAaTEpHAIIOB, U3/IEJINH, BEIIECTB M IPUPOAHON Cpe/ibl (TEXHUYECKUE HAYKH)
2.5.10 — I'mppaBnryeckre MalIMHBI, BAKYYMHast, KOMIIPECCOPHAs TEXHHUKA, THAPO- U THEBMOCUCTEMBI (TEXHHYECKUE HAYKH)

Hnoexcayus PUHI, CyberLeninka, CrossRef, Dimensions, DOAJ, EBSCO, Index Copernicus, Internet Archive,
U apxusayus: Google Scholar
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Abstract

Introduction. Designing motion control systems for mobile robots requires the construction of mathematical models.
Researchers have repeatedly addressed this topic. In particular, works have been published on the calculations of
multiphysical processes, modeling the movement of various types of wheels under certain conditions. In addition, the
dynamics of deformable contacting bodies during sliding, rolling and rotation, issues of autonomy and controllability of
mobile robots were considered. Note, however, that the dynamics and positioning accuracy of wheeled robots is largely
determined by friction. The literature does not present studies on the dynamics of a robot with a differential drive taking
into account the interrelationships of sliding, spinning and rolling friction effects based on the theory of multicomponent
friction. Research in this area can reveal new dynamic effects. Based on the data obtained in this way, it is possible to
improve the accuracy of positioning in building mathematical control models. The presented work aims at investigating
the movement of an automatic device with a differential drive taking into account three contact models: nonholonomic,
Coulomb friction, and multicomponent models.

Materials and Methods. The scheme of a two-wheeled robot with differential drive and continuous movement on the
support surface was adopted as the basic one. The movement of the device was provided through software control. The
dynamics was described in the form of Appel equations. Mathematical models were used for calculations, taking into
account friction in different ways. Coordination of the actions of the mechanism was formed at a dynamic level. The
control actions were the moments of the wheel motors. When visualizing the models under study, the built-in numerical
methods of the Wolfram Mathematica system were used with a minimum accuracy of 107,

Results. When building a mathematical model, the equations for the angular velocities of the wheels were determined. The
authors took into account the presence of a contact site and derived the equations of dynamics of a differential drive robot.
The elements of the system were force and moment projections, indicators of platform spin, masses, angular accelerations, and
inertia of the wheels. It was shown how control actions were formed within the framework of nonholonomic mechanics. The
model of engines that created a moment of control on the driving wheels was described. The solution was derived as the
relationship between the inductance of the conductors of electric motors and the operation of the power supply. Three models
describing the dynamics of a differential drive robot were examined in detail. The first model was nonholonomic. The second
and third included a system of equations for the dynamics of a differential drive robot for a general case with a contact platform.
At the same time, in the second model, the switching time in the engine was ignored and the Coulomb friction was involved. In
the third model, a parameter to determine the speed of transients in the engine was introduced, and Pade decomposition was
involved. This was a model with multicomponent friction. The calculation results were shown in the form of graphs. On them,
the studied models were visualized in the form of curves of different colors. Comparison of the graphs showed in which cases,
after the completion of transients, the control provided the required accuracy. These were models 1 and 2. In model 3, the
software control generated an error in the angular velocity of rotation of the platform. This error could not be predicted within
the framework of the 1st and 2nd models. In all the systems considered, the sliding speed of the wheels in the transverse direction
dropped to zero. The condition of continuous motion of the support wheel was obtained and validated.

Discussion and Conclusion. Software control is acceptable in models that do not take into account wheel friction during
simultaneous sliding, spinning and rolling (general case of spatial motion). However, it is important to consider the
relationship bet ween these processes and multicomponent friction. This is required for the robot to perform program
movements more accurately. It was established that software control in a model that takes into account the friction of
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spinning and rolling caused deviations from the program values of the angular velocity of the platform. The results
obtained can be used in the building of a control system with predictive models.

Keywords: software control of a robot, control in nonholonomic mechanics, Coulomb friction model, multicomponent
friction, error in angular velocity of rotation
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AHHOTaNMS

Beeoenue. TlpoekTupoBaHWE CHCTEM YNPaBICHHS [BIKEHHEM MOOWIBHBIX pPOOOTOB TpeOdyeT TOCTPOCHUS
MareMaTHIecKux mojeneid. MccnemoBaTenn HEOTHOKPATHO OOpaIiainuch K 3TOW TeMe. B 4acTHOCTH, OIMyOJINKOBaHBI
paboThI, TOCBSIIEHHBIC pacyeTaM MYJIbTH(HU3NUECKHUX MPOIIECCOB, MOCITUPOBAHUIO ABMYKCHUS PA3IMIHBIX BHIIOB KOJIEC
B TE€X WJIM HMHBIX yclOBHAX. Kpome TOro, paccMaTpuBaiuCh AWMHAMHKA Ae()OPMHUPYEMBIX KOHTAKTHUPYIOIIUX TEI HPU
CKOJIB)KCHUH, KAYCHUU M BPAICHHUH, BOIPOCHI aBTOHOMHOCTH H YNPABIIEMOCTH MOOWIBHBIX poOOTOB. OTMETUM, YTO
JMUHAMPKA U TOYHOCTH MO3HIIMOHUPOBAHMS KOJECHBIX POOOTOB BO MHOTOM OIIPENENseTCs TpeHueM. B mureparype He
MPECTaBICHEI UCCICIOBAHUS TUHAMUKU poOoTa ¢ nuddepeHIIHaTbHBIM IPUBOIOM C YIETOM B3aUMOCBs3ei 3pPeKToB
TPEHUS CKOJIBKEHISI, BEPUCHUS M KAYCHUS Ha OCHOBE TCOPHH IOJHMKOMIIOHEHTHOTO TpeHUsl. V3bIcKaHus B 3TOW 00JacTH
CIOCOOHBI BBISIBUTH HOBBIE NUHaAMUYeckue dpdexTsl. OCHOBBIBASACH HA TOIYUYEHHBIX TAKUM 00pa3oM JaHHBIX, MOKHO
3aHSTHCS TIOBBIIIICHHEM TOYHOCTH MO3UIIMOHUPOBAHUS MPHU MOCTPOSCHUH MaTeMaTHUECKUX Mojenel ynpasnenus. Llenn
MIPEACTABICHHOW PabOThI — KCCIICAOBATh JBH)KCHHE aBTOMATHUCCKOTO YCTPOiicTBa ¢ qudhepeHInanbHbIM IPUBOIOM C
YY4ETOM TpeX MoJiesiell KOHTAKTa: HETOJIOHOMHOTO, KYJIOHOBCKOTO TPEHHUS U TIOJTMKOMIIOHEHTHOTO.

Mamepuansl u memoovl. B xauectBe 0a30BOil NMPHUHSIIM CXeMy JBYXKOJIECHOTO pobota ¢ auddepeHInanbHbIM
MPUBOJIOM U OC30TPHIBHBIM JBIDKCHHEM II0 OTNOPHOW MOBEpPXHOCTH. llepeMemnieHHe yCTPOWCTBa OOECIICYHBAIIOCH
MPOTPaMMHEIM yIpaBiIeHHeM. JIMHaMUKy OMUCand B BUAC ypaBHeHHH Ammens. 1S BBIYHCICHUH HCIIONB30BAIN
MaTeMaTHIECKUE MOJICIH, TI0-pPa3HOMY YUUTHIBaIOIKe TpeHne. KoopanHams fedicTBIi MexaHn3Ma (opMHUpOBaJIach Ha
TUHAMIYECKOM YPOBHE. YTIPaBIAIONINE BO3ICHCTBHI — MOMEHTHI IBUTaTelel Kojec. [Ipu BU3yann3annuu UCCIIe 1y eMbIX
MoJieneit 3a1IeCTBOBAIM BCTPOCHHBIC YHCICHHBIE METOABI cucTeMbl Wolfram Mathematica («Bonbdpam MaTematukay)
¢ MUHUMAJbLHOM TouHOCTBIO 107°,

Pesynomamul uccnedosanus. Ilpu TOCTPOSHUH MAaTEMaTHYSCKOW MOJETH ONPEICSITHIN PaBEHCTBA IS YIVIOBBIX
CKOpOCTeH Koyiec. YW HaIM4Yre TUTOIAIKN KOHTAKTa ¥ BBIBEJIM ypaBHEHUS TUHAMHUKN poOoTa ¢ muddepeHIanIbHBIM
MIPUBOJIOM. DJIEMEHTaMU CUCTEMBI OBLTH MPOEKITUH CHIIBI 1 MOMEHT, II0Ka3aTeIu BEPUCHHUS IIaTPOPMBbI, MACCHI, YTIIOBEIE
ycKopeHus W uHepuus kojec. [Tokaszamu, kak (GOpMHPYIOTCS YIPABISIONIAE BO3IACHCTBHUS B paMKax HETOJIOHOMHOMN
MexaHuku. Onucanu MOJAENb IBHTATElNCH, KOTOPBIC CO3AAI0T MOMCHT VIPAaBJICHUS HAa BEAyIIMX KoyiecaX. BriBenn
pellleHre KaK B3aUMOCBSI3b WHAYKTHBHOCTH MPOBOJIHUKOB 3JCKTPOJBUTATENCH B pabOTHI 3JeKTponuTaHus. JleTaibHo
paccMOTpeN TpPU MOJETH, OMKCHIBAIOINUE JWHAMHKY poOoTa ¢ auddepeHnuanbHbBIM npuBofoM. [lepBas —
HETOJIOHOMHAs. BTopasi U TpeThsl BKIIOYAIN CHCTEMY YPaBHEHHI TUHAMUKH poboTa ¢ quddepeHInanbHbIM PHBOIOM
JUIs OOIIero ciydas, NP HaJUYUU IDIOMIAJKKA KOHTakTa. [Ipm 3TOM BO BTOPOW MOJEITH HIHOPHPYETCS BpeMs
NEPEKIIOUYEHNN B BUTATENE U 3aheiicTByercs Tpenue Kynona. B TpeTbeil BBenu napameTp, ONpeIessIOIAN CKOPOCTh
TIEPEXOIHBIX MPOIIECCOB B IBUTATEIIE, U 33ICHCTBOBAIIH pasiioxkeHus [1ae. ITo Moiesh ¢ MOJTMKOMIIOHEHTHBIM TPEHUEM.
Hroru pacueToB mokaszaiu B Buae rpadukoB. Ha HUX HccieLyeMble MOIEIN BU3YaTH3UPOBAIH B BUIC KPUBBIX PA3HOTO
uBera. ConocraBieHue rpaduKoB MOKa3ajo, B KAKUX CIydasx MOCIe 3aBEPIICHUS MEPEXOAHBIX MPOIIECCOB YIPaBIeHUE
obecreyuT TpedyeMyr0 TOYHOCTb.
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Oro moxenu 1 u 2. B Mozmenu 3 mporpamMMHOE YIpaBJICHHE Te€HEPUPYET OMMOKY B YIJIOBOM CKOPOCTH BpalleHUs
miaTGopmel. JJaHHYIO OMMUOKY HENTb3s CIIPOTHO3UPOBATh B paMKax 1-i u 2-if Mmogenn. Bo Bcex pacCMOTPEHHBIX CHCTEMax
CKOPOCTh CKOJIbXCHHS KOJIEC B IOIEPCYHOM HAMpAaBICHHM MagacT A0 Hyid. [lomydeHO W 0OOCHOBaHO YCIOBHE
0C30TPHIBHOTO IBHXKCHHUS OMTOPHOTO KOJIECa.

Obcyrycoenue u 3akntouenue. llporpaMMHOe yIpaBieHUE TOMYCTUMO B MOJIENSIX, HE YUUTHIBAIOIUX TPEHUE KOJIEC TPU
OJTHOBPEMCHHOM CKOJIL)KCHUH, BEPUCHUU M Ka4eHUH (OOIIUI ciTydail MPOCTPAaHCTBEHHOTO ABMKCHM). OTHAKO BaXKHO
YYHUTBHIBATh B3aMMOCBS3b JAHHBIX IPOIECCOB U MOJMKOMIIOHCHTHOTO TPEHHSA. DTO HEOOXOIMMO JUIss 00Jiee TOYHOTO
BBITIOJTHEHUSI POOOTOM TPOTPAMMHBIX JIBIKEHUH. YCTaHOBJIEHO, YTO MPOTPAMMHOE YIpaBlieHHE B MOJEIH,
YUUTBHIBAIOLIEH TPEHUE BEPUEHUS U KAUEHHUs, IPUBOJUT K OTKJIIOHEHUSIM OT IPOIPaMMHBIX 3HaYEHUH yIJIOBOM CKOPOCTH
HIIaT(i)OpMBI. HOHy‘IeHHBIe PE3YyIbTAThI MOXHO HUCIIOJIB30BATh pu TIOCTPOCHNHN CHUCTEMBI yapaBJICHUA
C IPOTHO3UPYIOIIUMU MOACIIAMH.

KuoueBble ciioBa: mporpaMMHOE yrpaBieHre poOOTOM, YNpaBIeHHE B HETOJOHOMHOW MEXaHHKE, MOJENb TPECHHS
Kynona, moTHKOMIOHEHTHOE TPEHHUE, OMINOKA YTIIOBOW CKOPOCTH BpAIICHUS

BaarogapHocTH. ABTOpPBHI BBIPaXAOT MPH3HATEIEHOCTh Kadenpe «PoOOTOTEXHWKA, MEXaTpOHHKA, IMHAMHUKA W
npoyHocte MamuH» OI'BOY BO «HUY «M3W» 3a momomis B MOArOTOBKE CTaTbHU. biaromapum peLiEH3eHTOB 3a
KOHCTPYKTUBHYIO KPUTHKY H MPEIUIOKEHUS, KOTOPBIE CITIOCOOCTBOBAIN 3HAYNTEIHPHOMY TOBEIIICHHIO KAYECTBA CTATHH.

Jnsi  mutupoBanus. CammmoB M.C., Mepkypbses U.B.  IlporpamMmuoe ympaBieHue IBIKEHHEM pobora ¢
b depeHInanbHBIM PUBOJIOM TNPH pasHbIX Mojensix TpeHus.. Advanced Engineering Research (Rostov-on-Don).
2023;23(4):346-355. https://doi.org/10.23947/2687-1653-2023-23-4-346-355

Introduction. In the modern world, the demand for automatic mobile wheeled vehicles is growing, and the possibilities of
coordinating their operation are being actively explored. Issues of autonomy and controllability of mobile robots are of
considerable scientific and applied interest. In particular, approaches to the calculations of multiphysical processes, simulating
the movement of specific types of wheels under different conditions are considered. Some studies focus on the dynamics of
deformable contacting bodies during sliding, rolling and rotation. The results of these studies are used in robotics [1-3]. The
control of mobile wheeled vehicles is considered on the example of electric scooters “Segway” [4].

Mobile mechanisms with simple and efficient wheel motion control systems are needed primarily for operating in
narrow spaces [5], for conducting research under difficult industrial conditions [6].

In [7-11], the possibilities of accurate modeling of the dynamics of wheeled vehicles are shown, taking into account
the sliding, spinning, and rolling of the wheels.

At the same time, the phenomena arising from the combination of friction effects are not described in the literature.
The presented work aims at investigating the effect of multicomponent friction on the dynamics of a robot with a
differential drive. Tasks involve building a mathematical model of robot movement with multicomponent friction and
simulating program movements.

Materials and Methods. The scheme of a two-wheeled differential drive robot is considered (Fig. 1). The continuous
movement of wheels of radius R along the support surface is assumed.
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Fig. 1. Kinematic diagram of the robot: a — platform; b — one of the driving wheels
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The gravity center of platform C is shifted relative to the geometric center of platform 4 along X axis by distance #4_,
along ¥ — axis — by distance /. Points C; and C, — centers of mass of the wheels (index 1 corresponds to the left

wheel, index 2 —to the right).
The following designations are introduced: m, — mass of the robot platform; J., — moment of inertia of the

platform relative to the center of mass C; O,,x,,y, — fixed coordinate system; x,,y, determine the position of point 4
in O,,x,y,; vy — angle of the course of the platform; ¢, — wheel steering angles (index 1 corresponds to the left wheel,
index 2 — to the right); 4C, = AC, = L — wheels width; M,,M, — engine torques applied to the wheels.

It is assumed that only the normal bearing reaction acts on the support wheel 4 (Fig. 1). On the move, the support
wheel is located on X axis at a distance R, from the center of the platform (R, < L).

Research Results

Mathematical model of robot dynamics. When describing the movement of a differential drive robot in the framework

of nonholonomic mechanics, expressions are used that take into account the limitations associated with zero wheel slip
relative to the surface:

v

ke =00, =00, =00

=0, (1)
where v, U, U, — projections on X and Y axes of velocities of points K, and K,, which are centers of the

contact areas of the wheels and the supporting surface.
Note that for a nonholonomic model, a point contact of the wheels and the surface is assumed, i.e., the contact area of
each wheel degenerates into a single point of contact.
Consider the expressions:
Vg, =V—QL-Roy,
Vg, =L+ QL-Ro,, 2)

UKIy = Ukzy = UCy =u.

With their help, equality for the angular velocities of the wheels can be obtained:
_v-QL _v+QL

>

o, P 2 3)

In the general case, when the presence of a contact platform is assumed, we obtain the equations of dynamics of a

differential drive robot:
m, [\') ~hQ-Q(u+ th)J +2m, (0—Qu)=F, cosa, +F, cosa, —F, sin o, — F,_sina,,

m, [u+th+Q(U—h},Q)J+2mK (#+Qu)=F, sina, +F, sina, - F, cos o, — F,_cos a,,

O(Jeo +2J g +m, (B2 + 02 )+2m L+ m, [ (1+Qu)h, —h, (0-Qu) | =

M. +M. +(E|2 cosa, —F| sina, —F cosa, +F, sin ul)L, @
S @ =M, -M, —(Eh cosa, —F sin(xl)R,
@, =M, -M, —(FIh cosa, —F, sina, )R.

Here, K ,F, — projections of the friction force on the directions of the slip speeds of the centers of the wheel contact

patches; F| , F, — projections of the friction force in directions perpendicular to the speeds of the centers of the wheel

contact patches; M, , M, — summands of the friction torque under spinning for two wheels; Q — angular acceleration
of platform spinning; ®,,®, — angular accelerations of wheels projected onto their axis of rotation; m, — weight of
each wheel; J,, and J,_ — inertia torques of the wheel relative to the corresponding axes.

To form the control actions, a model of the robot dynamics described in the framework of nonholonomic mechanics
isused [12]:
2Jy, . M, +M,
2 V= >
R R

my [ O—h,Q—QhQ |+2m0+

Mechanics

349



http://vestnik-donstu.ru

350

Advanced Engineering Research (Rostov-on-Don). 2023;23(4):346-355. eISSN 2687—1653

m [ (+1,Q+Q(0-1,Q))h, ~h, (0-h,Q-Q10Q) |+
_ (%)
Q(ch +2J,. +m, (hz +h5)+2mKL2)+2JKv]L€—ZZQ =M.
It can also be represented as:

M,-M, )L
F :M1+M2 MQ:( 2 1) , (6)

v E

where F and M, — left sides of the equation (5).
Model of engines on driving wheels. Let us describe a model of engines capable of generating control torque on driving
wheels M, M,.

The equations of motion of wheeled DC motors can be expressed by the formulas [13]:

e

LM+R1' =U, —co
a TR0 ™

M, =c,i, (k = 1,2).
Here, L, — inductance of electric motor conductors; R — resistance to electric current in the motor circuit; U, — power
supply for the engine k; i, — current passing through the motor armature circuit; c,,c, — structural constants of engines.

It is assumed that the drive wheel motors have the same characteristic. From (7), it can be seen that
i =Me, @®)

Given (8), in the first equation from system (7), we obtain a differential equation with respect to moment A, :
L . R
—“M, +—M, =U, —co,. )

) )

Equation (9) is divided by multiplier 52, and we get:
¢

:;?2 M, +M, :%Uk—%mk. (10)
Let us introduce the notation:
-t g 99 g G (11)
c,R R R
In this case, the control moments can be described:
TlkaJer =K.,U,-K o, (12)

where K|,K, — constants; 7, — parameter that determines the speed of transients in the electrical part of engines.
When ignoring the switching time in the electromechanical system of the engine:
M, =K,U, -Ko,. (13)
ABtopsI [14] monyunmm noxoxue GopMyIIbL.
The authors [14] obtained similar formulas.
Model under study. Let us consider models describing the dynamics of a differential drive robot.
Model 1 is described by equations (6) and (12), when the duration of transients is assumed to be vanishingly small
T, =0:
2Jy . _ KU -Ko +KU,-Ko,
R? L= R >

my[O—h,Q-QhQ|+2m0+

2

m[(+h.0+0(o-n Q) - (6-1.0-010)]+2, £

(14)
+Q(JCZ +2J +m, (hj +hi)+2mKL2) _ ((K2U2 —Kl(!)z)_R(KgUl -K o, ))L .
Here, ®,,®, are calculated by formulas (3).
Equations (4), (13), as well as the Coulomb friction model, are used to describe Model 2:
F =—=fN,F,_=0M, =0. (15)

Model 3 is represented by equations (4), (12). In addition, multicomponent friction presented in [12] with the help of
Pade decompositions is taken into account:
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21—k, cos(7t - aj

V.tV k11O 2 cos[n—a)
R I, 2

EL =-/N, T > (16)
21, kI, cos(z—aj
Uy, +Up, + ; Q|
0
k.mQ
FL,- =—/N, T - > (a7)
21 —k1, cos(z—aj
kI, cos(n—aj Uy, + V5, +|Q)
1, 2 )
n
k.1, cos(—aj
2 24, k, cos(n—aj Uy, +UL +Q
21, I, 2 ’
M. =-2ful, 5 ) (18)
(z—kr cos(n—an vy, + Vg, +[Q)
3 2 ’
M, =—knal, > (19)
' o]

Here, I,,1,,1I, constants that are found from the formulas in [12]; o — angle characterizing the direction of linear
sliding speeds relative to the contact points of wheels K,,K,; k, — coefficient whose sign depends on the rolling
direction.

To determine the program control, the motion laws of the robot should be specified v? (¢),Q(¢). . By (5), it is
possible to express values F, = Fy (1), F, =Fg (¢), M, =M(t) depending on time. We use known values F,, M, to

calculate control voltages U, and U, , supplied to the wheel drives:

1 (R M 1 (R M
U2 =_ _(Fv-’-_gj-’-KlO‘)Z 9U| = _(Fu_ QJ+K1(01 : (20)
K,\ 2 L K,\2 L

The motion of the system with the given initial conditions v(0)=0.5 n u(0)= 022, Q(0)= 0.2l was modeled
S N N

in the Wolfram Mathematica package.

Consider v/ (1) =0.5 ﬂ, Q' (1) = 0.31. To integrate the system, the integration step was automatically selected and
s s

the built-in numerical methods of Wolfram Mathematica were used with an accuracy of the results of at least 10°.
v(f), m/s

W
03 & /
0.2 /

0.1
Mt,s

5 10 15 20

—

Fig. 2. Dependence of longitudinal velocity v. Green curve — nonholonomic model 1;
red curve — model 2 with Coulomb friction; blue curve — model 3 with multicomponent
friction. Blue and red curves coincide
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0.20
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Fig. 3. Dependence of transverse velocity u. Green curve — nonholonomic model 1;
red curve — model 2 with Coulomb friction; blue curve — model 3 with multicomponent
friction. Green, blue and red curves coincide
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fs
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Fig. 4. Dependence of angular velocity of the robot. Green curve — nonholonomic model 1;
red curve — model 2 with Coulomb friction, blue curve — model 3 with multicomponent friction

Figures 2 and 4 show that the control guarantees faithful realization of the program laws of motion after the completion
of transients in models 1 (nonholonomic) and 2 (with Coulomb friction). In Model 3 (multicomponent sliding, rolling and
twisting friction), after the completion of transients due to software control, a constant error occurs in the angular velocity
of platform rotation. In all the models considered, the sliding speed of the wheels in the transverse direction quickly
decreases to zero. The cases of matching dependences obtained for different models are shown in Figures 2 and 3.

To check the fulfillment of the conditions of continuous motion of the supporting wheel, we write down the theorem
on the variation of the kinetic moment of the system in projections on Y axis:

Jo (@ +0,) =M +M,-M -M, —NR +mgh —(FHl coso, —F, sina, + £ cosa, —F sinaz)R.

According to (4):

M, +M,=—-N,R +mgh_.

From the last equation, we obtain the condition of continuous motion of the supporting wheel:

mgh —(M,+M,)>0.

Considering (5):

2J,, .. .
m,gh, — R(m, +2m, + Rzy )0+ Rmy[h,Q+ h Q1> 0.
The robot's accelerations did not exceed 1 m/s?; therefore, this inequality is fulfilled at every moment of time.
Discussion and Conclusion. The simulation results allowed for drawing a number of conclusions. Software control
based on nonholonomic model 1 is acceptable for robots whose design does not take into account the contact friction of

the wheels that occurs under a combination of sliding, spinning and rolling. However, when forming control actions, to

http://vestnik-donstu.ru
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achieve more accurate adherence to the program motion laws, it is required to take into account the model of
multicomponent friction. The resulting solution can be used to build a control system with a model predictive control.
Such a development will be the subject of further research.
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Abstract

Introduction. Mobile robots capable of omnidirectional movement are widely used in various fields of human activity.
To provide high accuracy of positioning of omnidirectional platforms with mecanum wheels, it is required to develop
their detailed mathematical models used in the construction of a motion control system. Due to the complicated design
of the mecanum wheels, various errors may occur during the construction of omnidirectional platforms, including the
error of installing such wheels on the platform. Its effect on the accuracy of the platform movement has not been studied
before. This work aims at assessing the positioning errors that arise due to the presence of design errors in the
installation of mecanum wheels, and analyzing the effect of these errors on the accuracy of program motion testing
when using control at the kinematic level.

Materials and Methods. The analysis of positioning accuracy was based on mathematical modeling of the platform
kinematics, taking into account structural errors in the installation of mecanum wheels. To describe the relationship
between the angular speeds of rotation of the wheels and the speeds of the platform, the conditions of nonslip of the contact
points on the support surface were used. Numerical calculations were carried out in the Wolfram Mathematica package.
Results. A formula was obtained for estimating errors in platform pseudovelocities under program control formed at the
kinematic level. The estimation of the errors of the platform speeds for simple movements was carried out. According
to the calculation results, it has been shown that the speed errors are significant for robots with mecanum wheels
operating autonomously.

Discussion and Conclusion. The calculation results demonstrated the significant impact of wheel installation errors on the
positioning accuracy of the mecanum-platform, and confirmed the need to take into account these design errors when
creating autonomous mecanum-platforms. The constructed model of the robot's kinematics makes it possible to predict
errors in platform speeds that arise under program control, as well as deviations of the coordinates of the geometric center
of the platform from the program motion. The proposed kinematic model can be used to improve the positioning accuracy
through forming a platform motion control that compensates for the influence of wheel installation errors.

Keywords: mecanum wheel, omnidirectional platform, kinematic model, design errors, program control
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AHAJIH3 TOYHOCTH MO3MIMOHUPOBAHUS NPH KOHCTPYKIIHOHHBIX
NMOIPEIIHOCTAX B YCTAHOBKE MEKAHYM-KO0J1€C MOOMJIbHOI M1aT(OPMBI

I'.B. lankpaTtbeBa ', A.E. Mopaun'*, I'.P. Caiinymnaes = D<

HanmonanbHeblil nccnenoBarenbckuil yHuBepcuTeT « MOCKOBCKUIT SHEPreTHUeCKU HHCTUTY T,
r. Mocksa, Poccuiickas ®@enepauus

> saypulaevgr@mail.ru

AHHOTaLMA

Beeoenue. MoOmibHBIE POOOTHI, CIIOCOOHBIE OCYIIECTBIATH BCEHANIPABICHHOE NBIKCHHE, IIUPOKO IMPUMEHSIOTCS
B Pa3NMUHBIX 00JACTAX YENOBEUECKOH MesTeNbHOCTH. [l obecrmedeHHs BBICOKOW TOYHOCTH TTO3HUIIMOHHPOBAHUS
BCEHAIPABIICHHBIX IUTaTGOPM C MEKaHyM-KonécamMu TpedyeTcs pa3paboTaTh MX AETalTbHbIE MATEMAaTHUYECKUE MOJCIH,
HCTIOJIb3YEMbIC MIPU MOCTPOCHUH CHUCTEMBI YIIPABICHHS TBM)KCHUEM. 3-32 HEMPOCTON KOHCTPYKIIMH MEKaHYM-KOJIEC
MIPHU TIOCTPOCHUH BCCHAIPABICHHBIX IUIATGOPM MOTYT BO3HHKATH PA3IMYHBIC MOTPEIIHOCTH, BKIIOYAs MOTPEIIHOCTh
YCTaHOBKH TaKHX KOJIEC Ha TuaTgopmy. BimsHue ee Ha TOYHOCTH ABIDKCHHS ILIAT()OPMEI paHEe HE HCCICHOBAIOCH.
Henpto maHHOW pabOTHI SBISETCA OICHKA OMMOOK IMO3WUIIMOHMPOBAHUS, BO3HHKAIIUX W3-32 HAIUYUSA
KOHCTPYKIIMOHHBIX TIOTPEIIHOCTEH B YCTAaHOBKE MEKaHYM-KOIIEC, M aHAIIW3 BIUSHHUA YKa3aHHBIX MOTPEIIHOCTEH Ha
TOYHOCTH OTpaGOTKI/I MPpOTPaMMHOT'O IBHKCHUS IIPHU UCIIOJIB30BaHUHN YIIPABJICHUA HA KHHEMATHYCCKOM YPOBHE.
Mamepuanel u memoovl. AHanu3 TOYHOCTH IO3MLIMOHMPOBAaHHS OCHOBaH Ha MAaTEeMaTHYECKOM MOJEIUPOBAHUH
KMHEMATHKH TJIaT(GOPMBI C YU4eTOM KOHCTPYKIIMOHHBIX MOTPEUIHOCTEH B yCTAaHOBKE MeKaHyM-koiéc. [l ommcaHus
B3aNMOCBA3N MEXKIY YTJIOBBIMU CKOPOCTAMHU BpaAIICHUA KOJIEC U CKOPOCTAMHU l'[J'IaT(bOpMI)I HCIIOJIB3YIOTCA YCJIOBUSA
HEIPOCKAJIB3bIBAHNUA TOYCK KOHTAKTa I10 Ol'[OpHOI71 TTOBEPXHOCTH. YuceHHbIE pac4deThl IPOBCACHBI B MaTEMAaTUICCKOM
naketre Wolfram Mathematica.

Pezynomamut uccnedosanus. IlonydeHa ¢opmyna A OUEHKH MOTPENIHOCTEH MCEBIOCKOPOCTEH IIaT(GOpMBI IPU
MPOTPAaMMHOM  yTIpaBIICHUH, (OPMHPYEeMOM Ha KHHEMAaTHYeCKOM ypoBHe. [IpoBefieHa OICHKA MOTPEIIHOCTEH
cKkopocTel maTGopMbl U MPOCTHIX IBIDKCHHH. 110 pe3yibraTaM pacdeToB MOKa3aHO, YTO IOTPEITHOCTH CKOPOCTEH
SIBIISTIOTCS 3HAYUTEIBHBIMHA TSI pOOOTOB C MEKaHYM-KoJEcaMu, (PYHKIIMOHUPYIOIIUX aBTOHOMHO.

Obcysncoenue u 3axnioueHue. Pe3ynbpTaTbl pacdeToB MPOJEMOHCTPUPOBAITH CYIIECTBEHHOE BIIMSHUE TIOTPEIIHOCTEH YCTAHOBKH
KOJIEC HAa TOYHOCTh TO3WLIMOHMPOBAHMS MEKaHYM-TUIaT(OpMbl M TIOATBEPIIA HEOOXOAMMOCTh YUWTBIBATH YyKa3aHHbIC
KOHCTPYKIMOHHBIE MOTPEIIHOCTH NIPH CO3/IaHHH aBTOHOMHBIX MeKaHyM-IuatopM. [locTpoeHHast MOJIeNb KHHEMATHKU poOoTa
TMO3BOJISIET TPOTHO3MPOBATH OIIMOKK OTPabOTKH CKOpOCTEH IUIaTtdopMbl, BO3HHMKAIOIIME NPU MPOrPaMMHOM YIIPaBJCHHH,
aTaKKe OTKIOHEHWS KOOP/AMHAT I'€OMETPUYECKOro IIEHTpa IUAaTOpMbl OT IPOrPaMMHOIO JBIKeHHs. KuHemartudeckas
MOJIENTb MOYKET OBITh HCIIONB30BAHA [UIS MOBBIIICHUS TOYHOCTH MO3HIIMOHMPOBAHMS 33 CUECT (POPMHPOBAHMS YIPABICHUS
JIBIDKEHHEM TUIaTQOPMBL, KOMITCHCHPYIOIIETO BIMSIHIE HETOUHOCTEH YCTAHOBKH MEKaHyM-KOJIEC.

KiaroueBble ciioBa: MCKAaHYM-KOJICCO, BCCHAIIpABJICHHAA HJ'IaTCI)OpMa, KHHEMATH4YCCKass MOACIb, KOHCTPYKIHNOHHBIC
MOTPCIIHOCTH, IIPOTPAMMHOC YIIPABJIICHUC

BaarogapHocTH. ABTOPH BEIpaXKAIOT MPU3HATEIHFHOCTh KOJIIETaM 3a IIOMOIIH B MIPOBEACHNHU UCCIICAOBAHHUA M padoTe
HaJl CTaThbeu.

Jna unwrnpoBanms.. [lankpatseBal'.B., Mopmun AE., CaiimynaeB'"P. AHamu3 TOYHOCTH TO3MIMOHUPOBAHUS IIPU
KOHCTPYKIIMOHHBIX ~TIOTPEIIHOCTSIX B YCTAHOBKE MEKAaHYM-KOJEC MOOWIbHON riargopmbl. Advanced Engineering
Research (Rostov-on-Don). 2023;23(4):356-364. https://doi.org/10.23947/2687-1653-2023-23-4-356-364

Introduction. Mobile robots (or omnidirectional platforms) capable of moving in any direction are widely used in
the military, medical, educational, and industrial fields of human activity [1, 2]. The possibility of omnidirectional
movement can be achieved by equipping the mobile platform with omni-wheels of various types (mekanum wheels,
classic omni-wheels). To provide high accuracy of positioning omnidirectional platforms, it is required to develop their
detailed mathematical models for the construction of a motion control system. The need for maintaining high accuracy
of movement is associated with the demand to make omnidirectional platforms operate autonomously.

Often, when mathematically modeling the kinematics of mecanum wheels, assumptions are made that simplify the
description of the movement of such wheels. Specifically, this is discussed in [3—5]. Thus, in [3, 4], the dynamics of the
mecanum platform is considered, taking into account the rolling dry friction forces and the conditions of non-slip
contact points, expressed by non-holonomic bonds. In [5], it is emphasized that studying the influence of the finite
linear dimensions of the rollers and vibrations associated with this effect on the dynamics of the mecanum platform is of
interest.
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The urgently needed lines of research on omnidirectional wheels are modeling the effect of the design of the
mekanum wheel rollers, and optimizing the shape of rollers [6—9]. The requirement to optimize the shape of rollers is
due to the fact that with some forms of omni-wheel rollers, vertical vibrations of contact points may occur when moving
omnidirectional platforms (for more information, see the patent review [10]).

Another factor that significantly affects the positioning accuracy of the mecanum platform is the slippage of the
contact points of the mecanum wheels with the supporting surface. One of the ways to account for the slippage of
contact points when describing kinematics is to use the assumption that the sliding speed is proportional to the product
of the angular velocity of rotation of the wheel and the radius of the mecanum wheel, and the proportionality coefficient
is considered constant [11, 12]. This assumption allows for reducing the kinematics equations to a problem with
nonholonomic connections. However, the experimental results show that the specified coefficient changes with the
movement of the platform [13, 14].

It is worth noting that due to the complicated design of the mekanum wheels, various manufacturing errors may
occur during the construction of the mekanum platforms. They include the error of installing the mekanum wheels on
the platform, small deviations in the shape of the rollers, etc. The influence of inaccuracies in the installation of
mekanum wheels on the accuracy of the platform movement has not been studied before. As part of this work, the
impact of errors in the installation of mekanum wheels on the positioning accuracy of the omnidirectional platform and
its kinematics are investigated.

The article is aimed at assessing positioning errors arising from structural inaccuracies in the installation of
mekanum wheels, and analyzing their impact on the precision in movement of an omnidirectional mekanum platform.
To do this, it is required to build a mathematical model of the movement of such a platform, taking into account
structural errors in the installation of mekanum wheels. The resulting mathematical model can provide for investigation
of the influence of these wheels on the positioning accuracy of the mobile platform. This model can be used to form a
control that compensates for platform positioning errors.

Materials and methods. Robot design description. As the basis for this study, a robot model in the form of a
rectangular platform with four mecanum wheels when moving along a horizontal plane, is considered (Fig. 1). Errors
associated with the non-orthogonality of the axes of rotation of the wheels and the longitudinal axis of the platform are
taken into account.

To describe the kinematics of the robot, movable coordinate system Cxyz, is introduced, associated with the robot

platform and the origin in the geometric center of the platform.
The following designations are used in mathematical modeling: # — moNOBMHA pacCcTOSHUS MEXIY OCSIMH
KOJECHBIX Tap (MpH OPTOrOHANBHBIX ocax Kojéc); / — half the width of the platform; x, and y, — abscissa and

ordinate of point D, of fastening the i-th wheel drive to the platform; O, — — geometric center of the i-th mecanum
wheel; ¥,,7, — longitudinal and transverse velocities of the geometric center of the platform; s =|D,0,| — drive shaft
length; ©Q — angular velocity of the platform spinning; o, — angle between Cx axis and axis of rotation of the i-th
wheel (parallel to vector EOT ) (Fig. 1). Numbers of the platform wheels are indicated in the diagram in Figure 1, and

the ellipses on the wheels show the location of the contacting rollers of each wheel.

b

Fig. 1. Kinematic scheme of the platform
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Description of the kinematic model construction method. We describe the movement of the platform within the
framework of a nonholonomic formulation of the problem using a simplified model of mecanum wheels: the wheel is
modeled by a disk with radius R, and the contact point can slip relative to the direction perpendicular to the axis of the
contacting roller. At the same time, if there is no error in the arrangement of the wheel axles, there is a relationship
between the angular speeds of rotation of the wheels around its own axis ¢, and the speeds of the platform

V,,V,,Q [15]:
) 1
P, :E[VHVT tand, —(y, —x, tan3,)Q ], v

where 5, — angle between the direction of the axis of the contacting roller and the plane of the mecanum wheel.

To study the influence of structural errors, it is needed to describe the relationship between angular velocities of the
wheels ¢, and speeds of the platform 7, ,7,,Q taking into account the errors associated with the location of the wheel

axles. The parameters of the platform design and wheel arrangement are given in Table 1.

Table 1
Platform design parameters
IR S A 0 di
1| h | 1 | —45°| 90°+Aq, S
2| h | -1 | 450 | —90°+Aq, -s
3| -h| 1 | 45° | 90°+Ac, S
4 | —h | =1 | —45° | -90°+Aa, —$
Here, Aa, — angle characterizing the nonorthogonality of the wheel axes and the longitudinal axis of platform Cx ;

d, — vector D,0, projection onto the own axis of rotation of the i-th wheel.

Research Results. Describing the kinematics of the mecanum platform within the framework of nonholonomic
mechanics, as was done in [3-5], in the absence of structural errors (Ao, =0), , we determine the condition of nonslip
of the contact point along the axis of the contacting roller:

Vi, cos(8, +Aa,)+V sin(3, +Aa,)=0, ()
where V.V, — projections of the velocity of point K, of contact of the i-th wheel with the supporting surface,
which are determined from the vector equation:

Vi =V, +Q,xCO +® xOK,. (3)
Here, ¥ = [VK,): Vi, O]T — velocity vector of point K, of contact of the i-th wheel with the supporting surface in

projections on the axis of the movable coordinate system Cxyz; V. = [V LV 0]T — velocity vector of the geometric
center of the platform in projections on axis Cxyz; Q, = [0 0 Q]T — — angular velocity vector of the platform in
projections on axis Cxyz; CO, = CO, +0.D, =[x, —d;sinAa, y,+d, cosAa, 0]T — radius-vector connecting the
geometric  centers of platform C and the i-th wheel O, in projections on axis Cxyz;
o, =[¢,sinAa, ¢, cosAa, Q] — angular velocity vector in projections on axis Cxyz; OK,=[0 0 -R]' —
radius-vector connecting the geometric centers of the i-th wheel O, and the contact point of roller X, .

Rewriting vector equation (3) and using skew-symmetric matrices to calculate vector products, we rewrite equation

(3) in matrix form:

Vel [V, ] [0 -Q 0] x,—d,sinAq, 0 -Q ¢, cosAa; |[ 0
Vo [=| Ve [#]€ 0 0|y, +d, cosAa, |+ Q 0 —¢,sinAa, || 0 |. 4)
0 0 0 0 0 0 —,cosAo, @,sinAa, 0 -R
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After performing calculations:

Vir =V1 —Q(y,. +d, cosAa[)—R(b,. cosAo,,
| - . 5)
Viy =V + Q(x,- —d;sinAa, ) - R, sinAa,.

After transferring the platform parameters from Table 1 to relationship equations (2) taking into account (5), they

can be represented as:

P, :%[VL ~V, ~(h+1)Q]cos Aa, +%[VL +V, +(h-1)Q]sinAa, —%Q,

1 1 .
, :E[VL +V, +(h+1)Q]cos Aa, —E[VL ~V, ~(h=1)Q]sin Aa, +%Q,

(6)
. 1 1 . s
s = E[VL +V; —(h+1)Q]cos Aa, —E[VL ~V, +(h—1)Q]sin A, -2
b, = %[VL ~V, +(h+1)Q]cos Ac, +%[VL +V, —(h—-1)Q]sin Aa, +%Q.
Note that in the absence of errors in fixing the axles of the wheel motors (Aa .= O) , equations (6) take the form:
- idea, 1 + idea, 1
P! =E[VL ~V, =(h+1)Q], 5 =E[VL +V, +(h+1)Q],
(7
oy = %[VL +V, =(h+1)Q], ¢ = %[VL ~V, +(h+1)Q].
and coincide with the known results [6].
In matrix form, equations (6) and (7) can be represented as:
¢=H(Ao,)m, ®)
q=H,m, (€))

where =[V, ¥, Q]T — vector of pseudovelocities of the platform; ¢=[¢, ¢, ¢, o, ]T — vector of angular
velocities of wheels; H (Aa, ) — matrix of coefficients at pseudovelocities in equations (6); and H, = H (Aa, =0).

When forming the control at the kinematic level, the values of the angular velocities of platform 7 are calculated
according to the desired values of the pseudovelocities of the platform according to the formula:
¢'=H,i’, (10)
where superscript d indicates the desired (program) speed values. The obtained values of angular velocities are fed to
the input of the wheel motor control system.
However, if there are inaccuracies in the fastening of the axles of the wheel motors, according to the results of

testing the program values of the angular velocities of the wheels, the movement of the platform is realized in the form:
it=(H" (Ao, ) H(A,)) H'(Aa)¢" =(H" (Ac,)H (Aw,)) H' (Ac,)H,i". (11)

According to the found expression, it is possible to estimate the error of developing the program movement of the

platform, specified by the presence of inaccuracies in fixing the axles of the wheel motors, according to the formula:
An=r-7t! = [(HT (Ao )H(Aa,)) H' (Ac,)H, —EJ#”’, (12)

where E, — unit matrix of order 3.

Since the pseudovelocities of the platform are related to the coordinates of the geometric center in a fixed reference
frame by the relations [15],
X, =V, cosy -V, siny,
Ve =V, siny+V, cosy, (13)
v =Q,
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then, taking into account the errors of the pseudovelocities, we can rewrite the indicated expressions in the form:
¥ = XL cos Ay — y& sin Ay + AV, cos (\ud + A\y)— AV, sin(\yd + A\y),
Ve = X8 sin Ay + ¢ cos Ay + AV, sin (wd + A\|/)+ AV, cos (\yd + Aq/), (14)
v =y’ +Ay,

where &/ =V cosy’ =V siny?, y& =V siny? +V; cosy? — laws of velocity variation of the platform geometric

t
center in a fixed reference frame corresponding to the program movement; ¢ =y (0)+J-Qd (t,)dt, — law of the
0
t
angle variation of the platform course corresponding to the program movement; Ay = J‘AQ(tl)altl — course angle
0
error.

Taking into account the entered designations, we obtain formulas for positioning errors in the form:
Ak = x{ (cos Ay —1)— yé sin Ay + AV, cos (\|/d + A\v)—AVT sin(\yd + A\y),
Ay = x{ sin Ay + ¢ (cos Ay —1)+ AV, sin (\y" + A\y)+ AV, cos (\V‘I + A\U). (1
As a numerical example for error estimation, consider the parameters of the robot KUKA youBot [16]:
h=0235m, [=0.14m, R=005m, s=0.01m.
As an example, let us take the errors of fixing the axles of the motor wheels equal to:
Ao, =Aa, =1°, Ao, =Aa, =2°.

Below are the results of calculating the errors of the platform velocities with simple movements of the platform. As
examples of simple platform movements, consider:

— forward movement: V, =1m/s, V, =0m/s, Q=0rad/s;

— forward movement to the left: ¥/, =0m/s, V, =1m/s, Q=0rad/s;

—rotation around a vertical axis passing through the geometric center of the platform:
V,=0m/s, V,=0m/s, Q=1rad/s.
The errors of the pseudovelocities of the platform with these movements are calculated using the formulas:

— moving forward:

AV, =1.35-10" m/s, AV, =-8.73-10" m/s, AQ=6.8-10" rad/s ;

— lateral movement to the left:

AV, =8.72:10"° m/s, AV, =-3.81-10" m/s, AQ=1.46-10"rad/s;

— rotation around a vertical axis passing through the geometric center of the platform:

AV, =-249-10" m/s, AV, =-4.22-10" m/s, AQ=1.97-10" rad/s.

The obtained values of pseudovelocity errors are significant for mobile robots with mecanum wheels, since they
cause deviations in coordinates of the order of 10 cm in 2 minutes of robot movement. This makes it unacceptable for
the mekanum platform to function offline in the absence of compensation for these positioning errors. Note that
occurrence of a non-zero error in the angular velocity of rotation of the platform causes a nonlinear increase in the
positioning error of the platform (formulas (15)) when considering control at the kinematic level.

These results allow us to conclude that it is required to take into account the inaccuracies of fixing the wheel axles
when building a control system. It should be noted that since the mounting errors of the wheel motor axles are unknown
quantities, it is required to develop methods for identifying the parameters of the mathematical model of robot
movement to determine them [16].

The application of the developed kinematic model of the mecanum platform, which takes into account the
inaccuracies of fixing the axles of the wheel motors, makes it possible to build control at the kinematic level with

greater positioning accuracy.
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Thus, within the framework of this study, a model of the kinematics of a mobile platform with mecanum wheels is
presented with an error in the installation of the axes of the wheel motors. A formula is obtained for estimating the
errors of the pseudovelocities of the platform with software control formed at the kinematic level. Errors in the
development of program motion for simple movements of the mecanum platform (forward movement, lateral
movement to the left, and rotation in place) have been estimated.

Discussion and Conclusion. The resulting kinematic model of a mobile platform with mecanum wheels can be used
to improve positioning accuracy by forming a platform motion control that compensates for the impact of wheel
installation inaccuracies. To use the obtained model in the control tasks of the mecanum platform, it is required to
develop methods for identifying the parameters of the mathematical model in the future.

The task for further research in this area is to develop a mathematical model of the dynamics of the mecanum

platform, taking into account the errors in the installation of the axes of the wheel motors.
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Abstract

Introduction. When numerically solving problems of elasticity theory in a three-dimensional formulation by the finite
element method, finite elements (FE) in the form of parallelepipeds, prisms and tetrahedra are used. Regularly, the
construction of stiffness matrices of volumetric FE is based on the principle of isoparametricity, which involves the
Lagrange polynomials to approximate the geometry and displacements. In computational practice, the most widespread
FE are the so-called multilinear isoparametric FE with a linear law of approximation of displacements. The main
disadvantage of these elements lies in the “locking” effect when modulating bending deformations. Moreover, the error
of the numerical solution increases drastically in the case when the structure, in comparison to conventional
deformations, undergoes significant displacements as a rigid whole. Long-term experience in solving problems of
deformable solid mechanics by the finite element method has shown that existing volumetric FE have slow
convergence, specifically, when modeling bending deformations of plates and shells. This study aims at constructing
stiffness matrices of multilinear volumetric FE of increased accuracy allowing for rigid displacements based on the
double approximation method.

Materials and Methods. The mathematical apparatus of the double approximation method based on the principle of a
separate representation of the distribution functions of displacements and deformations inside the element, was used to
construct the stiffness matrices of volumetric FE. The storage and processing of the resulting system of equations was
implemented in algorithmic terms of sparse matrices. Software development and computational experiments were
carried out using the Microsoft Visual Studio 2013 64-bit computing platform and the Intel ® Parallel Studio XE 2019
compiler with the integrated Intel ® Visual Fortran Composer XE 2019 text editor. Visualization of the calculation
results was performed using the descriptor graphics of the MATLAB computer mathematics package. A large eight-
node SOLID185 CE of the ANSYS Mechanical software complex was used as a test sample.

Results. Mathematical tool and software were developed to study the stress-strain state of massive structures under
various types of external actions. The authorized application software package was verified on test examples with
known analytical solutions. It has been shown that the constructed FE accurately satisfy the basic requirements for finite
element modeling of spatial problems of elasticity theory.

Discussion and Conclusion. The performed testing of the developed mathematical and program toolkit has shown that the finite
elements constructed on the basis of the double approximation method can successfully compete with similar SOLID185
volumetric elements of the ANSYS Mechanical software complex. The proposed elements can be integrated into domestic
import-substituting software systems that implement the finite element method in the form of the displacement method.

Keywords: finite element method, moment scheme of finite element method, double approximation method,
volumetric finite elements, finite element testing
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IIpumeHnenue MeToaa ABOMHOM aNMPOKCUMALMH VISl IOCTPOEHMS
MAaTPHII )KeCTKOCTH 00beMHBIX KOHEYHBIX 3JIEMEHTOB

ILIL Taiimkypos' = <, H.A. CaBeibeBa

JloHCKOM rocy1apCcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus

A4 gpp-161@yandex.ru

AHHOTALINA

Beeoenue. 1lpun 4UuCICHHOM pEILICHUH 3a7ad TEOPUHM YIPYTOCTU B TPEXMEPHON IOCTAaHOBKE METOJOM KOHEUHBIX
9JIEMEHTOB MPUMEHSIOTCS KOHeuHble anmeMeHThl (KD) B dopme mapammenenunenoB, mpusM u TeTpa’dapoB. OObIYHO
MIOCTPOEHHE MATPHUI] KECTKOCTH 00beMHBIX KO Oasmpyercs Ha NpHHIMIE H30MapaMETPUYHOCTH, CyThb KOTOPOTO
COCTOUT B HCIMOJH30BAHUU ISl AlllPOKCUMAIIMM T€OMETPUU U MepeMelleHnil moiuHoMoB Jlarpawxa. B pacueTtHoit
MIPaKTHKE HauOOJbIIEe pACIpOCTpPaHEHWE MOIYYMIN TaK Ha3blBaeMble MONMIHHEHHBIE H30mapamerpuueckue KO
C TMHEWHBIM 3aKOHOM aNPOKCUMAIIMH TepeMeIeHni. [ TaBHbI HEAOCTATOK JaHHBIX AJIEMEHTOB KpoeTcs B dddexre
«locking» («3ammpaHus») IIPU MOJEIUPOBAHUN M3THOHBIX nedopManuii. [IpryeM MOrpenHocTh YUCISHHOTO PEeIeHUs
CYIIECTBEHHO BO3PACTaET B Ciydae, KOr/la KOHCTPYKIMS, [0 CPAaBHEHHIO C OOBIYHBIMH Ae(OpMaLMIMH, IIpETepIieBaeT
3HAUMTEJbHBIE CMEMICHUS! KaK JKEeCTKOoe Iesoe. MHOroJeTHUH ONBIT pelleHHs 3a/ad MEXaHHKH 1e(OpMUpPYEMOTo
TBEPAOTO Tela METOJOM KOHEYHBIX JJIEMEHTOB IOKa3al, YTO CyHIEeCTBYyIomme ooseMHble KO oOmamaror memieHHON
CXOIMMOCTBIO TIPH MOJAENMPOBaHWUHM M3THMOHBIX NedopManuii miacTuH U obonouek. Llenp HacTosmiero mcciaenoBaHus
COCTOWT B TOCTPOEHHM HAa OCHOBE METOAA JBOMHOM ammpoKCHMAalW{ MaTPHI] )KECTKOCTH MOJHIMHEHHBIX 00BEMHBIX
KD noBbIIeHHON TOYHOCTH, TTO3BOJIAIONINX YIUTHIBATh )KECTKHUE CMEIICHHS.

Mamepuanvt u memoodst. JInsi TOCTPOCHUS MATPHUI] KECTKOCTH 00BeMHBIX KD mMprMeHeH MareMaTW4eCKHid ammapar
MeTOJ[a IBOIHOI ammpoKCHMAIHH, CyTh KOTOPOTO COCTOMT B pa3AelbHOM MpeACTaBICHUH (QYHKIMHA pacrpenereHus
nepemerieHnidi 1 nedopManrii BHYTpU dJeMeHTa. XpaHeHHe W o0paboTKa pe3yJbTUPYIOLIel CHUCTEMBbl ypaBHEHHN
peann3oBaHbl B aJITOPUTMHYECKHX TEPMUHAX pPAa3pEeKEHHBIX Marpuil. Pa3paboTka mnporpamMMHOro oOecrieueHus
U TIPOBEJICHNE BBIYNCIUTENBHBIX SKCIIEPUMEHTOB OCYIIECTBIICHBI C HCIONb30BaHNEM 64-X pa3psAHON BBIYUCIUTEIEHON
mwratdopmsl Microsoft Visual Studio 2013 u kommmsitopa Intel® Parallel Studio XE 2019 co BCTpoeHHBIM TEKCTOBBIM
penakropom Intel® Visual Fortran Composer XE 2019. Buzyanu3zanust pe3yIsTaToB pacdeTOB BBIITOIHEHA C TOMOIIBIO
JIECKPUNITOPHON Tpauky makeTa KOMIBbIOTEpHONH MareMaTHku Matlab. B xauectBe TecToBOrO 00pasia HCHOIB30BaH
o0bemHbIi BockMuy3ioBoit KO SOLID185 nporpammuoro kommiekca ANSY S Mechanical.

Pezynomamut uccnedosanusa. PazpaboTaHo MaTeMaTHYecKoe M INPOrpaMMHOE oOOecledeHHe M HCCIIeIOBaHUS
HaNpsDKeHHO-1e()OPMUPOBAHHOTO  COCTOSIHMSI MACCHBHBIX ~KOHCTPYKIMH TpPU  pPa3iMYHBIX BHJAX BHELIHEro
Bo3zeiicTBUs. Ha TecToBBIX mNpuMepax C HM3BECTHBIMH AHAINTHYECKUMM DPELICHUSMH BBINOJHEHAa BepUUKaLns
aBTOPHU3UPOBAHHOTO MaKeTa NMPHUKJIAIHBIX mporpaMM. Ilokasano, uyto nmoctpoeHHsle KO M0 TOUHOCTH yAOBIETBOPSIOT
OCHOBHBIM TpeOOBaHMSAM, MHPEABSIBIAEMBIM K KOHEYHO-3JIEMEHTHOMY MOJEIMPOBAHUIO INPOCTPAHCTBEHHBIX 3ajad
TEOPHH YIPYTOCTH.

Oécyscoenue u 3axniouenue. IIpoBENEHHOE TECTUPOBAHUE Pa3pabOTAHHOTO MAaTEMATHYECKOTO M IPOrPaMMHOTO
oOecrieueHns TTOKa3ao, 9TO MOCTPOCHHBIE HA OCHOBE METO/ja IBOMHOM ampOKCHMAINy KOHEYHbIE SJIEMEHTHI yCIICIITHO
KOHKYPHPYIOT C aHAIOTHIHBIME 00beMHBIME 37eMeHTamu SOLID 185 mporpamMuoro xomrurekca ANSYS Mechanical.
[Ipennaraemple 3ME€MEHTHI MOTYT OBITh MHTETPHPOBAaHBI B OTEUECTBEHHbIE HMMIIOPTO3aMEIIAIOIINE MPOrPaMMHBIE
KOMIUIEKCHI, peajIM3yIOIie METO,] KOHEYHBIX 3JIEMEHTOB B (hopMe METO/1a epeMENICHUMH.

KaioueBble ciioBa: METOA KOHCYHBIX 3JICMCHTOB, MOMCHTHAas1 CX€Ma MCTOJa KOHCUYHBIX 3JICMCHTOB, MCTOJ JBOMHOM
anmnpoxKCcuMalum, 00bEMHBIE KOHCYHBIE 3JIEMEHTBI, TCCTUPOBAHUC KOHCYHBIX 3JICMCHTOB

BaarogapHocTH. ABTOPBI BBIPQXKAIOT OJIATOAAPHOCTH PCIICH3CHTAM, Ybsl KPUTHYCCKAs OICHKA MPEICTABICHHBIX
MaTepHaJIOB U BBICKa3aHHBIE MPEIOKEHHUS 10 MX COBEPIICHCTBOBAHHIO CIIOCOOCTBOBANN 3HAUUTEILHOMY ITOBBIIIICHUIO
KadecTBa HACTOSIICH CTAaThH.

s murupoBanus. [aiimpxypos ILI1., CaBenseBa H.A. IlpumeHenne mMeroma TBOWHOM armpOKCHMAIMH IS ITOCTPOCHUS
MaTpUI]  KECTKOCTH  OOBEMHBIX  KOHEYHBIX  dJeMeHTOB. Advanced Engineering Research (Rostov-on-Don).
2023;23(4):365-375. https://doi.org/10.23947/2687-1653-2023-23-4-365-375
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Introduction. In finite element modeling of the stress-strain state of massive bodies, volumetric finite elements (FE)
in the form of parallelepipeds (hexahedra), prisms and tetrahedra are used, the construction of stiffness matrices of
which is usually performed using isoparametric technology [1-5]. At the same time, it is known that multilinear
isoparametric FE, when using a single-layer scheme, do not satisfactorily model bending deformations even with a
significant thickening of the mesh [6, 7]. The core of this problem is the effect of “locking” the element due to the so-
called deformation of the “false shift” [8, 9]. To “improve” isoparametric FE, an apparatus of incompatible elements
created through introducing additional out-of-node degrees of freedom, or auxiliary approximating polynomials, is
used [8]. At the same time, the most effective way to solve the problem of “jamming” of the FE is the use of the
moment scheme of the finite element method, whose theoretical foundations were developed by A.S. Sakharov [7].
Subsequently, this approach was called the double approximation method (DAM) [6]. Conceptually, the DAM is based
on a separate representation of the distribution functions of displacements and deformations inside the element. The
objective of this study is to construct on the basis of MDA and test new volumetric multilinear FE that allow simulating
the behavior of various structures under different types of external actions.

Materials and Methods. Let us consider a family of volumetric FE consisting of eight-node and six-node elements

in global Cartesian axes z,,, m=1, 2, 3 (Fig. 1). Geometry and displacements of the FE are presented in the following

m>

form:
n,
— (k) . (k)
Z, =22, 0(x,X,,x); u, Zu O(x),X,,x;),
k=1
where z%, 4"’ — nodal coordinates and displacements; ¢, (x,,x,,X,) — “shape functions” representing the product
of one-dimensional Lagrange linear polynomials; x,, X,, X; — — local, in general, nonorthogonal coordinates of FE;

n, — number of element nodes. For the basic eight-node element (Fig. 1 a) n,= 8, “shape functions” are defined by

formula:

0,5 =g [0+ 500, ()
Here, p,, — coordinates of nodes in local axes. We set values p,, in matrix form:

Lili=1i=1i 1 i1i-11-1

BN
_17 SRR

1—1:—1:1: 11

!
|

S S S N
1
1
1
!

1f1 -1-r17"1

Z3

7,

Fig. 1. Volumetric FE:
a — eight-node; b — six-node

The relationship between the covariant components of the strain tensor in the local basis and displacements in the
global axes has the form [7]:
1
€;; :E( Zy Wi T2 um,j)’

(summation over repeated index)

where z, =0z, /0x ;u, =0u,/0x ,s=i,j.

m,s

Mechanics

367



http://vestnik-donstu.ru

368

Gaidzhurov PP, et al. Application of the Double Approximation Method for Constructing Stiffness Matrices of Volumetric Finite Elements

The relationship between vector of deformations {€} and vector of nodal displacements {w} is represented in
matrix form: {e} =[D]{w},
where block matrix: [D] =[[D],[D],...[D], |;
(6xn,)

submatrix:

[D]

(6x3)
Expressions for the vector columns of the considered FE have the following form [10]: an eight-node element
(Fig. 1 a)

-

=[{D"}, (D} D7}, ], k=12,....m,.

P [Em,l HE, 2, Py)X (5 + 2, Py)Xs +

HE s+ 2 Pai T Z0s Pox 2,00 Pt Pai) X x3]

Dy [Zm,z +(2m,12 +§m,2 D)X, +(§m,23 +2m,2 D)Xy +

+(Zm,123 tZ, 0Pyt Zun Pyt Zms Pu D)X xs:'

P [Zm,3 +(Zm,l3 +Z,3 D)X, +(Zm,23 +Z,3 D)X, +

(m) — - - - - .
D }"_8 +(Zm,123+Zm,13p2k+zm,23p1k+Zm,3plkp2k)x1x2:| > 2)

ZpiPok T Zpa P +(Zm,13 Ptz Pk Py T2y P t

+Z,2PuPy)%s

Zpi Pak Y23 Pk +(Zm,12 P TZ 1Py Py T Zus Pt

+Z,5Pu D)X,

ZoaPutZ, 3P+, 0Pyt 2, Pu Pyt 2Pyt

+tZ,5Pu D)X,

Six-node element (Fig. 1 b)

Zp1 Py +(Zm,13 Ppr T2, (Pk,13)x3

Em,s Py +(Zm,13 Pis +§m,3 (Pk,13)x1 +

S UL N I L TER L T LN 3)
8121 Puo 200 Py +(Zm,|3 Qo+ 2,1 Qo™

The notation is introduced here:

2
p oz, s 0z, .
- > - b
™t ox " ox, 0x,
X;=Xx,=x3=0 X =x,=x3=0
N oz,
Zmi2s =
" 0x,0x,0x, .
X =X)=x3=
Y %% wBeloa
(\Dk,o( = s (pk,qﬁ = H (X,B— 5Ly .
Ox, 0x,0xy

X =x,=x3=0 X =x,=x3=0

Expressions for “shape functions @, (x,,X,,x;) of a six-node FE obtained on the basis of the polynomial (1) using

the degeneration principle have the following form:

.1
®, =§(1+p11x1)(1+p21x2)(1+p31x3);

- 1
P, =§(1+P12x1)(1+Pzzxz)(1+P32X3);



Advanced Engineering Research (Rostov-on-Don). 2023;23(4):365-375. eISSN 26871653
|

- 1
&3 =g[ (1 pix) (4 pogy) (4 o) + (14 prx) (4 payy) (14 pag) |3
- 1
Py :§(1+p15x1)(1+p25x2)(1+p35x3);
- 1
Ps :§(1+P16x1)(1+1726x2)(1+Pgsxg);

o 1
B =g 1+ Pix) (14 poyy) (14 o)+ (14 i3 (14 gty (14 pagxy) |

Formulas (2) and (3) were the basis for constructing stiffness matrices of the FE under study. The corresponding
software was developed on the basis of the Microsoft Visual Studio computing platform and the Intel® Parallel Studio
XE compiler with the built-in Intel® Visual Fortran Composer XE text editor. The processes of storing and processing
the global stiffness matrix were implemented in terms of sparse matrices [11]. To visualize the results of calculations,
the descriptor graphics of the MATLAB computer system was used.

Research Results. The investigation on the accuracy and convergence of the developed finite element algorithm
was carried out on test examples with an analytical solution. The test examples show numerical solutions obtained using
the developed elements and the SOLID185 element of the ANSYS Mechanical software package similar in
dimension [5, 11]. Below are examples selected so that they contain a combination of bending deformations and rigid
displacements of FE.

Example 1. A spliced ring rigidly fixed in one section and loaded with concentrated force at the free end. The design
scheme of the ring is shown in Figure 2. Initial data: average radius R = 0.2 m; cross-sectional dimensions 0.2x0.2 cm;
modulus of elasticity £ = 10'! H/m?; Poisson's ratio v = 0.3; concentrated force £ =10 H.

The deflection at the point of application of force according to the theory of curved rods (exact solution) is [7]:

FnR? 10-3.14-0.2°
T = 0.00302 m.

f=

EJ  1-10"-8333-10 "

Fig. 2. Calculation scheme of the spliced ring

The convergence results are presented in Tablel.
Table 1

Convergence results for the spliced ring

. f18,m/%
Grid
DAM ANSYS
2x2x32 —-0.00170/ 44 -0.000433 / 86
2x2x64 -0.00292/3.3 -0.00125/59
2x2x128 -0.00293 /3 -0.00251/ 17

Table 1 shows the value of deflection f'in the numerator, and relative error & in the denominator.

The visualization of displacements u ,, obtained on the basis of DAM and ANSYS on a 2x2x64 grid is shown in
Figures 3 and 4. Note that the field of vertical displacements obtained using ANSYS does not reflect the zones with

extreme value #,=-0.00314 m shown in Figure 3 by the arrow.
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u,,m
-0.003138
-0.002456
-0.001793
-0.001121
-0.0004484
0.0

Fig. 3. Distribution pattern 4, (DAM)

Uy, M
- 001346
- 001186
- 001026
MX ¥ X MN - 865E-03
7 - 705E-03
- 545E-03
- 385E-03
- 225E-03
- 646E-04
. 956E-04

Fig. 4. Distribution pattern 4, (ANSYS)

BOUORECEN

In this example, the importance of taking into account rigid displacements is particularly clearly seen.
Example 2. A square plate, rigidly pinched along the contour and loaded with a uniformly distributed load. Source
data: side length cropons! @ =1 m; thickness /= 0.01 m; elasticity modulus £ = 10> H/m?; Poisson's ratio V= 0.25.

The exact value of the deflection in the center of the plate is determined by formula [12]:

4
qa
u,=a D
ERW L . ) L . .
where o= 0.00126; D = m — — cylindrical stiffness; ¢=0.00888889 H/m*— distributed load intensity. Exact
-V

value u, (in meters) is equal to coefficient o .

In this example, % part of the plate was considered taking into account the conditions of symmetry. The
convergence results in the form of graphs u, ~s for single-layer and double-layer models are shown in Figures 5
and 6. Here and further, layers mean the breakdown of the plate into FE by thickness. In these figures, values 1, 2, 3, 4
of parameter § 1,2, 3,4 correspond to the grids: 4x4, 8§x8, 16x16, 32x32. The graphs below show the results of the
solution obtained using ANSYS (line 1) and DAM (line 2). The horizontal line indicated by the number 3 corresponds

to the exact solution.
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It follows from Figure 5 that with a single-layer breakdown scheme, the relative error values on a 32x32 grid are:
SOLID185 — 16%; DAM - 10.5%. When using a two-layer scheme (Fig. 6) on a 32x32 grid, we have:
SOLID185 — 36%; DAM — 2.8%.

FE patch testing was performed for the 16x16x2 breakdown scheme with grid distortion (Fig. 7). The patch test
results in the form of deflection distribution patterns u, are shown in Figures 8 and 9.

Fig. 7. Scheme of plate breakdown for patch test

u,,m u,, m
-0.001263

-. 958E-04
B 00 -0.001010
[
= -. 639E-04 -0.0007575
[ -. 532E-04
B 4o6k-04 -0.0005050
1 :

. 319E-04
- -. 213E-04 -0.0002525
1

-. 106E-04
LN 0.0

Fig. 8. Distribution u . (SOLID185) Fig. 9. Distribution u . MIA)

As can be seen from the Figures, the distortion of the grid, when using SOLID185, causes a more noticeable
asymmetry of field u_, than when using DAM. At the same time, the value of the maximum deflection for FE DAM u,
=0,001263 m coincides with the exact solution.

Example 3. A round plate, rigidly pinched along the contour and loaded with a uniformly distributed load. Radius
and thickness of the plate: R =1 m; &= 0.01 m. The mechanical constants are similar to the data in Example 2.

The exact value of the deflection in the center of the plate is determined by formula [12]:

4
u, =9
“ 64 D
At the value of the intensity of distributed load g = 0.00888889 H/m? value u,=0.01563 m.

In the testing process, two versions of sampling the % part of the plate (sector) on FE were used. In the first version, the
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three sides of the sector were divided into an equal number of segments. The second version was based on a radial regular
pattern of sector breakdown. In this case, the number of elements along the radius and the circular part of the sector was
assumed to be the same. The considered sector discretization versions for a 32x32 grid are shown in Figure 10.

Version 1 Version 2
Hsg#~ s
R LR
SR I
I ey
HELIREEER LR,
R SRR
AR TALERRERZRER,
FEIZLSERS LILRABRERRERS
AL, LRI
I RRERRERIERS RIS
LA TSI RS, AR RSSO
2SSOSR RS KSR
sttt et gn! T trrotetesatete b et eet e gt
et et 000,000 000305030 %00 0 %0 S g S
sttt ey
Segstet et untyl iy inlisetnsieeletietaetyetigat
! AT irr et ls i etetiest e tiye! et
e tuntly)
.

Fig. 10. Sampling versions for the circular plate sector on FE:
1 — uniform breakdown of the three sides of the sector;
2 — radial regular breakdown

The convergence results in the form of graphs u ~s for sampling the % part of the plate according to version 1

with single-layer and two-layer breakdown schemes are presented in Figures 11, 12, and Figures 13, 14, respectively.

! 2 ; Ts ! 2 3 4

-0.002 4 1 -0.002 - 1
-0.004 - -0.004
-0.006 - -0.006 -
-0.008 -0.008 - 2
-0.010 - 2 -0.010
-0.012 -0.012 -
-0.014 ; -0.014 5 3

Ug, M Ug, M

Fig. 11. Graphs u,~s for version 1; Fig. 12. Graphs u,~s for version 2;

single-layer scheme single-layer scheme

In these figures, values 1, 2, 3, 4 of parameter s 1, 2, 3, 4 correspond to the grids: 4x4, 8x8, 16x16, 32x32. As in

Example 1, line 1 corresponds to a SOLID185-based solution, and line 2 corresponds to DAM. The horizontal line
indicated by the number 3 corresponds to the exact solution.

It follows from the above graphs that an element constructed according to the moment scheme on a 32x32x2 grid of
version 2 has a relative error of 4 %.

Visualization patterns of the field of distribution of vertical displacements «_ for DAM and SOLIDI185 with a
radial layout of the 4 plate (32x32x2 grid) are shown in Figures 15 and 16, respectively.
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Fig. 13. Graphs u ~ s for version 1; Fig. 14. Graphs u  ~s for version 2;
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0.0 I - 504E-03
. 410E-06
Fig. 15. Distribution u _ (MJA) Fig. 16. Distribution % _ (SOLID185)

From the above figures, it can be seen that despite the qualitative coincidence of patterns u _, relative errors for the

maximum deflection are: DAM — 3.8%; SOLID185 — 71%. Such a significant error, when using SOLID185, is
because the developers applied “shape functions” similar to the functions used for the eight-node element to
approximate the geometry and displacements of the six-node element, i.e., without the “degeneration” principle [7].

Discussion and Conclusion. Stiffness matrices of volumetric multilinear finite elements constructed on the basis of
the double approximation method make it possible to simulate the stress-strain state of building structures of arbitrary
geometry under various types of external actions. The fundamental difference between the proposed concept and the
previously known finite element technologies is that the displacements, in this case, are set in global coordinates, and
the components of the strain tensor are determined in local, in general, nonorthogonal axes.

The test examples show that the volumetric finite elements, constructed by the double approximation method, have
stable convergence and compete successfully with an element of a similar type SOLID185 of the ANSYS Mechanical
computing complex.

The developed mathematical software can be introduced into domestic import-substituting software complexes
implementing the finite element method in the form of the displacement method.

References

1. Zienkiewicz OC, Taylor RL. The Finite Element Method, Fifth edition. Oxford, UK: Butterworth-Heinemann;
2000. 708 p.

2. David V Hutton. Fundamentals of Finite Element Analysis. New York, NY: The McGraw Hill Companies;
2004. 494 p. URL: https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fun-
damentals%200f%20Finite%20Element%20Analysis,%20Hutton%20(2004).pdf (accessed: 15.08.2023).

3. Daryl L Logan. A First Course in the Finite Element Method. New York, NY: CL Engineering; 2011. 836 p.
URL: https://kntu.ac.ir/DorsaPax/userfiles/file/Mechanical/OstadFile/dr_nakhodchi/DarylL.LoganAFirstCourse.pdf
(accessed: 15.08.2023).

Mechanics

373


https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fun-damentals%20of%20Finite%20Element%20Analysis,%20Hutton%20(2004).pdf
https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fun-damentals%20of%20Finite%20Element%20Analysis,%20Hutton%20(2004).pdf
https://kntu.ac.ir/DorsaPax/userfiles/file/Mechanical/OstadFile/dr_nakhodchi/DarylL.LoganAFirstCourse.pdf

http://vestnik-donstu.ru

374

Gaidzhurov PP, et al. Application of the Double Approximation Method for Constructing Stiffness Matrices of Volumetric Finite Elements

4. Carlos A Felippa. Introduction to Finite Element Methods. Boulder, CO: University of Colorado; 2004. 791 p.
URL.: https://vulcanhammernet.files.wordpress.com/2017/01/ifem.pdf (accessed: 15.08.2023).

5. Saeed Moaveni. Finite Element Analysis. Theory and Application with ANSYS. Hoboken, NJ: Prentice Hall; 1999.
527 p. URL: http://ftp.demec.ufpr.br/disciplinas/TM738/Livros/Finite%20Element%20Analysis,%20Theory%
20and%20application%20with%20ANSYS.%20.pdf (accessed: 15.08.2023).

6. Golovanov Al, Tyuleneva ON, Shigabutdinov AF. Finite Element Method in Statics and Dynamics of Thin-
Walled Structures. Moscow: Fizmatlit; 2006. 391 p. (In Russ.)

7. David V Hutton. Fundamentals of Finite Element Analysis. New York, NY: McGraw-Hill; 2004. 505 p. URL:
https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fundamentals%200f%20Finit
€%20Element%20Analysis,%20Hutton%20(2004).pdf (accessed: 15.08.2023).

8. Miguel Luiz Bucalem, Klaus-Jiirgen Bathe. The Mechanics of Solids and Structures — Hierarchical Modeling and
the Finite Element Solution. New York, NY: Springer; 2011. 597 p.

9. Jacob Fish, Ted Belytschko. A First Course in Finite Elements. Hoboken, NJ: Wiley; 2007. 319 p.

10. Gaidzhurov PP. Finite Elements of Increased Accuracy for Solving 3D Problems of Elasticity Theory.
University News. North-Caucasian Region. Technical Sciences Series. 2003;(1):54-57. URL:
https://cyberleninka.ru/article/n/konechnye-elementy-povyshennoy-tochnosti-dlya-resheniya-trehmernyh-zadach-teorii-
uprugosti/viewer (accessed: 15.08.2023). (In Russ.)

11. Chigarev AV, Kravchuk AS, Smalyuk AF. ANSYS for Engineers. Moscow: Mashinostroenie; 2004. 512 p. URL:
https://www.researchgate.net/profile/AKravchuk/publication/262729610_ANSYS_dla_inzenerov/links/0f31753b4294b13c9
000000/ANSY S-dla-inzenerov.pdf (accessed: 15.08.2023). (In Russ.)

12. Madenci E, Guven 1. The Finite Element Method and Applications in Engineering Using ANSYS. New York,
NY: Springer; 2015. 664 p.

Received 29.09.2023
Revised 31.10.2023
Accepted 18.11.2023

About the Authors:

Peter P. Gaidzhurov, Dr.Sci. (Eng.), Professor of the Structural Mechanics and Theory of Structures Department,
Don State Technical University (1, Gagarin sq., Rostov-on-Don, 344003, RF), SPIN-code: 6812-9718, ORCID,
gpp-161@yandex.ru

Nina A. Saveleva, Senior lecturer of the Structural Mechanics and Theory of Structures Department, Don State
Technical University (1, Gagarin sq., Rostov-on-Don, 344003, RF), SPIN-code: 8437-8080, ORCID,
ninasav86(@mail.ru

Claimed contributorship:

PP Gaidzhurov: problem statement, selection of solution method and building of mathematical and computer model,
discussion of the results.

NA Saveleva: conducting a review, computational analysis, discussion of the results.

Conflict of interest statement: the authors do not have any conflict of interest.

All authors have read and approved the final manuscript.

Moctynuiaa B penaxkuuio 29.09.2023
Hoctynuia nocjie penenzupopanus 31.10.2023
Hpunsara k nydauxanun 18.11.2023

06 asmopax:

Merp IMaBnoBuu TIaiiKypoB, IOKTOp TEXHHYECKHX HayK, mpodeccop Kadeapsl CTpOHTENLHONH MEXaHWKH M
TEOpHUu coopykeHui J[OHCKOro rocynapcTBEHHOro TexHH4eckoro yHuepcurera (344003, P®, r. Pocros-Ha-/lony,
wr. Farapuna, 1), ORCID, SPIN-kon: 6812-9718, gpp-161@yandex.ru

Huna AnexcangpoBHa CaBenbeBa, CTapiivii npenojaBareib KadeApbl CTPOUTEIBHON MEXaHUKH W TECOPUHU
coopyxkeHuil JIOHCKOTO TOCYIapCTBEHHOTO TeXHHYeCKoro yHuBepcurtera, (344003, P®, r. Pocros-Ha-/lony,
1. [arapuna, 1), SPIN-kox: 8437-8080, ORCID, ninasav86@mail.ru



https://vulcanhammernet.files.wordpress.com/2017/01/ifem.pdf
http://ftp.demec.ufpr.br/disciplinas/TM738/Livros/Finite%20Element%20Analysis,%20Theory%25%2020and%20application%20with%20ANSYS,%20.pdf
http://ftp.demec.ufpr.br/disciplinas/TM738/Livros/Finite%20Element%20Analysis,%20Theory%25%2020and%20application%20with%20ANSYS,%20.pdf
https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fundamentals%20of%20Finite%20Element%20Analysis,%20Hutton%20(2004).pdf
https://wp.kntu.ac.ir/fz_kalantary/Source/Finite%20element%20method/BooksNumerical/Fundamentals%20of%20Finite%20Element%20Analysis,%20Hutton%20(2004).pdf
https://cyberleninka.ru/article/n/konechnye-elementy-povyshennoy-tochnosti-dlya-resheniya-trehmernyh-zadach-teorii-uprugosti/viewer
https://cyberleninka.ru/article/n/konechnye-elementy-povyshennoy-tochnosti-dlya-resheniya-trehmernyh-zadach-teorii-uprugosti/viewer
https://www.researchgate.net/profile/AKravchuk/publication/262729610_ANSYS_dla_inzenerov/links/0f31753b4294b13fc9000000/ANSYS-dla-inzenerov.pdf
https://www.researchgate.net/profile/AKravchuk/publication/262729610_ANSYS_dla_inzenerov/links/0f31753b4294b13fc9000000/ANSYS-dla-inzenerov.pdf
https://orcid.org/0000-0003-3913-9694
https://orcid.org/0000-0002-8702-5168
mailto:ninasav86@mail.ru
https://orcid.org/0000-0003-3913-9694
https://orcid.org/0000-0002-8702-5168
mailto:ninasav86@mail.ru

Advanced Engineering Research (Rostov-on-Don). 2023;23(4):365-375. eISSN 2687-1653

3asenennulii 6K1a0 COABMOPO8
ILIL laiimxypoB — TMOCTaHOBKAa 3ajayM,

KOMITBIOTEPHOM MOJIEIH, 00CYKIEHHE PE3YIbTATOB.
H.A. CaBennpeBa — mpoBeneHne 0030pa, MPOBEIEHUE pacueTOB, 00CYKICHHE PE3YIbTATOB.

BEIOOp MeETOZIa pemeHHs] W IIOCTPOCHHE MAaTeMaTHYeCKOW U

KOHd)JluKm urmepecos.: aBTOpPbI 3a4BJIAIOT 00 OTCYTCTBUU KOH(i)J'II/IKTa HUHTEPECCOB.

Bce agmopur npouumanu u 0006punu OKOHUAMENbHBLI BAPUAHI PYKONUCU.

Mechanics

375



http://vestnik-donstu.ru

376

Advanced Engineering Research (Rostov-on-Don). 2023;23(4):376-386. eISSN 2687—1653

MACHINE BUILDING AND MACHINE SCIENCE

l ol
BY

UDC 621.791.14 Original article
https://doi.org/10.23947/2687-1653-2023-23-4-376-386

Advantages of Friction Welding of Fittings with Small Diameter Conical
Contact Form

Yuri V. Poletaev'™, Viktor V. Shchepkin* < EDN: LFCYNM
Don State Technical University, Rostov-on-Don, Russian Federation

< shepkinviktor@rambler.ru

Abstract

Introduction. As numerous production tests show, the use of manual arc welding (MAW) of thick-walled fittings of
small diameter (up to 80 mm) does not provide a high-quality weld joint that meets the requirements of regulatory and
technical documents of nuclear power plants (NPP). The solution to this problem is possible on the basis of research
and development of welding technology with optimal heat input instead of MAW. Existing fusion welding technologies
do not allow for optimal regulated heat input. However, this can be realized during the development and further use of
the friction welding (FW) method. Therefore, this work aimed at developing a technology based on an automated
technique of friction welding, which could provide the enhancing of the quality of weld joints of small diameter fittings
of power equipment to the level of regulatory requirements.

Materials and Methods. Small diameter fittings with a conical contact surface made of low-alloy steel 1I0GN2MFA
were used. The experimental study was performed on a friction welding machine MST—41. Methods of non-destructive
and destructive quality control were used in accordance with the regulatory and technical documentation of nuclear
power engineering.

Results. A methodology was developed, and the optimal dimensions of the conical contacting surface under welding
were determined. It was shown that optimal heat input during friction welding was achieved by preparing a conical
contacting surface in the angle range o =30°—40°. The methodology and parameters of the friction welding mode for
models of small diameter fittings were experimentally tested. In the course of the research, a cyclogram of the friction
welding process was obtained and described, which confirmed the stage-by-stage formation of the weld joint due to the
sequential inclusion of annular sections of the conical surface of the connected parts in the heating stage. The results of
non-destructive and destructive testing were obtained, confirming the presence of a high-quality weld joint at the level
of the requirements of the regulatory and technical documents of the NPP.

Discussion and Conclusion. The obtained research results can be used to develop the technology of friction welding of
pipes, as well as products made of carbon and low-alloy steels.

Keywords: fitting simulator, manual arc welding, friction welding, conical surface, cyclogram, mode parameters,
optimal heat input, mechanical properties
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IIpeumyiecTBa CBapKu TPEeHHEM IITYLHEPOB ¢ KOHUYECKOM
KOHTAKTHpYolIei popMoii Majioro ruamMmerpa

FO.B. ITosieraes™, B.B. Illlenkuu " DX

JIoHCKOM rocy1apCTBEHHBIN TEXHUYECKHH YHUBEPCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

D4 shepkinviktor@rambler.ru

AHHOTALINA

Beeoenue. Ilo cBuperenscTBaM MHOTOUYUCICHHBIX HPOM3BOJACTBEHHBIX WCIBITAHMN, NMPUMEHEHHE PY4YHOH TyroBoil
cBapku (PJIC) ToncTOoCTEeHHBIX MITYIIEPOB Mayoro auamerpa (10 80 MM) He oOecrieuuBaeT MOTyICHHsST KaueCTBEHHOTO
CBapHOTO COEIMHEHHUS, YIOBICTBOPSIONIETO TPEOOBAHMSIM HOPMATHBHO-TEXHHUYECKHX JOKYMEHTOB AaTOMHBIX
anexTpuueckux craHiuii (ADC). Pemenne ykazaHHOW mIpoOJieMbl BO3MOXKHO Ha OCHOBE pa3pabdOTKH TEXHOJOTMH
CBapKU C ONTHMAaJbHBIM TEIUIOBIOXKEHUEM M IpuMeHeHHs ee B3ameH P/IC.  CymecTByromue TEXHOJIOTUH CBapKu
IUIABJICHUEM HE IO3BOJIIOT OOECIIEUHTHh ONTHMAIBHOE pEryjupyeMoe TeruloBioxkeHue. OJHAKO 3TO MOXKET OBITh
peaan3oBaHO TpH pa3padOTKe U AaibHeWIeM ncrosb3oBanuu criocoda ceapku TperneM (CT). [Toatomy mens naHHON
paboTel 3akirodanack B pa3pabOTKe TEXHOJIOTMM Ha OCHOBE aBTOMAaTH3MPOBAHHOTO CIIOCO0a CBApKH TPEHHUEM,
MO3BOJSIOIIEH IOBBICUTh KAaueCTBO CBAapHBIX COEAMHEHHUI MITyIEpOB MAaJOro JHAMETpa 3HEPreTHYECKOro
000pyaOBaHUs 710 YPOBHS HOPMATHBHBIX TPEOOBaHHH.

Mamepuanst u memoost. VIcTIONb30BaIK MITYIEPH MAJIOTO AUAMETPa ¢ KOHYCHOH KOHTaKTHPYIONIEH MOBEPXHOCTHIO U3
Hu3koserupoBanHoi cramum 10H2M®A. DxcneprMeHTalbHOE MCCICIOBAHWE BBIIONHSIM HAa MAIIWHE CBAapKH
tpeareM MCT—41. Vcrions30BaHbI METOABI HEpa3pyIIAONMIETo U pa3pyNIaloniero KOHTPOIIs KauecTBa B COOTBETCTBUH C
HOPMAaTHBHO-TEXHUYECKOH JOKYMEHTAI[EeH aTOMHOTO SHEPTeTHYECKOT'0 MAITHHOCTPOCHUSI.

Pezynomamut  uccnedosanua. Pa3paboTaHa MeToquKa U OIpEJENeHBl ONTHMANbHBIE pa3Mepbl KOHYCHOM
KOHTaKTHPYIOIIEH MOBEpXHOCTH NpH cBapke. IlokazaHO, 4TO ONTHMAalbHOE TEIUIOBIIOKEHHE IPH CBapKe TPEHHEM
JIOCTUTAeTCsl TMPH TOATOTOBKE KOHYCHOW KOHTAKTHPYIOUIEH TIMOBEPXHOCTH B JMamna3oHe yrioB o = 30°—40°
DKCIIepUMEHTAIFHO OTpaboTaHa METOAMKA M IapaMeTphl PeXHMMa CBAapKH TPEHHEM MOJeNeH INTyLepoB Majoro
nuamerpa. B xozie mccnenoBaHuMil modydeHa M ONMMCaHA IMKJIOTpaMMa IpOLecca CBAPKH TPEHHEM, NOATBEpAMBIIAS
cranuitHoe (OPMHPOBAHME CBAPHOTO COCJUHEHUS 3a CYET IMOCJIEOBATENBHOTO BKIIOUEHHWS B CTAIHI0 Harpesa
KOJIBLIEBBIX YYaCTKOB KOHHYECKOM MOBEPXHOCTU COEAMHAEMBIX JeTanel. IloaydeHsl pe3yapTaThl Hepa3pylIaonero u
pa3pyLIaonero KOHTPOJIs, MOATBEpANBIINE HAJIMYNE KauyeCTBEHHOTO CBAPHOTO COCAMHEHHMS Ha YpPOBHE TpeOOBaHWMH
HOPMAaTUBHO-TEXHUUYECKUX JOKyMeHToB ADC.

Oobcysycoenue u 3axnovenue. TlomydeHHbie pe3yabTaThl UCCIETOBAaHUI MOTYT OBITh HCIIOJIb30BaHBI I Pa3pabOTKH

TEXHOJIOIT'NU CBAPKU TPCHUCM l'Iany6KOB, a TaKXKE PI3£[€JIPII>'I H3 YIJIICPpOAUCTBIX U HU3KOJICTUPOBAHHBIX cTaleil.

KaoueBble cioBa: HUMHUTATOp MITyHEpa, pydHas AyroBas CBapKa, CBapka TpPCHUCM, KOHHUYCCKass IHNOBCPXHOCTD,

HUKJIOTrpaMMa, rnapaMmeTphbl peKnumMa, OITUMAJIbHOC TCIVIOBJIOKCHUE, MEXAaHUYCCKUE CBOMCTBa

BaarogapHocTH. ABTOPBI BBIPQXKAIOT OJIarOAapHOCTh PEAAKIUU M PEICH3CHTAM 3a BHUMATEIbHOE OTHOIICHHE K

CTaTbC U YKa3aHHBIC 3aMCUaHMsA, KOTOPBIC ITO3BOJIMJIN ITOBBICUTH €€ Ka4CCTBO.

Jas umrupoBanus. Iloneraes 10.B., Illenkun B.B. IlpeumyiuecTBa cBapkd TpEeHHEM IUTYLEPOB € KOHMYECKOU
KOHTaKTHpYIOmei (opmoit manoro auamerpa. Advanced Engineering Research (Rostov-on-Don). 2023;23(4):376-386.
https://doi.org/10.23947/2687-1653-2023-23-4-376-386

Introduction. The key problem of welding small diameter fittings is short weld length, which does not allow for
full control of the quality of the manual arc welding process. Supplying welding equipment to the welding site is also
not always technologically possible.

Weld-in and weld-on fittings are connected to the basic part by a fillet seam through manual arc welding with a

coated electrode. Weld-in fittings are welded from the outside or from the inside with a constructive faulty fusion. In
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any case, the presence of non-welded gaps in the joints, which are stress concentrators, reduces the operability of the
structure, as it can cause cracks. A more perfect connection is one that has no unwelded gap. Sometimes, to obtain a
guaranteed penetration of the entire wall of the fitting and to exclude the possibility of cracking from faulty fusion, a
moulding back ring removable after welding is used, or a thick-walled pipe blank is soldered in. After welding, it is
drilled out to the internal diameter specified in the drawing (Fig. 1). This is quite time-consuming, but justified in
critical structures, e.g., in the manufacture of equipment for nuclear power plants [1]. This method is shown in Figure 1,
where the fitting assembly is shown before (a) and after welding (b). Here: D — inner diameter of fitting; 4, b —
welded joint legs; S — fitting wall thickness. According to the normative document!, from which the drawing is
borrowed, the permissible size for the wall thickness of the fitting should be >2 mm; bluntness of the welded joint —
4+1 mm; included angle — 50°+5°.

h, b — KaTeTbl CBAPHOTO COEIMHEHUS; S — TOJIIMHA CTEHKH mTynepa. COrnacHo HOPMaTHMBHOMY JIOKYMEHTY?, U3
KOTOPOT'0 3aWMCTBOBAaH PHUCYHOK, JIONMYCKaeMblii pa3Mep Ha TOJIMHY CTEHKH IITylepa JO0JKEH OBITh >2 MM;

MIPUTYIUICHHE CBAPHOTO COeNUHEHUsT — 441 MM; yroJ pa3iejKu KpOMOK ToJT cBapKy — 50°£5°,

>2
h S

L5
4+1

D D

a) b)

Fig. 1. Fitting unit: ¢ — before welding; b — after welding and removing the weld root

To weld the fitting, the following process operations are performed: turning the hole in the housing, grooving on the
fitting, assembly of the unit maintaining perpendicularity, tacking the fitting, multilayer welding, removal of the weld
root through boring the inner diameter to the standard dimensions.

The known disadvantages of the MAW do not allow for stable quality of the welded joint and are characterized by a
large volume of cast weld metal in a limited space. This causes overheating and high residual stresses, which requires
additional operations of heat treatment. The cost of repairing equipment in the event of a breakdown is high. This
results in time and economic expenditures [2—6].

The analysis of the results of the literature review and production experience indicate the technical and economic
feasibility of abandoning the use of the MAW method for obtaining welded thick-walled connections of fittings and
pipes of small diameter (up to 80 mm) [7, 8].

In this regard, it was decided to investigate the effect of the grooving shape and the method of friction welding
instead of MAW to provide optimal minimum heat input and stable quality of welds. Friction welding is characterized
by optimal heat input (compared to fusion welding methods), in which a fine-grain structure is formed with a low level
of residual welding stresses and a high level of mechanical properties [9, 10].

The objective of the work is to raise the quality of welds of small diameter fittings of power equipment to the level
of regulatory requirements based on the development of an automated friction welding method.

Materials and Methods. Theoretical and experimental studies were carried out on welds made of low-alloy steel
10GN2MFA, used as the basic structural material for the manufacture of a steam generator, pressure compensator, and

other critical NPP equipment?.

! Basic Provisions on Welding and Surfacing of Components and Structures of Nuclear Power Plants, Experimental and Research Nuclear Reactors

and Installations 1513-72. URL: https://docs.cntd.ru/document/564412851 (accessed: 02.08.2023). (In Russ.)
2 Ocnogmvie nonodCeHUA N0 CeapKe U HANIAEKE Y3106 U KOHCMPYKYULl GMOMHbIX 1eKMPOCMAHyuLl, ONbIMHbIX U UCCTCO06AMENbCKUX AOEPHDIX
peaxmopos u yemanogox OI1 1513-72. URL: https://docs.cntd.ru/document/564412851 (nata oopauienus: 02.08.2023).
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In the work, a computational and experimental method was used to select the optimal shape of the joined surfaces

under welding.
The developed friction welding technology was implemented when performing welded joints of fittings on the

MST-41 installation.

Methods and volumes of non-destructive (radiographic, ultrasonic, visual-measuring, hardness determination) and
destructive (static strength and impact bending tests, metallographic studies of the welded joint) control used in the
manufacture of welded structures of NPP were applied to assess the quality of welds.

Research Results. Taking into account the process capabilities of the FW, at the first stage, the assembly technique
was tested without grooving preparation in the form of a “classic” T-joint (Fig. 2 a) [11]. Parameters of the welding
mode were selected according to the recommendations given in [11].

Break

a) b)

Fig. 2. Fitting unit simulators: a — T-joint simulator;
b — connection with pre-grooving: di — fitting simulator diameter; d>— housing simulator diameter; A — gap

Quality control showed that the assembly of the fitting and the cylindrical housing of the equipment provided that
gap A, whose value varied depending on the diameter of housing d> and fitting d;. This form of joint did not provide
uniform heating of the contacting surface, which caused the formation of sections of plastic material and their slippage
with violation of the weld.

Taking into account the negative results of FW at the first stage, at the second stage, a friction welding procedure
with preliminary grooving on the body (Fig. 2 b) was proposed and worked out. As the experimental results showed, at
the initial stage of welding, the annular part was heated, the alignment was disturbed, and the subsequent separation of
the lower part of the fitting simulator occurred, which ultimately caused the formation of a shapeless welded joint.

In the course of the experimental studies, it has been established that to obtain a high-quality weld of a large
thickness base with a certain radius of curvature and a thick-walled fitting of small diameter obtained through friction
welding, it is required:

—to develop a design of the connected surfaces that provides a reliable connection and high mechanical
characteristics of the welded connection of small diameter fittings in a state without subsequent heat treatment or with
heat treatment to lower temperatures;

— to provide optimal heating of the joining surfaces through the use of reasonable values of the welding mode
parameters.

The analysis of the experimental data obtained indicates the need to develop a design of the connected surfaces to

provide more uniform heating and the formation of a high-quality connection under FW. The conical shape of the
surfaces was chosen as one of the options for obtaining such a compound [12—15].

3 Federal norms and rules in the field of the use of atomic energy. Welding and surfacing of equipment and pipelines of nuclear power plants NP-104-
18. Order of the Federal Service for Environmental, Technological and Nuclear Supervision No. 554, dated 14.11.2018. URL:
https://sudact.ru/law/prikaz-rostekhnadzora-ot-14112018-n-554-ob/np-104-18/ (accessed: 02.08.2023). (In Russ.)

Machine Building and Machine Science

379


https://sudact.ru/law/prikaz-rostekhnadzora-ot-14112018-n-554-ob/np-104-18/

http://vestnik-donstu.ru

380

Advanced Engineering Research (Rostov-on-Don). 2023;23(4):376-386. eISSN 2687—1653

In the process of selecting the optimal contact surface, a verification calculation of the strength of welds of
cylindrical and conical shapes was performed (Fig. 3). Calculations for the cylindrical surface were performed
according to formula [16]:

N, =[oc,]-L-S, (1)

Y

Where [Gp] — tensile strength, MPa; L — weld length, mm; S — weld thickness, mm.

A <
-~
N S N N N
a) b)

Fig. 3. Types of weld joints: a — cylindrical connectable surface; b — conical connectable surface:
N — load; L — weld length; o — angle of connectable surfaces

Calculations for the conical surface were performed according to formula:

y Lol LS

sina

2

It can be seen that the shortest weld joint and the destructive load rate is characteristic of a model with a cylindrical
contact surface. When moving to the conical contact surface, the length of the weld joint and the destructive load rate N
naturally increase. These characteristics depend directly on angle a, whose optimal range, according to the calculation

results, is presented in Table 1.

Table 1
Influence of angle of inclination o on strength indicators
Connection type Angle of inclination, o,° Load N, N
Cylindrical - 59,283
30 118,566
32.5 110,396
Conical 35 101,609
37.5 97,396
40 94,959

Note that an unreasonable change in value a both up and down causes a decrease in strength (with a decrease in the
weld length), or an increase in overheating and the amount of welding deformations (with an increase in the weld
length).

In this regard, it is proposed to use a conical contacting surface on the one hand — on the fitting, on the other — a

reciprocal conical surface on the housing (Fig. 4 @)
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Metal exposed to

\\/ thermal deformation

a) b)
Fig. 4. Fitting unit: « — shape of the contact surface; b— ompleted weld
This design provides performing welds regardless of the diameter of the housing, since ductile metal fills the

connected surface evenly under welding (Fig. 4 b).
Since the developed design provides uniform filling of the weld preparation regardless of the shape of the housing, it
was proposed to use a flat surface of the housing for further experimental studies. The design and manufacture of

models of fittings with different angles of the conical surface was carried out (Fig. 5).

40
p

lg o f S
) = = SN F
g1 13118 & 183
Q

4

O]
140

60

Fig. 5. Fitting unit model: o — fitting cone angle; § — housing cone angle

The dimensions of the angles of the mating surfaces of the joint were selected taking into account the calculation
results, as well as the energy capacity of the MST-41 welding machine and the expected dimensions of the weld [18].

When preparing the surfaces of model elements for welding with cone angles a = 30.0°; 32.5°; 35.0°; 37.5° and
40.0°, welds were formed qualitatively with reasonably selected parameters of the FW mode. At the same time, the
highest quality connection was obtained with a surface angle of 37.5°.

In the course of experimental studies, a pattern was established in the formation of a weld, namely, a gradual process
of friction, heating, and plastic deformation took place on the surface of the welded joint. These differences from the
known methods of forming joints in FW did not allow using the classical cyclogram of the welding process [11]. This
required a more detailed study of the sequence of formation of the compound and the description of the cyclogram of

the process in accordance with the specifics (Fig. 6).
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Fig. 6. FW process cyclogram:
n — angular velocity; F — heating pressure; M — friction moment; N — heat generation power;
T — temperature in the connection zone; Al — upsetting; T1—17 — cycle phases

In the welding process, phases 1, T2, T3 are similar to the initial phases of the FW cylindrical surfaces. In the first
phase, the surface is lapped with separate microirregularities, but, unlike the classical methods, lapping does not go over
the entire surface, but only on the area in contact with the cone. In the second phase, there is an increase in the area of
the contacting surfaces and, as a result, temperature rise. The third phase is characterized by a rise in temperature and
the release of plasticized metal (burr). The fourth phase 14 — phase of sequential heating of the entire cone surface. In
this phase, there is a partial repetition of the processes occurring in the second and third phases. The difference is that
the areas entering the heating process are already partially warmed up. In the fifth phase 15, a process of uniform heating
of the entire welded surface occurs, close to a quasi-stationary state. The sixth 16 and seventh t; — the braking and
forging phases, in which the process of complete stop of rotation and compression occurs.

The implementation of this cyclogram is possible using the developed technique for calculating the parameters of
the friction welding mode [17]. The basic parameters include: welding time t., heating pressure P, rotation speed V,

and forging pressure P,. The calculation results are shown in Table 2.

Table 2
Parameters of FW process of fitting model
Sample Heating pressure, | Forging pressure, Rotation speed, Welding time,
Material number MPa MPa rpm sec.
10-1 0.323 0.539 1,200 27
10GN2MFA Steel 102 0.367 0.539 1,200 32
10-3 0.340 0.539 1,200 30

It is possible to significantly reduce the heating pressure and increase the welding time due to the sequential
inclusion of annular sections of the conical surface of the connected parts in the heating stage.

The proposed process solutions make it possible to obtain high-quality connections with lower operating parameters,
which reduces heat input in the weld, providing a reliable connection and minimal grain growth. In addition, with this
method of welding, the annular sections entering into heating at the point of friction have a layer of ductile metal from
the previous layer, which acts as a lubricant. This reduces the friction coefficient, and thereby reduces the required

power of the welding machine.
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The authors carried out the control of welds by non-destructive and destructive methods. The quality control results
and mechanical properties of welds are shown in Table 3. The results of hardness measurement (Fig. 7) and
microstructure (Fig. 8) of the welds meet the requirements of regulatory and technical documents.*

The hardness values in all samples indicate a fairly uniform structure over the entire weld section. Hardness values
corresponding to the hardness of quenching structures were not revealed. Figure 7 shows a slight increase in hardness
along the fusion line. To align the values along the cross-section of the weld, it is recommended to carry out heat

treatment — thermofixation.
Table 3
Results of mechanical tests, radiographic and ultrasonic inspection of the fitting welds

Control

Steel grade
3, %

v, %
Bend angle
Impact strength
KCV, J/m?

Sample number

MAW
uT

Stress limit o, MPa
Yield strength .2,
MPa
Relative elongation
Relative narrowing

595 251 sat sat

—_—
T
—_—
3
3
T
~J
o0
L
[\
w

10-1 6

W
(9]

127 195 sat sat

[@))
\\]
-
—_

lOGNIMFA | 10-2 510 425 12-16

10-3 770 650 15 68-70 125 273 sat | sat

HV

360

—_

320

Base metal Base metal

280 remelted metal

240 TIZ TIZ

/

0 1 5 10 15 20 25 L, mm

200

Fig. 7. Hardness distribution over the width of the weld joint made of 10GN2MFA steel
(TIZ — thermal impact zone)

4 Testing rules of metal for equipment and pipelines of nuclear power plants during manufacture and installation. NP-105-18. Order of the Federal
Service for Environmental, Technological and Nuclear Supervision No. 553, dated 14.11.2018. (In Russ.)
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Fig. 8. Microstructure of various zones of a weld from 10GN2MFA steel
made by friction welding (%500): ¢ — thermal impact zone; b — fusion line

Discussion and Conclusion. High and stable quality of the weld is obtained due to optimal heat input under friction
welding of the contacting surfaces through the sequential including of the annular sections of the conical welds in the
heating and friction process. This contributes to the metal structure refinement of the weld and the thermal impact zone,
and obtaining high mechanical properties of the metal of the weld.

As a result of the experimental study, the positive effect of the basic structural and processing factors and, above all,
the conical shape of the connected surfaces, on the quality of thick-walled welds of small diameter fittings (up to
80 mm) was established. The obtained positive results of destructive and non-destructive testing confirm the required
quality and prospects for the use of friction welding of fitting welds with a conical surface in the manufacture of NPP

equipment.
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Abstract

Introduction. Glass fibers significantly improve the quality of composite materials, make them lighter, stronger, more
corrosion resistant and thermally stable. Strengths and weaknesses of specific composites are actively discussed in the
scientific and applied literature. At the same time, the effect of the ratio of fibers and matrix material on the mechanical
characteristics of composites has not been sufficiently investigated. The presented study is intended to fill this gap. The

EDN: LRSXPY

work is aimed at manufacturing a composite material on a polymer basis reinforced with glass fiber, and investigating the
influence of weight ratios of elements on the mechanical characteristics of the composite. For the first time, a report on the
comparison of the characteristics of composites (with different fiber content) to each other and to steel is published.
Materials and Methods. Fiberglass and polyester were used as starting materials with the addition of a mediator to
speed up the molding process. The samples were made manually and tested for tensile strength, hardness, and impact
strength using standard equipment. The results were summarized in the form of tables, visualized in the form of graphs,
and processed by comparative analysis.

Results. The technique of creating samples and methods of their testing were described. The research showed that
hardness, tensile strength and impact resistance increased with a growth in the percentage of randomly distributed
fiberglass to 50% with 50% unsaturated polyester. In this case, the maximum values of tensile strength — 175.4 MPa,
hardness — 38 HV and impact resistance — 1.56 J/mm? were obtained. The inexpediency of exceeding the proportion
of fiberglass by more than 50% was experimentally proven, since mechanical properties deteriorated. This was due, in
particular, to the fragility of the glass, which, if the proportions were violated, was transmitted to the entire composite.
In addition, with an excessively high volume of reinforcing fibers, the resin was not enough for high-quality bonding of
the elements, which significantly reduced the strength of the material. Most of the mechanical characteristics of a
composite made of 50% polyester and 50% fiberglass are better than those of steel.

Discussion and Conclusion. It has been proved that the properties of the composite material depend significantly on the
glass fiber content. The resulting composite was compared to steel. It turned out that it had better mechanical
characteristics and less weight. This allows us to recommend the material for boat hulls.

Keywords: glass fiber reinforcement, ratio of polyester to glass fiber in a composite, mechanical characteristics of a
composite, comparison of composite and steel samples
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AHHOTALINA

Beeoenue. CTeKIIOBOJIOKHA CYIIECTBEHHO YJIyYIIalOT Ka4eCTBO KOMIIO3UTHBIX MaTepHaloB, JEIal0T UX Jerde, Ipo4yHee,
yCTOW4MBee K KOPpPO3UHM M TEpMHUYECKH cTaOuibHee. B Hay4yHOW M NPUKIAAHOW JHUTEpaType aKTHBHO OOCYXIAroTcs
CUJIbHBIC U CJIa0ble CTOPOHBI KOHKPETHBIX KOMIIO3UTOB. [IpH 3TOM HEZOCTaTOYHO MCCIIE0BAHO BIUSHAE COOTHOILCHHUS
BOJIOKOH M MaTepHaja MaTpHIbl Ha MEXaHHYECKHE XapaKTepUCTUKH KOMITO3UTOB. [IpencraBieHHas paboTa npu3BaHa
BOCIIOJIHUTH 3TOT mpoben. Llenu uccienoBaHusi — W3TOTOBICHHE KOMIIO3MIIMOHHOTO Marepualia Ha IOJHUMEpHON
OCHOBC, ApMHPOBAHHOTO CTCKJIOBOJOKHOM, a TAaKXC H3YUCHHUC BIIMAHUA BCCOBBIX COOTHOIIIEHWH DJIEMEHTOB Ha
MCXaHUYCCKHUE XAPAKTCPUCTUKU KOMIIO3UTA. BnepBHe Hy6HI/IKyeTC${ OTYET O COIIOCTAaBJICHUN XapPaKTECPUCTUK
KOMITO3HUTOB (C pa3IM4HBbIM CO/IEPKAHUEM BOJIOKHA) IPYT C APYTOM U CO CTaJIbIO.

Mamepuanst u memoodv.. B xauecTBe HCXOIHBIX MaTEpHAJIOB HCIIOJIB30BAJIKMCh CTEKJIOBOJIOKHO U IOJHICTED
¢ nobaBleHMEM Meauaropa Uil yCKOpeHMsl mpouecca ¢opMoBaHus. OOpas3lbl NW3rOTaBIMBAINCH BPYUYHYIO WM IIPH
TIOMOIIX CTaHAAPTHOTO 000pPYI0BAaHHS UCTIBITHIBAINCH HA PAaCTsHKEHHUE, TBEPIOCTh U yIapHYIO IPOYHOCTh. Pe3ynbTaTs
0000many B BUE TaOJIMI, BU3yaIU3UPOBAIH B BUJIE TPaHKOB H 00padaThIBaIM METOJIOM CPaBHUTEIBHOTO aHAIN3A.
Pesynemamut uccnedoeanusn. Iloxazanel crocod cosmaHust o0Opa3loB M METONBl HMX WCHIBITAaHUH. VI3pIckaHMA
TIO3BOJIMJIM YCTAHOBHUTH, YTO TBEPAOCTh, IPOYHOCTH HA Pa3pblB M yCTOWYHMBOCTH K yJapy BO3pacTaioT C yBEIHYEHUEM
MIPOILIEHTHOTO COJIEPKaHUsI CIy4YyalHO pachpelnereHHoro crekinoBojokHa 70 50 % mpu 50 % HEHaCHIEHHOTO
mojmacTepa. B 3TOM ciydae IOCTHraroTcs MaKCHMalbHBIE 3HAUEHUS MNPOYHOCTH Ha paspeiB — 1754 Mlla,
tBeproctd — 38 HV wu ymapompounoctu — 1,56 JIx/Mm2. DKCHEPUMEHTATBHO IOKa3aHa HELEIECOOO0Pa3HOCT
MIPEBBIMICHHS TOJN CTEKIIOBOJIOKHA OoJiee yeM Ha 50 %, T. K. MEXaHHYECKHE CBOMCTBA yXyIIIAIOTCS. DTO OOBICHACTCH,
B YaCTHOCTH, XPYNKOCTBIO CTEKJIa, KOTOpasi MpH HAPYIICHUH IIPOIOPIMH mepeaaeTcss BceMy KoMnosuty. Kpome toro,
IIPU YpE3MEPHO BBICOKOM 00beMe apMHUPYIOIINX BOJIOKOH CMOJIBI Oy/I€T HEIOCTATOYHO JUIsl KaUE€CTBEHHOTO CKPEIUICHNUS
3JIEMEHTOB, YTO CYLIECTBEHHO CHU3UT NPOYHOCTh MaTepHaja. boJIbIIMHCTBO MEXaHNYECKUX XapaKTEPHCTHK KOMITO3UTA
u3 50 % nonuscrepa u 50 % CTEKIIOBONOKHA JTyYIlle, YEM Y CTaH.

Obcycoenue u 3axknrouenue. JIokazaHo, 4YTO CBOMCTBA KOMIIO3UTHOTO MaTepUalla CyIECTBEHHO 3aBHUCAT OT COAEPKAHUSL
CTEKJIOBOJIOKHA. [loJyueHHBII KOMIO3UT CpaBHWIM CO CTajblo. BBIICHWIOCH, 4YTO OH oOJlajaeT JydlIuMH
MEXaHUYCCKUMHU XapaKTECPUCTUKAMU W MEHBIIHMM BECOM. DTO IO3BOISIET PEKOMEHI0BATh HCIOJIB30BaTh IIaHHBIﬁ
MaTtepHa Jils K3TOTOBJICHUS KOPITYCOB JIO/IOK.

KnroueBble ciioBa: ApMHUPOBAHUE CTCKJIOBOJIOKHOM, COOTHOHICHHUE IIOJIMACTEpPAa W CTEKJIOBOJIOKHA B KOMIIO3UTE,
MEXaHUYCCKHUEC XapaKTCPUCTHUKN KOMIIO3UTA, CPABHCHUC KOMITO3UTHBIX U CTAJIBHBIX 06pa3u013

BaarogapHocTu. ABTOp BhIpaXkaeT 01aroapHOCTh PENaKIMK U PEIICH3EHTaM 332 BHUMATEIbHOE OTHOIIICHUE K CTAaThe U
3aMeYaHus, KOTOPBIC MIO3BOJIMIH MOBBICHTE €€ Ka4eCTBO.

Josi mutupoBanusi: AnrtuOac VI.P. BrwsiHume apmmpoBaHMsI CTEKJIOBOJIOKHOM HA MEXAHMHYECKHE CBOWCTBA MOJIMICTEPHBIX
KOMIIO3UTOB. Advanced Engineering Research (Rostov-on-Don). 2023;23(4):387-397. https://doi.org/10.23947/2687-1653-
2023-23-4-387-397

Introduction. Polymers are attractive as composite matrices due to their relatively low density, ease of processing,
and excellent mechanical properties. High-temperature resins are used for the production of aircraft, rockets, boats, and
other equipment. Reinforcement (glass fiber) takes the major load, specifically, if the composite consists of fibers
dispersed in a weak matrix (e.g., a carbon-epoxy composite). Thus, the strength and stiffness of the material are
determined by the strength and stiffness of the fibers [1-4].

Major advantages of glass fiber-reinforced composites are high strength and modulus of elasticity. Due to their low
specific gravity, good strength-to-weight ratio, these materials out-perform metals. In addition, the verified ratio of
fatigue strength and weight significantly increases the resistance of many composite laminates to fatigue damage [5, 6].

The authors [7] have proved that the mechanical properties of fiber-reinforced composites depend on the properties
of the materials included in their composition (type, quantity, distribution and orientation of fibers, voids). The
character of interfacial connections and load transfer mechanisms at the phase interface also play an important role.
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Studies [8] have shown that the tensile strength of plates from glass fiber varies depending on environmental
conditions. In [9], two types of composites with different glass fiber reinforcement were considered: chopped and
mixed with unsaturated polyester resin (glass fiber 0/90). It was found that the composite reinforced with chopped glass
fiber had a higher modulus of elasticity, maximum stress, and yield strength than the composite reinforced with glass
fiber 0/90.

The authors of scientific papers focused on the features of various types of glass fiber and matrix materials. At the
same time, the dependence of the quality of the composite on the ratio of the volumes of fibers and the matrix material
has not been sufficiently investigated.

In the presented article, the quality of materials is compared in two directions. The first parallel is composites with
different ratios of fibers and matrices. The second is composite and steel. The data is published for the first time.

The study aimed at investigating the effect of the glass fiber content on the mechanical properties of the material,
i.e., on its behavior under load. Hardness, tear and impact resistance were evaluated.

Materials and Methods. For the production of samples, resin (polyester) with the addition of substances that
promote the reaction, and glass fiber were used as starting materials (Fig. 1).

Fig. 1. Glass fiber

The obtained samples were tested for tension, hardness, and shock load. Similar experiments were carried out on
steel parts. Each experiment was repeated five times. From test to test, the percentage of glass fiber was increased, and
then the average results were taken.

Table 1 shows the mechanical-physical properties of the glass fiber used.
Tab6muna 1

Mechanical-physical properties of glass fiber [10]

Indicator Value
Density, kg/m? 2,500
Tensile strength, MPa 2,400
Modulus of elasticity, GPa 85
Elongation, % 0.01

Unsaturated polyester, which is a viscous liquid at room temperature, was used as the basic material. Its mechanical
properties are shown in Table 2.

Table 2
Mechanical properties of polyester [10]
Indicator Value
Density, kg/m3 1,200
Tensile strength, MPa 42
Modulus of elasticity, GPa 2.8
Elongation, % 3.2

Auxiliary materials. The following substances were added to unsaturated polyester [11]:
— cobalt liquid material for hardening (3—4 %);
— mediator — a stimulating substance used to accelerate precipitation (1.5 -3 %).
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Measurement of glass fiber density. To determine the density of glass fiber, it was immersed in water in a standard
container. The obtained value p = 2,500 kg/m? coincided with the reference value.

Tensile testing of glass fiber. The average diameter of the fibers was determined using a microscope — 20.14 um.
After calculating the cross-section of one fiber, their average number in the bundle was determined through comparing
the masses of the fibers and the bundle from which they were taken. The average number of fibers in the bundle turned
out to be 2,200. Then, depending on the number of fibers, the bundle cross-section was calculated 4 = 0.7 mm?.

Experiments were hampered by breaks in the attachment points due to the fragility of the fibers. The pressure of the
clamps of the stretching device on the ends of the fibers was reduced as follows. Special paper with good absorbency
was filled with resinous material, fibers were placed in it and left at room temperature until complete dry-out. Then the
paper was cut, and samples were obtained from fiber bundles ready for testing (Fig. 2).

Puc. 2. O0pa3ipl BOJOKOH Ha PacTsHKEHHE

The dimensions of the tensile samples were determined in accordance with the international standard requirements
ASTM D 2343-95! for such tests. Experimental parameters were as follows: the length of the fibers between mandrels
was 25 cm, the length of the mandrels at both ends — 5 cm, the speed of application of the tensile load — 12.7 m/s,
laboratory temperature — 23°C.

Research Results
Sampling. Samples with different mass content of glass fiber were prepared (10%, 20%, 30%, 40%, 50%, and

60%). To do this, a mixture of 5% polyester, cobalt, and a catalyst was prepared at room temperature. A certain amount
of it was evenly distributed with a brush over the inner surface of the mold. Then, a layer with randomly distributed
glass fibers was applied. Next, the layers of fibers were impregnated with the mixture and superimposed on each other
until a final sample of the appropriate proportions was obtained (Fig. 3, 4).

Fig. 3. Sample forms: @ — preparation; b — ready-made

! Standard Test Method for Tensile Properties of Glass Fiber Strands, Yarns, and Rovings Used in Reinforced Plastics. URL:
https://cdn.standards.iteh.ai/samples/3930/2180b1¢c23{b04 1 fe88bcfd3 fba3 fe2f6/ASTM-D2343-95.pdf (accessed: 27.09.2023).
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Fig. 4. Standard sample form

Finished samples were taken out of the mold, cleaned and placed in a dry environment for 24 hours.
Tensile testing. Tensile tests were carried out in accordance with ISO 326 ASTMD 6382, as shown in Figure 5. The
sample was firmly fixed at both ends of the stretching device. A tensile load from zero to 20 N/min was gradually

applied to it until the sample was destroyed.

Fig. 5. Stretching device

The stretching process was divided into three areas. In the first one, there was sliding between the clamping jaws
and the sample surfaces; therefore, the samples were clamped well. In the second area, due to the elastic behavior of the
contacting surfaces of materials, a direct relationship between stress and deformation was observed. The third area was
after the destruction of the sample. It was neither complete nor sudden, because it went evenly depending on the
orientation angles of the fibers in the layers of glass-fiber mat. As a result, the indicators of maximum tensile strength
and elastic deformation of the samples were obtained.

Tensile strength 67 , which expresses the fracture stress of the composite material, was calculated by ratio [12]:
R _ F max
o =—=,
B-e
where F— maximum force that caused the destruction of the sample, H; B — sample thickness, mm, e — sample

thickness, mm.

2 Standard Test Method for Tensile Properties of Plastics. URL: https://tienda.aenor.com/norma-astm-d638-99-017910 (accessed: 27.09.2023).
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Figure 6 shows the results of tensile testing of glass fiber.
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Fig. 6. Behavior of fibers under tension

According to Figure 6, the value of the elastic modulus under tension was calculated. Its average value
E =80,000 MPa, was established, which was accepted for further testing.
Figure 7 and Table 3 show the results of the effect of the fiber percentage on the strength under tensile tests.

200 | |
180
160
140
120
100
80
60
40
20
0

Tensile strength, MPa;

0 10 20 30 40 50 60 70

Fiber percentage, %

Fig. 7. Fiber percentage effect on the sample strength under tensile testing

The decrease in the value of tensile strength at a fiber content of 60% is due to the fact that polyester becomes
insufficient to bind such a mass of fibers. Consequently, the adherence between the base and reinforcing materials is

reduced.
Table 3
Tensile strength values depending on the percentage of fiber content for each sample
Fiber content in the sample, % Tensile strength values, MPa

0 50

10 63.3

20 101.5

30 145.7

40 174.3

50 175.4

60 150.2

Figure 8 and Table 4 show how the glass fiber content affects the elastic deformation of the samples. It should be
noted that with an increase in the fiber content, the elastic deformation index grows and reaches a maximum value
(2.71%) at 50%. With a further increase in the mass of the fibers, the elastic deformation decreases, which is due to the
high tensile strength of the glass fiber.
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Fig. 8. Fiber content effect on elastic deformation

Effect of fiber content in samples on elastic deformation

Fiber content in samples, % Elastic deformation values, %
10 1.04
20 1.3
30 2.32
40 2.6
50 2.71
60 2.1

Impact tests. The experiments involved a Charpy device in accordance with ISO 1793, Samples with dimensions

(80%10x4 mm) similar to those shown in Figure 9 were used.

Fig. 9. Impact test samples

The strength was calculated by dividing the value of the energy expended by the cross-sectional area of the sample:

E

R==,

A

where R — impact resistance, J/mm?, E — energy expended, J; 4 — sample cross-sectional area, mm?.

Figure 10 and Table 5 show how the fiber content affects impact resistance.

3 ISO  179-1:2010. Plastics. Determination of Charpy impact

properties. Part 1: Non-instrumented

https://www.gostinfo.ru/catalog/Details/?id=4569214 (accessed: 27.09.2023). (In Russ.)
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Fig. 10. Effect of fiber content on impact resistance

Impact resistance increases with a growth of fiber content up to 50%. This is due to the increase in the adherence as
a result of the saturation of polyester fibers in the composite material. If the weight of the fibers exceeds 50%, the
impact resistance is reduced. This is due to the fragility of the glass [7, 13].

Table 5
Effect of fiber content on impact resistance
Fiber content in samples, % Impact resistance values, J/mm?
10 0.75
20 1.27
30 1.37
40 1.45
50 1.56
60 0.7

Hardness testing. The hardness of the samples was tested on a durometer, and the Vickers number was calculated
by the ratio:

HV:1,854§,

where P — applied load, kN; D — impact diameter, mm.
The tests showed an increase in hardness with a growth of the glass fiber content up to 50 % (Fig. 11 and Table 6).

35

30

- Hardness, HV

25

20

0 10 20 30 40 50 60 70

Fiber percentage, %

Fig. 11. Effect of glass fiber content on hardness
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Table 6
Effect of fiber percentage on hardness values
Fiber content in samples, % Hardness values, HV
10 23
20 26
30 33
40 37.2
50 38
60 32

With a growth of the percentage of glass fiber up to 50%, the hardness of the composite increases. Fibers and
polymer chains are connected in a random order. As a result, the penetration resistance of the composite increases, i.e.,
the hardness [7, 13]. If the fiber content exceeds 50%, the hardness is reduced due to the disproportion of fibers and
polyester (in this case, it is not enough to complete the connection of the reinforcing and base materials).

It should also be noted that in the course of the study, the inaccuracy of the conclusions in work [14] was proved.
Polyester composites with a mass of reinforcing E glass fiber of 15%, 30%, 45%, and 60% were considered. The effect
of the glass fiber content on such mechanical properties as tensile and bending strength, impact strength was
investigated. The hardness of the composites was evaluated using the Brinell hardness tester. The results showed a
significant improvement in the mechanical properties of the composite with an increase in the mass of glass fiber,
specifically, at 60%. However, the authors used too wide range of glass fiber content in the composite, which
complicated the assessment of the accuracy of the results obtained. In addition, the processes of destruction of fibers
were not taken into account, their properties were not checked.

Steel sample testing. In accordance with ASTM* standard, the samples were made of A36 sheet steel. Tensile,
impact and hardness tests were carried out in the same way as for glass fiber reinforced polyester samples.

Table 7 shows the results of mechanical tests of steel samples and their comparison to samples made of composite
material with 50% glass fiber (this composite makeup showed the best results).

Table 7
Comparison of the results of mechanical tests of steel samples and samples
made of composite material with a glass fiber content of 50 %

Mechanical testing Samples made of A36 grade Samples from composite materials
steel with a glass fiber content of 50 %
Tensile strength, MPa 400 175.4
Impact resistance, J/mm? 0.61 1.56
Elastic deformation, % 0.11 2.71
Hardness, HV 135.5 38

Discussion and Conclusion. Thus, tensile strength of a polyester composite increases significantly with a growth of
the mass of glass fiber and reaches a maximum value of 175.4 MPa with a reinforcing material content of 50%. The
insignificant content of fibers (they are gradually destroyed) causes the weakness of the composite.

Mechanical characteristics of the material made of 50% polyester and 50% glass fiber are better than those of steel
(except for tensile strength). This allows for the use of composite for the production of boats, because in this case,
tensile strength is not the basic characteristic [15]. Boats made of unsaturated polyester reinforced with glass fiber are
75% lighter than steel ones. Steel is not resistant to corrosion, which makes composite boats more durable.

The deterioration of the composite quality has been experimentally established if the content of reinforcing fibers
exceeds 50%. Two main reasons for this phenomenon are indicated. First: with an excessive mass of glass, its fragility
is transmitted to the entire material. Second: with a disproportionately large volume of resin fibers, it is not enough to
bond them, which negatively affects the strength.

4 ASTM (American Society for Testing and Materials). The name of a set of standards and an organization in the United States that issues regulations
for use in various industries. ASTM standards regulate the chemical composition, mechanical, physical and electrical properties of materials, types of
processing, manufacturing methods, testing and testing methods, as well as requirements for rolled metal. URL:

https://almet.ru/directory/standards/astm.html (accessed: 27.09.2023). (In Russ.)
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Abstract

Introduction. The basis for research, analysis and mathematical optimization of any chemical process is an adequate
mathematical model that takes into account the kinetics of the object. Kinetic analysis is a challenge in chemical
technology, since it allows for optimizing synthesis processes and predicting their efficiency. Numerous chemical
processes involve several stage reactions. For successful design and optimization, a mathematical model that describes
each stage is needed. Creating such a model manually can be time-consuming and costly, since it requires processing a
large amount of information. The modern level of automation makes it possible to accelerate the obtaining of a
mathematical formulation of the kinetics of multistage reactions. In this case, working with data is greatly simplified,
and the probability of making mistakes is reduced. The resulting mathematical model can be applied for further analysis
and optimization of the process. The paper considers the industrial reaction of catalytic reforming of gasoline, which
occupies an important place in the modern scheme of oil refining, since it is a source of high-octane components of
commercial gasolines and individual aromatic hydrocarbons. This process is characterized by the participation of a
large number (up to 300) of various hydrocarbons, a change in the number of moles, and non-isothermality in it.
Mathematical modeling of such processes involves detailing the stages to the required level. The detailing of up to 173
stages is considered. In this setting, automation of the formation of a mathematical formulation of kinetics for catalytic
reforming of gasoline has not been carried out before. Therefore, the presented work aimed at implementing effective
numerical methods and algorithms for automating the building of a mathematical model taking into account kinetics,
thermodynamics, and changes in the number of moles.

Materials and Methods. The mathematical formulation of the kinetics of multistage reactions was developed on the
basis of the mass action law. The kinetic parameters values were taken from literary sources. The direct kinetics
problem was solved using algorithms: the Gear method, the Runge-Kutta method of the 4th order, and the scipy.odeint()
method of the Python language. The automation concept was implemented using the IDEFO methodology. The software
was written in the Python programming language.

Results. A new software was created to automate the process of forming a mathematical model, taking into account the
kinetics, thermodynamics, and the volume of the reaction mixture. The program results were presented by the example of
catalytic reforming of gasoline. The model implemented the possibility of taking into account the intermediate heating of the
mixture in the reactor cascade. Numerical values of temperature changes corresponding to industrial data were obtained.
Discussion and Conclusion. The results obtained through modeling chemical transformations in the cascade of gasoline
catalytic reforming reactors confirmed the exothermic nature of the reaction. The developed software product provides
displaying changes in the concentrations of reactants, as well as temperature variations in the reactor, and it can be used
in scientific research organizations for the analysis of multistage catalytic processes. The results of the reaction kinetics
modeling will be used in the subsequent optimization of the process conditions in production.

Keywords: kinetic analysis, mathematical formulation, automation, differential equation system, direct problem,
computational methods
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ABTOMaTu3anus (OPMUPOBAHUS MATEMATHYECKOTO
ONUCAHUA KUHETUKH VI MHOTOCTAAMIHBIX XUMHYECKUX
peakuuii 1 YUCJIeHHOe pelieHre MPSIMOi 3a/1a4u
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2 Uucruryt Hedrexumun u katamuza Y ®UL PAH, r. Y da, Poccuiickas ®enepanus

D nikitka_lysenko 2016@mail.ru

AHHOTALUSA

Beeoenue. OcHOBOH AJIs1 CCIIEOBAHYS, aHAJIM3a U MaTeMaTHYECKON ONTHMH3ALUK JI000r0 XMMHYECKOTO IIpolecca
SBISIETCST aJEKBaTHAsh MaTeMaTH4ecKash MOJIesIb, YUYUTHIBAIOIIAs KHHETHKY oObekra. KuHeTmueckuil aHanmm3
B XUMHYECKOW TEXHOJIOTHH SIBISIETCS Ba)KHOW 3ajadell, IMOCKOJIbKY IO3BOJIICT ONTHMHM3HPOBATh MPOLECCH CHHTE3a
U TIPOTHO3MPOBaTh UX 3(P(PEKTUBHOCTE. MHOTHE XUMHYECKHE IPOIECCH BKIIOYAIOT B CE0sl HECKOJBKO CTAaIMHHBIX
peakuuif. Jlis ycCHEmIHOTO IPOEKTUPOBAHUS M ONTHMHU3AIMM HEOOXOJMMa MaTeMaTHdecKas MOJENb, KOTopas
OMHCHIBAaET KaXAyio ctaauio. Co3maHue Takod MOAETH BPYYHYIO MOXKET OBITh TPYAOEMKHM U 3aTPATHBIM IPOIIECCOM,
Tpebytomum 00paboTku Oosibmoro o0bema uHpopMmaruu. COBPEeMEHHBIH ypOBEHb aBTOMATH3AIMK TO3BOJISET
YCKOPHUTb MOJy4YeHHE MAaTEeMaTHYeCKOr0 ONMUCAHUS KUHETHKA MHOTOCTAIMIHBIX peakuuil. B 3ToM ciiydae 3HauUTENbHO
ynpomaercs paboTa ¢ JTaHHBIMH M YMEHBIIIATCSl BEPOSATHOCTH coBepiieHus omubOok. [lomyueHnas maremarndeckas
MOJIeb MOKeT OBITh NMpHMEHEHa U MOCIEAYIOMIEro aHalk3a M ONTUMH3AalMK Iporecca. B pabore paccmorpeHa
MIPOMBINIJICHHAST PEAKIHs KaTaTHTHICCKOTO pu(OpMIUHTa OCH3WHA, 3aHUMAIOIIAast BAXXHOE MECTO B COBPEMECHHOM CXeMe
nepepaboTki He(TH, TMOCKOIBKY SBISETCS HCTOYHHKOM BBICOKOOKTAHOBBIX KOMIIOHCHTOB TOBAapHBIX OCH3MHOB
U MHIUBUIYabHBIX apOMATHYCCKUX YTIIEBOIOPOIOB. [IaHHBINA MPOIECC XapaKTEPU3yeTCsl YYacTHEM B HEM OOJBIIOrO
grcna (mo 300) pasmTUYHBIX YTICBOAOPOAOB, M3MEHCHHEM YHCIAa MONICH W HEM30TePMHYHOCTHIO. MaremMaTtmdeckoe
MOJICIUPOBAaHUE TaKHUX IIPOILECCOB MPEIIOjaraeT IeTadu3aluio CTaauid 10 HeoOXoammoro ypoBHs. PaccMorpena
neranusanus 1o 173 craauii. B Takoit nocTaHoBKe 3a1aun aBToMaTH3alus GOPMHUPOBAHUS MATEMATHUYECKOTO ONMCaHUs
KUHETUKH JJIsl KaTaJIUTHYecKoro pudopmuHra OEH3MHOB paHee He MPOBOAMIACH. [103TOMY LieNbi0 MpeACTaBICHHON
paboThl siBUIack peanu3anus d(GEeKTUBHBIX YHUCICHHBIX METO/IOB W ajJrOPUTMOB JJisi aBTOMaTU3aluu (GOpMHUpOBaHHS
MaTeMaTHYeCKON MOJIENN C Y4ETOM KMHETHKHU, TSPMOJMHAMUKN M U3MEHEHHUS YUCIIa MOJICH.

Mamepuansl u memoowi. MaremaTnyeckoe ONUCAaHHE KUHETHMKM MHOTOCTAJMWHBIX peakuuii paspabarbiBaeTcs
Ha OCHOBE 3aKOHA JCHCTBYIONINX MacC. 3HaUYCHHUS KUHETHYECKUX ITapaMeTPOB B3SITHI U3 JUTEPATYpPHBIX HCTOYHHKOB.
Perenne mpsiMolt 3aadu KWHETHKH IMIPOBOIWIIOCH C MPHUMEHEHHEM CIICAYIOMHX alropuTMOB: MeTon [mpa, Pynre-
Kyrter 4 mopsimka um merox scipy.odeint() s3pika Python. Konmemus aBTomMatmsamum peann3oBaHa ¢ HOMOIIBIO
metoznoioruu IDEFO0. [IporpaMmMHOe obecrieueHre HalMCaHO Ha SA3BIKe porpaMMupoBanust Python.

Pe3ynomamut  uccnedoséanus. Co3IaHO HOBOE TIpOTrpaMMHOE oOOecliedeHHe I aBTOMATH3allid  IpoIiecca
(hOpMHPOBaHUS MaTEMaTHYECKOH MOJIENN C Y4€TOM KMHETHKH, TEPMOJANHAMUKY M y4eTa 00beMa PeakMOHHOW CMeCH.
[TpuBeneHsl pe3ynbTaThl pabOTHI MPOrpaMMbl HA NpHMEpPE KaTaIUTHYeCKOro pudopMmuHra OeH3uHa. PeannzoBana
BO3MOKHOCTh yu€Ta B MOJENH NPOMEXKYTOYHOTO MOJOrpeBa CMECH B Kackaje peakTopoB. IlodydeHsl yucneHHbIE
3HAYEHMs] U3MEHEHUS TEMIIEPATYPbl, COOTBETCTBYIOIINE POMBIIICHHBIM JJAHHBIM.

Oébcyscoenue u 3axniouenue. Pe3ynpTaThl, OTyuYeHHbIE IPH MOAEIMPOBAHUN XUMHUECKUX MPEBpAIlleHHH B KacKaJe
PEaKTOpoB  KaTamUTHYECKOTo pudopMuHra OEH3WHA, MOATBEPIIUIA DSK30TEPMUUYCCKHHA XapakTep PpeakIiH.
PazpaboTtanHBIi TpOTrpaMMHBI IPOIYKT MTO3BOJISET OTOOPA3UTh H3MEHEHHS KOHIICHTPALINI BEIIECTB PEAKIHH, a TAKKe
HW3MEHEHHE TeMIepaTypbl B PEakTOpe W MOXKET OBITh HCIIONB30BAaH B HAyYHBIX HCCIICAOBAHISIX OpPTaHM3AlU IS
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aHaJIM3a MHOTOCTAIMIHBIX KaTaTUTHYECKHX IIPOIECCOB. Pe3ymbTaThl MOAENMPOBAaHUS KHHETHKH PEakIuu OyIyT
HCIOJIb30BATHCS B MOCIEAYIOLIEH ONTUMU3ALUN YCIOBUM MPOBEACHUS IpOLEcca Ha MTPOU3BOJICTBE.

KiroueBble cj10Ba: KUHECTHYCCKHUM aHaJlIn3, MaTCMaTHYCCKOC OIIMCAaHHUEC, aBTOMAaTU3alus, CuicteMa ,HI/I(l)(l)epeHI_[I/IaHI)HLIX
ypaBHGHHﬁ, npsaMasd 3ajgada, METOAbl YUCJICHHOTO PCIHICHUS

Bnarouapﬂocn/l. ABTOpLI BbIpaXKalOT MPHU3HATCIBHOCTL PCLUCH3CHTAM 3a LCHHBLIC 3aMC4YaHUdd, CII0COOCTBOBABIIIUE
IIOBBINICHHUIO KA4C€CTBA CTATHH.

®unancupoBanme. PaboTa BHITIONHEHA B paMKax JIMIEPCKOTO MpoekTa «Pa3paboTka KOMITLIOTEPHON CUCTEMBI aHAIH3a
KWHETHKH XHMHUYECKHX IIPOIECCOB W HMX MHOTOKPHUTEPHAIBHOW ONTUMH3AIHAN» Y (PHUMCKOTO TOCYIapCTBEHHOTO
HE(PTSIHOTO TEXHUIECKOTO YHHBEPCHUTETA.

Jdas uutupoBanus. Jlsicenko H.A., Koneguna K.®@. ApToMaruzainus (pOpMHUPOBAHHS MATEMATHUECKOTO OIMHCAHUS
KWUHETHUKY JIJIT MHOTOCTaIMMHBIX XUMHUYIECKIX pEaKIUi U YUCICHHOE pelleHue npsMoid 3anadu. Advanced Engineering
Research (Rostov-on-Don). 2023;23(4):398-4009. https://doi.org/10.23947/2687-1653-2023-23-4-398-409

Introduction. Studies on the kinetics of multistage chemical processes is of theoretical and practical importance,
since it allows for revealing the mechanism of reactions and carrying out control. At the same time, it becomes possible
to accelerate target or slow down side chemical reactions. Kinetic analysis, being an important task of chemical
engineering, contributes to the optimization of synthesis processes and the prediction of their effectiveness [1-3]. A
great many chemical processes are multistage reactions. For their effective design and optimization, it is required to
have a mathematical model describing all stages [4, 5]. Manual formation of such a model can be very time-consuming
and costly, since it implies processing a large amount of information [6].

The object of the study is the industrial process of catalytic reforming of gasoline. The target product of the
reaction — reformate — provides obtaining the bulk of commercial gasoline. The remaining components are products
of isomerization, catalytic cracking, and alkylation. Most oil refineries in Russia and worldwide use catalytic reforming
units [7, 8]. Catalytic reforming of gasoline makes it possible to obtain aromatic hydrocarbons (xylene, toluene,
benzene), which can then be used in the petrochemical industry [9, 10]. However, for commercial gasoline, the presence
of aromatic hydrocarbons in the product is limited by environmental criteria. Therefore, detailed complex kinetics,
demonstrating the step-by-step formation of components, is able to operate the process conditions to control the yield of
the product and limit the content of aromatic hydrocarbons. The process of catalytic reforming of gasoline is carried out
in a reactor unit consisting of three consecutive reactors, between which furnaces are installed to heat the mixture. This
is a necessity since the reaction is endothermic. In the mathematical formulation of the reactor unit, it is required to take
into account the variation of temperature and volume of the reaction mixture along with changes in the concentrations
of the components from the conditional contact time of the catalyst and the reaction mixture.

Automation of modeling of such complex processes makes it possible to significantly speed up obtaining a
mathematical formulation of the kinetics of multistage reactions, reduce the probability of errors, and simplify the
process of working with data [11]. In general, automation of the formation of a mathematical formulation for multistage
chemical reactions is an important tool for effective process management in various industries, as well as for achieving
more accurate and efficient implementation of chemical reactions in the laboratory.

Thus, the study aimed at developing a software product to help automate the formation of a mathematical
formulation of multistage chemical reactions, taking into account the kinetics, thermodynamics and changes in the
volume of the reaction mixture, as well as obtaining a numerical solution of the compiled mathematical model.

To achieve the research goal, the following tasks were solved in this work:

— development of a software module for the formation of a mathematical formulation of kinetics using the Python
programming language;

— development of a software module for numerical solution to a direct problem according to a compiled
mathematical formulation using the Python programming language;

— obtaining the results of the software product for the reaction of catalytic reforming of gasoline.

Materials and Methods. Mathematically, this process can be described by a system of ordinary nonlinear
differential equations with initial data, which is a mathematical model. Considering that the catalytic reforming of
gasoline is an exothermic reaction with a change in the volume of the reaction mixture, the model of multistage
chemical kinetics can be considered in the following context:

dy,

M
Ezjz“:lvijij’izli"']v; M)
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C,(T)=a,+bT +c T +d,T*; 7

with initial conditions at t=0,y,(0)=y?, T =763K, 0 =1.014;1€[0,°] [11].
In this formula of reaction kinetics there are a number of variables and coefficients that determine the concentration

of reagents, contact time and reaction rate. Specifically, Q and y, (concentrations of reaction reagents) can be expressed

in mol/l or in fractions, and variable t, showing the conditional contact time of the reaction mixture with the catalyst,
in kgxmin/mol or kg of the catalyst. The formula also includes the following indicators: the number of stages M (173

stages) and the number of substances N (38 substances), as well as stoichiometric matrix v, . o, — these are all
negative elements of matrix v, at the intersection of the i-th row and the j-th column, and B, — all positive elements
of matrix v, at the intersection of the i-th row and the j-th column. The rate of the j-th reaction stage w, can be
expressed in 1/min or in mol/(kgxmin), and the rate constants of stages &,k , — in 1/min. In addition, the formula

specifies pre-exponential factors k9, k°,, expressed in 1/min, the activation energies of the forward and reverse

_j b
reactions Ef, E;, expressed in kcal/mol, gas constant R and temperature T, measured in Kelvins. The period of

reaction ¢* is determined by the time required to complete it in minutes, and the enthalpy of the formation of the i-th

component AH, (T ) is measured in J/mol. The specific heat capacity C, (T ) of the i-th component, measured in

J/(molxK), can be expressed in terms of the coefficients of the temperature dependence of the heat capacity of this
component, which are indicated by letters a;, b;, ¢;, d; [12]. i — serial number of the substance involved in the reaction.
When modeling chemical transformations of catalytic reforming of gasoline, it is required to take into account a
large number of individual hydrocarbons. Therefore, in the article, group components are used in the model for the
separation of types of hydrocarbons and the number of carbon atoms in the structure of the molecule: A; — aromatic
hydrocarbons; ACP; — five-membered naphthenes; ACH; — six-membered naphthenes; iP; — paraffin isomers; nP; —
normal paraffins. Here, / — number of carbon atoms in the molecular structure. Table 1 shows the average coefficients

of the temperature dependence of the heat capacity of the group components that are used in the calculations.
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Table 1
Coefficients of temperature dependence of group components
/ Hydrocarbon a b, Ci d;
group
1 nP; 34.942 —0.03996 0.19184 —0.153
2 nP; 28.146 0.043447 0.18946 —0.1908
3 nP; 28.277 0.116 0.19597 -0.2327
4 nPy 20.56 0.2815 —-0.013143 —0.09457
5 IP4 6.772 0.34147 -0.10271 —0.03685
6 nPs 26.671 0.32324 0.04282 —0.1664
7 iPs —0.881 0.47498 —0.24797 0.06751
8 nPs 25.924 0.41927 —0.012491 -0.1592
9 iPs —-7.123 0.58327 —0.30338 0.06802
10 nP; 26.984 0.50387 —0.04748 —0.1684
11 iP; 19.245 0.55072 —0.14055 —0.08248
12 nPsg 29.053 0.58016 —0.057103 —0.1955
13 iPg -3.367 0.75824 —0.38216 0.05736
14 nPy 29.687 0.66821 —0.096492 -0.2001
15 iPg 68.581 0.44754 0.31908 -0.5118
16 nPio 31.78 0.74489 —0.10945 —-0.2267
17 iP1o —46.17 1.108 —-0.70316 0.1787
18 nPy 125.21 0.31401 0.79137 -0.9141
19 iPy -8.791 1.0548 —0.5778 0.1192
20 ACHs 13.783 0.20742 0.53682 —-0.6301
21 ACH;y 4.296 0.42716 0.21058 —-0.3999
22 ACHzg —51.866 0.78827 —0.35255 —0.006855
23 ACHy -120.89 1.2728 —-1.0794 0.4035
24 ACHjo 90.421 0.23264 0.94595 -1.057
25 ACH1, —65.48 1.1809 —0.68379 0.1458
26 ACPs -9.939 0.42528 0.012521 —0.1886
27 ACP,; —28.514 0.58607 —-0.094379 —0.1644
28 ACPg —69.713 0.92602 —0.62526 0.2049
29 ACPy -116.73 1.3097 —-1.2439 0.5292
30 ACPy —67.341 1.0922 —0.704 0.1906
31 ACP1; —68.23 1.187 —0.7575 0.2018
32 Ag -31.368 0.4746 -0.31137 0.08524
33 Ay —24.097 0.52187 —0.29827 0.06122
34 Ag -17.36 0.5647 —0.26293 0.01122
35 Ao -10.933 0.64349 —0.27829 —-0.01443
36 Ajo —24.187 0.79716 —0.48265 0.1341
37 An -26.717 0.91044 —-0.53876 0.1203
38 H» 29.07 —0.0836 0.1064 0.5752

Equations (1), (3) and (4) describe changes in reagent concentrations in the process, and in system (2), molar
fractions are used to describe changes in the molar flow rate of the mixture. In (5), the dependence of the reaction
temperature change on the thermodynamic characteristics of substances is considered. In (6), (7), the dependence for
calculating the enthalpy of formation of the i-th component and the specific heat capacity is given.

In this model, the direct problem (solving a system of differential equations) is both rigid and non-rigid. The Gear
method used to solve the catalytic reforming model is based on backward differentiation [13—15]. To compare the
results and identify the optimal method, an explicit one-step Runge-Kutta numerical integration fourth-order method
and an explicit numerical integration method scipy.odeint() of the Python programming language were used.
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The concept of automating the formation of a mathematical formulation of kinetics for multistage chemical

reactions and a numerical solution method is illustrated using the IDEF0 methodology.

Figure 1 shows a contextual diagram of the process of automating the formation of a mathematical formulation of

kinetics for multistage chemical reactions and solutions by numerical method.

Runge-Kutta fourth-order Methoq of formmg'
method mathematical formulation
Method
scipy.odeint() Gear method

Stoichiometric matrix Automation of the formation of

»| mathematical formulation of kinetics
Experimental data for multistage chemical reactions and
numerical solution method

A4

Numerical solution to
direct problem

Developed
software package

v

Fig. 1. Context diagram “Automation of the formation of mathematical formulation of kinetics for multistage
chemical reactions and a numerical solution method”

The input parameters are the stoichiometric reaction matrix and experimental data. These include initial data on the
concentration of substances, temperature, pre-exponential multiplier, activation energies. The result of solving the
problem is a numerical solution to the direct problem. The controls are numerical methods for comparing the results, as
well as the method of forming a mathematical description. The mechanism is the developed software package for
automating the mathematical formulation of the kinetics of multistage reactions and solving a direct problem. Figure 2
shows the decomposition of the process of automating the formation of a mathematical formulation of kinetics for

multistage chemical reactions and solutions by numerical method into stages:
— formation of mathematical formulation;
— direct problem solution.

Method of forming Gear method RUI:)ng-eljlrlrtltzlt;ggrth- . Methqd
mathematical formulation scipy.odeint()
Stoichiometric matrix l
Forming \
Experimental data mathematical : ¥
X : .
formulation Dlrectl pr.oblern Numerical solution to
> —> solution direct problem

Developed software
package

Fig. 2. Stages of the problem solution

“Automation of the formation of mathematical formulation of kinetics

for multistage chemical reactions and a numerical solution method”

v
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The developed software package capabilities are represented by the features described below.

With the help of the program, you can create a kinetic model of a multistage chemical reaction and present its
solution by the previously described methods, using a given stoichiometric matrix. If the reaction is exothermic and
there is a change in the volume of the reaction mixture, two complementary equations are added to the system of
differential equations to describe these changes.

The mathematical model of catalytic reforming of gasoline is a system of differential equations (DES) of form (1)-
(7), consisting of 40 differential equations with respect to the number of group components, temperature dependence,
and the mole change equation.

The basic functionality of the program is:

— main application window with the output of the mathematical formulation according to the stoichiometric matrix
entered by the user;

— window with visualization of the solution: for each numerical method (Python-odeint, fourth-order Runge-Kutta,
Gear method), the operating time, an array of time ¢ and the solution of a system of differential equations at each
moment of time are displayed, which are graphs of changes in the concentration of substances, changes in the reaction
temperature or the volume of the reaction mixture.

Research Results. The catalytic reforming reaction took place in three reactors, between which a heating furnace
was located. The initial temperature of the first reactor was 766 K (493°C). For the first 9.6 conditional hours, the
reaction proceeded in the first reactor, the temperature dropped. After that, heating took place in the furnace between
the two reactors to 763 K (490°C), and the chemical process passed into the second reactor. In the second reactor, the
process occurred in the time interval from 9.6 to 32.3 conventional hours, the temperature decreased. Before proceeding
to reactor 3, the mixture was heated in the second intermediate furnace to 768 K (495°C) and flew in this reactor in the
time interval from 32.3 to 60 conventional hours.

Figures 3—5 show the kinetic curves of the hydrocarbon groups involved in the reaction and obtained using the Gear
method. The intermittent transitions on the graphs indicate that the mixture is moving from one reactor to another with

intermediate heating.

C, mol/l

0.30- —— Pl
nP2

0.25 1 —— nP3
—— nP4

0.20 — iP4
—— nP5

0.151 iP5
—— nP6

010] | iP6
——— nP7

0.05 —— iP7
0.00 | — s ——— —— iP8

T, conventional
hours

Fig. 3. Kinetic curves of catalytic reforming of gasoline
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C, mol/l
0.035 | ——nP9
—.iP9
0.030 - P10
0.025 | —— P10
nP11
0.020 - —— P11
——— ACHG6
0.015 - —— ACH7
ACHS
0.010 1 . ACHO9
0.005 - —— ACHIO
—— ACHII
0.000 - —— ACP6
0 10 20 30 40 50 60 T, conventional
hours
Fig. 4. Kinetic curves of catalytic reforming of gasoline
C, mol/l
‘—-—-—F-—_—-I—-_-_
0.07 1 = ACP7
—— ACP8
- / —— ACP9
0.05 . —— ACPI10
—— ACPI11
0.04 1 —— A6
—— A7
0.02 - A9
—— A10
0.01 - — —— All
—— H2
0.00 -
0 10 20 30 40 50 60 1, conventional
hours

Fig. 5. Kinetic curves of catalytic reforming of gasoline

The curves of changes in the concentrations of the group components are given depending on the time of contact of
the reaction mixture with the catalyst (Fig. 3-5). As an example, symbol nP1 stands for normal paraffin with one carbon
atom, and symbol A9 — stands for aromatic hydrocarbon with nine carbon atoms. Figures 6 and 7 show, respectively,
the curves of changes in temperature and volume of the reaction mixture of the catalytic reforming reaction of gasoline.
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C, mol/l
770

760 -

750 4

740 | — I

730 1

720 4
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0 10 20 30 40 50 60 T, conventional
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Fig. 6. Temperature curve

0, mol/l

1.5 ]

—— 0(0)
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Fig. 7. Reaction mixture volume change curve
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Discussion and Conclusion. In the presented work, a software module for the formation of a mathematical
formulation of kinetics for complex multistage reactions has been developed. This makes it possible to analyze complex
processes, including industrial, to consider various possible mechanisms in an acceptable time.

The developed software module for the numerical solution of a direct kinetic problem provides monitoring the
dynamic change in the concentrations of components and the process temperatures in the case of its non-isothermality.
In addition to the presented graphs of changes in component concentrations, measurements of the operating time of
each of the three implemented methods were made. According to the scipy.odeint() method, the solution to the direct
problem lasted 80.5 seconds; according to the Runge-Kutta fourth-order method — 111.8 seconds. The most optimal
time, equal to 39.8 seconds, was shown by the Gear method. This confirms that Gear's method is optimized for working
with rigid systems of differential equations.

The implemented approach was applied to modeling the industrial process of catalytic reforming of gasoline.
Automation of the formation of a mathematical formulation of kinetics and the implementation of a numerical solution
to a direct problem allowed us to develop a kinetic model of a detailed scheme of chemical transformations in an
acceptable time, and obtain concentration and temperature profiles in the process reactors corresponding to industrial
data.
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Abstract

Introduction. Research and applied works on the placement of virtual objects in real space most often focus on issues
of interactivity, integration of reality and virtuality, physical properties of virtual elements. However, the task of
simultaneously free and optimal placement of objects, taking into account their size and the surrounding comfort zone,
has not been sufficiently worked out. In the literature, you can find a description of a similar task — about packing in a
rectangular container. In our case, the goal is not limited to the greatest possible dense placement. Two conditions
should be taken into account: rigid dimensions of the objects (it is forbidden to violate them) and additional areas —
comfort zones (it is undesirable to occupy them). The work aims at creating and implementing such a 2D algorithm for
placing objects in physical space, which takes into account the above limitations.

Materials and Methods. Using a set of numerical methods, the authors applied the previously created 1D algorithm for the
placement of objects. Calculations were based on a system of linear equations. In the one-dimensional case, the optimal
placement of virtual objects was reduced to a task that did not depend on the type of comfort function. The elements of
such a system were the dimensions of objects, the distances between them, as well as the distances to the edge of the
embedding area, a comfort zone. The proposed 2D algorithm for optimal placement of virtual objects was implemented in
the form of a program code in C# using the well-known Unity game engine. The solution was tested on gadgets in peak
load mode for 5, 10, 15, 20, 25, 35, 40, 45, and 50 objects. 1.8 thousand devices were used for experiments. About 77
thousand events were analyzed. To exclude unrepresentative values, each calculation was repeated 10 times, and a z-score
was performed for each value. Abnormal events (more than 3 and less than -3) were excluded.

Results. In this paper, a 2D placement algorithm that implements filling a rectangular area with virtual objects has been
created. Each of the objects had a size and another characteristic — a comfort zone. The authors compiled a flowchart
for the implementation of this algorithm in a given two-dimensional left-hand coordinate system. It was shown, in
particular, at what stage objects were sorted by length, when their batches were formed, and arrangements were made
along two axes. The first axis was horizontal, the second was directed forward from the user (this is the depth vector, or
frontal measurement). The 1D-placement algorithm for the generated row provided optimal positioning the objects
along X-axis based on the calculated comfort coefficient K. Calculations were made and schemes were drawn up to
obtain certain comfort indicators. For each object of the first string, the displacement along Z-axis from the edge of the
plane was determined so that the comfort in front was equal to the comfort along X. Starting from the 2nd row, to
calculate the displacement, the presence of potential neighbors who were a row higher and had common areas along X
with the object being processed, was checked. Each element of the string was set along Z-axis so that its comfort from
above was the maximum of the one-sided horizontal comfort in this and the previous strings. The principle of
calculating Z coordinate for a string object was presented in the form of a flowchart. The initial data for the
implementation of this algorithm were 7 objects with 14 different sizes and 28 comfort zones. After the software
implementation, the operation of the described 2D algorithm was tested in practice — in an augmented reality mobile
application. Analytical data of user sessions was recorded. The average execution time was calculated. The hypothesis
of quadratic dependence that arose during the work was tested on a personal computer. For this purpose, a similar
experiment was conducted for a range of [10-10,000] objects. The hypothesis was confirmed. The algorithm can be
assigned a complexity of O(n?).
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To compare the calculation speed, 10 of the most popular models of user devices were utilized. The results were
presented in the form of a diagram. The minimum registered execution time was 0.093 ms, the maximum — 0.146 ms.
Calculations showed high efficiency of the two-dimensional algorithm. Additionally, the placement schemes for
different numbers and parameters of objects were visualized.

Discussion and Conclusion. The proposed algorithm of two-dimensional placement enables the user to work with a set
of virtual objects with different sizes and comfort zones. Sufficiently high performance and stability are shown. On
average, the algorithm is implemented in fractions of a millisecond, even with large batches of objects. Possible future
focus areas:

— expansion of the approach for building 3D models and algorithms;

— inclusion of objects in the rotation algorithm for greater flexibility of their location and better use of space.

The research results can be of interest to engineers and interface designers. In the future, it is required to study the user
experience and the possibilities of including additional restrictions on positioning.

Keywords: virtual objects in physical space, virtual objects in augmented reality, comfortable placement of virtual objects
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OntumanbHas 2D-paccTaHOBKA BUPTYAJIbHBIX 00beKTOB B (PM3UYECKOM NPOCTPAHCTBE LISt
NPUJIOKEHU TO0NOJTHEHHOH PealbHOCTH

M.B. AanaroBa" = D<, FO.B. Pyasik
MockoBckuil IOIUTEXHUYECKUl yHUBepcuteT, I. Mocksa, Poccuiickas denepanus
P4 m.v.alpatova@yandex.ru

AHHOTALINA

Beeoenue. Hayunrble 1 npuKiIagHbe pabOTHl O Pa3MEIICHUN BUPTYaIbHBIX OOBEKTOB B PEaJbHOM ITPOCTPAHCTBE Halle
Bcero (hOKYyCHpPYIOTCSI Ha BOIPOCaxX WHTEPAKTHBHOCTH, HHTETPAIlMM PEaJbHOCTH W BHUPTYaIbHOCTH, (PHU3NYECKHX
CBOHCTBaX BHUPTYaJbHBIX 3jeMeHTOB. OJIHAaKO HEIOCTaTOYHO IpopadoTaHa 3ajada OJHOBPEMEHHO CBOOOJHOTO
1 ONTUMAJIBHOTO pa3MeUIeHHs] OOBEKTOB C YUYETOM HMX Pa3sMEpOB M OKpY)Kalollei 30HbI KOM(POPTHOCTH BOKPYT HUX.
B nurepaType MOXHO HAaWTH ONHMCAHWE CXOXKEH 3amauyl — 00 yIakoBKe B IPSAMOYTOJIBHBIH KOHTeHHep. B Hamem
cilydae Ieib HEe OTpaHMYMBAETCS MAaKCHMAaIbHO IUIOTHBIM pa3MemnieHrneM. CieqyeT ydecTh ABa YCIOBHS: KECTKHE
pasMepsl OOBEKTOB (WX 3alpelieH0 HapymaTh) W JOTOJIHHUTENIbHBIE O00JaCTH — 30HBI KOMQOPTHOCTH (HMX
HEeXXeJaTenbHO 3aHnMath). Llens paboTel — co3maHme u peanm3anus Takoro 2D-anroputMma pasmemieHus 0OBEKTOB
B (PM3NYECKOM NPOCTPAHCTBE, KOTOPBIH OYAET YIUTHIBAaTh 0003HAYCHHBIE BHIIIIE OTPAHUYCHNS.

Mamepuanvt u memoowt. Vicrions3ysi ammapaT YHCICHHBIX METOJOB, aBTOPHI 3a/eiiCTBOBAIIM CO3JaHHBIA paHee
1D-anroput™ pa3MemnieHds 00beKTOB. PacdeTsl OCHOBBIBAIOTCS Ha CHUCTEME JIMHCHHBIX ypaBHEHHH. B omHOMEpHOM
cllydae ONTHMAIIFHOE pa3MeEIICHHE BUPTYalIbHBIX OOBEKTOB CBOIWTCS K 3afade, HE 3aBUCSIICH OT BHAa (YHKIUU
KOM(pOPTHOCTU. DIIEMEHTHI TAKOW CHCTEMBI — pa3Mepbl O0BEKTOB, AMCTAHIIMA MEKIY HUMH, a TaKXKe PAcCTOSHUS
o Kpas o0nacTh BCTpamBaHHA, 30HBI KoMpopTHocTH. IIpemmaraempiii 2D-anroput™M ONTHMAalIbHON pacCTaHOBKH
BHUPTYaJbHBIX OOBEKTOB pPEaIM30BAIH B BUAE MPOTPAMMHOTO Koaa Ha si3blke C# ¢ HWCIONB30BaHHUEM H3BECTHOTO
UTPOBOTO JBWXKKA Unity. Pemienne TecTUpoOBail Ha rajpkeTax B peskMMe MUKOBOW Harpysku s 5, 10, 15, 20, 25, 35,
40, 45 u 50 o6bexroB. [l onbIToB 3aaeiicTBoBanu 1,8 Thic. ycTpoiicTs. [Ipoananu3nupoBanu 0koyo 77 THIC. COOBITHIA.
UroOBbl MCKITIOYUTH HEpEeNpe3eHTATHBHBIC 3HAYCHMS, KaxXIbli pacueT moBTopsud 10 pa3, M I KakJOro 3HAYCHHUS
MIPOBEJIN Z-OLCHKY. AHOMaJIbHBIE (00IbIIe 3 ¥ MEHBIIE —3 ) HCKITFOUHIIH.

Pesynomamut uccnedosanus. B pabote co3maH anroputM 2D-paccTaHOBKH, KOTOPBIH peaM3yeT 3alojHCHHE
MPSMOYTOJIBHOM 00JIaCTH BUPTYAIILHBIMH 00BEKTaMHU. Y Ka)KJOTO U3 HUX €CTh pa3Mep U eIle OJIHA XapaKTePHCTHUKA —
30Ha KOM(OpPTHOCTH. ABTOpPHI COCTaBHIIM OJOK-CXEMy pealn3alliil JaHHOTO ajNrOpuTMa B 3aJaHHOW IBYMEpHOMH
JIEBOCTOPOHHEH cucteMe KoopauHat. [lokazaHo, B 9aCTHOCTH, HAa KAKOM dTare 00BeKTH COPTUPYIOTCS 10 IJTHHE, KOT/1a
(GopMHUpYIOTCS WX TApTHH W BBIIOTHSAIOTCS PACCTAaHOBKH IO IOBYM oOcsM. llepBas — TOpH3OHTalbHas, BTOpas
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HampaBJiecHa BIIEpea OT TOJB30BaTeNsl (9TO BEKTOp TIIyOWHBI, WIH (QpOHTATBbHOE W3MEpPeHHe). AITOPUTM
1D-pa3menierns s cOPMHUPOBAHHOTO Psijia TO3BOJISET ONTUMAIBFHO PACIIONIOKUTH O0BEKTHI B0 OCH X Ha OCHOBE
paccuutanHoro ko3¢ ¢urmenta kompoptHocTH K. BEHITIONTHEHBI pacdeTsl M COCTAaBIEHBI CXEMBI C IIENBI0 JTOCTUYb
OTIPEJICIICHHBIX TIOKa3aTelel KoM@popTHOCTH. s Kaxaoro oObeKTa MEepBOM JHMHUM CMEIICHWE 10 OCH Z OT Kpas
IJIOCKOCTH OTIPEJIeNACTCS TaK, YT00BI KOM(POPTHOCTH CIiepenu paBHsIach kompoptHocTr 1o X. Hauwnnas co 2-ro psnga
JUTS BEIYMCIICHUS OTCTYIA MIPOBEPSIETCS HAMMYUE TTOTCHIMAIBHBIX COCelIeH, KOTOPBIEC HAXOATCS HA s BBIIIC U UMCIOT
o0mue ydacTku 1o X ¢ o0pabarsiBaeMbIM 00beKTOM. Kask/Iblii 3JIeMEHT CTPOKH YCTaHAaBIIMBAETCS MO OCH Z TaK, YTOOBI
ero KoM(OpPTHOCTh CBEpXy OblIa MaKCHMAIIbHOW M3 OJHOCTOPOHHUX TOPHU30HTAJbHBIX KOM(OPTHOCTEH B JaHHOH
U mpeapinymeit ctpokax. [IpuHOMD pacyeTa KOOpIUHATHI Z IUIS OOBEKTa CTPOKH NPEJCTABICH B BUAE OJOK-CXEMBL.
VcxomHBIMU TaHHBIMU JJIS pEATU3aldy 3TOTO AIropuTMa ObUTH 7 00BEKTOB ¢ 14 pasHBIME pa3MepaMH H 28 30HaAMU
koMpoptHOCcTH. [lociie mporpaMMHON peanu3anuu paboTy omucaHHOro 2D-anropuTMa MpPOBEPWSIN HAa TMPAKTHKE —
B MOOMJILHOM TIPHJIOKEHHUHU JOTIOJHEHHOW peaibHOCTH. 3alucalld aHaJUTHYECKHE JTaHHBIE MOJIb30BATEIbCKUX CECCHH.
PaccunTanu cpenHee Bpems BBHIONHEHHSA. BoO3HMKIIyI0O B Xohe pabOThl THIOTE3y O KBaJAPAaTUYHON 3aBHCHUMOCTH
MIPOBEPMIIM HAa NEPCOHATBHOM KoMmbioTepe. C 3TOH Iebio MIPOBENH aHAJOTHYHBIN AKCIEPUMEHT ULt Auamna3oHa [10-
10000] o6wbekToB. I'MmoTesa moATBEpAMIACh. AITOPUTMY MOYXHO IIPUCBOUTHL CIOXHOCTH O(n?). Jlns cpaBHEeHHS
CKOpPOCTHU BBIYMCIICHUS 3ajeiicTBoBamy 10 caMbIX MOMYJISIPHBIX MOJEICH TONBb30BaTEILCKUX YCTPOMCTB. Pe3ynbraTs
MpEeACTaBWIM B BHAC JIuarpaMMbl. MUHHMAaNbHOE 3aperuCTpUpOBaHHOEC Bpems BoimoiaHeHus — 0,093 mc,
MakcumaibHoe — 0,146 Mc. Pacyetsl nokasanu BBICOKYIO 3((QEKTHBHOCTh JBYMEPHOTO alroputMa. JOmoIHUTEIbHO
BU3YaIIM3UPOBAJIM CXEMBI PACCTAHOBKH JIISI PA3HOTO KOJIMYECTBA U NapaMeTPOB 0OBEKTOB.

Oécyracoenue u 3akniouenue. IlpeanaraeMplii aNropuT™M ABYMEPHOTO pa3MELICHHUs MO3BOJISIET paboTaTh ¢ Habopom
BHPTyaJbHBIX OOBEKTOB C PAa3HBIMH pa3MepaMHd M 30HaMH KOMGOPTHOCTH. Ilokas3aHBI JOCTaTOYHO BBICOKHE
IIPOU3BOAUTECIILHOCTE U CcTaOMIBHOCTE. B CpE€AHEM AJITOPUTM PEATU3YETCA 3a 10U MUJUITUCEKYHIBI TaXKE IIPpU OO0JIBIINX
napTusix 00beKTOB. Bo3MOXKHBIE Oy TyIne HampaBIeHUs paOOThI:

— pacimpeHne moaxo/a st moctpoenus 3D Mozeneit u anropuTMoB;

— BKIIFOUCHHEC B aJITOPHUTM BpalICHUA 00BEKTOB JJIA 0O0JIBIIENH THOKOCTH HX PacCmoJIOXKEHNA U JIYUIICTO HUCIIOJIb30BaHUA
MIPOCTPAHCTBA.

Hroru paboThl MOTYT MPEICTABISITh HHTEPEC JJII MHXKECHEPOB U AnM3aiiHepoB MHTepdelicoB. B mepcrnekTuBe ciemyer
H3YYHUThH MOJIE30BATEIHCKUIA OTBIT U BO3MOXHOCTU BKJIFOUCHUS JIOMTOJHUTEIBHBIX OTPAHUYCHUH HA TTO3UIIHOHUPOBAHNE.

KiroueBble cioBa: BHpPTyalbHBIE OOBEKTHI B (DU3MYECKOM IMPOCTPAHCTBE, BUPTYaJIbHBIE OOBEKTHI B JOMOIHEHHON
peansHOCTH, KOM(OPTHOE pa3MeNIeHNE BUPTYaIbHBIX OOBEKTOB

BaarogapHocTH. ABTOpHI BBIP@XAIOT INPHU3HATENBHOCTh PEAAKIMOHHOM KOMAaHAE JKypHala M PELEH3EHTY
3a KOMIIETEHTHYIO 3KCIIEPTU3Y U IICHHBIE PEKOMEHIAINH 10 YIIyUIICHHIO CTaThH.
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Ne 21-510-07004.
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MPOCTPAHCTBE U1 TPIWIOKCHUHA JIOTIONHEHHON peanbHOCTH. Advanced Engineering Research — (Rostov-on-Don).
2023;23(4):410-421. https://doi.org/10.23947/2687-1653-2023-23-4-410-421

Introduction. A well-known task of augmented reality (AR) applications is the placement of virtual objects in real
physical space. A number of studies [1-3] focus on interactivity, the merging of real and virtual spheres. The issues of
physical properties of virtual objects are also studied.

The task of such placement of objects, which would be free and optimal at the same time, taking into account not
only the geometry of objects, but also comfort zones around them, has not been sufficiently worked out. In [6], the
external similarity of this problem and the well-known problem of packing into a rectangular container is noted [5].
However, there is a significant difference. In the case under study, it is not enough to provide the greatest possible dense
packaging. When placing virtual objects, it is required to take into account not only their rigid dimensions, which
cannot be violated, but also additional areas — comfort zones. It is undesirable to occupy them. These additional areas
provide getting closer to the object and performing some actions with it.

Materials and Methods. Earlier [4], the authors defined what a comfortable placement of virtual objects was, and
introduced the concept of comfort function k(x). It increases monotonically from 0 to 1 at 0<x<1 and is equal to 1 at
x>1, where x = X/D, X — distance from the edge of the object to the nearest obstacle, D — size of the comfort zone.
For each measurement, the object has two one—way comfort zones D— and D+. Comfort on each side is calculated
separately.
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It is shown in [6] that the problem of one-dimensional placement of n virtual objects in a free region of space with
length L is reduced to a system of linear equations that do not depend on the type of comfort function k(x):

m x@
UGN
- +
0yl
- +
o L= (X0
X _ H( )
~(n) é(n)
Here, X! — distance of the first object from the left edge of the embedding area; XY, i=23,.,n — distance
between objects with numbers i and (i — 1); DY and Dfi) — left and right comfort zones, respectively; /) — object

size; DY =D =p 4 Y i=12,.., (n—1).
Matrix of system (1) is strongly sparse; therefore, it is possible to avoid using not the fastest universal methods, it is
easy enough to find a solution. As an example, in the first (n — 1) equalities, it is possible in each i-th equation, to

express X" by x| then, substitute this into the last equation and get a linear equation with respect to X"

After that, values X, X X" are sequentially determined from the first equation to the (n — 1)-th. The authors

implemented this 1D algorithm for placing objects using numerical methods. It showed high speed and efficiency. This
1D algorithm became the basis for the scientific research described in the presented paper. The authors proposed a 2D
algorithm for optimal placement of virtual objects It was implemented in the form of C# programming code using the
Unity game engine, which is widely utilized to create augmented reality mobile applications [8]. During the
experiment, an algorithm was run on the user's device operating in peak load mode to 5, 10, 15, 20, 25, 35, 40, 45, and
50 objects. The time spent on calculations was measured (in milliseconds). Each calculation was repeated 10 times to
avoid abnormal values. In total, 1.8 thousand devices participated in the experiment, about 77 thousand events with the
results were collected from them and analyzed.

Filtering anomalies using z-score allowed the authors to identify values that can be defined as outliers [9]. The data
was standardized, and a z-score was calculated for each value. Those with a z-score greater than 3 or less than —3 were
considered abnormal. They were excluded and focused on typical and representative data.

Research Results. Thus, on X, Z plane there is a rectangular area with width L, and length L_. It should be filled

with a certain number of virtual objects. Each object, in addition to its size lii) and lz(i) (where i — number of the

object), is also characterized by comfort zones DQ,D‘” D(i),DE?. Figure 1 shows a block diagram of the described

x+2 7 z—

algorithm.

Setting * Area Dimensions
parameters /T « List of objects

Spning Batch Notification of
objects by > formation batch !=null No-» calculation
length Z completion
X
Yes
¥
Placement by X
Placement by Y

Fig. 1. Top-level 2D placement algorithm
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In this work, a left-sided coordinate system is used: X-axis denotes the horizontal placement vector, Z-axis is
directed forward from the user and is the depth vector, or frontal measurement [7]. Objects are placed in a horizontal
plane (e.g., on the floor, countertop, etc.), therefore, the vertical Y-axis is not considered, and all illustrations assume a
top view of the resulting composition.

In the lower left corner of each virtual object, a pivot is denoted. It determines the final coordinates of the object

placement. Next, the set of objects is sorted in descending order by lfi) +D§’;) +D§‘3 — overall length of the objects,
taking into account the comfort zones located in front and behind in accordance with the coordinate axis under
consideration. After sorting, objects that occupy more space in depth are located farther away from the user (or
higher — for the scheme presented in the horizontal projection). A block diagram of the formation of a batch of objects
is shown in Figure 2.

Loading non-located
objects until the sum
of their width exceeds
the size of the plane

Direction of the current

Inverting the order of
string from left to right? No—» &

objects in the string

Changing Caloulati ¢
Index increment the shuttle B Creating a new ? culation f
of the current string < run flag N string object < D optima
for the next string position

Fig. 2. Algorithm for forming a batch of objects

Then separate strings, or batches, are formed from the ordered set of objects. Each string includes the minimum
number of objects, the sum of the width of which, together with the comfort zones, exceeds the width of the filled

region L, . If, when adding the next object, the calculated occupied width exceeds the horizontal size of the available

space inside the rectangle, the batch is considered completed. Thus, each batch can be placed as a line within the region.
Rows alternate from left to right and from right to left to mix large and small objects. This can be called a “shuttle run”

(Fig. 3).

7 A
Y
Y
Y
Y >
(_I .
0 X

Fig. 3. Scheme of the “shuttle run” on the coordinate plane

For the formed row, 1D-placement algorithm is used, which provides for the optimal placement of a number of
objects along X-axis based on the calculated comfort coefficient K, which is the same for all objects in the row. For each
object of the first string, Z-axis offset from the edge of the plane is determined in such a way that the comfort in front is
equal to the comfort along X:

Z(l) X(l) ZJ(j) X( )

:T_f)’ i=2,3,..,n. )

0 A0 0
p0 Dl Dl B

Starting from the 2nd row, to calculate Z: indent, the presence of potential neighbors from above from the overlying
row that have common sections with the current object being processed along X coordinate is checked. At the same

time, each object of the placed row is installed along Z-axis in such a way that its comfort from above is the maximum
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of the one-sided horizontal comfort in this row and the previous rows. The algorithm for calculating Z coordinates is

shown in Figure 4.

Getting Selecting Search
No—» theprevious (> themaximum [ for the nearest
row K neighbor
Yes

]

A\ 4
Calculating distance Z Neighbor Calculating distance Z
by the distance to the Yes —>» by the distance to the found

boundary of the plane x K

found?

No

|

neighbor x K

Calculating the frontal distance
by the smallest Z coordinate

of the previous row

Fig. 4. Principle of calculating Z coordinate for the string object

It can be seen from the flowchart that the indent is calculated similarly for all three possible scenarios:
— indent from the edge of the plane to install the object;

— indent from the neighbor from above;

— in the absence of a neighbor in the previous string, the object closest from all previous strings along Z is taken.

New batches are formed until all objects are assigned a row, or until the physical space runs out.

The initial data for the described algorithm are systematized in Table 1. Objects are sorted by their vertical dimensions.
Table 1

Source data for the example of the operation of the described algorithm

Object number Size Comfort zone

1 (7. 4) (4:3;3.5)

2 (10; 4) (4:3;5:3)

3 (5;:4) (2;3;5.25;:2,25)

4 (12; 4) (2,8 3,3; 3.8; 4,65)
5 5: 4 (2,5:4;1,75;5.8)

6 (18; 4) (3,2:2,4:5:2.25)

7 (11;4) (2,1;2,45:2;14.2)

Table 1 corresponds to Figure 5, which demonstrates the placement of objects.
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20

0 5 10 15 20 25 30 35 X

Fig. 5. Layout of the objects for the example under consideration. Top view

A gray rectangle is a free area on which objects are placed. Black areas are objects in their overall dimensions.
Colored areas, with overlays, are preset comfort zones for each object. As noted above, comfort zones of objects may
partially overlap and go beyond the free space, but the approach used allows for a balance so that the comfort of various
objects is equally reduced.

Recall that this model includes the concept of comfort function k(x). The resulting system of equations (1) does not
depend on it, and hence the optimal placement of objects. But the values of one-sided comfort of objects are determined
both by their placement and by the type of function k(x). Here are two examples:

— in the case of linear function k(x), one-sided comforts of objects in the upper row of Figure 5 are equal to 0.6;

— for dependence /1—(x— 1)2 — value 0.9.

After the software execution of the described 2D algorithm, it was implemented into an augmented reality mobile
application, and the analytical data of user sessions was recorded. The authors grouped information for each unique
device model, for each number of objects placed in the range [10]. The average execution time was calculated (Fig. 6).

04

e
[O8]
()]

\'O
w

0,25

The average execution time, ms

o
[\

0,15 1 1 1 1 1 1 1 ]
10 15 20 25 30 35 40 45 50

Number of objects

http://vestnik-donstu.ru

Fig. 6. Algorithm execution time on custom devices: ® — real data; a=10,00498, b =0,10593 — linear approximation;
a=0,00003, »=0,00317, ¢ = 0,12743 — quadratic approximation
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Within the specified range, it is impossible to immediately determine the exact complexity of the algorithm
calculation. As can be seen from Figure 6, the data are close to linear and quadratic approximations. Using the residual
sum of squares method, a quantitative estimate of both approximations was calculated and values of 0.00035 and
0.00021 were obtained, respectively [10].

To confirm the hypothesis of quadratic dependence, a similar experiment was launched on a personal computer for a
range of [10-10,000] objects. Figure 7 confirms the hypothesis; therefore, the algorithm can be assigned complexity
O(n?). However, the situation with 10,000 objects is rather theoretical, and in practice, the user is unlikely to work with
more than 1-2 dozen objects in augmented reality.

1600
1400
1200
1000
800
600

400

The average execution time, ms

200

-200
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Number of objects

Fig. 7. Algorithm execution time for a large number of objects: ® — actual data; a=0,1365, b =—45,455 — linear
approximation; a=10,00001, »=10,0103, ¢ =—1,6178 — quadratic approximation

The execution time on different user devices was compared, 10 most popular models were selected, and a diagram

based on the calculations results was built (Fig. 8).
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Fig. 8. Comparison of computing speed on different devices for 10 objects
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The minimum registered execution time was 0.093 ms, the maximum — 0.146 ms. For this sample, the correlation
between the device model and the execution time was only 0.177. This is a pretty low value.

Calculations have shown the high efficiency of the two-dimensional algorithm. This is due to the splitting of the
entire set of objects into separate strings and the use of a fast one-dimensional algorithm in each string, described at the
beginning of the article. This algorithm provides solving the problem with less resources and time.

Figure 9 shows additional visualizations of placement schemes for different numbers of objects and their

parameters.

Fig. 9. Examples of placing different numbers of objects:
a — 4 objects; b — 9 objects; c — 21 objects

Thus, the proposed algorithm of two-dimensional placement provides working with a set of virtual objects.
Each of them is characterized by certain sizes and comfort zones. The algorithm is designed to optimally
position such objects in a rectangular physical space that recreates the user's environment.

Discussion and Conclusion. For the previously described one-dimensional problem, an effective algorithm
for optimal placement of virtual objects is proposed and implemented in the program code. A model of optimal
placement was constructed for the two-dimensional case. Based on it, an effective algorithm has been
developed, implemented in the program code.

The performance of the algorithm, which was measured by the execution time, was analyzed. It was found
that there was no significant correlation between the execution time and the device model. The average time
was fractions of a millisecond even for large batches of objects. This indicated a relatively stable performance
of the algorithm under various conditions. However, the possible influence of other untested factors cannot be
excluded. Further research is needed to fully characterize performance dependences.

The authors outline several areas of future work to improve the performance and adaptability of the
algorithm. This is, firstly, the improvement of the solution, which will allow using the full size of objects, when
possible, without intersections of comfort zones. Their sizes will be reduced only if absolutely necessary. This
should provide for optimal use of space and further improve the interactive user experience.

Secondly, the inclusion of rotation of elements in the algorithm will increase flexibility in their arrangement
and make it possible to use space better. In addition, this will allow the algorithm to take into account more

different objects, thereby expanding its practical application.
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Note that in an augmented reality application, placing three or more objects by the user is a rather time-
consuming task. It requires considerable time, and significantly complicates the work.

The proposed technology for placing objects in 2D allows the optimal positioning of virtual content to
improve the user experience in augmented reality. Automated location calculation reduces manual work and
makes it possible to focus on valid interaction with AR.

Scientific research in this direction involves seamless integration of virtual and physical spaces. The results
can be applied in practice by developers of augmented reality glasses who face the problem of rapid intelligent
positioning of objects depending on user preferences and context. Moreover, the results of the work may be of
interest to:

— engineers working on smart home systems;

— interface designers, for whom it is important to effectively and harmoniously combine controls and
information on the screen.

The introduction of fuzzy logic allows developers to adapt the solution to specific tasks and use cases. In
future research, it is advisable to study and apply user experience, include additional restrictions on the

positioning of objects.
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Abstract
Introduction. The analysis and interpretation of hydrodynamic research data are based on theoretical models and

computational algorithms. Despite the demand for this topic, numerous issues related to unsteady fluid flows in oil
reservoirs still require solutions. Therefore, mathematical setting of problems related to the account of unsteady fluid
flow, the development of effective numerical methods and algorithms, their solution using modern web technologies are
pressing. This study is aimed at developing a web application for mathematical modeling of the process of fluid
filtration in single- porosity reservoirs when conducting a hydrodynamic study at a production well.

Materials and Methods. To solve the problem, the methods of continuum mechanics and computational mathematics
were applied. A model of oil flow in a single-porosity reservoir was presented. Python and JavaScript programming
languages were used in the development of the application. The calculation results were stored in a relational database
implemented using PostgreSQL tools.

Results. A new web application has been developed for modeling the oil filtration process in single- porosity reservoirs.
It is applicable for studying fluid dynamic processes and can be used to predict flowrates, production and calculation of
optimal well operation modes.

Discussion and Conclusion. The developed web application provides for building pressure and temperature fields in
the reservoir near a flowing and shut-in production well and at various distances from it. This information makes it
possible to urgently assess the duration of hydrodynamic studies, as well as to regulate the operation of wells. The
application can be deployed in an existing network infrastructure and use all the functionality by connecting to a remote

server. It is optimized for use on various platforms and has broad prospects for further development.
Keywords: web application, mathematical model, hydrodynamic studies, database, pressure, temperature
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Hayunas cmamos

Web-npuiio:keHue 151 MATEMAaTHYE€CKOI0 MOJAEJIMPOBAHNUSA
HECTAIMOHAPHOI0 TeyeHHsi He)TU B IOPUCTOI cpee

A.A. Ma3uToB

WnctutyT HedrexuMun 1 Katanusa Y gpumckoro denepansHoro neHTpa Poceuniickoil akagemMun Hayk,
r. Yoa, Poccuiickas ®enepanus

< mazitov.ainurl 3@gmail.com

AHHOTALMA

Beeoenue. OcHOBY JuUId aHanu3a M HMHTEPIPETALMM JAHHBIX T'HIPOJMHAMHYECKHX HCCIECAOBAaHUN COCTABISIOT
TEOPETHYECKHE MOJEIM M BBIYMCIUTEIBbHBIC alnropuTMbl. Ho, HecMOTps Ha BOCTpEOOBAHHOCTH JTAHHOW TEMAaTHKH,
MHOTHE BOIIPOCHI, CB3aHHBIE C HECTAIMOHAPHBIMH TEUCHUSMH JKHIKOCTEH B HE(TIHBIX IUIACTaxX, BCE emle TPeOyIoT
pemenuii. [losToMy MaremMaTHyecKkue OCTAHOBKH 3aad, CBSI3aHHBIX C YYETOM HECTAIIMOHAPHOTO TEUEHHMS JKHJIKOCTH,
pa3paborka 3((EeKTHBHBIX YHCICHHBIX METOJOB W alrOPUTMOB, HMX pEIICHHE C INPUMEHEHHEM COBPEMEHHBIX
web-TeXHOIOTUH  ABIAIOTCSA aKTyalbHbIMH. llems maHHON paboThl — pa3paboTka Web-TIPUIIOXKEHUS s
MaTeMaTHYeCKOro MOJICTUPOBAHMS Npouecca GUIbTPALMH KUIKOCTH B OJHOIIOPOBBIX KOJUIEKTOPAX IPU IPOBEACHUN
THAPOJMHAMHUYECKOTO UCCIIEA0BaHMUS Ha JIOOBIBAIONIEH CKBasKHHE.

Mamepuanvt u memoowvi. ]| pelieHus: MOCTABICHHON 3alayd INPUMEHEHbl METOJbl MEXAHUKM CIUIOIIHOM Cpelbl
1 BBIUYUCIUTENILHOM MaTemaTuku. [IpeacraBiena Moiens TedeHUst HeTH B OHONIOPOBOM Kosuiekrope. [1pu paspadorke
MPWIOKCHUST HKCIOJIB30BAHBl S3BIKM MporpamMmupoBanus Python w JavaScript. Pe3ymbraTel pacdeToB XpaHATCS
B PEJIIIMOHHON 0a3e NaHHBIX, peaqn30BaHHON cpencTBamu PostgreSQL.

Peszynomamut uccnedosanua. Pazpaborano HoBoe web-TpuiokeHHe IS MOJAEIMPOBAHUS Mpolecca (QHIbTPAIHH
HE(PTH B OJHONOPOBHIX KOJUIEKTOPAX, KOTOPOE MPUMEHUMO IS H3YUCHHS (DITFOMTOIMHAMIYECKUX MPOIIECCOB M MOXKET
OBITH UCIIOIL30BAHO JUIA TIPOTHO3a I[C6I/ITOB, }IO6BI'—II/I 1 pacycTa ONTUMAJIBHBIX PCKUMOB pa6OTBI CKBa>XHH.
Oécyacoenue u 3axaouenue. PazpabotaHHoe Web-TIPUIIOKEHUE MTO3BOJISIET CTPOUTH TOJIS IABJICHHUS U TEMIIEPATypPbl
B IUIACTE OKOJIO paboTaromeil M OCTaHOBICHHOHN NOOBIBAIOIICH CKBa)KMHBI M HAa PA3IMYHBIX PACCTOSHHAX OT HEe.
I_IaHHaﬂ I/IH(I)OpMaI_II/ISI Ja€T BO3MOXKHOCTE OIIEPATUBHO OLICHUBATH NJIHUTCIBHOCTDh THAPOJUHAMUYCCKUX I/ICCHCI[OBaHI/II\/'I,
a TaKkKe pEeryiIupoBaTh paboTy CKBaXWH. [IpuiokeHHE MOXET OBITh Pa3BEPHYTO B CYIIECTBYIOIIEH CETEBOM
HHPPACTPYKTYpE, MOIH30BATHCS BCEM (PYHKIIMOHAIIOM, MOJIKIIOYAsCH K yAAICHHOMY cepBepy. OHO ONTHMHU3UPOBAHO

JJIA UCIIOJIb30BaHUA HAa Pa3JIMYHbIX l'[J'IaT(I)OpMaX 1 UMECT HIMPOKUE TEPCTICKTUBDI }IaJ’ILHeﬁLHeFO pa3BUTHA.

KiioueBble cjioBa: web-npuiokeHUe, MaTeMaTHYecKas MOJIENb, TUAPOAUHAMUYECKUE UCCIIEeNOBaHus, 0a3a JaHHBIX,

JAaBJICHUEC, TCMIIEpATypa

BaarogapuocT. ABTOp BBIpaXkaeT O1aroJapHOCTh KOHCYJIBTAaHTY HaydHoro mpoekra HO.O. boOpeHEBoil 3a 1meHHBIC

3aMEYaHud U TOCTOSAHHYTIO MOJJACPIKKY IIPU BBINIOJIHCHUH IMTPOCKTA.

®unancupoBanue. Pabora BbimonHeHa nHpH (HUHAHCOBOM mnoxanepxke Poccuiickoro ¢oHma ¢yHIaMEHTaIbHBIX
uccnepoBanuid, rpaHT Ne 20-37-90080 «MaremaTndeckoe MOJEIUPOBAHIE HECTAIIMOHAPHOT'O TEUCHUSI MHOTO(A3HOTO

IIOTOKA B IIOPUCTOU cpene».

Jnst umrupoBanmsi: MasutoB A.A. Web-npunoxeHue Jisi MaTeMaTHYSCKOrO MOJCIHPOBAHHUS HECTALMOHAPHOTO
TeueHuss HedTtm B mopucToil cpene. Advanced Engineering Research (Rostov-on-Don). 2023;23(4):422-432.
https://doi.org/10.23947/2687-1653-2023-23-4-422-432

Introduction. The Russian Federation is one of the leading countries in the world in terms of oil production. Every
year, over 500 million tons of oil are produced in the country's fields, the vast majority of which is exported in crude
form to the countries of the Asia-Pacific region, Europe and the near abroad. The oil industrial growth in our country
has an impact on other industries and spheres of activity; therefore, the solution to tasks for the effective development

and exploitation of oil fields has been and remains promising. The basis of modern scientific technologies of oil
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development is a comprehensive study of the properties of productive reservoirs, the substances contained in them, and
the complex processes occurring during fluid flow.

The base target in oil production is to increase the rate of drainage from the productive reservoir and maintain
reservoir pressure. The planning of work on the effective development and optimal operation of an oil well is of

.

complex character, associated with the hydrodynamic processes occurring during the fluid flow in the “well —
formation” system [1]. Hydrodynamic well testing (WT) is used to study the productive properties of reservoirs and
fluids. WT means provide for the reservoir data collection using bottomhole or wellhead instruments, as well as the
postprocessing of measurements and interpretation of the data obtained (productivity, filtration properties of fluids, type
of collector, etc.) [2].

When studying reservoirs through WT, theoretical models based on classical equations and laws are used, as well as
computational algorithms for modeling fluid filtration processes. However, despite the demand for this topic, a number
of issues related to the mathematical and computational aspects of modeling nonstationary flows in reservoirs require
further development [3, 4].

There are a number of domestic (“Avton”, “Gidrozond”) and foreign (OLGA, LedaFlow, FlowVision, MAST,
Saphir NL) programs for the analysis and interpretation of WT results [5—7]. With all the advantages they have, there
are some disadvantages, such as the inability to perform a full range of calculations, viewing and changing the
parameters of the original models. All the presented software products are desktop, commercial, difficult to operate,
many have an overloaded interface. Under the conditions when it is required to carry out calculations promptly or in
real time, large commercial simulators are ineffective. Therefore, to perform similar work, it is proposed to use a web
application that has many advantages.

Unlike desktop applications, web applications are independent of the operating system and computing power of
personal computers. The program code of a web application is written once for a specific platform where it will be
deployed. Web applications attract attention because of their simple implementation, ease of use, and high performance.
Their basic characteristics are accessibility, reliability, security, scalability, flexibility, cross-platform character. To
work with a web application from a user's personal computer, it is necessary to be on the same network with the server
on which it is deployed. Such a network can be a local enterprise network or a global Internet network, if we are talking
about websites. Compared to desktop applications, web applications have one drawback — response time, depending
on the distance of the personal computer from the server.

The operating logic of a web application differs from a desktop application, which launches and executes code on
the user’s computer. Therefore, desktop applications are distinguished by a more advanced and responsive user
interface and allow for implementing more complex domain logic. However, with the development of web
technologies, this advantage is leveled every year, and web applications are increasingly capable of implementing
complex user scenarios. Thus, web applications become more competitive in terms of the implementation of production
tasks.

In this regard, the mathematical formulation of problems taking into account the unsteady fluid flow in all its
elements (formation, stack pipes, flow channels), the development of effective numerical methods and algorithms, their
subsequent solutions using modern web development technologies are important today. The use of the obtained
numerical algorithms makes it possible to quantitatively describe the behavior of pressure and temperature in oil wells.
The algorithm and web application will provide users, experts in the field of analysis and interpretation of
hydrodynamic studies, with a convenient and easily adaptable tool for calculating complex processes occurring under
the development of porous reservoirs.

Materials and Methods. A production well is considered, on which a hydrodynamic study is carried out by the
build-up test. The well operates a terrigenous reservoir, which belongs to the single-porosity reservoirs. The formation
is unconfined, there is no impact of neighboring wells. The fluid flow in the formation is horizontal, there are no
crossflows between the layers. The well operates in a steady state with a constant bottomhole pressure. Constant

pressure and temperature are maintained at the boundary of the contour. To conduct the investigation, the measuring
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device is lowered to the depth of the upper perforation holes. The calculation of pressure and temperature dynamics is
carried out in the spatial one-dimensional case.

In numerical modeling, it is important to take into account all the parameters of the reservoir and fluid to achieve the
most qualitative description of the oil mass transfer process in a single-porosity reservoir. Let us consider a
mathematical model describing the process of oil filtration in a single-porosity reservoir. The piezoconductivity and
thermal response equations serve as the basis for the model. The mathematical model in radial coordinates is a partial
differential system:

P _1ofk op
o rorlp or)

AT (1. IO/  FO . v
PR G L R A

where ¢ — formation porosity; ¢, — formation compressibility (1/Pa); k — formation permeability (m?); p — fluid
viscosity (Pa‘s); P — formation pressure (Pa); » — distance to the well wall (m); ¢+ — time (s); ¢ — oil heat capacity
(J/kg'K); p — oil density (kg/m?); T — formation temperature (K); A — thermal conductivity of the porous medium
(W/m3-K); u — rate of convective heat transfer in a porous medium (m/s); ¢ — Joule-Thomson coefficient (K/Pa);
n — adiabatic expansion coefficient (K/Pa).

The first equation describes the process of pressure change in the reservoir, the second — the process of heat
transfer of fluid.

The rate of convective heat transfer in a porous medium is determined by the expression:

u= —EG—P 2)
p or

System of equations (1) is given in the space-time interval:

BEish, ®
where 7, — well radius; R — distance to the boundary of the contour of the investigation (m); ¢z, — time of the
investigation (s).

Based on the above conditions for the well and the considered area for system (1), the initial and boundary
conditions are set as follows:

=0:P=PR.,T=T,,r, <r<R,
r=r,:P=PR,T=T,t>0, 4)
r=R:a—:0,a— 0,t>0

After determining the initial and boundary conditions, a model of the oil filtration process in a single—porosity
reservoir (1)—(4), was obtained, characterizing the redistribution of pressure and temperature in the formation.

The initial stage of solving the system is to bring it to a discrete form. The finite difference method is used for this
purpose [8]. A uniform space-time grid is being constructed:

— R-—
G, ={r, = DR =12 N = rl}
(5)

G = {tn —ntn=0,1,. M, 1= }
M

where & — grid spacing; t — grid time step; N — number of nodes in space; M — number of nodes by time.
After replacing the differential expressions with difference analogues, a system of equations is obtained:

Information Technology, Computer Science and Management

425



http://vestnik-donstu.ru

426

Advanced Engineering Research (Rostov-on-Don). 2023;23(4):422—432. eISSN 2687—-1653

})in+l _En _El i+% i+l i+5 :—E i

r Pnﬂ_[”  tr 1]3"“""/_ 1P'T
oc; >

T pur h?
];ﬂ+1 _T;_n A ]:’J-IH _27;/”1 +Tﬁ{r1 T+l —Tn Pilﬂ — Pn+l
cp =— — —cpu, | — g : + 6)
T I h? h
Pn+l _Pn
necp———,i=2,...N-1,n=>0.
T
System (6) is a system of linear equations (SLE), which is reduced to a three-point equation of the general form:
Ayt =Byt +Cyml =F,i=1,..,N,n>0. @)
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System (7) is solved by the scalar sweep method [9, 10]. The problem is non-stationary; therefore, the method is
used to determine the spatial distribution of formation pressure and temperature at each time layer [11, 12]. The
problem is solved sequentially, at the first stage, the equation for pressure is solved, at the second — for temperature.

A web application has been developed to automate the solution to the problem. In general, its structure is shown in
Figure 1. It identifies five basic components: input information flows, output information flows, information processing

methods, hardware, database [13, 14].

Information
processing methods Hardware
Input information . Web applications R Output information
flows flows

\ i

Fig.1. General application structure
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The input information flows are data on the model parameters, and the output data are graphs reflecting the temporal
or spatial dependences of bottomhole pressure and temperature. Information processing methods are understood as
numerical methods and methods of interpretation of hydrodynamic studies. The hardware is the server on which the
application is hosted, and the user's personal computer. A database is used to store input parameters and calculation
results.

The final type of the software depends on the means selected for its development. Development tools are paradigms
and programming languages, environments and technologies for development. The selection of tools affects the way of
the task implementation, the criteria for software quality, the presentation of data, and the type of graphical user
interface. To develop the application, Python using the Flask microframework was chosen as the programming
language for the server side, and JavaScript with Vue.js — for the client side [15, 16]. PostgreSQL was used as a
DBMS for database design and development [17].

Research Results. The developed software is a cross-platform client-server web application. Data storage and
calculations take place on a web server with which the user interacts through a browser (all modern Internet browsers
are supported). The client part can be used on a wide range of platforms (PCs, laptops, smartphones) and operating
systems (Windows, MacOS, Android, iOS).

A large part of the web application main window is occupied by a tool for plotting temperature and pressure. The
graphs are constructed after the calculation is performed by selecting the appropriate menu item. It is also possible to
plot graphs based on previously performed calculations. For this purpose, the required calculation is selected on the left
side of the window. Graphs are based on spatial and temporal coordinates. To change the chart view, select the
corresponding items in the upper part of the window.

All calculations performed are stored in the developed flowcalcdb relational database, whose structure is shown in

Figure 2.

temperature

id SERIAL
value REAL
radius_id INTEGER A

radius

Y

id SERIAL
time_id INTEGER A value REAL
calc_id INTEGER # ;
— calculation
pressure > id SERIAL
value REAL > id SERIAL e ©
radius_id INTEGER & value REAL
time_id INTEGER A calc_id INTEGER A

Fig. 2. Structure of the flowcalcdb database

In total, the database contains five tables, which are in the third normal form [18]. All tables have primary keys. The
primary table, calculation, stores the name of the calculation and the date of its creation. Two tables dependent on it,
radius and time, store information on space-time coordinates. The temperature and pressure tables store the temperature
and pressure values, respectively.

A number of computational experiments have been carried out in the developed application to evaluate the result of

its work. The values from Table 1 are used for modeling.
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Table 1

Initial and boundary conditions, calculation parameters

Parameter Value Measurement unit
Well radius, r | 0.102 m
Radius of investigation, R 100 m
Time of investigation, t 24 h
Initial pressure, P 25 MPa
Final pressure, Px 30 MPa
Permeability, k le-14 m’
Porosity 0.2
Oil viscosity, p 1.10e-3 Pas
Oil compressibility 1.58e-9 1/Pa
Heat capacity, c, 1.4 MJ/m K
Thermal conductivity, A 0.6 W/m-K
Joule-Thomson coefficient, ¢ 3.94e-7 K/Pa
Adiabatic expansion coefficient, # 3.15e-7 K/Pa
Initial temperature, T, 363.15 K
Number of points by time, N 1,000
Number of points by space, M 1,000

Using the data from Table 1, graphs of the pressure and temperature distribution over space are plotted, shown
respectively in Figures 3 and 4.
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Fig. 3. Distribution of pressure over space at a finite point in time
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As follows from the data in Figures 3 and 4, after stopping the well for hydrodynamic examination, pressure and
temperature are restored, and the farther away from the walls of the well, the greater the recovery value. Figures 5 and 6
show exactly how pressure and temperature are distributed at different points in time (6, 12, 24 hours) after the well is
stopped. This information is useful for experts in the analysis and interpretation of hydrodynamic studies, as it provides
for the assessment of the dynamics of pressure and temperature and decision making on continuing or stopping the

investigation, as well as carrying out additional measures.
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Fig. 5. Distribution of pressure across space at different points in time
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Based on the calculations performed, it was found that the permeability of the formation had the greatest impact on
the behavior of pressure and temperature. Figures 7 and 8 show graphs of pressure and temperature dynamics
depending on different permeability values near the walls of the well (low-permeability reservoir — 1 mD, medium-
tight reservoir — 10 mD, high-permeability reservoir — 100 mD (1D = 10-'?>m?)). As can be seen in the graphs, the rate
of pressure and temperature recovery grows with increasing reservoir permeability. Figure 7 shows a graph for real field
data (reservoir permeability is 80 mD).
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Based on the pressure dynamics, it is possible to determine the time of the investigation (Fig. 7). As an example, for
a high-permeability reservoir, it makes no sense to conduct an investigation for more than ~6 hours, since after this time
the pressure practically does not change, and an idle well is ineffective, since production losses are occurring.

Discussion and Conclusion. The developed web application can be used for the analysis and interpretation of
hydrodynamic research data. The web application provides a user-friendly interface and reduces support costs. It can be
deployed in an existing network infrastructure or connected to a remote server to provide full functionality. The
application allows us to qualitatively and quantitatively assess the behavior of pressure and temperature in single-
porosity reservoirs. Storing the calculation results in a database makes it possible to perform an analysis using the
results of a variety of studies. On its basis, a summary report can be compiled, and recommendations for further use of
the well or field as a whole can be formulated. The models used are stable and convergent. Graphs are built using a
written web application, and therefore, it can be used in production.

The application has broad development prospects, specifically, it is possible to implement other models of fluid
flow, or provide for the presence of several phases. Also, at the time of writing this work, the issue of abandoning
foreign commercial products in favor of domestic simulators has become acute. Therefore, the development of such

products is promising.
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Abstract

Introduction. Inverse problems are a specific type of tasks where the consequences of phenomena are studied to identify
their causes. They are widely used in scientific studies, specifically, those dealing with large amounts of experimental
data. In the presented paper, inverse problems in mechanical engineering and structural diagnostics are considered. These
areas require precise methods to identify internal defects in various materials, which can be critical to ensure the safety
and efficiency of technical structures. Despite the many flaw detection methods available, there is a need for innovative
developments that can provide higher accuracy and efficiency. This study integrates different scientific methods and
technologies. It opens up new perspectives in nondestructive testing for the detection of internal defects in various
materials and structures. Its objective is to develop and implement nondestructive testing methods based on a neural
network device to improve the accuracy of defect identification, as well as to build a neural network model and evaluate
its effectiveness for the refinement of ultrasonic visualization of internal defects in solid materials. In this regard, the task
to be solved is to create a reliable tool for accurate visualization of sizes, shapes, location and orientation of internal
defects in various materials.

Materials and Methods. The technique of determining the geometric parameters of defects in materials through nonde-
structive testing is used. The approach combining modeling of ultrasonic wave propagation in acoustic medium and arti-
ficial neural network technologies is applied. This approach identifies nonlinear relationships between the geometry of
defects and the amplitude-frequency and amplitude-time data obtained during signal analysis. Artificial neural networks
are a model that can be trained on examples, which provides for an effective solution to problems that are difficult to
express in traditional forms. The study uses the finite difference method in the time domain. It is applied to identify and
visualize internal defects in materials using ultrasonic nondestructive testing and convolutional generative neural net-
works.

Results. A convolutional neural network has been developed to visualize internal defects using ultrasonic nondestructive
testing techniques. This neural network successfully determines the size of defects, their location, shape and orientation
with high accuracy and reliability.

Discussion and Conclusion. The authors highlight the key influence of defect size on the accuracy of ultrasonic imaging
in various scenarios. The validation of the model for three different cases of defects with different mechanical parameters
has shown that for successful visualization of defects, the wavelength of the ultrasonic pulse must be ten times smaller
than the size of the defect. When analyzing the impact of defect size on the accuracy of the neural network, it is found
that the visualization error increases for defects of smaller size. It has also been found that the relative speed of sound in
materials has a greater effect on the accuracy of the method than the relative density of the material. Based on the results
obtained by the authors, it can be argued that the developed methods and technical solutions are of great importance for
future research in the field of flaw detection. They have significant potential for scientific and practical applications.

Keywords: ultrasonic nondestructive testing, defects, ultrasonic response, convolutional neural networks
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AHHOTALUSA

Beeoenue. ObpatHble 3a1a4n NPEICTABISIOT cO00i criennpuuecKuii THIT 3a/1a4, TJe U3Y4aloTCsl MOCJICACTBHS SIBICHUH
C 1IeNIBI0 ompeaesIeHust nX npuduH. OHM MHPOKO UCIOJIB3YIOTCS B HAYYHBIX UCCIICOBAHUSAX, OCOOCHHO TEX, YTO UMEIOT
JIe1o ¢ 60IBIIMME 00BEMaMH KCIICPUMEHTAIBHBIX IaHHBIX. B IpeicTaBieHHOM HccIef0BaHUH PaCCMOTPEHBI 00paTHBIE
3a7a4d B MAIIMHOCTPOCHUH M JMATHOCTHKE KOHCTPYKIMH. DTH 001acT TpeOYIOT TOYHBIX METOJOB IS BBISIBICHHS B
pa3MYHBIX MaTepHanax BHYTPEHHUX Je(EeKTOB, KOTOpHIE MOTYT MUMETh KPUTHYECKHE 3HAuYCHHUs I oOecIrieueHHs
6e3omacHOCTH U 3()(hEeKTHBHOCTH UCIOIB30BAHMS TEXHUYECKUX KOHCTPYKIMHA. HecMOTpst Ha MHOXKECTBO MMEIOIIUXCS
METOI0B JIe()EKTOCKOIMH CYIIECTBYET IOTPEOHOCTh B MHHOBAIIMOHHBIX pa3paboTKax, CIOCOOHBIX 00ecneynTh ee Ooiee
BBICOKYIO TOYHOCTb M 3(dekTuBHOCTb. B 1aHHOM HccienoBaHMM OOBEAMHEHBI pa3lIMdHbIC HaydHbIE METOIbI U
TEXHOJIOTUH, OHO OTKPHIBACT HOBBIE IIEPCIIEKTHBHI B HEPa3pyIIAromeM KOHTpPoJIe A OOHAapyXEeHHS BHYTPEHHHUX
JeeKToB B pasIMYHBIX MaTepHaiax M CTPyKTypax. Ero memb — pasBuTHE U BHEAPEHHE METO/OB HEPa3pyILIAIONIETO
KOHTpPOJII Ha OCHOBE HEHpOCETEBOrO ammapara Juis MOBBIIIEHUS TOYHOCTH WAEHTU(HUKALMHK JePEeKTOB, a TaKKe
pa3paboTka HelipoceTeBoit MoeNu 1 OlleHKa ee 3P PEeKTUBHOCTH [ yCOBEPILICHCTBOBAHMS MIPOLIECCa YIbTPa3ByKOBOM
BU3YyaJin3allul BHYTPCHHUX )Ie(beKTOB B TBEPJAbIX MaTCpHaiax. B cBs3u ¢ aTHM 3aJa4a, KOTOPYIO MPEACTOUT PEUINTD JJIA
JIOCTIIKEHUS TIOCTABJICHHOM IIENH, 3aKIIOYaeTCs B CO3JaHUM HAIEKHOTO MHCTPYMEHTa I TOYHOH BU3YyalW3aluu
pa3mepoB, GopM, MECTONOIOKEHUSI M OPUEHTAI[H BHYTPEHHUX e(EKTOB B Pa3IMYHBIX MaTepHaax.

Mamepuanst u memoout. I[IpuMeHAeTCS METOANKA OLPEIeTIeHH TeOMETPHYECKUX IapaMeTpoB Ae(EKTOB B MaTepHaIax
C HWCIOJIb30BAaHMEM HEpa3pyLIAIOMIEro KOHTposl. Takke HCIONB3YyeTCsl METON, OOBEeNUHSIOMMNI MOJECIHMPOBAHHE
pactpocTpaHeHus yJIbTPa3BYKOBBIX BOJH B aKyCTHUECKOH Cpelie ¥ TEXHOJIOTHH UCKYCCTBEHHBIX HEUPOHHBIX ceTedl. OH
BBISIBJISICT HEJIMHEHHBIC CBS3U MEKIAY TCOMCTPUICCKUMU XapAKTCPUCTUKaAMHU I[e(beKTOB 1 aMIUTUTY JHO-4YaCTOTHBIMU U
aMIUTUTYJHO-BPEMEHHBIMH JITaHHBIMH, TIOJYY€HHBIMH NpPH aHAIN3€ CHTHANOB. VICKyCCTBEHHbIE HEHpOHHBIE CETH
NPEACTAaBISIIOT CO0OM MOJIelb, KOTOpasi MOXKET 00y4aThCsi Ha PUMEpPax, YTo Mo3BosieT YPPEKTUBHO pelIaTh 3a/1a4H,
KOTOPBIC CJIOKHO BBIPA3UTH B TPAJAUIIMOHHBIX (bopMax. B HCCIICTOBAHUUN UCIIOJB3YCTCA METOJ KOHECYHBIX paSHOCTeﬁ BO
BpeMeHHO! obnacti. OH IpUMEeHseTCs Ul HACHTH(UKAMK ¥ BU3yaln3alid BHYTPEHHUX JIe(EeKTOB B MaTepHalax ¢
HCTIONIb30BAHHEM YJIBTPa3BYKOBOTO HEPA3PYIIAIOIIETO KOHTPOJISI U CBEPTOYHBIX FeHEPATHUBHBIX HEMPOHHBIX CETEH.
Peszynemamut uccnedosanusn. Pazpaborana cBepToyHas HEHPOHHAsl CETh JUIS BU3YaIM3allMd BHYTPEHHHX Je(eKkToB
C MCTOJIB30BAaHUEM TEXHHK YJIbTPa3ByKOBOTO HEpa3pyIIAlONIETro KOHTPOJ. DTa HEHPOHHAS CETh YCIENIHO ONPEAEIsIeT
pa3mep neeKToB, HX MECTOIOIOKEHHE, (POPMY M OPHEHTALNIO C BEICOKOH TOYHOCTBIO M HAJICKHOCTBIO.

Oé6cyscoenue u 3akaiouenue. ABTOPHI TOJUEPKUBAIOT KIIOYEBOE BIMsSHHE pa3Mepa Jedekra Ha TOYHOCTh
YJIBTPa3BYKOBOH BU3yaJIM3allMM B Pa3iIHYHBIX CIeHapwsax. [IpoBeaeHHas Baiduaanust MOAENH IUISL TPEX Pa3IMUHBIX
cityyaeB A€(EKTOB C pa3sHbIMHA MEXaHMYECKHMH IapaMeTpaMH ITOoKa3aja, YTo JUIsl YCICIIHON BH3yaln3aluy Ae(HEKTOB

JIJIMHA BOJIHBI YJIbTPa3BYKOBOI'O UMITYJIbCA JOJI’KHA OBITE B JACCATKH pa3 MCHBIIIC pazMepa ae(beKTa. HpI/I aHaJIn3¢C BIUSHUA
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pa3Mepa 1e)eKTOB Ha TOYHOCTh PabOThl HEHPOHHOI CETH BBISBICHO, YTO OLIMOKA BU3yaH3al[MH YBEIUYMBACTCS JUIS
ne(heKTOB MEHBIIIETO pa3Mepa.

Y CTaHOBIICHO TaKXe, YTO OTHOCHTENBHAS CKOPOCTh 3BYKa B MaTepHajaX OKa3bIBacT OOJBIICE BIUSHHEC Ha TOYHOCTH
METOJ[a, YeM OTHOCHTENIbHAS IUIOTHOCTh Marepuana. Ha OCHOBaHWH IOJNYYCHHBIX aBTOPAMHU DPE3YJIBTATOB MOXKHO
YTBEp)K/AaTh, 4TO pa3pabOTaHHblE METOAMKHA M TEXHHYECKHUE PEIICHHS HMEIOT OOJNbIIOe 3HAuYeHHEe MJs OyAyIIuX
HCCIICIOBAaHUNA B 00MacTH Ie(hEeKTOCKOIHH, 00JIaJal0T BECOMBIM IOTCHIIUAIOM ISl HAYYHBIX U MPAKTHYECKUX chep

MIPUMCHCHUSA.

KiioueBble ¢j10Ba: yIbTPa3BYKOBOH HEpa3pyIIAIOMUK KOHTPOJb, Ae(PEKTHI, yIbTPa3BYKOBOW OTKIHK, CBEPTOUYHBIC

HeﬁpOHHLIG CCTH

BJIaI‘OIlﬁpHOCTI/I. ABTOpI)I BbIpAXKAKOT 6J'Ial"0[lapHOCTL peaaKkiuu U pCUCH3CHTAM 3a BHUMATCIIbHOC OTHOIICHUE K CTAaThE

1 YKa3aHHBIC 3aMC€YaHUsA, KOTOPBIC IMTO3BOJIUIIN ITOBBICUTH €€ Ka4€CTBO.

Jnst murupoBanust. Co6onb b.B., Conosber A.H., Bacumbes I1.B., JIsmia A.A. MonenupoBaHie TIPOLICCCOB YIIBTPa3ByKOBOH
NeheKTOCKOMKM B 33jlaue IOMCKA W BH3YANM3alldM BHYTPCHHUX Je(EKTOB B y371aX arperatoB W KOHCTPYKIIUM.
Advanced Engineering Research (Rostov-on-Don). 2023;23(4):433—450. https://doi.org/10.23947/2687-1653-2023-23-4-433-450

Introduction. Inverse problems in the framework of research are those tasks in which the consequences of certain
phenomena or processes are analyzed to formulate hypotheses and conclusions about their causality. Inverse problems
are found in various areas of research, especially, in cases where there are large amounts of experimental data that allow
for identifying the characteristics and features of the process that have given rise to these data. Thus, inverse problems
provide scientists with the opportunity to determine the parameters of processes that are not available for direct
observation.

Currently, there is a standard technique for solving inverse problems, which is based on the analysis of the system's
response to certain input actions. Modern approaches to solving inverse problems divide them into different categories,
which facilitates their formalization and adaptation depending on the specific situation.

The technique of solving inverse problems for the diagnosis of mechanical systems is widely used in mechanical
engineering. The study of the dynamic response of such systems, including the analysis of transient characteristics,
provides for obtaining detailed and accurate information about the state of the system, which, in turn, makes it possible
to determine its performance and quality.

In the field of diagnostics of structures and products, there is a growing need to assess the current state of technical
systems to identify and eliminate potential hazards that can cause production losses or accidents. Such assessments can
only be given by highly qualified experts in reengineering.

Taking into account these aspects, the task was set to develop and further evaluate the possibilities of using a neural
network model to solve applied problems of ultrasonic imaging of internal defects in solids for various materials.

There are a large number of scientific papers on this topic. Thus, in [1], the authors focused their attention on the
analysis of composite materials containing defects. The presence of defects in such composites can significantly affect
their performance characteristics; therefore, it is of particular interest to researchers. To search for defects, each of the
studied objects is subjected to ultrasonic scanning, during which vibrations are recorded and their characteristics are
determined. The next stage of the analysis is the classification of the obtained characteristics using artificial neural
networks. This method provides obtaining an image of the defect area with high accuracy. Such visualization reflects
both the nature and extent of the defect in the material under study. It is important to note that this technique provides a
clear identification of the damage zone, and the resulting image corresponds to visual observations.

Paper [2] presents the acoustic emission method in the context of the assessment of composite materials, which is a
promising area of research. Special attention is paid to the identification of acoustic signals associated with the micro-
structure of fibers under conditions of high noise levels and using film sensors. Multilayer composites based on reinforced
glass fiber, made by various methods, were prepared for research. The experiments included loading composite samples

under static conditions, while a PVDF film was installed on their surface. The acoustic signals were carefully recorded
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and then classified using an artificial neural network. The results of this study indicate the possibility of successfully
classifying various destruction mechanisms in composite materials using neural networks.

Study [3] analyzed the collapse incidents that occurred during excavations in rock layers at the Wudongde hydroelec-
tric power plant in China. Its authors presented an improved artificial neural network (ANN) model for predicting the
probability and depth of such collapses. However, it should be said that a single parameter is not capable of providing
absolute accuracy in predicting the depth of collapses. In this study, an integrated method of intelligent forecasting based
on the use of artificial neural networks was proposed. Analytical and statistical studies were carried out for its develop-
ment, which allowed for determining six key input parameters: coating depth, ratio of main and minor stresses, geological
strength index, excavation method, support strength, and rock orientation.

The ANN model was trained using data collected during excavations at the Wudongde hydroelectric power plant,
among them there were 45 samples for training and 6 test samples for verification. A genetic algorithm was used to
optimize the parameters of the ANN, such as structural characteristics and initial weights. After completing the learning
stage, the trained neural network was successfully applied to predict the depth of collapses at several excavation sites.
The results of the forecasts showed high compliance with the data obtained during observations at these sites.

Article [4] presents an innovative method for detecting defects in frame structures. It differs significantly from the
others and consists of two stages. The first stage focuses on the exact localization of the defect in the bar. To do this, an
analysis of the frequencies and waveforms associated with the object under study is used. The results of the analysis of
oscillation patterns play a crucial role in solving the problem of the first stage. At the second stage, after successful
localization of the defect, an analytical or finite element model of the structure is created, taking into account the identified
defects. Using this model, the degree of damage to the frame structure is assessed. The application of this method is
illustrated by the example of calculating the defect parameters in an elastic cantilever bar. This calculation is based on
experimental observations obtained in a finite element complex. The presented algorithm provides a new tool for more
accurate and effective identification of defects in frame structures, which is of great importance for research activities and
engineering practice. The results of the modeling carried out within the framework of this study indicate a decrease in the
precipitation prediction error. This indicates an improvement in functional approximation and, consequently, excellent
learning characteristics of this method, compared to traditional neural networks with sigmoid or other activation functions.

Study [5] proposes an innovative method for diagnosing defects in a manual transmission based on the analysis of
vibration signals obtained during experimental tests. The main focus is on the early detection of anomalies in the operation
of gears. For effective analysis of vibration signals, data processing focused on the time-frequency domain is used. One
of the key methods is the use of continuous wavelet transform, which makes it possible to extract statistically significant
characteristics from the signals. To optimize the signal processing, a method of distinguishing features is being introduced,
which helps to determine the most important parameters, which, in turn, reduces the computational load and speeds up
the analysis process. Genetic algorithms are used to select optimal input features and further reduce the computational
complexity of the study. This intelligent approach contributes to improving the efficiency of the data analysis process.
The next important step in the research is to evaluate the effectiveness of the proposed method. Advanced technologies
of neural back propagation networks were used for this purpose. The attained results and the performance of the classifiers
were carefully evaluated on a variety of vibration signals obtained through experimental tests under various operating
conditions of mechanical gearboxes.

Studies on nondestructive testing systems and the search for defects in solids often affect the field of modeling the
corresponding processes [6]. The primary focus is on solving inverse geometric problems closely related to the theory of
elasticity, for their further application in the analysis of a flat rectangular area. The task is to restore the characteristics of
circular cavities and cracks.

To effectively solve inverse problems, researchers rely on the obtained information about the first four natural resonant
frequencies. These parameters represent an additional dataset that significantly enriches information about the system.
The technique used to solve inverse problems is based on minimizing the residual functional. The principle of this tech-
nique is to minimize the discrepancy between the measured input data and the values obtained as a result of numerical

solution to direct problems. In this case, the parameters of defects in the solid are preset.



Sobol BV, et al. Modeling of Ultrasonic Flaw Detection Processes in the Task of Searching and Visualizing Internal Defects in Assemblies

Thus, research in the field of nondestructive testing of defects in solids is focused on the development and application
of mathematical methods and modeling, which makes it possible to accurately identify and analyze defects hidden inside
the material. These studies are applied in the field of safety and quality control of technical systems. The authors explore
the possibilities of using neural network technologies in solving inverse problems of mechanics, including the problem
of two-dimensional visualization of internal defects. These methods are widely used in medicine, civil engineering, non-
destructive testing and other fields.

In [7], a system was proposed for detecting cracks in metal structures and determining their depth based on the analysis
of two-dimensional images. The major objective of this work was to create an affordable and convenient control system,
a more cost-effective alternative to expensive measuring devices. Within the framework of this study, a specific learning
strategy was developed, and several neural network architectures were considered, contributing to a more accurate
detection of cracks and assessment of their depth.

The neural network training process included providing the network with characteristics of two-dimensional crack
profiles, as well as data on the maximum depth of the crack measured using a laser microscope. This made it possible to
create a model that was able to accurately determine the depth of defects in the material. It should be noted that the average
error in the operation of this neural network was only about 18% on test samples. This result exceeded critically the results
of previous studies, which were based on a variety of learning strategies and analysis techniques. Thus, this study has
significantly improved the quality of determining the depth of cracks in metal structures. Its value resides in the develop-
ment of new learning strategies and a tool for more accurate assessment of the depth of cracks.

Study [8] emphasizes the importance of labeled data containing images with defects. One of the latest proposals in
this field is the presented deep transfer learning model designed to extract the characteristic signs of internal defects in
X-ray images obtained as a result of inspection of aviation composite materials. This model is a tool for automatic analysis
of such images. This tool provides optimizing the defect detection process and increasing the efficiency of nondestructive
testing.

In the course of the study, the proposed model efficiency was checked on the problem of detecting defects-inclusions
in X-ray images. An analysis of the experimental results has shown that this model is capable of achieving high accuracy
(96% according to F1 metric). Such encouraging results indicate the potential of this approach and its ability to produce
satisfactory results in defect identification tasks. This opens up new horizons in the field of nondestructive testing and
makes it possible to more effectively provide the safety and reliability of composite materials in the aviation industry.

Paper [9] shows a method that offers reconstruction and visualization of internal anomalies in the form of three-
dimensional representations. This approach uses an economically and temporarily advantageous technique known as
pulsed thermography. In this context, an innovative method is presented that is able to quickly and accurately assess both
the depth and thickness of internal anomalies using a one-way inspection. The practicability and efficiency of this method
have been successfully demonstrated through studying composite and steel samples containing semi-closed air gaps. The
study results confirmed that with the proposed method, the error in estimating the total volume of three-dimensional
anomalies is only 10% for composite samples. Thus, this innovative method provides new opportunities for nondestruc-
tive testing and visualization of internal defects in various materials and samples, while providing high accuracy and cost-
effectiveness.

In [10], the fundamental factors causing failures in the operation of solid rocket engines are considered. One of the
key aspects that have a critical impact on the integrity of the engines is the peeling phenomenon at the interface between
propellant, insulation and protective layer. Modern methods of diagnostics and assessment of the structural integrity of
rocket engines, as a rule, are limited to visual inspection and analysis of their components. This approach has its limita-
tions and requires improvement. In this context, an innovative algorithm is presented, designed to identify surface skin
defects that can disrupt the connection between solid fuel and rocket engine insulation. To optimize the operation of the
neural network, a number of tests were conducted in which various network parameters were changed. These studies
allow for achieving the classification accuracy of 99.08% for the class of serviceable elements, 90.66% — for the class
of foreign objects, and 99.48% — for the class associated with defects. The results obtained indicate the high efficiency

of the proposed method and its potential for use for the diagnostics of solid-fuel rocket engines.
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The research conducted and published by the author in article [11] was aimed at exploring the potential of deep learn-
ing methods in the context of electromagnetic inversion. The principle of this approach is to use deep neural networks
based on a convolutional architecture to analyze and process data obtained within the framework of this task. An important
aspect of this research is learning using extensive sets of synthetic data obtained through three-dimensional modeling.
Deep neural networks here are trained on a variety of synthetic data representing information about the distribution of
electromagnetic fields inside objects and environments. These data provide valuable information about their properties
and compositions, which makes the electromagnetic inversion method more accurate and effective. The efficiency of the
proposed method has been successfully demonstrated on various models that are of high practical importance. As an
example, when monitoring the electromagnetic field in the area of carbon dioxide accumulation located underground, the
inversion method allows for analyzing and controlling this field using a source on the surface.

Previously, the authors of the presented study have already considered tasks combining modern methods of deep
machine learning and well-established classical approaches to defect identification [12—14]. In the current work, the em-
phasis is on a neural network model that effectively performs two-dimensional acoustic visualization of internal anoma-
lies. This project takes the field of nondestructive ultrasonic testing to a new level providing an opportunity to conduct
system analysis using numerical experiments.

The objective of the presented research is to develop and evaluate the efficiency of a neural network model for im-
proving ultrasonic visualization of internal defects in solid materials. To identify nonlinear relationships between geom-
etry of defects and ultrasonic control signals, the authors propose to use a technique based on solving the inverse problem
of solid mechanics and using artificial neural networks. The basic task in this case is to create a reliable tool for accurate
visualization of the sizes, shapes, location and orientation of internal defects in various materials. Numerical experiments
approximate the process of ultrasonic probing of samples in which internal defects with various geometric shapes and
mechanical characteristics are present. These experiments serve as the initial data for training a neural network and then
checking it for proper functioning and accuracy. Thus, it can be argued that this study covers a wide range of scientific
methods and technologies, including the development of neural networks, modeling of ultrasonic waves, and analysis of
acoustic data.

Materials and Methods. In this work, feed-forward neural networks (FFNN) and convolutional neural networks
(CNN) are used. Analytical software is used to determine the most rational network architecture. ANN are trained by the
algorithm RProp (stable back propagation) and Adam (adaptive moment estimation method).

RProp algorithm is based on the gradient descent method. In contrast to the standard error back-propagation algorithm,
RProp uses only the signs of partial productions to adjust the weight coefficients. The algorithm uses epoch-based learn-
ing, and the correction of weights occurs after processing the entire volume of the training sample. The weight values are

updated as follows:
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after which the weights are adjusted: mf.;“) = mf;) + Aml(.jt).

Adam uses grouped averages of both gradients and second moments of gradients. If parameters w'” are set, and loss
function L, where ¢ reflects the index of the current iteration, the recalculation of the parameter by the algorithm is
specified as follows:
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where ¢ is a small additive used to prevent division by 0, and B; and B, are the forgetting factors for gradients and second

moments of gradients, respectively, 1 —basic learning rate. Squaring and square root are calculated elementwise.

Images processed by a convolutional ANN can be represented as a size tensor:
dim(1) = (h,@,d),

where A and w* — dimensions of a 2D image, d — number of image channels. Convolution core K has the following

dimensions:
dim(K)=(f,f.d),
where f— square convolution filter side.

The convolution operation can be defined as follows. The object of the convolution is two-dimensional image . Con-

volution core K has dimensions /# X w. The result of the convolution is:

h o

(17K, = 35K, ¥y

i=1 j=1

A convolutional layer is built on this operator, which consists of a certain set of kernels K , their corresponding dis-

placements 5 :

h o d
conv([, K)Xy = c(b + ZZZKM X 1x+i—1,y+j—1] ,

i=1 j+1 k=1

where d — index of the image channel; » — displacement component; ¢ — activation function of the convolutional layer.

The trained parameters of this layer are filter K and displacement b.

There are several regularization techniques in machine learning. To prevent over-training of complex ANN models
with a large number of parameters, Tikhonov regularization method (ridge regression, or L2), also called weight decay
in machine learning, is used. Regularization coefficient is A, which controls the minimization of the norm relative to the
minimization of losses on the training dataset. Thus, for each weight w, the summand is added to objective function:
AL AL oy . L .

3 @ = 520312 . Within the applied Keras framework, regularization is used for each convolutional layer of the ANN
i=1
model.

The initial initialization of the weights is carried out by Xavier method. During the initial setting of the weight values,

a probability distribution is applied, both uniform and normal with variance Var(W)z 2/ (nm +n,, ), where n, and

in

n,, — numbers of neurons in the previous and subsequent layers, respectively.

The variance of the output values of a linear neuron (without displacements) has the form:
I/ar (z(’oixij = ZVar (W)V:v (X) = ninl/ar (W)I/ar (W)Var (X)
i=1 i=1

It is assumed that the weights and input values are uncorrelated and have zero expectation. From this, the variance
of the probability distribution is obtained, on whose basis the primary initialization of the weights takes place, and which
ensures that the variance of the input data is preserved after passing through the layer.
In this paper, the batch normalization layers (loffe and Szegedy) are actively applied in most of the developed ANN models
using Keras framework. The method normalizes the input data in such a way that their expectation is zero, and the vari-

ance is one. In this case, normalization is performed on each layer for each data batch f3:

l m 1 m 2
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Based on these characteristics, the activation function is transformed:

%=k 650,y =v2 +B,

L Jol+e
where B and y — parameters that can be optimized using the gradient descent method based on the training set.

Dropout layers are used in ANN models in the task of identifying defects on the road surface, which serve to prevent
over-training. When using this regularization tool, the mutual adaptation of neurons at the learning stage of the ANN is

prevented. This method blocks (disables) neurons during learning with probability p. Given that
h(x)=xW+b — linear projection of input d, — mepHoro BexTopa x Ha d, — dimensional vector x onto a(h) — an

activation function, the application of Dropout to this projection at the training stage can be represented as modified

activation function
f(h)=D0oa(h),
where D=(X,,...,X,,) — dj-dimensional vector of random variables X, distributed according to Bernoulli's law. X,

has the following probability distribution:

p, k=1
1= 25

where k — all possible output values.
The application of Dropout to the i-th neuron looks like this:

d;
il al Yo, +b |,X, =1
Oiina[kaxk+bJ= [;k J o
k=1

0, X =0
where P(Xi=0)=p.

The neural networks described in this paper belong to direct propagation networks. The input information is compiled
from data of numerical experiments and, passing through the network, generates output values that are estimated by the
metric. Based on these data, the internal values of the weights of the neural network are adjusted. An iterative approach
is used, which ensures that a satisfactory level of accuracy of the neural network is obtained.

Defect identification technique. In this paper, we consider a technique for determining the geometric parameters of
defects based on data obtained during influencing the object under study. This task is included in the nondestructive
testing of properties and parameters of objects oriented to the inverse problem of solid mechanics. To solve this problem,
a systematic approach is used with the key role of artificial neural networks. The principle of this approach is to identify
nonlinear relationships between various geometric characteristics of defects, such as their size, depth, angle of rotation
and type, and the data obtained during the analysis.

Such data can be the amplitude-frequency and amplitude-time characteristics of the signals received in response to
the action. This method makes it possible to effectively identify and evaluate the parameters of defects and provides
accurate and reliable monitoring of the condition of objects. Artificial neural networks are a computational model used in
machine learning, computer science, and other research disciplines. It is based on a large set of connected simple units
called artificial neurons, similar to axons in the biological brain. Connections between neurons transmit an activation
signal of varying magnitude. If the combined incoming signals are strong enough, the neuron is activated, and the signal
travels to other neurons associated with it. Such systems can be trained using pre-prepared examples, rather than explicitly
programmed. This method provides a significant advantage in areas where solutions and functions are difficult to express
in traditional forms. Neural networks, as well as other machine learning methods, are used to solve various problems that
are difficult to resolve through traditional programming based on such rules as computer vision and speech recognition.
ANN are most commonly used to model complex connections between inputs and outputs to find patterns in experimental

or other data (data mining) [15, 16].



Sobol BV, et al. Modeling of Ultrasonic Flaw Detection Processes in the Task of Searching and Visualizing Internal Defects in Assemblies

A systematic approach to the identification problem under consideration involves dividing the technical task into a
number of subtasks, which are solved using existing tools and approaches. The combination of these tasks forms a whole
system that addresses production problems comprehensively.

An innovative method for identifying and visualizing internal defects using ultrasonic nondestructive testing (UNDT)
and convolutional generative neural network architecture is proposed. The UNDT signal registered on the surface of the
control object is passed through a trained neural network. As a result of processing by the network, a high-quality image
is generated, which is a heatmap showing the internal defect of the object. To illustrate the efficiency of the proposed
method and its prospects in industrial applications, a metal steel strip is selected as the object of research. Defects are
assumed to be present inside this strip, which can simulate both cavities and rigid inclusions. The possibility of absence
of defects is also taken into account. It should be noted that the characteristics of defects, such as shape, size and orienta-
tion, can vary significantly, which presents additional complexity for the visualization task. The procedure of this ap-
proach consists in conducting a series of numerical experiments on whose results a deep neural network is trained. To
form a training dataset, a systematic change of mechanical parameters, geometric characteristics, as well as the position
of internal defects is performed. Special attention is paid to modeling the process of propagation of an acoustic ultrasonic
wave inside a material.

This innovative approach to the identification and visualization of internal defects provides an opportunity for more
accurate and effective quality control of materials and products in various industries. Its application can contribute to
improving the reliability and safety of end products, which is an important aspect in the modern industry. Based on the
collected data, the optimal structure of the neural network model is built and trained. As a result, the neural network model
can reconstruct the shape, size and position of the defect from the raw ultrasonic signal captured on the surface of the

strip. Figure 1 shows a block diagram of the study.

FDTD Ultrasound signals

Training of the neural network
on top and bottom surfaces

model

efotfee . -
- MHH“H«* Ilﬂﬂ

numerical simulations

Images of the internal defects

Fig. 1. Scheme for conducting a series of numerical experiments using the finite difference method (FDTD) in the time domain. A
fragment of a strip in the defect area and the propagation of an ultrasonic wave (on the left). Construction of a dataset consisting of
ultrasonic signals and corresponding binary images of the defect (in the center).

Architecture building and neural model training (on the right).

Method of finite differences in the time domain. It was proposed by Kane Yee [17]. Solving differential equations in
the context of modeling media with dispersed and nonlinear properties identifies a unique class of methods — grid meth-
ods. These methods have found wide application in a variety of fields, ranging from geophysical tasks to tasks in the
optical range.

One of the efficient techniques of studying physical phenomena in various media is the finite difference method in the
time domain. It is a valuable tool in solving acoustic problems. It can also be successfully applied in elastic media.

The basic equation of this acoustic model in a flat formulation is:

a_pk[a_@_ja _lp o 1
ot ox Oy

The speed and acoustic pressure of the particles of the simulated object are sampled in the spatial grid. It is possible

o pox’ ot p oy

to analyze the propagation of the sound field over a certain time interval by sequential calculating the values of these
parameters. This method offers an opportunity to study various physical processes and phenomena, providing valuable

data on the behavior of an environment with diverse characteristics.
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Although the finite difference method in the time domain was originally developed to solve acoustic problems, it has
a wide range of applications in other fields of physics. In particular, it finds its application in modeling the propagation
of sound in various media, such as air or liquid. This versatility of the method makes it an integral part of scientific and
engineering research in the field of physics and acoustics.

To verify the efficiency of the selected technique, a reference model was developed in the COMSOL calculation
package designed to analyze the propagation of an acoustic ultrasonic wave. Two main numerical methods were used in
this study: the finite element method (FEM) and the finite difference method (FDTD). The model is a square-shaped
structure made of steel, with an inner hole.

Significant distinctions in the shape of the received signals are explained by different methods of specifying the source of
ultrasonic vibrations. In the case of the finite element method, the source points are located on the circumference of the inner hole,
while in the finite difference method in the time domain, the source is represented by a point located at the node of the grid.

However, it should be noted that the limited dimensions of the computational grid do not allow modeling the
propagation of acoustic waves outside this area. To account for this fact, special boundary conditions are applied, such as
absorbing Moore layers or PML (Perfectly Matched Layers). These boundary conditions significantly reduce the
reflection of acoustic waves from the boundary of the computational domain, which makes it possible to simulate the
passage of an ultrasonic wave into the structure with a high degree of accuracy.

Nondestructive testing model. A steel strip containing a defect is used as a model of nondestructive testing. Its size is
100x15 mm. The absorbing layers are installed on the left and right borders of the strip. The upper and lower parts of the
bar are connected to the areas to which the mechanical parameters of the air are set. The defects are represented as convex
polygons. The variety of internal defects is specified by changing the number of sides of the polygon, their length, and
the distance between the vertices and the center of the defect. The physical parameters of defects vary relative to the
thickness of the strip. The position of the defect varies from 0.3 to 0.7, the length of the sides is from 0.1 to 0.5. The input
area of the sensor pulse is located on the upper surface of the strip. Vibrations are read on both the upper and lower
surfaces. Thus, echo and shadow methods of nondestructive ultrasonic testing are modeled.

In this study, the input signal represented as a fixed set of discrete values depending on the time of the experiment is
analyzed. The experimental time is strictly determined taking into account the requirement that the probing pulse, released
on the initiating side and directed to the opposite surface of the tested beam, had sufficient time for the traveled distance
and return to the source point.

It should be noted that the frequency of the probing pulse used is 10 MHz, which provides high resolution of the
experimental system. This makes it possible to study the properties of the bar and its structural characteristics more pre-
cisely, based on the analysis of the reflected signal.

Figure 2 shows the scheme of the conducted numerical experiment. The defect is located inside the steel strip. The
source of the ultrasonic signal is indicated in red; the signal reading points are indicated in green. The signal is also read

at the points of its emission.

Defect

Bar Signal initiation and
probe points

1

Probe points

Fig. 2. Numerical experiment scheme
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Figure 3 shows the vibrations of ultrasonic signals received at the specified points on the upper surface of the strip
(right) and on the lower surface of the strip (left). This simulates the location of sensors on opposite surfaces of the control
object. The given model assumes that sensors can move along the strip in search of a defect synchronously.

Ultrasound signal in points on the top surface Ultrasound signal in points on the bottom surface
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Fig. 3. Ultrasonic signals on the upper and lower surfaces of the strip
obtained as a result of numerical simulation

Neural network model. Convolutional neural networks (CNN) are a special neural network tool for processing discrete
data (two-dimensional images, one-dimensional signals) [18]. Currently, it is one of the fastest growing and most prom-
ising deep learning tools [19-21].

Convolutional neural networks are effectively used in various fields, including video analysis and time series pro-
cessing. They provide processing time series as one-dimensional arrays of data and highlighting important features in
them using the convolution operation.

To visualize defects in control objects, the model architecture is used, including layers of one-dimensional convolution
(Conv1D) and down-sampling layers (MaxPooling), to extract features from ultrasonic signals. The data is then trans-
ferred to a fully connected layer for analysis in the context of the defect visualization task. The second part of the network
generates images showing the characteristics of defects.

To create the final image of the defect, data from a fully connected layer is processed and fed to a two-dimensional
layer. Then, using the trained convolutional layers (Conv2D Transpose), the final image is formed.

Figure 4 shows the architecture of a convolutional neural network with an indication of the size of the input data and
the number of convolutional filters for each layer.
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Fig. 4. Convolutional neural network model structure
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Model training and validation. Three cases were considered within the framework of a set of numerical experiments.
In case 4, the defect modeled the cavity, and the parameters of the defect material corresponded to the parameters of the
air. In case B, the defect simulated a rigid inclusion, and the defect parameters had the parameters of a material that was
more rigid than steel. In this case, it was tungsten carbide. In case C, the mechanical parameters of defects varied, which
corresponded to the parameters of gases, liquids, and solid materials.

For cases 4 and B, a total of 50,000 problems were solved for various geometric parameters of the defect. Of these,
35,000 copies were used for training, 10,000 — for testing, and 5,000 — for certification. In case C, 60,000 tasks were
solved with the same percentage of test and validation samples.

In the process of evaluating the performance of the model, the key metrics are the minimum learning error and the
reduction of the gap between learning and testing error. The efficiency of the machine learning model is analyzed using
various regularization methods, such as Tikhonov regularization, also known as L2 regularization. The initialization of
weights, carried out, e.g., by the Xavier method, is a significant stage in the training of neural networks.

One of the tools used to reduce the internal covariance shift and stabilize neural network learning is the batch normal-
ization method. To increase the stability and generalization ability of the model, various regularization techniques are
used, such as early stop and Dropout.

It should be noted that data augmentation is not used in this research work due to the extensive amount of training
information. There is also no balancing of the dataset, which, however, has its advantages due to the normal distribution
of defects in size.

It should be emphasized that neural network training is an optimization task, where selection of the appropriate loss
function plays a crucial role. As an example, in computer vision and semantic segmentation tasks, the Jaccard similarity
coefficient may turn out to be of great relevance. In this paper, the application of the Jaccard similarity coefficient in the
context of the problem of object detection and segmentation is considered, which provides obtaining more accurate and
stable results in image analysis:
|[4AnB| |4 B

IoU = = .
|A4UB| |4]+|B|-|4NB|

In this context, the loss function is expressed as the inverse of the Jaccard similarity coefficient (1-IoU) and is a metric
that evaluates the difference between two instances. The Jaccard metric is known in the data analysis and machine learning
as an indicator of the intersection and similarity of sets.

To evaluate the efficiency of a neural network model in the validation process, this metric is used as one of the criteria.
It allows for determining the degree of correspondence between the output of the model and the reference data, which is
important for analyzing and improving the operation of neural networks in information processing tasks:

_ 2xloU
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In this study, one of the most common optimization algorithms, called Adam, is applied. Some of the most recognized
and widely used libraries, TensorFlow and Keras, are utilized to solve the tasks of machine learning and neural network
training. These software products currently act as standard tools for creating and training neural models and include
advanced technologies in this field.

To achieve high accuracy of the models, training was conducted over 30 epochs in each of the three cases considered:
A, B and C.

The neural network approach for solving inverse problems has already shown itself to good advantage [22—24]. With
the deepening in the field of machine learning and the subsequent development of new techniques, cutting-edge tools for
data analysis and solving traditional problems in mechanics and flaw detection are opening up. One of the significant
scientific achievements in this field is a convolutional neural network created specifically to solve the problem of visual-
ization of internal defects using ultrasonic nondestructive testing methods. A notable feature of this model is its relatively
small volume, amounting to 37.2 mln parameters. This fact characterizes high efficiency of the learning process and

expands the scope of its application in a variety of related fields. To simulate the propagation of ultrasonic waves more
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effectively, the finite difference method in the time domain is selected in this study. This choice of method has critically
increased the speed of calculations compared to previous approaches used in earlier studies.

Research Results. In this paper, three states of the internal defect were considered. In case 4, the defect simulated a
cavity, while the parameters of the medium in the defect area corresponded to the parameters of the air. In case B, the
defect modeled a rigid inclusion, while the medium parameters had parameters of a more rigid material than the strip
material. In this case, it was tungsten carbide. In case C, the mechanical parameters of the defect were varied, which
corresponded to the parameters of gases, liquids, and solids.

The results of this study, presented in Figure 5, demonstrate the efficiency of neural networks in analyzing and restor-
ing information about defects. The visualized fragments of the strip in the defect area are displayed on the graph. The real
defect is indicated by a solid black line, whereas the shape and position of the defect, predicted by the neural network,
are represented by a dotted red line. The analysis of the drawing allows us to argue that the neural network model is able
to restore the size of the defect, accurately determine its location, partially reproduce its shape, and even establish orien-
tation. These results validate the potential of neural networks in solving image processing and analysis problems using

high accuracy and reliability.
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Fig. 5. Defect visualization results. Real defect is highlighted in black.
Neural network prediction is highlighted in red.

Validation was performed for each of the cases. Metric F1 was used to evaluate the overall efficiency of the model.
In general, the accuracy of the proposed method was at a high level. Average value F1 for the entire validation set was
92% for case 4, 90% — for case B, and 85% — for case C.

Figure 6 shows the dependence of visualization accuracy of the defect on its size. The defect size is the maximum
distance between the vertices of the polygon simulating the defect. The data obtained show that for successful visualiza-
tion of defects, the wavelength of the ultrasonic pulse must be ten times smaller than the size of the defect. The figure
also shows the effect of an unbalanced data set on the neural network accuracy. For defects of the largest size, the visu-
alization error increases.
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Effect of defect size on visualization accuracy
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Fig. 6. Dependence of visualization accuracy of defects on their size for cases A4 (left) and B (right). Black dashed line shows the
wavelength of the probing ultrasonic pulse

The authors also analyzed the effect of the mechanical parameters of the defect on their visualization accuracy. For
each neural network from cases 4, B, and C, validation was performed on a dataset with different mechanical parameters
of defects. This study shows how well-trained neural network models are able to visualize various types of defects, in-
cluding defects that are absent in the training sets. For ease of perception, the parameters of the material density and the
speed of sound in the materials are presented as relative:

_ p steel pdefect C _ Csteel - Cdefect

Pretative = P > Mrelative C
Figure 7 shows how accurately neural network models 4, B, and C visualize defects for a wide range of parameters.
In the case where the neural network is trained only on dataset 4, when the defect models a cavity, acceptable accuracy

is achieved only for defects with C > 0,7 . In case B, when the defect simulates a hard inclusion, the accuracy of the

relative

steel

neural network operation deteriorates significantly when value C,,., or 3amanHoro B skcriepumMenrte. deviates from the

efeci
one specified in the experiment. In case C, when the neural network is trained on a dataset with different defect parameters,
the results of the work are stable over the entire range of parameter changes. The exception is defects with value
C

relative

— 0. In these cases, the sound speeds in the strip material and the defect material are very close to each other. It
can also be concluded that the accuracy of the proposed method is more influenced by a change in parameter C, than p.

Thus, the limits of the application of various neural network models for the identification of defects with different me-
chanical parameters are demonstrated.
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Fig. 7. Effect of defect parameters on the accuracy of neural networks.
Neural network A on the left, neural network B in the center, neural network C on the right.
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Thus, it can be concluded that the neural network model developed by the authors represents a breakthrough in the
field of nondestructive control, providing effective tools for the visualization of internal defects and creating new pro-
spects for application in industry and scientific research [24-25].

Discussion and Conclusion. The results obtained present a new perspective on the field of nondestructive testing and
its potential in detecting internal defects in various materials and structures. In the presented study, an innovative method
based on the use of convolutional neural networks is proposed for the express diagnosis of defects in the structure of
materials. A key aspect of this research is the demonstrated potential efficiency of the use of convolutional neural net-
works to improve the quality of ultrasound imaging. The authors have developed a model designed for nondestructive
testing, and generated appropriate datasets used to train artificial neural networks. This convolutional neural network
model is able to accurately determine not only the shape, but also the position and orientation of internal defects in a solid
material. The experimental data obtained demonstrate the informative value of the ultrasonic signal, as well as its ability
to accurately convey real characteristics of internal defects.

The authors analyzed several types of defects, each of which was given special attention. In the first case, the defect
was classified as 4 and modeled as a cavity, in the second case — as B and represented a rigid inclusion, in the third —
as C, with different mechanical parameters of the defect. In all scenarios of the study, a critical effect of the defect size
on the ultrasound imaging accuracy was identified. In addition, the results obtained clearly confirm that the selection of
the frequency of the probing signal is of crucial importance and should be optimized so that the wavelength is significantly
smaller than the size of internal defects.

After conducting a system validation of convolutional neural networks in the context of each of the above-mentioned
types of defects (4, B, and C), a range of values of the mechanical parameters of the defect was established for different
mechanical characteristics of the defects, within which the proposed method did not provide sufficiently high-quality
visualization.

In conclusion, it should be noted that the methods and technical solutions developed in the course of this study are of
great importance for further research in the field of flaw detection and solving inverse problems in a wide context of
scientific and practical applications.
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