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General scalarization method of dynamic elastic fields in transversally isotropic media and its

new applications’
I. P. Miroshnichenko', V. P. Sizov*"”

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

2 Rostov Scientific Research Institute for Radiocommunication, Rostov-on-Don, Russian Federation

O0001mIeHHBIH METO CKAJSIPU3ALMH JUHAMUYECKUX YNPYIHX 10JIeil B TPAHCBEPCAIbHO-U30TPONHBIX CpeJax U

skokok
€ro HOBbIC¢ IPUMEHCHUSA

W. I1. Mupomnnuenko', B. I. Cuzon””

! lokcKoit rocyapcTBEHHBIN TEXHHUECKHH YHHBEPCHTET, I. PoctoB-Ha-Jlony, Poccuiickas deneparus
? PoctoBckHit-Ha-JI0HY HaydHO-HCCIIeI0BATENLCKII HHCTHTYT pagMocBssy, r. Poctos-Ha-Jlony, Poccuiickas denepanus

Introduction. An efficient technique of tensor field scalariza-
tion is successfully used while investigating tensor elastic
fields of displacements, stresses and deformations in the lay-
ered structures of different materials, including transversally
isotropic composites. These fields can be expressed through
the scalar potentials corresponding to the quasi-longitudinal,
quasi-transverse, and transverse-only waves. Such scalariza-
tion is possible if the objects under consideration are tensors
relating to the subgroup of general coordinate conversions,
when the local affine basis has one invariant vector that coin-
cides with the material symmetry axis of the material. At this,
the known papers consider structures where this vector coin-
cides with the normal to the boundary between layers. Howev-
er, other cases of the mutual arrangement of the material
symmetry axis of the material and the boundaries between
layers are of interest on the practical side.

Materials and Methods. The work objective is further devel-
opment of the scalarization method application in the bounda-
ry value problems of the dynamic elasticity theory for the
cases of an arbitrary arrangement of the material symmetry
axis relative to the boundary between layers. The present re-
search and methodological apparatus are developed through
the general technique of scalarization of the dynamic elastic
fields of displacements, stresses and strains in the transversally
isotropic media.

Research Results. New design ratios for the determination of
the displacement fields, stresses and deformations in the trans-
versally isotropic media are obtained for the cases of an arbi-
trary arrangement of the material symmetry axes of the layer

materials with respect to the boundaries between layers.

Beéeoenue. Tlpu wuccienoBaHUM TEH30PHBIX YOPYTHX MOJEH
MepeMenIeHU, HapsHDKEHHH U JeopMaIuii B CIIOMCTHIX KOH-
CTPYKIMSAX W3 PA3IMYHBIX MaTepHaoB, BKIIOYas TPaHCBEP-
CaJbHO-M30TPOIHBIE KOMIIO3HTHI, YCIENIHO IPHMEHSIETCS
3G PEKTUBHBIN METOJ] CKaJIpU3aAIMU TCH30PHBIX moei. JlaH-
HBIE [IOJISI MOTYT OBITh BBIPQKCHBI Yepe3 CKaJSIPHbIE IOTEHIIH-
anbl, COOTBETCTBYIOIUE KBa3UIIPOJOJBbHBIM, KBa3UIOIEped-
HbIM M YHUCTO IONEPEYHbIM BOJIHAM. Takas CKausipu3anus
BO3MOJKHA, €CJIH pacCMaTpHBaeMble OOBEKTHI SIBISIOTCS TCH-
30paMH OTHOCHTENIBHO IIOATPYIIIBI OOIIMX MpeoOpa3oBaHHUN
KOOPJIMHAT, KOT/Ia JIOKAIbHBIH apQUHHBIN 6a3uc MMeeT OAuH
WHBapUaHTHBIA BEKTOp, KOTOPBIN COBMAJAET C OCbIO MaTepu-
aNbHON CUMMeTpuH MaTepHaia. [Ipu 35ToM B U3BECTHBIX pabo-
Tax pacCMaTPHUBAIOTCSI KOHCTPYKIIMH, TAE 3TOT BEKTOP COBIIA-
JaeT ¢ HOPMalbi0 K TpaHUNe Mexny ciosmu. OpHaxo, st
MIPAKTUKH MPEICTABIIOT UHTEPEC U IPyrue Cllydal B3aUMHO-
IO PacloJIOKEHUsI OCH MaTepHalbHOW CUMMETpPHUU MaTepuala
U TPAHULIBI MEXKAY CIOSMHU.

Lenbto siBIseTCA AanbHeilee pa3BUTHE IPUMEHEHHS METo/a
CKaJIIpU3allii B 'PAaHMYHBIX 3ajayax JUHAMHUYECKOH TEOpHUu
YIPYTOCTH HA CIy9ad IPOMU3BOJIBHOTO PACIIOJIOKEHHS OCH
MaTepHaTbHOH CHMMETPHH 0 OTHOMICHHIO K TPAHHIE MEXTY
CIIOSIMH.
Memoowl UCcneo008aHusl. [Ipenyaraemsirii Hay4HO-
METOJMIECKHH ammapaTr pa3paboTaH Ha OCHOBE HCIIOJIB30Ba-
HHUs OOOOLIEHHOTO METoJa CKALSIPU3ALUKM JUHAMHYECKUX
YOPYTHX TOJIeH mepeMeleHnid, HalpshKeHuH i nedopMarnuii B
TpaHCBEPCAIbHO-U30TPOIHBIX Cpeiax.

Pezynomamul uccneooganus. IlomydeHbl HOBBIE PacuETHBIE
COOTHOIICHUSI [UIS ONpeIelNeHHs IIoJIed IepeMelleHHH,
HanpspKeHUit U nedopmaiii B TpaHCBEPCaIbHO-H30TPOITHBIX
cpenax Ha CIydJad IIPOHM3BOJIBHOTO PACIIONIOXKEHHSI OCeH Mare-
pHaNbHOM CHMMETPUH MaTepHajioB CJIOEB IO OTHOLICHHIO K

r'paHuam Mexay ClI0sAMHU.

" The research is done within the frame of government task of RF Ministry of Education and Science no. 9.9770.2017/ BY and is supported in part by
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Discussion and Conclusions. The present research and meth-
odological apparatus are successfully used in determining the
stress-strain state in the layered structures of transversally
isotropic materials, and in analyzing the diagnosis results of
the state of the plane-layered and layered cylindrical structures

under operation.

Keywords: scalarization method, transversally isotropic me-
dium, acoustic waves, composite materials.

For citation: 1.P. Miroshnichenko, V.P. Sizov. General sca-
larization method of dynamic elastic fields in transversally
isotropic media and its new applications. Vestnik of DSTU,
2018, vol. 18, no.3, pp- 258-264.
https://doi.org/10.23947/1992-5980-2018-18-3-258-264

Obcyacoenue  u  3axmovenus. llpenyaraeMplii  HaydHO-
METOANYECKUH anmapaT yCHEIIHO HUCIONb30BaH IPH OIpere-
JIEHUH HAIps)KEHHO-Ae(OPMHPOBAHHOTO COCTOSIHUSI B CJIOH-
CTBIX KOHCTPYKLUSX, BBINOJHEHHBIX W3 TPaHCBEPCAIbHO-
U30TPOITHBIX MaTepHajoB, U MPH aHAIN3E Pe3yIbTaToB IHa-
THOCTHKU COCTOSIHUSI IUIOCKOCIIOUCTBIX U CIOUCTBIX IMJIMH-

JPUYECKUX KOHCTPYKUUH, HAXOSIIUXCS B OKCILTYaTallUH.

KiroueBbie cjioBa: METOJ CKaJIsipru3ali, TPaHCBEPCAJIbHO-
H30TPOIIHAA Cpe€aa, aKyCTUYCCKHUE BOJIHBI, KOMIIO3UIIUOHHBIE
MaTepualibl.

Oébpasey ona yumupoganus: Mupomnudenko, U. I1. 0600-
IIEHHBII METOJI CKaSIPU3AIN JTUHAMHYECKUX YIPYTHX MOIei
B TPaHCBEPCAIbHO-N30TPONHBIX Cpellax M €ro HOBEHIE IpUMe-
uernus / U. I1. Mupomandenko, B. I1. Cuzos // Bectuk JloH-
CKOTro roc. TexH. yH-ta. — 2018. — T.18, Ne3. — C. 258—264.

https://doi.org/10.23947/1992-5980-2018-18-3-258-264

Introduction. When investigating the displacement, stress, and strain tensor elastic fields in layered struc-
tures of various materials, including transversely isotropic composites [1-3], an efficient method for scalarization
of tensor fields proposed in [4] is successfully used. Then, the checked fields can be expressed through scalar po-
tentials corresponding to quasi-longitudinal, quasi-transverse, and transverse-only waves, respectively. This sca-
larization is possible if the objects under consideration are tensors relative to the subgroup of general coordinate
transformations, when the local affine basis has one invariant vector that coincides with the material symmetry
axis of the material. Structures where this vector coincides with the normal to the boundary between layers are
considered in [5]. However, on the practical side, other cases of the mutual arrangement of the material symmetry
axis of the material and the boundaries between layers are of interest.

Materials and Methods. The work objective is the further development of the application of the scalari-
zation method for the boundary problems of the dynamic elasticity theory to the cases of an arbitrary arrangement
of the material symmetry axis with respect to the boundary between layers.

At first, in the coordinate system with an admissible reference point, there are components of the dis-
placement and stress tensors relative to this frame. Then, knowing all the components of the tensor fields in the
given reference coordinates, we can find the normal and tangential displacement and stress components corre-
sponding to the area lying on the boundary by passing to the coordinate system associated with the boundary be-
tween layers. These components are used later to satisfy the boundary problem conditions [5].

To dig deeper into the foregoing, we will discuss it in the context of solving problems for the plane-
layered structures.

Let us consider the case when the principal symmetry axis of a transversally isotropic material makes an-
gle o with the normal of the plane boundary surface between the layers (Fig. 1). At this, we assume that the field

is independent of the coordinate; .

NI

éK

Fig. 1 Computational pattern
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Design ratios
In accordance with [4]:

(L) (L) 1 ()
U, =(Dl V,+8 D, v,j¢+ D=V, +g8 |wtfg@ V-8 V),
g
(L) (L) (L) (L)
o, =(d, g, +d, 88 +d, 8V \V,+d,V,V Yo+ (M

(1) @ @ (1)
+(d, g;V, +d,d; 8‘/. V, +d, S(IVJ.) +d,V, V,Vw+

+2\gla, (V, 85V =V 8 VE) +a,(8 85V -8/8 VWV, Tv.
Components of the tensor fields of displacements U, and stresses o, in the coordinate system associ-

ated with the anisotropy of the material x’,x* can be written as follows:
)

W@ @) T g2 (D
szlg(D1+D2)¢+(_D1m+g)W;
g

(T)(T)

(L) (L) (T)
Uy =iB D ¢-D, AL w;

(1)
§ (2)
@ @) (L) W <L2> M@ (1 (@D <T2)
o, =ld+d,—(d,+d,)E 10+i E(d,+d,+d,—d, & )w;
1 W@ (LD m 1@ @@

Sk z_(Eds € PB+d, € Pro+i B(Eds_d4 E)w;
@ @@ @ @ (1))
Ok =(d+d,P)o+i E(d—d, P )w.
Here, the potentials of quasi-longitudinal ¢ and quasi-transverse w waves should satisfy the wave equation

w
with the corresponding wave number g (g or g ), and they have the form:

Ly o

_ i(é)x‘/ iB XK .
o=0d,e e
0 )

.lT) J “T) K (3)
w=we TP,
Where §2+[32=g2; (A+g2)¢:O. (4)
w
The coefficients D and d entering (2) are determined in [5] and are as follows:
()
g) _ gz(C13+C44) .
. B, @ |
op-hC,—(g-h")C,-C,-C,,)
G L 9 o 9
g)_g_ o p-—h(2C, +C;)—(g"—h")C, 8 g).
27w (L) L) (&) T w1
B o'p—h'Cy—(g’~-W’)C,~C,~Cy) g’ =N
@
(1) _
g (C,+C,) .
D, = 75 = 44(T> ) ’ )
2 2 2 2
o p-h"(2C, +C;)—- (g —h")C,
(L) (L) (L) L)y (L) (L) (L) (L) (L) (L) (L)
d, = —g2 a, - a,(D+D,); d, = —g2 a, —/12(2414 D,+a;D,+a;D));
@ @) w @ ) @
d,=2a,D,+2a,(2D+D,); d,=2a,D,;
(1)
() AT T R @
d =a g(1-D)+a, g=—mDh |
g
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(7)

() (T) (T) () (T) h2 (T)
dy=a; g(1-D))+2a, g+as| g—7D |
g
(T)
(T) (1) ™ DR @ M 1
dy=2a, g+2a,| g-2D, 4 |3d, =20, D, 7 ; (6)
g g
. 1 . 1 .
a1=C11—2a2, a, :E(CII_CIZ)’ a, :_E(C11+C12)+C13+C44_a47
1
a, :_E(Cu_clz)"'czm;as =C,+C; —2(C; +2C,,), )

where C; are elasticity moduli of the material written down by the contracted index [6-7].

In the formulas (5) and (6) for these coefficients:
cos0 sin®
=& p=—""—g.; g:L~
cos(o+0) cos(o+0) cos(a+0)
The boundary conditions of the dynamic elasticity problems include the components of displace-

ments U, U_, and stresses G, G, written in the coordinate system related to the boundary (Fig. 1).

The reference coordinates Z , ¥ andx’, x*, u, are interlinked through the relations[8]:
z =—x"sino+x’ cosa; X = x* coso+x” sina (8)
or:
x¥ =Xcosa—Zsina; x’ =¥sino+Z cosa. ©)
Using relations (8) and (9), from the formulas [5]:
U.:axn.q ;6..:%%6 ,
e MY o ax! ™

where the coefficients with a bar tab refer to the coordinate system z , x (let us call them “new” coordinates),

(10)

and without a bar tab — to the coordinate system x’, x* (“old” coordinates).
We can write the components of the displacementU_, U, and stressG_, G, fields entering the bounda-
ry conditions through the components (2):
U. =cosal, —sinaU, ;
U, =sinalU, +cosal,; (11)

= 2 . ) .
G, =C08 00, —Sin200 , +sin” 0G,, ;

G, =%si112oc(cru—cs,<,<)+(l—23in2 )G . (12)
In the “new” coordinates, the potential functions (3) have the form:

(I_) — ¢Oeilé)(isincxﬁcosa)ei([Li)(fcosa—ﬂina) :
™

(1)
w — woei & (¥sin a+?cosa)ei B (Xcosa—zsina)

>

and the displacements (11) are written as follows:
) )

_ W w W Mg oo W (g2 (D
U, =cosali E(D,+D,)d+(—D, G g)w]-sinali & D, ¢+ (—D, R (13)
g g
1) )(1)
_ W W 1 g2 (@ _ LW wEpR
U, =sinali(D,+D,)d+ (=D, o g)wl+cosali B D, ¢—D, =W (14)
g g

Here, the wave numbers §, B, g are determined with respect to the “old” frame (Fig. 2).
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Fig. 2.Wave numbers “relations” diagram

The wave numbers &, B which are the projections of the vector g onto the “old” frame x’, x*, and the
wave numbers g _, g, that are the projections of the vector g onto the “new frame” z, X are interlinked

through the following relations:
cos0 _ cosO o sin® _ sin®

p

- sin(a.+ 0) £ cos(a +0) £ P sin(o. + 0) £ cos(o+0)

— - g){ — gl . (15)
sin(a+0) cos(a+0)

Substituting (15) into (14), we obtain expressions for displacements in the “new” coordinates:

_ w W o _ @ )
Uz=igZ(D1+—cosecosa D,)p+g.(—cosOD, P Y ;
cos(a+0) cos(a+0)
— @) _cosOsina, (L) () sinBcosa B — (T _ sin(a.+0)cosO D sino. __
U, =ig (LS00 (| ) SIS g oy St +D)c0sD " (16)
cos(o+0) cos(o+0) cos(o.+0) cos(o.+0)
where, in accordance with (13) and (15):
_ W @ m_ 1
d=de e w=we' e 17)

Similarly, using (2), (14), and (15), from (12), we obtain the relations for the stress components enter-

ing the boundary problem conditions:

@ W@ D ceg? B 1W D cosOsin® 4 (L) (L) sin2@ © _
6. ={cos’o[d,+d,—(d,+d,)————g*]+sin 20 di+d,)——— +sin’ a d-d, ——— N+
= =1 [d,+d,=(d, 4)cosz(oc—i-e)g ] ( )cos (oc+6)g ( sz((x+6)gz)}¢
T (1) (1) @) (D) 2 @) i @ 1@ @D 2 @)
oo a—20 o @ drdi-d,— 0 g2y sinaq—00 i Lyl 8 g2,
cos(a+6) cos”(a+0) cos(a +0) 2 cos“(a+0)
(T) (T (T) 2 @
+sin 200 cosH g (d- czos 0 @)l
cos(a+6) cos”(a+0)
@ @ (WL 2 @ W in? <L> @ W @ _
—{—smza[d (dy+d )—CzOS O grrd,—S0 0 o2 (1-2sin’ a)(l —“’395‘“9 g0+
cos” (a+0) cos’(a+0)~° os’ (o +0)
™ (1) (D 2 (T) T (@1 2 (1)
rihsin2a 00 @l d g eS0TI 0 oy agint oy —S0_jlgl gl o0 e (18)
2 cos(o.+0) cos’(o.+0) cos(a+0) 2 cos” (o +0)

Thus, the displacement and stress components entering the boundary conditions (the coordinate sys-
temz, X is associated with the boundary) are determined by the relations (16) - (18) where the projections of

the wave vector g in the coordinate systemsZ, X and x’, x* are linked through the relations (15).

The matrices C describing the wave properties of the layers [9-10] used in [5] and being the key ele-
ments in the development of concrete solutions to the boundary problems in the layered structures in this case,

when the axesZ, X form the angle o with the frame components ¢’, €, have the form:

cz[% ij, (19)
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where

C= o) et
G Oy G ~Cp -ig.z
Cy Cp Cy Cp D
O —ig,z
T W@
8. =8, =8&.:> (20)
(L) (&) (L)
c, :igz(DlJrcochosoch) :
cos(a+0)
(1) )
C, =gz(—cos9Dl+& ;
cos(a +0)
D _cosOsina, B @D sinOcosa Y
C,=ig|[—D+D,)+——D];
cos(a+0) cos(a +0)
@ sin(a.+0)cosO L sina.
C,=g.[- 1 ;
cos(a +0) cos(a +0)
N o B 1@ @ cosBsin® 4 W @ gin*e B
C, =cos’o[d +d,—(d,+d,)———g*]+sin20(=d,+d,) ————— g’ ++sin o(d —d, ———— g~
31 [d\+d,—(d, 4)cosz(oc+6)gz] (2 3 4)Cosz(a+9)gz (d, 4COSZ(OL+9)gZ)
@ @ @ (1@ (1) 2 @ i T 1@ @D 2 @
C, = cos’ OLLSGigz(a’l+dz+a’3—d4 Czos—egzz)—sin%cﬂigz(— —d, Czos—egf)+
cos(a+0) cos” (a+0) cos(a+0) 2 cos” (a+0)
) 9 ™M M in2g @O
+sin? ()LLz'gz(afl—d4 Szm—gzz) ;
cos(a+0) cos” (a+0)
1 W W W oo’ D W gin2e D 1O @ cosOsin® 4
C, =—sin20[d,—(d,+d,)—————g° — g’ ]-(-2sinfo)(=d,+d, ————g*;
o2 [d,=(d; 4)cosz(oHO)gz 4cosz(oc+9)gz] ( )(2 } 40052((“_9)&
1. @ @ D cos’?@—sin’ 0 ") ) i 1@ @ 2 @)
C, :—sm20c—COSe i(d,+d,—d, cos” §—sin egzz) +(1-2sin’ ot)—Slne j cos”§ g2). 21)

za,—a,———-&,
cos(aa+0) 2 cos”(a+0)

Where a. =0, the elements (21) of the matrix C coincide with the corresponding elements of this ma-

cos(a+0) cos’ (o +0)

trix for the case of coincidence of the normal to the boundary and the material symmetry axis direction that are
represented by the formulas (3.82) in [5]. If a = g , then we get the case when the symmetry axis of the materi-

al is tangent to the boundary surface, and the formulas (21) coincide with the expressions (3.89) - (3.91) in [5].
Knowing the expressions for matrices C , one can construct solutions to various problems using the research
and methodological apparatus described in [5].
Conclusions. The present research and methodological apparatus were successfully used for determining the
stress-strain state in the layered structures made of transversely isotropic materials, and for analyzing the diagnostics
results of the state of flat-layered and layered cylindrical structures in operation.

References

1. Tarnopolskiy, Y.M., Zhigun, I.G., Polyakov, V.A. Prostranstvenno-armirovannye kompozitsionnye materi-
aly. [Spatially reinforced composite materials.] Moscow: Mashinostroenie, 1987, 224 p. (in Russian).

2. Geller, B.E., ed. Spravochnik po kompozitsionnym materialam. Kn.1 [Handbook in composite materials.
Book 1.] Moscow: Mashinostroenie, 1988, 448 p. (in Russian).

3. Vasilyev, V.V., Protasov, V.D., Bolotin, V.V, et al. Kompozitsionnye materialy. Spravochnik. [Composite
materials. Handbook.] Moscow: Mashinostroenie, 1990, 512 p. (in Russian).

4. Sizov, V.P. O skalyarizatsii dinamicheskikh uprugikh poley v transversal'no-izotropnykh sredakh.
[On scalarization of dynamic elastic fields in transversely isotropic media.] Izvestia: Mechanics of Solids, 1988,
no. 5pp. 55-58 (in Russian).

Mechanics

263



http://vestnik.donstu.ru

264

Vestnik of Don State Technical University. 2018. Vol. 18, no. 3, pp. 258-264. ISSN 1992-5980 eISSN 1992-6006

5. Sizov, V.P., Miroshnichenko, I.P. Vozbuzhdenie uprugikh voln v sloistykh anizotropnykh kon-
struktsiyakh. Monografiya. [Excitation of elastic waves in layered anisotropic structures. Monograph.] Saar-
brucken: LAP LAMBERT Academic Publishing, 2012, 270 p. (in Russian).

6. Sirotin, Y.I., Shaskolskaya, M.P. Osnovy kristallofiziki. [Basic crystallophysics.] Moscow: Nauka,
1979, 640 p. (in Russian).

7. Fedorov, F.I. Teoriya uprugikh voln v kristallakh. [Theory of elastic waves in crystals.] Moscow:
Nauka, 1965, 386 p. (in Russian).

8. Corn, G., Corn, T. Spravochnik po matematike dlya nauchnykh rabotnikov i inzhenerov. [Handbook
in Mathematics for Scientists and Engineers.] Moscow: Nauka, 1968, 720 p. (in Russian).

9. Brekhovskikh, L.M. Volny v sloistykh sredakh. [Waves in layered media.] Moscow: AN SSSR,
1957, 502 p. (in Russian).

10.Vinogradova, M.B., Rudenko, O.V., Sukhorukov, A.P. Teoriya voln. [Wave theory.] Moscow: Nau-
ka, 1979, 384 p. (in Russian).

Received 18.06 .2018
Submitted 19.06.2018
Scheduled in the issue 05.07.2018

Authors:

Miroshnichenko, Igor P.,

Head of the Machine Design Principles

Department, Don State Technical University (1, Gagarin
Square, Rostov-on-Don, 344000, RF), Cand.Sci. (Eng.),
associate professor,

ORCID: https://orcid.org/0000-0001-9450-2500
Ipmir@rambler.ru

Sizov, Valery P.,

Leading research scholar, Rostov Scientific Research In-
stitute for Radiocommunication (130, Nansena St.,
Rostov-on-Don, 344038, RF), Dr.Sci. (Eng.), professor,
ORCID: https://orcid.org/0000-0003-4816-0145




Vestnik of Don State Technical University. 2018. Vol. 18, no. 3, pp. 265-270. ISSN 1992-5980 eISSN 1992-6006

MECHANICS
MEXAHUKA

YK 539.3

Contact problem for a two-layered cylinder’

https://doi.org/10.23947/1992-5980-2018-18-3-265-270

D. A. Pozharskii', N. B. Zolotov’, I. Ye. Semenov’, E. D. Pozharskaya®, M. I. Chebakov>**

24 Don State Technical University, Rostov-on-Don, Russian Federation
23 Southern Federal University, Rostov-on-Don, Russian Federation

KonTakTHas 3a1a4a JUIsl ABYXCJI0iiHOro muaunapa”™

. A. Homapcxcuifll, H. b. 30.]10T0B2, H. E. CeMeHOB3, E. JI. Homapcxan“, M. U. Yebakos®

1,34

JloHCKOI1 rocyJapCTBEeHHBIM TEXHUYECKUN YHUBEPCHUTET, I'. PoctoB-Ha-/lony, Poccuiickas ®enepanys

23 JOsHbIi (enepanbHblil yHIBEpCHTET, T. PocTo-Ha-[loHy, Poccuiickas deaeparus

Introduction. The investigation of the contact problems for
cylindrical bodies is urgent due to the engineering contact
strength analysis on shafts, cores and pipe-lines. In the present
paper, a new contact problem of elastostatics on the interaction
between a rigid band and an infinite two-layered cylinder,
which consists of an internal continuous cylinder and an outer
hollow one, with a frictionless contact between the cylinders,
is studied. The outer cylindrical band of finite length is press
fitted. By using a Fourier integral transformation, the problem
is reduced to an integral equation with respect to the unknown
contact pressure.

Materials and Methods. Different combinations of linearly
elastic materials of the composite cylinder are considered.
Asymptotics of the symbol function of the integral equation
kernel at zero and infinity is analyzed. This plays an important
role for the application of the analytical solution methods. A
key dimensionless geometric parameter is introduced, and a
singular asymptotic technique is employed to solve the inte-
gral equation.

Research Results. On the basis of the symbol function proper-
ties, a special easily factorable approximation being applicable
in a wide variation range of the problem parameters is sug-
gested. The Monte-Carlo method is used to determine the
approximation parameters. The asymptotic formulas are de-
rived both for the contact pressure, and for its integral charac-
teristic. Calculations are made for different materials and for
various relative thickness of the cylindrical layer including
thin-walled layers.

Discussion and Conclusions. The asymptotic solutions are
effective for relatively wide bands when the contact zone
length is bigger than the diameter of the composite cylinder. It
is significant that the method is applicable also for those cases

" The research is supported by RFFI Grant no.18-01-00017.

Beeoenue. AKTyadbHOCTb HMCCIEJOBAHUS KOHTAKTHBIX 3a/1ad
Ul IWINHAPUYECKUX Tel OO0yCIOBICHA HEO0OXOIUMOCTBHIO
MPOBE/ICHNS] MH)KCHEPHBIX PAacyeTOB HA KOHTAKTHYIO IMPOY-
HOCTh BaJIOB, CTEpKHEH M TpyOOmpoBoaoB. B Hacrosmieii pa-
60Te M3ydaeTcsi HOBask KOHTAKTHAs 3ajadya CTaTHYECKOH Teo-
pHUH YIPYTOCTH O B3aHMMOJIEHCTBUH KECTKOTO OaHIaxa ¢ Oec-
KOHEUHBIM JIBYXCJIOWHBIM IIWJIMHIPOM, COCTOSIIMM W3 BHYT-
PEHHETO CIUIOIIHOTO M BHEIIHEro MOJIOTO IMHAPOB, MEXIY
KOTOPBIMU  BBINIOJNHSIOTCSL  yCJIOBHS IJIAJKOTO KOHTAKTa.
HapyxHbIif DVMIHHAPHYIECKUH OaHAaX MOCaXEH C HaTSIrOM U
UMeeT KOHEUHYIO IIHHY. IIpu moMouy WHTerpanbHOro Impe-
obpasoBanusi Dypee 3agaya CBOAUTCA K HWHTETPAIBHOMY
YPaBHEHUIO OTHOCHUTEIBHO HEHM3BECTHOI'O KOHTAKTHOTO aB-
JICHUSL.

Mamepuanvt u memoowi. PaccMaTpuBaroTcs pa3Hble KOMOWHA-
UM JINHEHHO-yIPYTHX MaTepHajoB COCTABHOTO IMIMHIPA.
Hccnenyercss acMMNTOTHKA (QYHKIUHM-CHMBOJIA SIIpa HHTE-
TPAILHOTO YPaBHEHMS B HyJNe M OECKOHEYHOCTH, MTIPAroIias
BOKHYIO POJIb JUIS HCIOJIB30BAaHMS AHAJIMTHYECKAX METOMOB
peurenus. s penieHns: HHTErPaIbHOTO YPaBHEHUsI BBOAUTCS
OCHOBHOM 0e3pa3MepHBIIi T€OMETPUIECKUIT ITapaMeTp W IpH-
MEHSIETCS] CHHTYJISIPHBIA aCHMITOTHYECKUI METO.
Pesynvmamut ucciedoganus. B cOOTBETCTBHH CO CBOHCTBaMH
(hYHKIMH-CUMBOJIA TIPEIUIOKEHA CIeIHabHAs JIETKO (hakTo-
pu3yeMasl annpoKCUMAIHs 3TOH (QYHKIMH, MPUTOJHAS B IIH-
POKOM JMana30He M3MEHEHHWs mapaMeTpoB 3amadn. [Ipm mo-
Momu Merona MonTe-Kapiao paccunTaHel mapameTpbl 3TOMH
anmpokcuMaruu. [TomydeHsl acHMITOTHYeCKre GOPMYITBI KaK
JUIA KOHTAKTHBIX }IaBHeHHﬁ, TaK U JJId UX HHTeraﬂbHOﬁ Xa-
PaAKTECPUCTHUKH. Pacuernr CIACJIaHbl IJI1 pa3HbIX MAaTCpPUAJIOB U
OTHOCHTEJBHBIX TOJIIUH IIIHHAPHIECKOTO CJIOS, B TOM YHC-
JIe 1711 TOHKOCTEHHBIX CJIOCB.

Obcyarcoenue u 3axnovenus. TlonydeHHbIE aCHMITOTHYECKHE
peuteHust 3Gp(EKTUBHBI Ui OTHOCUTENBHO IIMPOKUX OaHIa-
XKeH, Korja pa3Mep 0O0JacTH KOHTaKTa MPEBBIIACT JUAMETP
COCTAaBHOTO NWIMHApA. BakHO, YTO HCIIONB3YyeMBI METO[
OCTacTCd NPUMEHHUMBIM U IS CIIy4acB, KOorjaa BHEITHUH nu-

** E-mail: pozharda@rambler.ru, zolotov.nikita.borisovich@gmail.com, ivan.sk6@gmail.com, pozharskaya.elizaveta@rambler.ru,

chebakov(@math.sfedu.ru
*** PaGota BBINONHEHA 110 rpanTy PO®U 18-01-00017.
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when the outer cylindrical layer is treated as a cylindrical
shell. The asymptotic solutions can be recommended to engi-
neers for the contact strength analysis of the elastic barrels
with a flexible coating of another material.

Keywords: elasticity theory, contact problems, composite
cylinder, approximation, asymptotics.

For citation: D.A. Pozharskii, et al. Contact problem for a
two-layered cylinder. Vestnik of DSTU, 2018, vol. 18, no.3,
pp. 265-270. https://doi.org/10.23947/1992-5980-2018-18-3-
265-270

JIMHAPUYECKUHN CIIOM MOXHO paccMaTpuBaTh Kak LMWJIMHAPHU-
YEeCKyI0 000JIOUKY. ACHMITOTHYECKHE PELICHUS MOXHO pe-
KOMEHJIOBaTh MHXKEHEpaM I aHalM3a KOHTAKTHOM IpOdYHO-
CTU YIpPYTHX JeTaneil HUIHHAPUYIECKOH (OPMBI C YNPYTHUM
MOKPBITHEM M3 IPYroro MaTepuaa.

KiioueBble c10Ba: TEOpUs YNPyrocTH, KOHTAKTHBIC 3a]a4H,
COCTaBHOM IIMIIMH/IP, AIIIPOKCUMAINS, aCUMIITOTHKA.

Oébpasey ona yumuposanusn: Iloxapckuii, A. JI. KontaktHas
3aa4a st AByxcioiHoro mwmmHapa / J. A. Iloxapckuit [n
np]. — Becrnux Jlonckoro roc. texH. yn-ta. — 2018, —
T.18, Ne3. — C. 265-270. https://doi.org/10.23947/1992-

5980-2018-18-3-265-270

Introduction. A dynamic contact problem for a prestressed elastic liquid-filled cylinder is studied in the paper
[1]. Static contact problems for homogeneous elastic cylindrical bodies were considered in the papers [2-6] using regu-
lar and singular asymptotic methods. It was found [4] that for cylindrical bodies, kernel symbols of integral equations of
the contact problems are characterized by a more complex asymptotic behavior at zero and infinity than, for example, in
contact problems for resilient strip. This required applying complicated approximations of the symbols easily factored
by functions when using the singular asymptotic method. The approximation for hollow thin-walled cylinders is particu-
larly complicated [6]. The suggested approximation [6] is advantageous even for the cases when a thin-walled elastic
cylinder can be considered as a cylindrical shell [7]. The contact problem on the interaction of an elastic ring and a flex-
ible cylinder was studied [8]. The elastic cylinder wear was analyzed in the paper [9]. This work objective is to obtain a
solution to the contact problem for a composite two-layer elastic cylinder on the basis of a singular asymptotic technique
and an effective approximation of the kernel symbol of the integral equation.

Materials and Methods. In the cylindrical coordinates r, z (with axisymmetry), we consider an infinite elastic
composite cylinder of outer radius R which consists of an inner solid cylinder of radius R/ <R with elastic parameters
v1, G (Poisson's ratio and shear modulus) and an outer cylindrical layer with elastic parameters v, G. Between the layer
and the inner cylinder, the sliding binding conditions are met. We consider the contact problem on the interaction of the
described composite cylinder and a rigid band in the domain |z|[<a. For the given band preload 9, it is required to esti-
mate contact pressures o, =—¢(z) (jz| <a). Using the integral Fourier transform to solve the properly mixed (contact)

boundary-value problem for Lame’s elastic equilibrium equations and introducing non-dimensional notations (the
primes are further omitted)

R 5 z q(©)(1-v) G, R
7\4:_9 8/:_5 /:_9 ! ! = 9 8:_]’ k:_l<l’ 1
. . o P ©) e G R (1
we obtain the following integral equation for g({):
1 ©
| q(&)k[%jda =78 (G<D. k()= [ L(w)cosqur)du, @)
-1 0
where the kernel symbol takes the form
d d
L(“):_jll_ij 3)

d= (A55A66 - AssAas )[(A12A31 - A11A32 )(A23A44 - A24A43) -
_A13A31 (A22A44 - A24A42) + A14A31 (A22A43 - A23A42 ) +

+A13A32 (A21A44 - A24A41 ) - A14A32 (A21A43 - A23A41 )] +
+A35A56 [(A23A44 - A24A43 )(A12A61 - A11A62 ) +
+(A22A44 - A24A42 )(A11A63 - A13A61) + (Azz A43 - A23A42 )(AMAG] - Al 1 A64 ) +

+(A21A44 - A24A41 )(A13A62 - A12A63) + (A21A43 - A23A41 )(A12A64
+(A21A42 - A22A41 )(A14A63 - A13A64 )]’

d, = (A13A44 - A14A43 )[Asz (AS6AGS - ASSAGG) - A35A56A62 1-
_A35A56 [AIZ (A43A64 - A44A63 ) - A42 (A13A64 - A14A63 )],

- A14A62 ) +
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dz = _(A13A44 - A14A43 )[ASI (A56A65 - A55A66 ) - A35A56A6l ] +
+A35A56 [An (A43A64 - A44A63) - A41 (A13A()4 - A14A63 )]9

A, =ul,-20-V)I,, A, =-uK,~2(0-V)K,, A,=ul,, A,=-ukK,,
A, =GB=2Vul, - + 41—V, A, =—(3—-2vuK, -’ +4(1-V)K,,
Ay =u(l, —ul,)), A, =-u(K, +uk,),

A, =20-WI, A, =20-V)K', A,=-41-v)I,

A, =ukl; -2(1-v)I;, A, =-ukK, -2(-V)K;, A,=ul’, A,=-ukK],
A, =ukl] —2(~v)I*, A, =ul,

A, =G—2v)ul’ — Wk +4(1- VK,

A, =—G—2v)uK; — Uk +4(1-v)kHK,

A, =uk'IT =L, A, =-uk'K -u’K],
A, =—[3—2v )l — Pk + 41—V, Ay = —eu(IT k™ —ul?),
I,=1w), K,=K, W), I,=1uk), K, =K, (uk), n=0, 1.

Here, 1,(u), K,(u) are modified Bessel functions. The dimensionless parameter A characterizes a relative width
of the contact region.
Function L(u) at zero and infinity behaves as follows:
(v=D(1+e-v, +&v,)+k’g
2(v=D[(v+D)(1+e—v, +ev,)+k’g,] ’

}gr(} Lw)=L(0)= g =(v+D(v, =D —e(v-1)(v, +1). 4

L(u):l+22+o(u’2) (u > +0), D=1-2v.
u u

At k=0, value L(0) is the same as the known value for the homogeneous solid cylinder [4].

To solve the equation (2), we apply the singular asymptotic method [3,4] effective for sufficiently small values
of A. To apply the Wiener-Hopf technique [10], we used an easily factorable approximation of the function L () (3) by
the expression

L(u)= )

u’+

i+ B o D u? + A*G? oo A’B o D

c P\ st ) w46 L) P10t )
At calculations, two cases were taken: 1) iron inside, zinc outside (e=2.126, v=0.27, v;=0.28); 2) aluminum
inside, zinc outside (e=0.779, v=0.27, v;=0.34). Table 1 gives the approximation parameters values (5), its relative error
on the real axis 0 (%) calculated using the Monte Carlo method for different relative thicknesses of the outer layer £.

Table 1

Approximation parameters

A B G 0 4 | B | @ 0
k Iron inside zinc Aluminum inside zinc
0.01 1.230 1.549 4.638 2.5 0.451 6.113 3.394
0.03 1.291 1.563 4.042 2.5 0.888 5.977 3.029
0.05 1.296 1.851 5.006 2.399 1.467 2.524
0.07 1.258 2.057 6.376 0.720 7.945 2.512
0.09 1.024 4.360 92.381 1.481 9.890 9.369
0.099 3.540 24.178 5.347 1.178 5.535 235.946 10

DN Q| | W[ W

N | W W
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Considering, as follows from (4),

limL(0)=— 1~
k1 2e(1-v)(1+v))

(6)
then, in the case of small ¢, the approximation (5) for thin outer layers is to be complicated by increase in

number of the parameters included into it.

Research Results. As a result of applying the Wiener-Hopf technique, the principal term of the asymptotic solution to

the integral equation (2) for small A can be constructed in the form of

"@%{“(IKC]“’(IXC)‘L(IO)} (Ixk<D), )
o(s) = %, I(s) = —%j;W(s 1)K, (10°1)dr,
W(s) = eXpJ(EBS) + e erf(JBs) +(— - le(AG 5),
O(F,s) = \/_exp< —Fs)erf(\[(B—F)s) +—erf(«/B_s>

Here, erf(x) is error function integral.

For the integral characteristic of the solution
1
P=[q(©)dg 8)
-1

on the basis of the formulas (7), we obtain the expression

P 2 2 2 2 D 2
g—m[Z(xj-FJ(xj}—m, J(S)——;.([Z(S—T)KO(IO T)dT, (9)
Z(S)ZL (S_L_Flj erf(«/Bs + iexp(—Bs) +(l—1jT(AG S)

JB 2B C \an A o

T(F,s):\/%{(s 213 é ;j erf(\/Bs +\/:Bexp( Bs)}
_[1_CN\XPCES) o [ B=F)s
(1 FJ merf( (B—F)s).

Calculations show that the asymptotics (7), (9) error for A<l does not exceed (5+0) %, where 0 is the ap-
proximation (5) error.

Table 2 shows the values of the integral characteristic P8 calculated from the formulas (9) at different values

of kand A.
Table 2

Values of P&

)= N 0.25 2 | v | os | o2

k Iron inside zinc Aluminum inside zinc
0.1[]| 3.25 5.77 10.9 21.1 3.22 5.71 10.8 20.9
0.03 3.37 6.02 11.4 22.2 3.20 5.65 10.7 20.7
0.05 3.67 6.65 12.7 24.8 3.09 5.51 10.5 20.4
0.07 4.22 7.78 15.0 29.4 2.96 5.33 10.2 19.9
0.09 5.60 10.3 19.6 38.2 2.93 5.28 9.99 194
0.099 6.91 12.3 23.2 449 2.99 5.31 9.94 19.2
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Discussion and Conclusions. As Table 2 shows, with decrease in A, the integral characteristic of the contact
pressures increases, which is associated with the extension of the contact area. For the case of a stronger material inside
zinc (iron), contact pressures are higher than for aluminum inside zinc.

With thinning the zinc layer around the iron (with increasing k), the contact pressures increase essentially. This is
hardly in evidence during thinning the layer of zinc around aluminum, since the modulus of longitudinal elasticity (and
also shear modulus) of aluminum is slightly less than that of zinc. The asymptotics found can be recommended to
engineers for analyzing the contact strength characteristics of the coated cylindrical parts.
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Introduction. Reliability-Based Design Optimization (RBDO)
model reduces the structural weight in uncritical regions, does
not only provide an improved design but also a higher level of
confidence in the design.

Materials and Methods. The classical RBDO approach can be
carried out in two separate spaces: the physical space and the
normalized space. Since very many repeated researches are
needed in the above two spaces, the computational time for
such an optimization is a big problem. An efficient method
called Optimum Safety Factor (OSF) method is developed and
successfully put to use in several engineering applications.
Research Results. A numerical application on a large scale
problem under fatigue loading shows the efficiency of the
developed RBDO method relative to the Deterministic Design
Optimization (DDO). The efficiency of the OSF method is
also extended to multiple failure modes to control several out-
put parameters, such as structural volume and damage criteri-
on.

Discussion and Conclusions. The simplified implementation
framework of the OSF strategy consists of a single optimiza-
tion problem to evaluate the design point, and a direct evalua-
tion of the optimum solution considering OSF formulations. It
provides designers with efficient solutions that should be eco-
nomic, satisfying a required reliability level with a reduced

computing time.

Keywords: Reliability-Based Design Optimization, Structural
Reliability, Safety Factors
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Bseoenue. Mopenb, OCHOBaHHAs Ha ONTHMHU3ALMKA HaIEKHO-
cti, (RBDO) ymeHbIIaeT CTPYKTYPHBIH BeC B HEKPUTHIECKHX
pernoHax, obecreynBaeT He TOIBKO YIIyUIIEHHYI0 KOHCTPYK-
LU0, HO U OOJiee BHICOKHMI YPOBEHb YBEPEHHOCTH B INU3aiHE.
Mamepuanst u memoowt. Knaccuueckuii moaxoa RBDO wmo-
JKeT OBITH BBINOJHEH B JBYX OTAENBHBIX IIPOCTPAHCTBAX: (pH-
3MYECKOM IIPOCTPAHCTBE M HOPMHPOBAHHOM IPOCTPAHCTBE.
INockoneKy B BBINIEYIOMSHYTBIX ABYX IIPOCTPAHCTBAX TPeOy-
eTCsi OYeHb MHOTO IIOBTOPHBIX HCCIEIOBaHHH, pacyéTHOE
BpeMsl JUIS TaKoil ONTHMHM3AIMU SBISIETCST OOJBIION mpoolite-
Moi. DddexTuBHBI MeTon, HasbiBaeMblii Optimum Safety
Factor (OSF), pa3paboTaH ¥ yCHEIIHO MPUMEHSETCS K He-
CKOJIBKUM MHXXEHEPHBIM MTPUIIOKECHHSM.

Pesynomamul  uccnedosanusi. YuCIeHHOE TPUIOKEHUE MO
KpyIMHOMAacIITaOHO! 3aJade P YCTAJIOCTHOM 3arpy3Ke MOoKa-
3pIBaeT 3¢ dexkTHBHOCTH pazpaboranHoro meroga RBDO oT-
HOCHTENBHO JETEPMHUHUPOBAHHOW ONTHUMHU3ALUM JAW3aiiHa
(DDO). DddexruBHOCTs MeTona OSF Tarke pacrmpocTpass-
eTCsl Ha HECKOJBKO PEeXHMMOB OTKa30yCTOMYMBOCTH IS
YIIPaBJIEHHSI HECKOIBKHMH BBIXOJHBIMHU MapaMeTPaMH, TaKH-
MH KaK CTPYKTYpHBIIl 00BEM U aTpUOYT NOBPEKICHHS.
Obcysrcoenue u 3axniovenus. YTPOILIEHHas CTPaTerHs BHEI-
pernst cTpykTypbl OSF COCTONT M3 €qMHCTBEHHON 3214 110
ONTHMH3AIMH OLEHKU IPOSKTHOW TOYKU M TNPSIMOU OLEHKH
ONTUMAJIBHOTO pemreHus ¢ ydetoMm coctaBoB OSF. OH mpeno-
CTaBIAeT pa3paboTuuKaM 3(GQPEKTUBHBIC PELICHUS, KOTOPbIS
JIOJDKHBI OBITh SKOHOMHYHBIMH, YIOBJIETBOPSIOLIUMHU TpeOye-
MOMY YPOBHIO HaJISKHOCTH C COKpAIIEHHBIM PACUYETHBIM Bpe-
MEHEM.

KirodeBble cji0oBa: ONTUMM3ALUS Ha OCHOBE HaJEXKHOCTH,
CTPYKTYpHAsl HaI&)KHOCTB, ()aKTOPHI OE30ITaCHOCTH
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1. Introduction

When Deterministic Design Optimization (DDO) methods are used, deterministic optimum designs are usually
pushed to the design constraint boundary, leaving little or no room for tolerances (or uncertainties) in design, manufac-
ture, and operating processes. So, deterministic optimum designs obtained without consideration of uncertainties may
lead to unreliable designs, therefore calling for Reliability-Based Design Optimization (RBDO). An RBDO solution
that reduces the structural weight in uncritical regions does not only provide an improved design but also a higher level
of confidence in the design. The basic idea is to couple the reliability analysis with optimization problems. This cou-
pling is a complex task, drawing on a high computing time and convergence stability, which seriously limits its applica-
bility in real problems. To overcome these difficulties, several methods have been elaborated [1]. These methods can be
classified into two categories: numerical and semi-numerical methods. An efficient numerical method called Hybrid
Method is based on simultaneous solution to the reliability and the optimization problem. It has successfully reduced
the computational time problem. The advantage of the hybrid method allows us to satisfy a required reliability level for
different cases (static, dynamic, ...), but the vector of variables here contains both deterministic and random variables.
To overcome both difficulties, an efficient semi-numerical method called Optimum Safety Factor (OSF) method has
been proposed to solve problems in statics [2], and also an efficient alternative semi-numerical method called Safest
Point Method (SP) has been proposed to solve problem in dynamics [3]. Recently, a Robust Hybrid Method (RHM) is
also developed to overcome the HM difficulties in order to solve multiaxial fatigue damage analysis problems [4]. The
RHM leads to robust solution comparing with the HM, but the computing time is still a big drawback.

2. Reliability-Based Design Optimization

2.1 Developments

The computational cost of sequential RBDO approaches is much higher than the DDO procedure. Several devel-
opments accelerated the use of the RBDO model. The Reliability Index Approach (RIA) and the Performance Measure
Approach (PMA) have been proposed [5]. Next, the sequential optimization and reliability assessment (SORA) is de-
veloped to improve the efficiency of probabilistic optimization [6]. The SORA method employs a single-loop strategy
with a serial of cycles of deterministic optimization and reliability assessment. The major difficulty lies in the evalua-
tion of the probabilistic constraints, which is prohibitively expensive and even diverges for many applications. It is clear
that efforts were directed towards the development of efficient techniques to perform the reliability analysis. Here, the
reliability index is computed iteratively that leads to an enormous amount of computer time in the whole design process.

2.2 Basic RBDO formulations

Traditionally, for the reliability-based design optimization procedure, two spaces are used: the physical space
and the normalized space [7,8]. Therefore, the reliability-based design optimization is performed by nesting the follow-
ing two problems:

1. Optimization problem:
min f(x)
subjectto g, (X)SO , k=1,..,K (1)
and B(x,u)=p,

where f{(x) is the objective function, gi(x) <0 are the associated constraints, f(x,u) is the reliability index of the struc-
ture, and /3, is the target reliability.

2. Reliability analysis: the reliability index B(x,u) is the minimum distance between the limit state function H(u) and the
origin, see Figure 1b. This index is determined by solving the minimization problem:

min d(u)
o )
subjectto  H(u)=0
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where d(u) is the distance in the normalized random space, given by d = Zuiz , and H(u) is the performance function

(or limit state function) in the normalized space, defined such that H(u) <0 implies failure, see Figure 1b. In the physi-
cal space, the image of H(u) is the limit state function G(x,y), see Figure la. Using the classical approach, the RBDO
process is carried out in two spaces. That leads to a high computational time problem. Therefore, there is a strong need
to develop efficient methods [9].

X, Physical Space i, Normalized Space

, Failure Failure

Safe Safe :
Region \ ... Region Region

o = Design H(u) o

Point A
0 L i‘]
a) b)

Fig. 1. Physical and normalized spaces

In the field of reliability-based design optimization, we distinguish between two types of variables:

1. The optimization variables, which are deterministic variables to be adjusted with a view to optimizing the
sizing; they represent the control parameters of the mechanical system (i.e. dimensions, materials, loads, etc.),
and the probabilistic model (i.e. means and standard deviations of random variables);

2. The random variables, which represent the uncertainties in the system. Each of these variables is identified
by the type of distribution law and the associated parameters. These variables may be the geometric dimen-
sions, the characteristics of the material or the external loads.

3. Optimum Safety Factor (OSF)

The Partial Safety Factors (PSF) presented in [10] use the calibration methods that need to propose some con-
straints during the calibration process to increase the efficiency and the accuracy. The resulting solution when using
PSF may not represent a global or even local optimum. It may satisfy the required reliability level because of the effi-
ciency of the used optimization algorithm. An efficient OSF method essentially depends on the satisfaction of the opti-
mality conditions of the reliability index problem (2). This method provides the designer at least with a local reliability-
based optimum without additional computing cost. This method has been basically developed for a normal distribution
case [11]. In this work, it is generalized to be applied to a single and multiple failure cases.

3.1 Single Failure Mode (SFM)
The SFM reliability problem can be written as:

B =mind(u,) = \Ju; +u; +..+u, st: H(u,uy,..,u,)<0 3)

where d(u,) is the minimum distance between the design point and the optimal solution. And H (ul. ) <0 represent the

failure mode. The corresponding analytical formulation using OSF can be written as follows:

y - P= L 4)
where the sign of + depends on the sign of the derivative, i.e.,

a—G>0<:>uf>1 and a—G<0<i>uf<1, i=1,..,n

v, v,
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Formulation (4) provides different optimum values of the normalized variables at the design point and taking into ac-
count a single failure mode. In [2], a similar formulation can be found for several distributions.

3.2 Multiple Failure Mode (MFM)

Using the same OSF developments for a single failure mode [2], the MFM problem can be written as:

BY™M =mind(u) = \Ju; +u; +..+u, st: H, (u,u,,..,u,)<0 (%)

H, (u,) <0 represent the different failure modes. The corresponding analytical formulation using OSF can be written

as follows:

396,
J=1 6)/1'
mn oG

Ve

(6)

J=1 ayi

Formulation (6) provides different optimum values of the normalized variables at the design point and taking into ac-
count several failure modes.

3.3 OSF algorithm

The Optimum Safety Factor (OSF) algorithm can be easily implemented in three principal steps (Fig. 2). The
first step is to determine the design point considering the most active constraint as a limit state function G(y). The opti-
mization problem is to minimize the objective function subject to the limit state and the deterministic constraints. The
resulting solution is termed the design point. The second step is to compute the safety factors using the equations (4)
and (6). The third step is to calculate the optimal solution including the values of the safety factors in the computation
of the values of the design variables and then determine the optimum design of the structure.

/ Set initial point: X;.¥,. /

pr— "
ad

y

E  a— [ Evaluate Objective -function ]

£~

5 & Update.y ]
23 J [ P

W

= ) — [ Optimization Formulation ] ’

J |

b E— [ Compute OSF ]

h 4

> [ Reevaluate Functions ]

Fig. 2. OSF algorithm

Optimunt Point
Steps2 & 3

[

4. Numerical Application

The objective of this application is to show the advantage of the RBDO by OSF relative to the DDO when deal-

ing with SFM and MFM. The corresponding material properties are: Young’s modulus E = 206.8GPa, Poisson’s ratio

v=0.29 and density p = 7820 kg/m’. The endurance limits for the reversed tension stress and torsion stress f-1 and t-1
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stated after 2.106 cycles are equal to 252MPa and 182MPa, respectively. For more details about the fatigue data and
methods of this example, the interested reader can refer to [12]. The length and the height of the studied plate are:
L=0.14 m and H=0.1 m, respectively (Fig. 3a). In finite element analysis, the plate is supposed simply fixed on its four
edges and is modelled by 32 eight-node square elements which produce no out-of-plane stress (Fig. 3b). Here, the
thickness of each element T, is considered as a random variable and its mean as a deterministic variable that leads to 32

deterministic variables and 32 random variables.

L . .>< 10t

Fig. 3:
a - Dimensions of the perforated plate and
b - Thickness distribution for resulting optimum design

The objective of the DDO procedure is to minimize the volume subject to the fatigue damage constraints. Here, we

consider a global safety factor S, =1.25 applied to the damage D, and based on the engineering experience. The

RBDO procedure cannot control not only the reliability level but several output parameters. In [2], the reliability level
has been controlled considering a target reliability level, however, here we seek to control the other output parameters
such as the structural volume and the damage criterion.

The DDO and RBDO results in table (1) show that the DDO cannot provide the designer with a required reliabil-
ity level while RBDO by OSF allow controlling the safety levels. According to the problems 3 and 5, the value of the
global safety factor is applied to the upper damage limit D, =1 to be S, =1.25. This way the allowable damage will

be: D, = 0.8 . The standard deviations are considered as proportional of the mean values: o, =0.5m, , i=1,...,32. After

having optimized the structure, the resulting DDO volume (Table 1) was found to be Vppo=105.64cm’. The correspond-

ing reliability index was found to be: B,,, =2.73. This resulting value does not belong to the standard structural engi-
neering norm P, =273 ¢ [3—4.25] . However, for the same optimum volume, the RBDO for multiple failure modes

(using 5 and 6) provides the designer with a more reliable optimum structure with 3 = 3.64. Figures 4a and b show

RBDO"
the interval of the damage distribution of all structure thickness for DDO and RBDO in the same volume Vppo = Vispo'-
The resulting damage distribution interval of RBDO by OSF [0.52,0.8] is better than the resulting one by DDO
[0.4,0.8]. While Figures 4b and c¢ show the interval of the damage distribution of all structure thickness for DDO and
RBDO for the same maximum damage values Dppo=Drppo =0.8. The RBDO by OSF provides the designer with an

optimum structure with an increase 7% but more reliable by 45% relative to the resulting structure by DDO (B, » =

3.78>B,p0 =2.73). Here, the resulting damage distribution interval of RBDO by OSF [0.56,0.84] is also better than the

resulting one by DDO [0.4,0.8]. Thus, when obtaining a better damage distribution interval, the volume is reduced in

the non-critical structural regions that leads to economic and reliable designs.
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Parameters Design Optimum Solutions
Point RBDO’ DDO RBDO”
Volume 81.9770 105.53 105.64 112.70
D, . 0.9945~1 0.84 0.8 0.8
[ 0 3.64 2.73 3.78
T, 5.5784 8.914 7.7839 9.665
T, 7.7249 11.477 9.2979 12.434
T 8.7796 8.340 10.1057 8.732
T, 8.7876 8.328 10.1055 8.718
Ts 7.7435 11.571 9.2976 12.536
Ts 5.604 9.001 7.7838 9.759
T, 6.8081 12.024 8.6421 13.129
Ts 6.0581 8.675 8.1291 9.265
Ty 5.3822 3.715 7.5599 3.738
Tho 5.3866 3.745 7.5597 3.770
Ty 6.0644 8.678 8.1290 9.266
T, 6.8267 12.063 8.6422 13.169
T3 7.605 10.503 9.2265 11.214
T4 4.7228 4.081 7.1685 4.157
Tys 4.7194 4.061 7.1689 4.136
Tis 7.608 10.507 9.2268 11.218
Ty, 7.6074 10.504 9.2267 11.214
Tis 4.7191 4.057 7.1688 4.131
T 4.7231 4.082 7.1685 4.159
Ty 7.6056 10.509 9.2264 11.220
Ty 6.8256 12.057 8.6421 13.162
Ty, 6.0637 8.675 8.1290 9.262
Tos 5.3861 3.738 7.5597 3.762
Ty 5.3825 3.721 7.5599 3.745
Ts 6.0588 8.680 8.1291 9.270
T 6.8093 12.031 8.6421 13.137
T5; 5.6029 8.992 7.7838 9.749
Tos 7.7425 11.557 9.2976 12.521
T 8.7871 8.311 10.1055 8.699
T3 8.7799 8.351 10.1057 8.744
T3 7.7257 11.491 9.2979 12.450
T3, 5.5794 8.922 7.7839 9.674

Table 1

The structural reliability level is improved because the OSF-based solution essentially depends on the sensitivity
study which determines the role of each parameter relative to the failure probability. For the computing time, the DDO
procedure needs to solve two sequential optimization problems (1) and (2) while the RBDO by OSF can realize the op-

eration in only one single optimization problem.
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TS T e A i
o D . =056
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¢) Optimum Solution by RBDOP, Dmax=0.8, Volume=112, [ =3.78, D €[0.53,0.8]

Figure 4. Resulting damage distribution intervals by DDO and RBDO procedures

Table 2 presents the different OSF results considering the linear and nonlinear distributions (normal, lognormal,
uniform, Weilbull and Gumbel distributions), see [2], satisfying a required reliability level B = 3 . The required reliabil-

ity level can be considered as a given data and the algorithm converges to the optimum design that verifies the require-
ments (controllable designs: reliability, volume, damage ...). For the computing time consumption, for a single failure
mode, when using DDO procedure, two optimization processes are used (the first is to find the optimum solution and
the second is to find the design point). The problem becomes much more complex for multiple failure modes where
each failure mode needs a separate optimization process to find the corresponding design point. However, the RBDO by
OSF needs only a single optimization process to find the design point and next the optimum solution is analytically
computed using OSF-SFM or OSF-MFM formulations. The RBDO by OSF is then carried out without additional com-
puting time because it has a single variable vector that defines the design point.

Linear and nonlinear RBDO result for required reliability index =3

Table 2

Structural Design Optimum RBDO solutions
Parameters Point Normal Lognormal Uniform Weibull Gumbel
Volume 81.97 86.63 86.92 88.22 85.59 83.28
Dinax 0.99~1 0.94 0.93 0.92 0.95 0.98
B 0 3.00 3.00 3.00 3.00 3.00
P; 50% ~0.1% ~0.1% ~0.1% ~0.1% ~0.1%
T, 5.5784 5.8679 5.8890 5.9694 5.7954 5.6604
T, 7.7249 8.1947 8.2203 8.3520 8.0980 7.8541
T; 8.7796 9.3409 9.3684 9.5255 9.2330 8.9342
T, 8.7876 9.3488 9.3763 9.5334 9.2407 8.9428
Ts 7.7435 8.2130 8.2387 8.3704 8.1160 7.8739
Ts 5.6040 5.8933 5.9145 5.9949 5.8204 5.6873
T; 6.8081 7.1965 7.2204 7.3293 7.1097 6.9176
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Ty 6.0581 6.3822 6.4046 6.4950 6.3039 6.1518
Ty 5.3822 5.6633 5.6836 5.7618 5.5934 5.4579
T 5.3866 5.6677 5.6880 5.7662 5.5978 5.4625
T, 6.0644 6.3885 6.4109 6.5013 6.3101 6.1584
T 6.8267 7.2148 7.2389 7.3476 7.1277 6.9374
T3 7.6050 8.0591 8.0848 8.2121 7.9634 7.7337
T4 4.7228 4.9483 4.9670 5.0288 4.8862 4.7866
Tis 4.7194 4.9451 4.9638 5.0257 4.8831 4.7830
Tis 7.6080 8.0621 8.0877 8.2151 7.9663 7.7369
17 7.6074 8.0615 8.0872 8.2145 7.9657 7.7362
Tis 4.7191 4.9448 4.9635 5.0254 4.8828 4.7827
T 4.7231 4.9486 4.9673 5.0291 4.8864 4.7869
Ty 7.6056 8.0597 8.0854 8.2127 7.9640 7.7343
Ts; 6.8256 7.2137 7.2378 7.3466 7.1267 6.9362
15 6.0637 6.3878 6.4103 6.5007 6.3094 6.1577
T3 5.3861 5.6672 5.6875 5.7657 5.5973 5.4620
Ty 5.3825 5.6636 5.6838 5.7620 5.5937 5.4583
s 6.0588 6.3828 6.4052 6.4956 6.3045 6.1525
Tss 6.8093 7.1976 7.2216 7.3304 7.1109 6.9189
T,; 5.6029 5.8922 5.9135 5.9938 5.8193 5.6861
Tss 7.7425 8.2121 8.2378 8.3695 8.1151 7.8729
Ty 8.7871 9.3483 9.3759 9.5329 9.2402 8.9422
T3 8.7799 9.3412 9.3687 9.5257 9.2332 8.9345
T3 7.7257 8.1954 8.2210 8.3527 8.0987 7.8550
Ts; 5.5794 5.8689 5.8899 5.9704 5.7964 5.6615

The OSF method is shown as a distinctive tool for RBDO problems. It shows the following advantages:

e  The obtained reliability-based optimum solutions should be more reliable than those obtained by DDO proce-
dure for the same optimum volumes,

e The OSF procedure needs only a single optimization process for the design point without additional computing
time because it has a single variable vector that defines the design point while the DDO procedure needs two
optimization processes.

e Since the major difficulty lies in the evaluation of the probabilistic constraints, which is prohibitively expen-
sive and even diverges for many applications, the OSF procedure provides the designer with an analytical
evaluation with small computing time relative to DDO and other RBDO procedures.

e  All reliability index evaluations for RBDO-MFM studies can be analytically carried out for different probabil-
istic distributions. There is no need to optimization processes.

7. Conclusions

The RBDO using OSF has several advantages: small number of optimization variables, good convergence stabil-
ity, small computing time, satisfaction of the required reliability levels and global optima and more economic solution
for the same reliability index relative to the DDO process. The OSF-MFM formulation can be applied easily to different
distribution laws. In fatigue analysis, the use of the classical method leads to an extremely high computing time and also
local optima.
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Introduction. The effect of the organic component nature in the
systematic series of monocarboxylic acids on the tribological
characteristics of the brass-steel friction pair in aqueous solu-
tions is described. Dependence of the mechanical-and-physical
properties of the antifriction films formed during friction on the
nature of the lubricating composition is investigated. The work
objectives are to study the applicability of carboxylic acids as
an antifriction lubricant component; to assess their effect on the
mechanical properties of the servovite film formed under the
brass — steel friction.

Materials and Methods. Tribological studies of the brass-steel
friction pair on the AE-5 end-type friction machine are carried
out. Roughness parameters of the servovite film were deter-
mined through the optical profilometry. The microgeometry and
the object structure at the nanoscale were considered using
atomic force microscopy. The mechanical characteristics of the
antifriction film were investigated using the instrument
nanoindentation.

Research Results. Tribological characteristics of the brass-steel
tribocoupling and mechanical-and-physical properties of the
servovite film formed during friction in the “brass — aqueous
solution of carboxylic acid — steel” system were studied. It is
established that the friction factor reduces when increasing the
hydrocarbon radical length. The dimensional effects are found
in the mechanical and tribological properties of the servovite
film formed on the surface of the friction interaction in the car-
boxylic acids.

Discussion and Conclusions. The study results show that the

Beeoenue. B pabote mokasaHo, KakuM 00pa3oM MpUpOaa Op-
TaHUYECKOW KOMIIOHEHTHI B CHCTEMAaTHYECKOM DALY OJHOOC-
HOBHBIX KapOOHOBBIX KHCIIOT BIHMSIET Ha TPUOOJIOTHYECKUE
XapaKTePUCTHKH Mapbl TPEHHUS «IATyHb — CTallb» B BOJHBIX
pactBopax. M3ydeHa 3aBHCHMOCTH (DHU3UKO-MEXaHHMICCKUX
CBOUCTB aHTH()PUKIMOHHBIX IUICHOK, (OPMUPYIOIIUXCS TPH
TPEHHH, OT IPHPOJBI CMa30YHOH Kommo3uimu. Llemn paboTsr:
HM3YYUTH BO3MOXKHOCTH HCIIOJIb30BaHUS KapOOHOBBIX KHCIIOT
KaK aHTH(QPUKIMOHHBIX KOMIIOHEHTOB CMa304YHOI'0 MaTepHha-
J1a; OLIEHHUTh MX BIMSHHE Ha MEXaHHMYECKHE CBOWCTBA CEPBO-
BUTHOH IUIEHKH, (HOPMUPYIOMICHCS MPHU TPEHHWH JATYHU II0
cTanm.

Mamepuanvt u memoowi. IIpoBeneHbl TPUOOIOTHUECKHE HC-
CIIEIOBaHUS Tapbl TPEHHS «IaTyHb — CTalb) Ha MalllHEe
Tpenus TopueBoro tuna AE-5. [lapamerpsl mepoxoBaTocTH
CEPBOBHUTHOM IICHKHU ONPEEISIINCH C IIOMOLIBIO0 ONTHYECKOM
npopmIoMeTpur. MUKPOTEOMETPHS U CTPYKTypa 00beKTa Ha
HAHOYPOBHE HCCJIEOBAINCh C TMOMOIIBI0 aTOMHO-CHJIOBOM
MHUKPOCKOTIHH. MeXaHW4eCKHue XapaKTepUCTUKH aHTH(QPHK-
LMOHHON TUICHKH M3Y4YaJld C IIOMOIIBI0 WHCTPYMEHTAIEHOTO
HaHOWHJICHTHPOBAHUSL.

Pesynomamer  uccnedosanusn. V3ydeHBl TPUOOIOTHYECKHE
XapaKTePUCTUKU TPHOOCOMPSDKEHHS «IaTyHb — CTalby H
(bHU3UKO-MEXaHMYECKHE XapaKTePUCTHKU CEPBOBUTHOM IJICH-
Kd, QOpMHUpYIOLICHCS TPH TPEHHH B CHUCTEME «IAaTyHb —
BOJIHBIN pacTBOP KapOOHOBOWM KHCIIOTBI — CTallby. Y CTAHOB-
JICHO, 4YTO IpH yBenuquI/m JIIHUHBI yFJ'[CBO)lOpO)IHOFO paau-
Kana kod3(GUIUEeHT TpeHus cHmkaerca. OOHapyXeHBI pa3-
MepHbIe 3((GEKThI B MEXaHHYECKHX W TPUOOJOTHUYCCKUX
CBOWCTBaX CEpBOBUTHOH IUICHKH, (DOPMHPYIOUICHCS Ha TO-
BEPXHOCTH (DPHUKI[MOHHOTO B3aUMOJCUCTBHUs B BOJIHBIX pac-

O
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friction interaction on the wearing surface in the aqueous solu- Obcyaicoenue u 3axmodenus. Pe3ynbTaThl HCCIEIOBAHUS IIO-

tions of carboxylic acids forms a nanostructured servovite film Ka3blBAIOT, YTO NMPU (PUKIMOHHOM B3aMMOJICHCTBUM HA MO-
BEPXHOCTH TPEHHS B BOAHBIX PACTBOPAX KAPOOHOBBIX KHCIOT
(hopMHUpYeTCsl HAHOCTPYKTYpHAsi CEPBOBHTHAS TUIEHKA, PE3KO

which drops the friction factor. Its mechanical, physical and

tribological parameters depend on the composition of the model
cHmkamomass  kodpounueHtr  tpenus. Ee  ¢dusmxo-

lubricating medium. It is determined that the local mechanical-
MEXaHUYECKHEe U TPHOOJOTHUYCCKHE MapaMeTpbl 3aBHUCAT OT

and-physical properties depend on the method of producing the COCTaBA MOJCTBHON CMa30uHOH Cpefbl. OMPEMIENCHO, UTO

servovite layer, the load and the size of the deformation zone. JIOKaIIbHbIE (PU3HKO-MEXaHHIECKHe CBOHCTBA 3aBHCAT OT CIIO-
The results obtained can be used in the development of lubri- co0a TOJNydeHHsI CEPBOBUTHOTO CJIOS, HArpy3Kd H pasMmepa
cants. 30HBI JAeopMHpoBaHUs. I[loJyueHHBIE pE3ylbTaThl MOTYT

OBITH HCIIOJIB30BaHbI Ipu pa3pa60TKe CMa304HBIX MaTe€pua-

JIOB.
Keywords: friction factor, selective transfer, servovite film, KiroueBble ciioBa: KOdGQUIMEHT TpeHWs], H30HpaTeIbHBIN
dimensional effects, surface roughness. MEPEHOC, CCPBOBUTHAS IICHKA, pa3MEpHbIC 3(QEKTHI, Iepo-

XOBATOCThH ITOBEPXHOCTH.
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Introduction. A rapid development of modern machine building increases opportunities of constructing ma-
chines that operate under the extreme conditions. Thus, the motivation of the life growth of the friction units rises with
the demanding requirements for the mechanical properties of materials.

The friction conditions with high energy density impose a number of specific requirements on the machines
and equipment in terms of the tribological characteristics, reliability and service life. The critical working conditions of
tribo-mating surfaces affect the flow of force, loss of energy, and, eventually, dynamic behavior of the complete mech-
anism. Space distributions of topographic irregularities, as a rule, negatively affect the operational capabilities of ma-
chines and mechanisms. In other words, the load-bearing capacity of friction units hinges on the basic parameters of the
surface state. They affect the interaction conditions in the contact area, adhesion, and deformation, thereby generating
vibrations during the friction process [1] and causing uneven wear.

In this case, the greatest antifriction efficiency is demonstrated by the lubricants [2-6] containing metal addi-
tives, such as copper, aluminum, silver. These materials form protective metal plaque shells on the tribo-mating surfac-
es in the process of friction. Thus, a low friction factor and a medium low wear are provided in a wide range of contact
pressures and slip velocities [2, 3]. The process of metal plaque filming of the surface layers in-service enables to “heal”
surface defects (cracks, pores, accumulated fatigue damage). This essentially increases the antifriction characteristics
and improves the mechanical-and-physical properties, which is of prime importance for the reliable operation of the
friction units, and the lifetime extension.

It is notable that the formation of transfer films is possible under friction in aqueous-alcoholic media with no
visible total wear of the mating surfaces [7, 8]. In the engineering practice, the use of selective transfer gives a real op-
portunity for designing long-life and effective friction units in the movable mating of parts and components of machines
and mechanisms [8].

In this context, it is interesting to consider the effect of the lubricating medium composition on the mechanical
and tribological parameters of the servovite film forming in the “brass-steel” tribo-pair (aqueous solutions of carboxylic
acids are used as a lubricant medium).

Materials and Methods. Evolution of the friction factor of the “brass 59 — aqueous solution of carboxylic ac-
id — steel 40X” system was investigated in the “Hybrid Functional Graphene-Based Materials” laboratory of the Re-
search and Education Center (REC) “Materials” on the AE-5 end-type friction machine. The experiments were carried

out under the following conditions: rotation speed was 180 rpm; axleload was 98 N; the test time was 10 hours. The
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monocarboxylic acids of the limiting series with the general formula of R — COOH (R = C,H,,.,) were used as an or-
ganic component of the lubricant composition.

The mechanical characteristics (hardness — H and Young modulus — £) of servovite films were determined by
the instrument indentation method [9, 10]. Thereat, we used:
—Nanotest Platform 3 (Micromaterials, UK) nanoindentation tester with the attached function unit that enables to im-
pose loads from 0.01 mN to 500 mN;
— Nanotest Platform 3 (Micromaterials, UK) tribological nanoindentation tester, a multifunctional system for mechani-

cal testing of materials through the dynamic nanoindentation.

The nanoindentation technique makes it possible to study the package of mechanical properties of light boundary
layers of solids and films up to a few tens of nm thick [9-15]. The mechanical characteristics were studied using a dia-
mond Berkovich indenter. Taking into account the specific thickness of the investigated films (from several hundred
nanometers to units of micrometers), the operational mechanical parameters were measured at the nanoscale at indenta-
tion depths from 20 nm to the micron units. At the nanoscale, the friction coefficient was investigated on the 7ri-
boindenter TI-950 with simultaneous application of normal and lateral loads to the indenter [11, 16, 17]. The normal
and lateral components of the forces (Fy and F;) and displacements (A and /;) implemented during the replication of
the tribo contacts by the indenter were recorded continuously. The recorded data were analyzed, which permitted to
describe the friction and wear processes. The friction coefficient £,,, was an evaluation item.

The Contour GT-K1 optical profilometer with Vision 64 analytical software installed in the REC “Materials”
was used to determine the servovite film thickness and roughness parameters. The measurements were taken using ver-
tical scanning interferometry (¥7S/) at the scan rate of 0.1 um / s with the repeatability of RMS 0.01 nm.

The servovite film surface topography was studied using the PHYWE Compact atomic-force microscope
(AFM) in a semi-contact mode with a single-crystal silicon aluminum-coated probe.

Research Results. A servovite film, spontaneously arising under the friction interaction in the glycerin solu-
tion in the copper-steel alloy, is studied fairly well [8, 18]. It is common knowledge that it is formed on the friction face
under the topographically unequal conditions. Thus, in different places of frictional contact, the properties of the servo-
vite film are different. Its thickness is less than 2 pm, and the mechanical, physical and tribological properties differ
from those of base compact copper.

It should be mentioned that one of the glycerin tribooxidation [19] products is carboxylic acid. In that con-
text, it is interesting to consider the effect of the lubricating medium composition on the mechanical and tribological
properties of the “brass-steel” tribo-pair under friction in the systematic series of monocarboxylic acids.

Long-term evolutionary tribological studies of the “brass-steel” friction pair in aqueous solutions of carboxylic
acids have revealed the following dependence of the tribological characteristics on the lubricating medium composition:
the length of the hydrocarbon chain of the acid radical increases from Cj to Cs, and the friction factor decreases to
0.007.

At that, the lowest value of the friction factor, which is characteristic for the systems implementing the wear-
lessness effect [20, 21], is obtained in aqueous solutions of the valeric and caproic acids. At the same time, the “brass-
steel” tribo-pair wear is reduced by 25 times. As a result of the selective transfer under the tribo-mating surfaces fric-
tion, a copper film with different roughness and surface coating density is formed.

The friction surface was scanned under transition conditions in the series of the “formic - acetic - propionic -
oil - valeric — caproic” acids. At that, optical profilometry has revealed, first, a decrease in the servovite film roughness.
Secondly, the dependence of roughness on the initial topography of the of the test steel disc surface (its R, is equal to

118 nm) and on the lubricant composition was determined [22, 23] (Fig. 1).
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Fig. 1. 2D visualization, 3D visualization and surface profile from steel (a), (c¢) and brass-59 (b), (d) after friction in aqueous solu-
tions of acetic (a), (b) and caproic (¢), (d) acids

Roughness R, at the base length (L = 800 um) of the servovite film decreases, for example, in the aqueous ca-
proic acid, up to 69 nm. (For comparison: this index comes up to 580 nm in an aqueous solution of formic acid and to
401 nm — in an acetic acid solution.) The difference is due to the corrosive activity of the medium.

In the formic and acetic acid solutions, scores of scratches, irregularities and pores occur on the tribo-mating
surfaces, as well as areas with a copper film formed in the island growth mode. In the cross-section of the friction sur-
face, deep longitudinal grooves are revealed, which goes to show the abrasive wear pattern of the tribocoupling [23,
24].

A more detailed scanning of the surface using the AFM method and image visualization discovers considerable
damage under friction in the formic and acetic acid solutions. On a 3D image, they are visualized as macroscopic dark
bands corresponding to the areas of intense frictional stress accompanied by strong abrasive wear of tribo-combinations

(Fig. 2).

Machine building and machine science

283



http://vestnik.donstu.ru

284

Vestnik of Don State Technical University. 2018. Vol. 18, no. 3, pp. 280-288. ISSN 1992-5980 eISSN 1992-6006

v nm
o
360 nm 200!
200
/ 100+
100 ]
0 .0 2 0 pm

Wv

2.0 um

Fig. 2. Topography of servovite film surface obtained under friction in aqueous solution of acetic (a) and caproic (b) acid

A comparative analysis of the friction surface morphology upon transition to the acids with a longer hydrocar-
bon radical, suggests the wear pattern transition, and the structural modification of a thin subsurface film of tribocou-
pling.

It follows from the mass transfer of the components of the contacting bodies, as well as from the adsorption of
copper nanoclusters from the working medium to the counterbody as a result of tribo-electrochemical processes in the
friction zone during the implementation of the selective transfer. At this, a copper film of fine-grained copper nanoclus-
ters is formed on the steel surface under the friction interaction in the aqueous solutions of caproic and valeric acids.
The layer formed on the surface is fairly dense, with a small spread of particles in size (see Fig. 1, 2).

By now, a significant amount of experimental data has been accumulated [25-29] implying a major change in
the mechanical properties with reducing the characteristic dimensions of the elements of the object structure of less than
100 nm. This permits to assume a change in the mechanical parameters of the servovite films as compared to those for
copper in the volume [30]. To identify this fact, an instrument indentation was carried out.

The hardness values of H and Young's modulus £ were determined by the Oliver-Pharr method [10] from the
characteristic P-4 diagrams (Fig. 3) in accordance with the standards [9].

10000 | [ | | 10000 «
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Fig. 3. Representative P-/ diagrams for servovite film obtained through friction of “brass-steel” pair in aqueous solution of valeric
acid (a), caproic acid (b)

The undertaken studies showed an increase in the values of A and E films compared to the similar characteris-
tics of the copper sample.

The increase in the hardness H and the elasticity modulus £ of the film formed on the friction surface can be
ascribed to the change in the plastic deformation mechanism. A high vacancy concentration at the grain boundaries dur-
ing friction interaction promotes grain-boundary sliding of building blocks relative to each other. In this case, the non-
dislocation plasticity mechanism is implemented [31-34], which results in improving strength characteristics of the cop-
per surface layer, and in increasing ductility during the transition in the series of the “formic - acetic - propionic - oil -

valeric — caproic” acids.
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Besides, the analysis of the dependence of the H and E values of the servovite film on the depth of the 4 plas-
tic impression shows that the hardness is affected by the scale factor. The Young's modulus values remain practically
constant up to the depths associated with the servovite layer thickness. The films formed through friction in valeric acid
are of much evidence (Fig. 4).
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Fig. 4. Dependence of hardness (/) and Young's modulus (£) on the depth of plastic impression (4.) (shown in semilog co-
ordinates) when indenting servovite film obtained in aqueous solution of valeric acid (a), caproic acid (b)

The following dimensional effect is identified:

- H value increases with growth of 4, in the shallow depth-region;
- with further growth of 4., H falls dramatically.

For other samples, the dimensional effects are feebly-marked. Thus, for example, for the film formed in capro-
ic acid, the values of H and F remain practically constant within the full tested range of /4. (from 23 nm to 1.1 pum).
Then, with increasing /., the values of H and E decrease. Obviously, this is due to the increase in the deformation zone
size: the properties of the transition layer and the substrate material start to affect H and E. And, in the region of deep
depths of the indentation (%, > 1.1 um), the values of H and E decrease (see Fig. 4).

The dimensional effect [35, 36] is also found under studying the dependence of the friction factor on the ap-
plied load in the nano- and microscale [11, 16, 17] (Fig. 5).

Lo R-COOH
0.8} o CH,
'\206' ’I - C5H11

0.4} 1[
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0 1 10 100 1000
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Fig. 5. Dependence of friction factor £ of servovite film on load in nanoscale

First, it is expressed in a sharp drop in the friction coefficient with an increase in the normal load, up to some
value of Fy,.,- Then, the friction coefficient increases smoothly with increasing Fy. So, the dependences & = f(F) have
sharp minimum if some value of Fly,,, is reached [11, 16, 17].

The experimental data obtained can be compared to the theoretical dependence of the friction factor on the
normal load. Hence, it is becoming apparent that they are in good qualitative agreement to all the film samples under

Machine building and machine science

285



http://vestnik.donstu.ru

286

Vestnik of Don State Technical University. 2018. Vol. 18, no. 3, pp. 280-288. ISSN 1992-5980 eISSN 1992-6006

study. The F,,, value is affected by the type of carboxylic acid used as a lubricant. For example, for caproic acid,
Frnonm =30 mN, and for valerian acid, Fi,,, = 100 mN.

Discussion and Conclusions. The mechanical properties of servovite films formed in the “brass-steel” friction
pair are studied. The dimensional effects in the mechanical (hardness) and tribological (friction factor) properties are
identified in the nano- and microscale. It is shown that the properties studied and the nature of their changes depend on
the type of carboxylic acid used. The decrease in the average size of crystallites in the composition of film nanoparticles
leads to an increase in its strength and the development of superplasticity under tension and shear.

The results obtained in the paper permit to draw the following conclusions.

1. During the friction interaction of the “brass-steel” pair in aqueous solutions of carboxylic acids, an antifric-
tion servovite film is formed on the friction surfaces, which contributes to a sharp decrease in the friction factor.

2. The servovite film, which is formed under the tribo-interaction of the “brass-steel” pair, is nanostructured.

3. The tribological parameters of the “brass — aqueous carboxylic acid — steel” system depend on the length of
the hydrocarbon radical of carboxylic acid used as a lubricant.

4. The lubricating medium composition affects the roughness parameters of the servovite film: in the transition
from formic to caproic acid, the film surface roughness is reduced to one-quarter.

5. Local physical and mechanical properties depend on the conditions for obtaining the servovite layer, the
load, and the size of the deformation zone (the indentation depth).

6. The detected dimensional effects (dependence of the determined values on the indentation depth) verify the
conclusion on the nanostructured character of the servovite film formed in the “brass — aqueous carboxylic acid — steel”
tribosystem.
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Introduction. Power parameters of the “rolling — equal-
channel angular pressing” (ECA) combined process are stud-
ied. The work objective is to determine forces of rolling and
pressing in the deformation by the combined method.
Materials and Methods. The die strength calculation and the
experiment on deformation of AISI 6063 aluminum samples
were carried out. During the experiment, the force values were
recorded using a strain-gauge station.

Research Results. The strength analysis results show that this
die design is suitable for creating an experimental stand of the
“rolling — ECA-pressing” combined process, since the calcu-
lated safety margin is sufficient to implement the pressing
under extreme conditions. The rolling forces at all stages of
the deformation exceed the corresponding pressing forces,
which is a necessary condition for the combined process.
Discussion and Conclusions. The obtained results can be used
in the design of experimental stands that implement the inves-
tigated combined process. Herewith, the given strain-gauge
method for studying strength characteristics is suitable for the

case of calibrated rolls.

Keywords: combined process, rolling, equal channel angular
pressing, force, strength analysis, tensometry.

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

Bseoenue. CTaThs NOCBSIIEHA UCCIIETOBAHNIO SHEPTOCHIOBBIX
MapaMETPOB COBMEILEHHOIO IPOIECCa «IPOKATKA — PABHO-
KaHanpHOE yrioBoe mpeccoanue (PKY)». Llens paboter —
OTIpEZIeNICHNE BO3HUKAIOMINX YCHIIMHA MPOKAaTKH M IPEeccoBa-
HUS TIpH Ae(OPMHUPOBAHUH COBMEILICHHBIM CITIOCOOOM.
Mamepuanvt u memoosi. BbUT IPoOBeIeH TPOYHOCTHOM pacyeT
MAaTpUIbl U 3KCIEPUMEHT 10 Ae(hOPMUPOBAHUIO 0OPA3IOB M3
amoMuHusa Mapku AISI 6063. B xone onbITOB 3Ha4EHUs yCU-
T (PUKCHPOBAIUCH C TIOMOIIBI0 TEH30METPUYECKOW CTaH-
17078

Pesynomamer uccneoosanus. Pe3ynbTaTel MPOYHOCTHOTO aHa-
JIM3a MO3BOJIAIOT YTBEP)KIATh, YTO JaHHAS KOHCTPYKIMS MaT-
PHIBI IPUTOHA [UIST CO3JAHUS SKCIEPHMEHTAIBHON YCTaHOB-
KM COBMEIIEHHOro mporecca «mpokatka —  PKVY-
MPECCOBaHNE», TOCKOJIBKY PAaCCUUTAHHOTO 3araca MpOYHOCTH
BIIOJIHE JIOCTATOYHO JUIsl Peaau3allii IPECCOBAHUS Ha Ipe-
JETbHBIX YCIOBHSAX. YCHIIHS NPOKATKH Ha BCEX JTamax me-
(hopMHPOBaHHUS TIPEBBIIIAIOT COOTBETCTBYIOIINE YCHUIIUS TIpec-
COBaHUsI, YTO SBJISETCS HEOOXOIMMBIM YCIOBHEM COBMEIICH-
HOTO IIpoIecca.

Obcyacoenue u 3axniouenus. IlonydeHHbIE pe3yIbTaThl MOTYT
OBITH MCIOJIB30BAHbI MIPU MPOCKTUPOBAHUH SKCIIEPUMEHTAIIb-
HBIX YCTAHOBOK, PEANU3YIOIIUX HCCIEeTyeMblii COBMEIEHHBIH
npornecc. [Ipu 3TOM TeH30METPHIECKHH METOJ HCCIeOBaHUS
MPOYHOCTHBIX XapaKTEPUCTHK IMPUTOJCH M IPH HCHOJIB30Ba-
HHUY KaJHOPOBaHHBIX BAJIKOB.

KnamoueBbie ciaoBa: COBMSHICHHBIﬁ nponecc, nNpokarka, paB-
HOKaHAJIbHOE YIJIOBOC INPECCOBAHUE, YCUIIUE, l'lpO‘-lHOCTHOﬁ

aHaJIn3, TCH30METPUsI.
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Introduction. Improvement of the deformable metal quality is one of the major tasks when creating a new
metal forming process (MFP) or improving the known one. No matter which type (rolling or blacksmithing) the process
belongs to, it is recommended to apply a deformation scheme implementing a pure shear. In this case, a minimum
amount of energy is expended on the metal deformation; maximum and uniform workpiece processing through the sec-
tion is performed; and internal defects are closed.

Over the past two decades, forming techniques have been actively developed. They enable to obtain ultrafine-
textured blanks. Their analysis shows that they are based on the principles of implementation of shear or alternating
deformations. Processes that are a combination of these principles are worthy of special mention. These processes allow
for the implementation of an unconventional forming operation which is called “severe plastic deformation” (SPD).
SPD implements such methods as torsion under high pressure [1-3], equal-channel angular (ECA) pressing [4-8], screw
extrusion [9-12] and others. Special attention should be given to an echelon ECA-die (or ECA-die with parallel chan-
nels) [13-14]. It enables to realize a shear deformation when the workpiece passes through its channels and concurrently
two alternating deformation zones, provided that the input and output channels are codirectional. In comparison with
the usual angular die, the echelon ECA-die is energy-saving, since it allows for implementing a greater degree of de-
formation in one pass with the equal force.

The MFP methods discussed above belong to the discrete press forming techniques. These technologies for the
molded articles production have a number of shortcomings. The principle ones are due to:

- press operation discreteness (discontinuity);

- occurrence of reactive frictional forces on the metal-to-container contact.

Thus, due to uneven deformation and high energy intensity of the press operation, the length of the pressed
products is limited, and their quality is reduced. The application of the continuous pressing scheme enables to eliminate
these drawbacks. This method differs fundamentally from the previous ones in that active friction forces are used to
deform and extrude the workpiece through the die hole. The length of the workpiece is thus not limited.

In recent years, the so-called “combined” MFP processes, which are a combination of two or more defor-
mation processes, are being developed.

Crucially, the most important feature of the combined MFP process is that shortcomings of the components of
individual processes are often reduced or completely eliminated under its implementation.

Besides, more and more attention has been recently paid to the energy-saving technologies based on the use of
active friction forces for deformation.

The authors of the study have developed a combined technique of rolling and pressing in an equal-channel
echelon die, which, in comparison to the conventional pressing in an equal-channel echelon die, removes the limitations
on the dimensions of the initial blanks [15]. It seems to be one of the most advanced and understudied on the practical
level rolling and pressing processes, and it in many ways surpasses the known forming methods. The principle of this
straining method is as follows. The workpiece, pre-heated up to the temperature of the deformation onset, is fed to the
cast rolls. The first pair of rolls, due to the contact friction forces, bites the workpiece and pushes it on exit through the
channels of an equal-channel echelon die. After the workpiece completely leaves the die channels, it is bitten by the
second pair of rolls, which completely pull the workpiece out of the die also by contact friction forces. Thus, in this
case, pressing the workpieces is provided by the friction contact forces that arise on the surface of the metal-to-rotating
rollers contact. Previously, various studies of this combined process have been carried out — both theoretical [16-19] and
laboratory ones (on a single-roll machine) [20-23].

This paper presents the results of the power analysis performed during the development of a pilot plant with
two pairs of rolls (Fig. 1).
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Fig. 1. Pilot plant for “rolling — ECA-pressing” combined process implementation

Strength analysis of the ECA-die. When implementing the combined process of the “rolling — ECA-
pressing”, a pilot plant created on the basis of the laboratory rolling mills DUO-200 and DUO-250 was used. Their
power characteristics enable to cold-form aluminum and copper alloys.

When designing a new technology of deformation at the pilot stage, strength analysis is essential. It enables to
determine the tool durability and rigidity, and to estimate its strength margin which will give information on its service
life. Theoretical studies of the “rolling — ECA-pressing” combined process were performed using computer simulation
in the DEFORM program. As a result, it was established [17, 18] that the most loaded part is the pressing die. This is
explained by the fact that the most rigid straining conditions occur in the joint mouth zone. Thuswise, a strength analy-
sis was carried out to test the selected die design validity. For this purpose, a model of a joint die mouth with 150 degree
angle represented in [20], was constructed.

When implementing the combined process, it is appropriate to select the workpiece width in such a way that
under forming in the die, the metal does not contact with its sidewalls. This will significantly reduce the die total back
force. However, one cannot completely exclude such a case. Thus, an ECA-pressing model, in which the workpiece
height and width correspond to the height and width of the die mouth, was created in the DEFORM software. This case
of deformation is limiting and is almost impracticable. Therefore, if the die is hard enough, it will be suited for a com-
bined process, the conditions of which are much “softer”. In particular, the workpiece height and width is somewhat
less than the height and width of the die mouth, which is a necessary condition for the metal passage through the mouth.

The initial blank dimensions are 10 x 40 x 90 mm. The conditions and assumptions used in modeling:

- initial material is isotropic, it does not have any stress or strain;

- workpiece is divided into 24,000 finite elements, average length of the element edge is 1.5 mm;

- initial temperature of the workpiece is 700 °C, besides, strain warming-up, and heat transfer from workpiece
to tool and into the environment are considered;

- instrument is taken as an absolutely rigid body;

- dummy blank is taken as elastoplastic;

- workpiece material is AISI 1045, corresponding to steel 45;

- friction factor at the workpiece-die contact is 0.1;

- punch speed is 10 mm / sec.

As a result of the calculation, the deformation force on all die elements was determined to find the most strained struc-
tural members. The greatest forces occur in the direction of the normal stresses action (Fig. 2).
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Fig. 2. ECA-pressing force curves for sidewalls (a) and central segments (b)

Fig. 2 shows that the most strained die elements are the central segments. At deformation, the force up to 260

kN occurs on them, while it does not exceed 75 kN on the sidewalls. Based on these data, the stress analysis of the tool

2

o))
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was carried out in the DEFORM program using a dedicated module. This analysis approach implies that absolutely rig-
id model elements become elastic bodies taking stress. Interpolation of operating forces on the tool is carried out from
the workpiece. Then, fixation points are defined so that the elastic bodies do not scatter under the action of forces. In
our case, the fixation points are ring openings for holding elements. In addition, in this calculation, it is required to
specify the tool material. 5XB2C instrument steel was used to make the die. It is used for manufacturing:

- complex dies operating with high impact loads,

- knives for cold metal cutting,

- thread-rolling dies,

- punches and swaging dies for cold operation.

As a result, the following data were obtained (Fig. 3).
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Fig. 3. Strength analysis results: stress on sidewalls (a); tension in central segments (b); linear displacement (c)

Fig. 3 shows that the most loaded zones in the central segments are surface areas near the die mouth joints and
arc zones around the first two pairs of openings. Here, voltage up to 250 MPa occurs.

In the areas between openings, the voltage is within 125 + 150 MPa (see Fig. 3, a).

On the sidewalls, peak voltage occurs in the contact zone with the deformable metal, and it is equal to 95 + 100
MPa (see Fig. 3, b).

The results of calculating the linear displacements of structural elements under the action of elastic defor-
mation were considered [24] in the specialized calculation APM library to study the structure rigidity. The investigation
of elastic deformation shows its greatest value in the surface region near the die mouth joints. Two facts should be men-
tioned. The first: operating stresses on all die elements are much lower than the 5XB2C steel yield limit. The second:
peak value of linear displacement reaches 0.019 mm (Fig. 3, c), which is negligible and allows us to speak about the
increased rigidity of the proposed structure. In light of this, we can conclude that this matrix design is suitable for creat-
ing a pilot plant of the “rolling — ECA-pressing” combined process, since the estimated safety margin is sufficient for
ECA-pressing implementation under extreme conditions.

Laboratory experiments to study forcing. As a result of the strength analysis, the location of the strain gage
sensors in the matrix was determined for measuring the deformation force. The mounting spots are at a distance of 75
mm from the leading edge of the central segment where peak linear displacements occur.

The following equipment was used to measure the emerging deformation forces:

- ZET-017-T8 strain-gauge station (“ETSM” CJSC, Russia);

- force sensors with TKFO1-2-200 strain gages (“ETSM” CJSC, Russia);

- laptop computer to control the strain gage and to record the signal.

The strain-gauge station manufactured by “ETSM” CJSC (Moscow) is designed to measure power and other pa-
rameters on several channels with a time resolution of writeenable up to 20 kHz [25].

On investigating the power parameters of the “rolling — ECA-pressing” combined process, it is planned to
study the deformation forces at the stages of rolling and molding in dies. This calls for installation of strain gauges on
the die and on the measuring cells of the roll mill. The principle of tensometry is that during the deformation process,
the rolling and pressing forces affect the rolls and the die. As a result, the rolls and the die are bent. Strain gages at-
tached to the die and measuring cells are deformed along with them. Their electrical resistance value changes. The
strain-gauge station records this variation and, according with the results of the predetermined calibration of the sensors,
converts it automatically into the force pattern.

For the predetermined calibration of the strain gages, the die central segment and measuring cell were tested by
compression on the MI-40KU hydraulic torsion-tensile machine. Usage of a torsion-stretching machine enables to de-
velop considerable forces (35-40 kN). Herewith, their values are fixed accurately and reliably. The change in the on-

loading stress-strain state causes deformation and a linear resistance variation of the strain gages. The principle of cali-
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bration is in the construction of the circuit electrical voltage — applied force relationship. This dependence always has a
strictly linear character.

To perform the calibration, the elements under study were sequentially loaded in increments of 5 kN in the ze-
ro — 35 kN range. The corresponding values of the circuit voltage on-load and after unloading were fixed. In order to
increase the accuracy, three passes were performed over the specified range — up-down-up (42 measurements). As a
result, for each element, the “force — displacement” relationship was obtained (“displacement” corresponds to the value
of the upper striker travel). The calibration test data were statistically processed, and the linear regression equations that
connect the force applied to the tool (P;, H) and the voltage (U;, mV) in the circuit were obtained from them.

The equation for measuring the rolling force is as follows:
P;=-4852,7U; + 23538.
The coefficient of determination R° = 0.998. The standard measurement error based on the results of 42 tests
was less than 0.2%.
The equation for measuring the pressing force is as follows:
P;=-4120,2U; + 21609.
The determination factor R’= 0,997. The standard measurement error based on the results of 42 tests was less
than 0.3%.
The data obtained were entered on the program of registration and processing of measurements of the ZET-
017-T8 strain-gauge station. This enabled to record the signal as a schedule of effort.
After the calibration operations, the die with the strain gage was placed on the pilot plant (Fig. 4).

7 A X
S W \"u v

Fig. 4. Force measurement under “rolling — ECA-pressing” combined process”

Here, on the measuring cells of the first stand, strain gages were also installed to measure the rolling force
which was performed only on the first stand. This is a key parameter according to the process concept. When imple-
menting the combined process, the rolling force should exceed the resulting pressing force.

The basic material used was 6063aluminum alloy (analog of AD31aluminum deformable alloy) at room tem-
perature. Its chemistry and mechanical behavior are given in Table 1.

Table 1
Chemistry and mechanical characteristics of 6063aluminum alloy

Weight content of elements, %

Si Fe Cu Mn Mg Cr Zn Ti Other

0.2-0.6 0.35 0.1 0.1 0.45-0.9 0.1 0.1 | 0.1 0.15
Mechanical properties at 20 °C
Tensile stress, MPa Yield stress, MPa Hardness, HB Stretching, %
90 48 25 20
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Blanks of equal size (15 x 25 x 450 mm) were rolled with the thickness of 9 mm in the first stand. In the se-
cond stand, the roller gap was 7 mm. The blank length was selected so that its lead end was bit by the second pair of

rolls, whereas the back end was being still rolled in the first stand (Fig. 5).
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Fig. 5. Force variation under deformation of 6063aluminum alloy: rolling in the first stand (@); pressing in the die (b)

The force measurement data are presented in Table 2.

Table 2
Force measurement results
1™ stage 2" stage 3 stage
Rolling step, kN 205 217 242
Pressing step, kN 59 104 172
Difference (friction margin), % 247 108 40
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The difference between the values of the rolling and pressing forces was also determined. In this case, this dif-
ference characterizes the level of active friction force margin:

P
A= (2% _1)-100%,
IIPECC
where Pppox is rolling force in the first stand; Pjppcc is back force in the die.

A comparative analysis of the values of the arising forces has shown that the rolling forces at all three stages
exceed the values of the corresponding pressing forces. Thus, the necessary condition for implementing the combined
process is satisfied. Herewith, the active friction forces margin in the first stand with the advancing of the blank along
the die mouths reduces dramatically.

Conclusions. The study results indicate that the die strength margin is quite sufficient for the ECA-pressing
implementation under the limiting conditions. It should also be mentioned that the rolling forces at all stages of defor-
mation exceed the pressing forces, and thus, the necessary condition for implementing the combined process is satisfied.
At this, the active friction forces margin in the first stand with the advancing of the blank along the die mouths reduces
dramatically.

The results obtained can be used for designing the experimental facilities that implement the combined process

of interest. The stain-gauge analysis of strength characteristics is also suitable for the calibrated rolls.
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Introduction. Generation of composite materials with addition
of sawdust is considered. The wood component of the compo-
sites is treated with water to enhance the surface roughness.
This increases the contact area resulting in intensifying the
sawdust — polymer fibers interaction. The work objective is to
study the possibility of strengthening composites obtained from
sawdust.

Materials and Methods. Samples are made of composite mate-
rials based on the unsaturated polyester resins, reinforced with
wood chips. Water treatment was carried out at room tempera-
ture for 2, 4, 6 and 8 days. Then the samples were tested for
bending and compression.

Research Results. As a result of testing the samples, changes in
their mechanical properties were recorded. It is determined
how the bending and compression resistance depends on the
water treatment time. Graphs that reflect these dependences are
constructed.

Discussion and Conclusions. After water treatment, the com-
posites reinforced with sawdust show a higher resistance to
bending. This is due to the increased roughness of the sawdust
surface and, as a consequence, to the extension of the surface
area adhesion with the composite base. Besides, the water
treatment enhances the specimen resistance under compression.
The samples created on the basis of large sawdust come into
particular prominence. This is due to the formation of holes on
the sawdust surface which also enhances the adhesion between

them and the composite polymer base.

Keywords: wood fibers, sawdust, polymer, composite materi-
al.

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

Bseoenue. PaccmaTpuBaroTcs BOIIPOCHI CO3AAHMST KOMIIO3HUIIU-
OHHBIX MaTEPUAIIOB C JI0OABJICHHEM JPEBECHBIX OMUIOK. [Ipe-
BECHAasl COCTaBJIAIOMIas KOMIIO3UTOB 00OpabaThIBaeTCs BOAOM
JUTSL YCHICHHS IIEPOXOBATOCTH IMTOBEPXHOCTH. DTO yBEJINUHBA-
€T IUIOIMAAb KOHTAKTa, BCIEACTBUE YErO YCHIIMBACTCS B3aH-
MozelicTBHe MeXTy ONMMIKAaMHU M BOJIOKHaMH noiauMmepa. Llens
HCCIIeI0BaHNsI — N3y4YEHHEe BO3MOXKHOCTH YHPOYHEHHST KOMIIO-
3UILIOHHBIX MAaTE€PHAJIOB, TIOJIyIEHHbIX U3 OIHIIOK.

Mamepuanvr u memoost. OOpasLbl U3TOTOBICHB! U3 KOMIO3UT-
HBIX MAaTEpHAOB HAa OCHOBE HEHACHIIIEHHBIX MOIMI()HPHBIX
CMOJI, apMUPOBAHHBIX IPEBECHOH CTpyxkoi. OOpaboTka Bomoi
IPOBOAAMJIACH IPH KOMHATHOM Temreparype B TedeHue 2, 4, 6 u 8
nHEeH. 3aTteM 00pasilbl MPOXOVIN HCIIBITAHAS HA M3THO U CKa-
THE.

Pesynomamut ucciedosanus. B pe3ynbsrare UCTIBITAaHAH 00pa3IOB
3a(pUKCUPOBAHBI M3MEHEHHST X MEXaHHYEeCKUX cBoiicTB. Ompe-
JIeTIeHO, KaKUM 00pa3oM COIPOTHBIICHUS U3THOY M MIPOYHOCTH
MIPY CXKATHUH 3aBUCAT OT BpeMeHH 00paboTku Bomoi. [TocTpo-
€HbI TpaMKH, OTPaXKAIOIINE YKa3aHHBIC 3aBUCHMOCTH.
Obcysrcoenue u 3axkmouenus. [locae 00pabOTKH BOTOI KOMIIO-
3UTHI, apPMUPOBAHHBIE JPEBECHBIMH OIMIKAMH, JEMOHCTPH-
PYIOT Oo0Jiee BBICOKYIO CTOMKOCTh MPH H3THOE. DTO 0OBACHS-
€TCsl yCHIIEHHEM IIePOX0BATOCTH IIOBEPXHOCTH OIMIIOK U, KaK
CJIE/ICTBUE, YBEINYCHNUEM MOBEPXHOCTU CLEIICHHS C KOMIIO-
3UTHON OCHOBOW. Kpome Toro, o6paboTka BOJOH MOBHIIAET
CTOMKOCTH 00pasLoB mpu ckatui. OCOOSHHO 3aMETHO YIPOYHS-
0TCs1 00pas3Ibl, CO3JaHHBIE HA OCHOBE KPYITHBIX OIMIOK. JTO 00B-
SICHSETCST 00PA30BAHNEM YIITyOJICHN Ha TIOBEPXHOCTH JIPEBECHBIX
OMNMJIOK, YTO TAKKE YCHUIMBACT a/Are3UI0 MEXIY HUMH M IOJIH-
MEpHOI OCHOBOM KOMITO3UTA.

KnaoueBbie cjioBa: JAPCBECHBIC BOJIOKHA, OITHUIJIKH, ITOJUMED,

KOMITO3UTHBIHM MaTepuall.
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Introduction. Composite materials based on polymers reinforced with various impurities are widely used in
modern production practice. Major advantages of wood impurities (sawdust, chips) are their economic cost and availa-
bility [1, 2].

To determine ratios of the sawdust wood fibers, a vibrating unit with a nest of sieves was used. In the end,
three volumes of sawdust (5 mmS, 25 mmS, 120 mm3) were selected [2, 3, 4]. Through the experiments, the samples
were subjected to three types of load (pressure, shear, and bending) to determine the effect of the sawdust volume on
the strength characteristics of the composite materials.

In 2001, samples with wood filler were subjected to the tests, the purpose of which was to determine the quali-
ty of adhesion between fibers and binder. The results suggest that reinforcement with wood fibers increases the material
[3].

In 2002, during the experiments, wood and wood fiber was chemically treated using MAPP (maleated poly-
propylene). It was found that these samples have higher tensile and flexural strength [5].

In 2006, tests were conducted on the surface treatment of NaOH and CICH2COOH wood. The experiments
have shown that such an effect enables to obtain high values of tensile strength [6].

Within the framework of this study, it is planned to demonstrate the practicability of the chemical treatment to
improve the properties of the composite materials.

Materials and Methods. Wood sawdust (5 mm’, 25 mm®, 120 mm”®) [1] was treated by water at room temper-
ature for 2, 4, 6 and 8 days.

100 g of sawdust was placed in a plastic container covered with 1 liter of water and left for 2, 4, 6 and 8§ days.
Then the water was drained, and the mass was covered with distilled water for an hour. After that, the sawdust was re-
moved and dried in the oven for 24 hours at 110 ° C. Further on, all tests were also conducted at room temperature.

Research Results.

Metering of weight loss of processed sawdust

10 g of sawdust of different volumes (5 mm’, 25 mm’®, 120 mm’) treated by the method described above were
used. After processing, the samples were examined under an optical microscope.
In this case, the weight loss of sawdust is equal to the weight difference before and after processing. The

weight loss ratio is calculated as follows:

W oy,
W

where W, is the weight of the fiber sample before processing (g); W; is the weight of the fiber sample after treatment
(g); W% is percentage of the weight loss (Fig. 1).

18
16
x 14
g 12
2 10 —= 120 mm’
=) 8 -o= 25mm’
5} 6 3
= == 5 mm
4
2
0

2 4 6 8
Treatment time, days; mm’®

Fig. 1. Dependence of sawdust weight loss on time of treatment by water
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The graph shows that 120 mm® sawdust does not lose much more weight than 25 mm?® sawdust (the difference
is about 4%). If we compare sawdust of 5 mm”® and of 120 mm’, the weight loss of the latter is 8 times higher. At this, in
all samples, weight loss depends directly on the treatment time (the longer the test, the less weight). On exposure to
water for long, some solubles go into the liquid, so, after washing and drying, the material weighs less.

In the succeeding experiments, three composite samples were considered. For that, sawdust of various volumes
(5 mm’, 25 mm’, 120 mm’) was impregnated with 10% polyurethane ether and mixed well. Then, a hardener was add-
ed, and the mixture was poured into dies. Polyester was 90% of the total mass of the sample.

Bending test of composites
For the tests, samples of the composite material of 8 x 15 x 160 mm according to ASTM D 790 [7, 8] were

prepared.
Resistance to bending was measured at three points. Fig. 2 shows samples of the composite material reinforced

with sawdust before the bending test.

Fig. 2. Samples of composite material reinforced with sawdust before bending test

Resistance of the specimen to bending (MPa) is determined by the formula:
3-P-L
6, =—7,
" 2.BF
where P is load force (H), L is the sample length (mm), B is the sample width (mm), ¢ is the sample height (mm).

Compression test of composites
For the tests, samples of the composite material of #12.7 x 25.4 mm were prepared. Resistance was measured

under the compressed condition. The load was applied until a rupture occurred.
Samples of the composites reinforced with sawdust and prepared for testing are shown in Fig. 3. Resistance to

compression (MPa) is determined by the formula [9]:

. . . 2
where P is compression force (H), F is ¢/s area (mm”°).

Fig. 3. Samples of composites reinforced with sawdust before compression test
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Bending test results

Fig. 4 shows that samples made of 5 mm® sawdust are more resistant to bending.

250
200
<
E 150
< - 5mm’
120 mm’
50 ——
0

2 4 6 8
Treatment time, days; mm’>

Fig. 4. Change in resistance to bending against specimen treatment time

Maximum bending resistance (230.88 MPa) was shown by the sample with 5 mm® sawdust after treatment for
two days. The sample of 25 mm”® exhibited maximum bending resistance (98.6 MPa) after the eight-day treatment. The
sample of 120 mm” exhibited maximum bending resistance (194.55 MPa) after the four-day treatment.

The increase in bending resistance in this case is explained as follows. Under the treatment with water, the
roughness of the sawdust surface increases, and the area of interaction with the base expands. Thus, the adhesion be-
tween sawdust and polyester is strengthened and, as a consequence, the strength of the samples increases under bend-
ing.

Compression test results

The samples from sawdust of 5 mm® are weaker in compression (compared to the samples of sawdust of 25
mm® and 120 mm® (Fig. 5).

180

160
140

120 .
100 T

80 = 5mm’
60 =@= 25 mm

20

ocx Mlla

2 4 6 8

Treatment time, days; mm’®

Fig. 5. Change in compression resistance depending on specimen treatment time

The peak value of compression strength (156.67 MPa) is shown by the samples with 120 mm”® sawdust treated
within four days. This is due to the fact that under the water treatment, holes appear on the surface of larger wood saw-
dust. This leads to the increased adhesion between the sawdust and the basic polymer, and enhances the compression
resistance of the composite.

Discussion and Conclusions. Testing of the composite samples reinforced with wood sawdust and treated
with water allows for the following conclusions.

1. Samples of 120 mm’ sawdust lose more weight than samples of sawdust of 5 mm” and 25 mm”.

2. Sample weight loss depends directly on the water treatment time.

3. Under treating samples with water, the first sharp increase in bending resistance is observed for two days.
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4. Maximum bending resistance (230.88 MPa) was shown by the sample with 5 mm® sawdust.

5. Maximum compressive strength (156.67 MPa) was performed by the sample with 120 mm® sawdust.
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Ultrasonic effect on electric spark forming and development in electroacoustic spraying
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Biusinue yabTpasByKka Ha npouecchl ()OpMHUPOBAHUS U PA3BUTHSA 3JIEKTPUYECKON UCKPBI IPH
sk ok

IJIEKTPOAKYCTUYECKOM HANbLJICHHHU

C. b. Kyapsimes', A. A. 3akamoxabrii’

2 JToHCKoO# TOCYIapCTBEHHbIH TEXHUUECKHIT YHHBEPCHTET, T. PocTos-Ha-JIoHy, Poccuiickas denepartus

Introduction. The electroacoustic application of wear-
resistance coatings is studied. The work objective is to obtain a
mathematical model of the ultrasonic effect on the formation
and development of an electric spark occurring in the process
of the electroacoustic sputtering.

Materials and Methods. The effect of ultrasonic vibrations on
the processes occurring during the formation and development
of a spark discharge is analyzed; the equations of continuity,
energy motion and transfer, with the ultrasonic field
contribution are considered. Factors affecting the thermal
conductivity and electrical conductivity of strongly ionized gas
are studied.

Research Results. When obtaining the model, it was assumed
that the heat removal from the channel is carried out by a
“clear emitter”. Then, for the channel region, a self-similar
solution is made: pressure, temperature and density are
constant over the cross-section, and velocity is proportional to
the radius. A mathematical model that describes the processes
occurring in the spark channel with the ultrasonic field energy
effect is obtained.

Discussion and Conclusions. On the basis of the developed
model, it is specified that under the ultrasonic radiation effect,
the radius and temperature of the spark channel increase, and
conditions of the double ionization under high ultrasonic
energy are created.

Keywords: electroacoustic spraying, hardening, hardening
coatings, highly concentrated energy flows, ultrasound,
electric spark, mathematical model, conductive channel,
thermodynamics, ionization.
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Bseoenue.  Cratbs

3NEKTPOAKYCTHIECKOTO
nokpeitiid.  Llempto  paboThr
MaTeMaTHYeCKOI MOJIENN BIMSHUS YIbTPa3ByKa Ha IPOIECCHI
9JIEKTPUYECKON  MCKDBI,

SJIEKTPOAKyCTUYECKOT' O

TOCBAIIICHA HU3YyUCHUIO mnmpouecca

HAaHECEHUS HM3HOCOCTOMKHX
ABIAETCS  TIOIydYCHHUE
dbopMHupOBaHHA W Pa3BUTHA
OpoHcxoAdmed B Impolecce
HAITbUICHHSI.

Mamepuanet u memoov.. B ocHOBe aHanM3a BIUAHHA
YIBTPa3ByKOBBIX KOJEOaHMH Ha IPOIECCHI, IMPOTEKAIOIINe
npu  (GopMupoBaHMHM M pa3sBUTHM HCKPOBOTO  pa3psja,
paccMOTpEHBl yYpaBHEHWsSI HENPEPHIBHOCTH, [IBIDKCHHS U
MEepeHoca SHEPrHU € y4eTOM BKJIAJa YJIbTPa3BYKOBOTO IIOJIS.
VdareHsl (aKTOPHI, BIMSIONIME HA TEIUIONPOBOJHOCTh U
3JIEKTPONPOBOAHOCTD CHIIFHO HOHM30BaHHOTO Ta3a.
Pesynomamer uccnedosanus. Ilpu momydeHnu Monenn Obln
C/IeNaHbl TPEAIIOJOKEHUsS, YTO OTBOA TeIla M3 KaHaja
OCYIIECTBIISICTCS. «IIPO3pAvHbIM H3IydaTenem». Torma mis
obyacTi KaHajia ObUIO TPHHATO aBTOMOJEIBHOE peEIIeHHUE:
JaBICHHE, TEMIlepaTypa W IUIOTHOCTh IIOCTOSIHHBI IIO
CEUYEeHUIO, a CKOPOCTh MPOIOPIHOHANBHA paxuycy. IlomrydeHa
MaTeMaTH4ecKas  MOJENb,  ONHWCHIBAION[as  IPOIECCHI,
MPOTEKAIOIE B HCKPOBOM KaHAle C YYETOM BIHSHHS
SHEPTHH yJIbTPa3ByKOBOTO HOJIS.

Obcyscoenue u saxarouenus. Ha OCHOBaHWUHM TOCTPOEHHOM
MOZENM YCTaHOBJIEHO, YTO IIOA JCHCTBHEM YJIbTpa3ByKa
YBEJIMYMBACTCS paJuyc M TeMIIepaTypa HMCKpPOBOTO KaHaia, a
TAOKe CO3/IAIOTCS YCIOBUSI JBYKPATHOM HOHH3ALMH IPH
BBICOKUX DHEPI'UAX YJIbTpa3ByKa.

KiioueBble cjI0Ba:  DJIEKTPOAKYCTHYECKOE  HAIBUICHUE,
YIPOUHEHHE, YOpOUHAOIunue

BBICOKOKOHIEHTPHUPOBAHHBIC TTOTOKH 3Heprm71, YJIbTpPa3BYyK,

MOKPBITHS,

DJICKTPUYECCKas
TOKOHpOBOII}IHH/Iﬁ KaHall, TCpMOJWHAMHKa, HOHU3aIlUA.

HUCKpa, MaTeMaTHUYCCKast MOJ€CJIb,
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JNEKTPUIECKOI HCKPHI npu JJIEKTPOAKyCTHIECKOM
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Introduction. When applying wear-resistant coatings by electroacoustic spraying, a relatively narrow
conductive channel with high temperature and ionization is formed, in which Joule heat is released, which leads to an
increase in pressure and expansion of the channel. The expanding channel acts like a piston on the rest of the gas, and,
since the expansion occurs at supersonic speed, it causes a shock wave, which propagates in front of this kind of piston.
The temperature in the shock wave region is much higher than in the undisturbed gas, and the temperature in the
channel itself is many times higher than in the shock wave. Accordingly, the density of the gas in the channel is very
small; the vast majority of the mass of the moving gas is displaced from it, which makes it possible to consider the
channel boundary as a piston [1].

The very fact of the formation of a narrow channel can be understood as follows: under the ultrasound action,
as well as after the gas breakdown and the appearance of conductivity in the places of the current flow, Joule heat is
released. The electrical conductivity of the gas is known to increase strongly with temperature. Thus, at a high degree of
ionization, when the collision of electrons with ions is significant, the electrical conductivity is proportional to 772.
With small ionization, this dependence is sharper, since with the growth of 7, the degree of ionization rapidly increases,
and, consequently, there is a tendency to the current concentration in a relatively narrow channel. In places where the
temperature is higher, the conductivity of the current is greater, so there is more current flowing, and more heat is
released. This leads to even more heating and so on [2].

Physical processes determining the width of the channel and the limit of current concentration is heat transfer
from the channel and the extension of the heated area under the action of pressure. The channel can be considered to be
the area to the point where the temperature and the degree of ionization decreases significantly. In the channel, the
inertia of the gas can be neglected, but it is necessary to take into account the release and transfer of heat. In the shock
wave region, inertia must be taken into account, but electrical and thermal conductivity can be neglected. These two
areas are separated by a transition layer — the “shell” of the channel. Heating and ionization of the gas entering the
channel occurs in the shell 3, 4].

Materials and Methods. The main equations are the equations of continuity, motion and energy transfer
taking into account the action of the ultrasonic field. They have the form of [5, 6]

a_p:V@era(rV) 0 (1
ot or ror

2)

oV _ovY ap
V= |+=£=0
p(az arj p 3)

2 2 a
9 ps+pV +li rpV a+£+V— + (rq)sz+U
ot 2 ror p 2 ror

where p is density, V is velocity, p is pressure, & is internal energy per unit mass of gas, ¢ is heat flux, j is

current density, E is electric field, U is contribution to the ultrasonic field.
The equation of state has the form
p:(ne+n[.)T:pT(z+1)/ma 4)
where m, is the average mass of an atom; #n,,n; is the number of electrons and ions per unit volume; z is the

average charge of an ion; n,=zn;. Temperature is expressed in energy units.
We assume that the ionization in the channel can be calculated by Saha ionization equation. The internal

energy of the gas is
)
3p I _p {3 I }

20 m pl2 (20T

where [ is the total ionization energy plus the dissociation energy per atom. The formula (5) is convenient to
use in the case of full ionization; with incomplete ionization with increasing 7, the value of 7 also increases. At the same

time, as follows from Saha ionization equation, I/T~ const, so for &, the following formula is more convenient:
1
o= L2
y-1p
(6)
where Jis the effective adiabatic index; for air y=1.22.

Electrical conductivity 0 and thermal conductivity ¥ of highly ionized gas are equal to
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o=c,(T)T"" = 30"(2)T3/2/(4e2 x/2nmk)
(7
1= (2)T"
Here, e, m is the charge and mass of an electron, k:ln(3T 3/2/ (ze31/4nne )), 0/(z) is the dimensionless

coefficient. For z=1, the value is /= 1.95. The value x e / oT , under the Wiedemann—Franz law, of the 1st order. For
A=5 ol1(1)=3,4.1013sec—1leV-3/2,

%1(1)=3,9.1020 cm-1 sec-1eV-5/2.

Research Results. Let us suppose that the time dependence of the channel radius, the boundary of which plays
the role of the piston displacing the gas, has the form of a(?)=Atk; the motion in the shock wave region is determined by
two dimensional parameters 4, 0.

In the equations (4)—(6), we introduce dimensionless notation (a, — the radius of the wave front)

x=rfa,(t), p'(x)= p/po, V'(x)= V/ag, p(x)= p/pya’ (®)
Neglecting heat release and transfer, let us write the system (1)—(3) in the form
, dp'  ,dxV'
V'—x)— =0

( x) dx P xdx
! ! 9
(1_1jV'+(V'-x)d—V+id£=o ®

k dx p' dx

2(1—%Jp'+(V'—x)al;,+yp’dx—V, =0
with boundary conditions at x=1
p'=(v+1)/(y-1), V'=2/(y-1), p'=2(vy-1) (10)
The position of the piston is determined by the point where ¥ "=x. The pressure on p; piston can be expressed

through the piston speed.
Py :Kppoazl an

where “resistance coefficient” K,20,9 (K,=p (a)a2/a2.) is deduced from the numerical solution of the system (9).
We neglect the radiation and assume that

__dr (12)
=" dr
Let the temperature T in the channel be much greater than that required for the complete ionization, therefore,

on the edge, T is much less than in the center. Let us suppose that 7=0 at r=a. We introduce dimensionless notations

r T L r(r V riq SV r (13)
s=——, 0(s)=—, u=——| ——— |, y=—<—+Z| ——= |},
a’ (1) T, 02a\a a 2a (pa 2\a a

where T is the temperature on the axis. We consider the pressure to be constant along the channel cross-section.

If the heat is removed from the channel by a “clear emitter”, a simple self-similar solution can be specified for
the channel area: pressure, temperature and density are constant over the cross section, and the speed is proportional to
the radius. The temperature drop is concentrated in the shell. In the same place, the radiation is absorbed and the
ionization of the gas entering the channel takes place. Considering the shell to be thin, it is possible to obtain a system
of equations for the main parameters of the channel. In general, you can use these equations to estimate them as a
mathematical model that describes, although roughly, the main processes in the channel. This takes into account the
approximate action of ultrasound and thermal conductivity [7].

The energy balance equations for the channel and the shell have the form

aw  dnd’ (14)
—_—= =0). + N
di p d Qj Oy
15
(8+£de:QI+QR9 ( )
p) dt

where M, W is the mass and energy of the gas in the channel. The equation (15) is obtained by integrating (3)
over the cross section of the channel (including the shell) without assuming the form of distribution of values over the
cross section. For a homogeneous model, let us suppose
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W=M-e, M=mn-ap.
The equations (14), (15) are the consequence of the law of energy conservation. The expressions for the release

of heat Q; due to the electric field and heat Oy due to the ultrasonic field, as well as for the heat removal by radiation O
and thermal conductivity Q7 , can be taken as

0, =j2/TC ac, Q,=no (16)
Oy =nad’Qy(p.T), O, =132my T a7

where @ is the frequency of ultrasonic vibrations, 77 is the dimensional coefficient.
Comparing (14) and (15), we obtain that

0 +0, =1 (0,+0,) . (18)

where £¢ is a coefficient of the 1st order. If 7 is independent of ¢, then

2 17! (19)
,(d*a
u—y{l+(y—l)2a { 0 j }

Let us consider the channel in air with the conductivity of O =2"10"sec™; Kp=0.9; ¥=1.2; j~t, hence &=4.5.

For the radius of the channel, we get the expression

a=0,93(1+0)/5 p 6 ;312 (20)

Here, a is measured in mm, j — in kA, ¢ —in ps; Oy =1.29'10" g/ cm® under the atmospheric pressure. If the
shock wave is weak, the radius is similarly deduced from (19).
Table 1 gives values of the radius calculated by the formula (20), with different values of & and ¢ (us) at the

discharge voltage /=30 V, and the battery capacity ¢=0.15 puF, and inductance of circuit L=4 nH (corresponding to
J=V/L=1.5 10° A/sec).

Table 1
The channel radius for different values of 6, ¢

T

0 0.3 0.5 1

0 0.65 1.00 1.62

1 0.73 1.12 1.82

2 0.78 1.20 1.95

3 0.82 1.26 2.04

Let us estimate the temperature in the channel. We believe that [L ~1, for the same discharge as above at the
time /=1 ps at L=4 nH we have that O, +0,, = (1+9) 1,7-10"erg / cm sec. If we assume that all heat is transferred by
the electronic thermal conductivity, and the radiation is neglected, we obtain that
T=4(1+0)eV. Taking T=4eV we find that the number of ions per unit volume in this case is n; =9.1017, which in order
corresponds to the experimental values.

Discussion and Conclusions. Based on the constructed approximate model, the following conclusions can be
made about the effect of ultrasound on the development of the spark channel.

1. The radius of the channel increases by (1+0)1/6 times in comparison with the case when there is no

ultrasound, where 0 is the ratio of the energies of the electric and ultrasonic fields.

2. The temperature in the channel increases proportionally (1+0) under the assumption that the outflow of heat
is carried out by the electronic thermal conductivity.

3. Already at the moment of the shock wave formation, almost complete ionization occurs in the channel, and
conditions for double ionization at high ultrasound energies can be created.
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Introduction. The sources of damage and wear of the main shaft
of the drier toaster are analyzed. The repair know-how and
welding operations execution limitations which must be consid-
ered when developing the technique providing the restoration of
the structure performance features are studied. The work objec-
tive is to develop a technique of repair without dismantling for
the main toaster shaft. To solve the task, a design repair struc-
ture was installed, and postwelding operations that meet the
engineering and regulatory requirements for this structure were
performed.

Materials and Methods. In “Kompas 3D” software, the follow-
ing models were developed: integral shaft (project shaft design);
damaged shaft as a result of long-term operation (more than 15
years); and damaged shaft with a welded repair structure. Nu-
merical simulation of the stress-strain state (SSS) was carried
out.

Research Results. Software for the computational modeling of
the repair structure SSS is developed. The repair shaft structure
in which the maximum stresses do not exceed the shaft stresses
in the project design is obtained using the model. To eliminate
the aggressive medium effect on the corrosion fatigue strength
of the shaft, an insulating method is used. A technique for
mounting the repair structure to the shaft allowing for the out-
run limitation 0.12 mm is developed.

Discussion and Conclusions. Torsion shafts damaged deeply by
wear and corrosion are considered. To restore their structural
integrity, it is worthwhile using the following complex of tech-
niques:

— constructive (consists in the installation of optional parts that
compensate for insufficient strength, and provides a reduction in
stress concentration in the most loaded zones);

— processing (reduces residual welding stresses due to the rea-
sonable sequence of deformation that contributes to generating
favorable residual compressive stresses);

— isolation (is based on the application of anticorrosion coat-

ings).

" The research is done within the frame of Contract No. 130 of 19.04.2014.

" E-mail: lyudmirskiy40@mail.ru, assaulenko_s@mail.ru
" PaGora BbIMONHEHA 110 10roBopy Ne 130 ot 19.04.2014 .

Beseoenue. CTaThs MOCBSIIEHA aHATN3Y IPUYHH MOBPEXICHUN
U M3HOCA TJIABHOTO Bajla TOCTepa CYIIMIKU. PaccMoTpeHbI
crien(prKa pEeMOHTHOTO IIPOHM3BOJICTBA M OTPAHUYCHUS B BBI-
TIOJTHEHNH CBAapOYHBIX pabOT, KOTOpbIE HEOOXOAUMO YUYHTHI-
BaTh IIPU CO3aHMU TEXHOJIOTHH, 00ECIIeUMBAIOIIEH BOCCTa-
HOBJICHHE KCIITYaTallHOHHBIX CBOHCTB KOHCTPYKIIHH.

Llenp paboTbl — cO37aHME TEXHOJOTHU PEMOHTAa IJaBHOTO
Basia TocTepa 6e3 ero pa3dopxu. [ peanusanuy 3ToH 3a1a4n
OblTa YCTaHOBJICHA pacyeTHass PEMOHTHas KOHCTPYKLIHUS H
BBIMOJTHEHBI TI0CIIECBAPOYHBIE OIEpaIiy, O00eCcIeuHBaIOIIUe
TpeOoBaHMS TEXHHYECKOH M HOPMAaTUBHOM MOKYMEHTAIMU K
JTAHHOHM KOHCTPYKLIUH.

Mamepuanvt u memoodsl. B mporpammuoii cpene «Kommac
3D» pa3paboTaHbl MOAENH: LIEJIOT0 Baja (KOHCTPYKIMS Bajia B
MIPOEKTHOM COCTOSIHMM); Bajla, IOBPEKACHHOTO B PE3yNbTaTe
JUTMTETBHON dKcIuTyaranuu (Oonee 15 ner); moBpeXIeHHOTO
Baja ¢ NPUBAapEHHON PEeMOHTHOH KoHCTpykuuei. IIposeneHo
YHCIICHHOE MOJSITMPOBAHUE HANPSDKEHHO-1e()OPMUPOBAHHOTO
cocrosiHust (HIC) monenei.

Pesynomamer  uccredosanus. Pa3paboTaHo mpoOrpaMMHOE
obecrnieyenue st unciaeHHoro Moaeiuposanus HJC pemoHT-
HOU KOHCTpYKIMH. C IOMOIIBIO MOJIENH MOy4eHa KOHCTPYK-
YT PEMOHTHOTO Bajia, B KOTOPOIl MaKCHMalbHBIE HarpsiKe-
HUsI HE MPEBBINIAIOT HANPSHKEHUH Baja B MPOEKTHOM COCTOSI-
HuH. JI7Is1 NCKITFOYESHUsT BIUSIHUSL arPECCUBHOM CPeasl Ha KOp-
PO3HOHHYIO YCTJIOCTHYIO IIPOYHOCTD Basla HCIOJIb30BaH H30-
JSIMMOHHBIA croco0. [Insi mpucoeAnHEeHHsT PEeMOHTHOH KOH-
CTPYKIMH K Baly pa3paboTaHa TEXHOJIOTHS BBIIOIHEHHS
IIBOB, MO3BOJISIONIAst OrpaHUIHTh Ouenue 0,12 Mm.
Obcyaicoenue u 3axmodenus. PaccMOTpeHBI paboTalOMUe IPH
KPYYEHHH Bajbl, MIOBPEXKIECHHLIE B PE3YIbTaTe M3HOCA U KOP-
po3uu Ha GonblIyio TTyOuHY. ST BOCCTAaHOBIEHHSI HX KOH-
CTPYKTHBHOHM MPOYHOCTH IeIeCO00pa3HO HCIOIB30BaTh KOM-
TJIEKC TIePEeUUCICHHBIX Janee MeToa0B. KOHCTpyKTHUBHBIMA
(3aKiIroyaeTcss B yCTAHOBKE JOIOJHUTEIBHBIX JETANCH, KOM-
NEHCHUPYIOUIMX HEAOCTATOYHYIO MPOYHOCTh, U OOECcIieunBaeT
YMEHBIIIEHHEe KOHIIEHTPAINH HANPsDKEHUH B Hanboee Harpy-
JKEHHBIX 30HaX). TeXHOIOTWYeCKHil (yMEHBIIAET OCTATOYHBIE
CBAapoOYHbIC HANPSDKEHUS 33 CUET pPalMOHAJIBHOM IOCienoBa-
TENBHOCTH JIe()OPMUPOBAHMS, CIIOCOOCTBYIOIIEr0 HABEICHUIO
OJaronpHsATHBIX OCTAaTOYHBIX HANpsDKeHWH ckaTus). V3onu-
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]
The economic expediency of the developed repair technique is pytomuii (OCHOBaH Ha HAHECCHUHM AHTUKOPPO3HOHHBIX IIO-
obvious. The repairing of the shaft without dismantling costs KPBITHH).

DOKOHOMHYECKas 11eI1ecO00pa3HOCTh pa3paboTaHHON TEXHOJIO-
MU PEMOHTa HECOMHEHHa. PeMOHT Baja 0e3 ero pa3bopku

180,000 rubles, while a new shaft costs 3.8 million rubles.

croun 180 Thicay pyOneid, a meHa HOBOro Banma — 3,8 MIIH
pyoueii.
Keywords: welding repair under factory conditions, shaft re- KiroueBble cJIOBa: PEeMOHT CBApKOW B MPOU3BOJCTBEHHBIX
pair, repair type selection, 3D modeling, finite-element method YCIOBMAX, PEMOHT Bama, BbIOOp Tuma pemonra, 3D-

(FEM), optional parts, stress factor, repair technique, plastic MOZEIHpOBAHKE, METOA KOHEWHbIX dnemenTos (MKDJ), no-
. . . MOJIHUTENIbHBIC JETalNH, KOHLIEHTPAIMs HalpsDKeHUH, TeXHO-
deformation, economic expediency.

JIOTHSI PEMOHTA, IUIACTHYECKOE Je(hOPMHPOBAHHE, IKOHOMHU-

YecKas L[CJ'[CCOO6p33HOCTL.

For citation: Y.G. Lyudmirsky, S.S. Assaulenko. Repairing Obpasey ona yumuposanun: Jlronmupckuii, 10. T'. PemoHT
the main shaft of dryer toaster. Vestnik of DSTU, 2018, vol. rmaBHoro Bama Toctepa cyumkd / FO. . JlroqmMupckui,
18, no.3, pp. 311-317. https://doi.org/10.23947/1992-5980- C. C. Accaynenko // Bectauk JIoH. roc. TexH. yH-Ta. — 2018.
2018-18-3-311-317 — T. 18, Ne 3. — C. 311-317. https://doi.org/10.23947/1992-

5980-2018-18-3-311-317

Introduction. Failure of machines is often due to the negative impact of structural, technological or operation-
al factors. To choose the type of repair, you need to know:

— operational aspect features ,

— conditions of its operation;

— possible failure causes of the main elements.

The specificity of the repair is that you have to deal with already created structures during work performance.
This requires the selection of certain welding methods, the location of repair welds, restricts access to welding sites. In
some cases, the possibility of heating the metal during welding and subsequent heat treatment of the welded joint is
reduced [1]. All this leads to the need for developing special technical solutions in each case.

Oil extraction plants for the distillation of solvent (gasoline) from the meal (cake) use an evaporator (toaster),
equipped with heating jackets and steam supply pipelines. The toaster, shown in Fig. 1, is a column apparatus assem-
bled from vats (1) mounted one above the other.
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Fig 1. Scheme of dryer toaster
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Through all the vats, shaft 2 passes, on which pair agitators of meal 3, installed above the bottoms of the vats
with a small gap, are fixed. The shaft drive is provided through the reduction gear 4 of the engine capacity of 160 kW
and rotates with a frequency of 10 Rev/min. Torque on the shaft of the toaster is 14500 kgem.

Dryer toaster, investigated in the framework of this work, was in operation at the oil extraction plant of the
“MEZ Yug Rusi” branch for 15 years, which led to significant local wear of the shaft.

The design dimensions of the shaft are as follows: diameter is 285 mm, length is 6860 mm. As the diagnostics
had shown, the shaft wear was localized in the lower part, where it was in contact with the meal (acting as an abrasive).
The temperature of the meal was 105 °C. The contact point was blown with moist air. In this part of the shaft at the site
of 700 mm, its diameter decreased to 245 mm as a result of corrosion and mechanical wear.

The worn part of the shaft is shown in Fig. 2.

Fig. 2. Shaft wear after 15 years of operation

The calculations performed according to [2] showed that the polar moment of inertia of the shaft in the design
was 6.6°10* cm®, and due to the operation, it decreased to 3.8210* cm*. Further operation of the shaft without restoring
its bearing capacity could lead to the destruction and explosion of gasoline vapor in the toaster. In this regard, various
options for repair of the main shaft of the toaster were evaluated. Replacement was not considered due to the high cost
of the individual shaft production. In addition, its dismantling required disassembly of the toaster and the room where it
was installed, which was almost impossible.

Currently, the most widely used methods of repairing worn shafts are the following:

— welding metal over the damaged area [3] to restore the size and the carrying capacity of parts;

— replacement of the damaged section of the structure with a new one;

— installation of additional parts or structure repair [4].

The first repair option was rejected, because in this case it was required to weld a large amount of metal (more
than 140 kg) on a vertically located shaft, which would inevitably lead to defects and large deformations.

The second method is difficult. In its implementation, there would be difficulties with cutting the damaged part
off the shaft, cutting edges for welding, assembly and welding. This would result in unacceptable welding deformations.
In this case, even with a successful replacement of the damaged area, the operational properties of the toaster would
most probably be violated.

The third method is usually recommended for repair if the surface damage is large [4, 5]. Thus, it was decided
to repair the main shaft of the toaster by installing a repair structure (Fig. 3).
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Fig 3. Scheme of repair structure

The design of the shaft 1 consists of two half-rings 2 and two half-couplings 3. The sizes of the coupling and
the ring were determined according to strength and technological considerations. The length of the couplings equal to
800 mm, exceeded the length of the damaged section of the shaft by 100 mm. The inner couplings diameter is 285 mm,
and the outer one is 325 mm. To restore the static strength of the shaft in its worn parts, it was needed to weld the ele-
ment, the polar moment of inertia of which would make up for its wear loss (6.6+10* cm® — 3.8¢10* cm* = 2.8¢10* cm®).
Then, the above-mentioned diameters of the polar moment of inertia of a coupling half is equal to 3.1+10* cm®. Thus,
the dimensions of the repair structure welded to the shaft not only restore the calculated moment of inertia of the shaft,
but also increase it by 15 %, which provides static strength of the shaft.

The papers [6, 7, 8] show that the durability of the welded designs working at repeatedly static loadings in the
damp environment, mainly depends on the stress-strain state (SSS) where weld metal comes to the basic metal. The
finite element method (FEM) was used to estimate the effect of weld geometry on the SSS. When designing the repair
structure, we sought to ensure that the stresses in the weld area did not exceed the stresses in the area of keyways on the
shaft to transfer torque to the meal agitators.

The method of SSS calculation is presented in [9]. In the “Compass 3D” software environment, 3D-models of
the complete shaft with the original keyway, damaged by the shaft corrosion, and the damaged shaft, were developed
with account of the installation of the repair structure. The Ansys software product [10, 11] was used for the calculation.
The 3D model was imported in Ansys Workbench. With the help of this software shell, pre-processing of geometry and
selection of the material corresponding to the material of the shaft-17G1S was carried out (Table. 1).

Table 1
Parameters of the selected material
Property Unit of measurement Value
Density kg/m’ 7850
Yield stress mPa 250
Ultimate tensile strength mPa 460

Further, the calculation was carried out, which includes the creation of a finite element mesh, as well as the de-
termination of boundary conditions by applying torque from the reducer and rigid fastening of the shaft on the reverse
side.

Fig. 4 provides the results of the calculated structures, and Table 2 - maximum stresses on the shaft: in the are-
as of keyways (Fig. 4, a), in the place of shaft wear (Fig. 4, b), in the most loaded area of the repair design (Fig. 4, c).
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a) b) <)
Fig. 4. Models of stress-strain state calculation in areas of: keyways (a); shaft corrosion (b); repair structure(c)
Table 2
Maximum calculated stresses
Area of stress calculation on the shaft Maximum voltage, mPa
Keyways 74
Shaft corrosion 124
Repair structure 75

It can be seen that the stresses in the developed repair structure do not practically exceed the design stresses in
the keyways areas.

SSS depends not only on the operating voltage, but also on the magnitude and the sign of residual stresses in
the area of weld metal connection with the main metal. Therefore, the method of plastic deformation was used in the
repair technology [12]. It allows you to reduce residual tensile stresses or even change them into favorable compressive
stresses.

Before starting, degassing of the toaster and the shop where it was located was performed. The damaged part
of the shaft and the welding site were cleaned with rotating brushes to the metallic sheen.

The assembly of the repair structure started with the installation of two half-rings 2 (see Fig. 3), their tighten-
ing up and tack welding. To weld the half-rings, the UONI electrodes 13/55 [13] were used in the modes specified in
Table 3.

Table 3
Modes of manual arc welding with coated electrodes
Electrode brand Recommended current strength when AWM * A in the position:
Diameter, mm
bottom vertical horizontal and ceiling

UONI 13/45, 3.0 80-100 60-80 70-90
UONI 13/55 4.0 130-160 100-130 120-140

5.0 170-200 140-160 150-170

* AWM-arc welding mode.

After that, the welds were cleaned flush with the base metal.
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Then the ring was set perpendicular to the shaft, as shown in Fig. 3, and welded; circular welds were welded
connecting the ring 2 to the shaft, according to the scheme shown in Fig. 5, a.

B

b)
Fig. 5 Diagram of implementation of: circular welds (@), longitudinal welds ()

The welding was performed simultaneously by two welders. The order of bead welding (1-18) is shown in Fig. 3.

Two coupling halves were assembled on the welded ring, so that the distance from the longitudinal welds of
the ring to the longitudinal welds of the coupling was 120-130 mm. Half couplings were tightened around the shaft by
the means of two centralizers; at each junction there were three tack welds with the length of 50-60 mm. To reduce the
probability of occurrence of defects during welding, the beginning and the end of each tack weld was rubbed down with
an abrasive tool. After this, the upper centralizer was removed, and the welding of longitudinal welds of the coupling
started. The welding was performed by the step-back method [14] from the bottom up — in the order shown in Fig. 5,
b. After performing 70 % of the length of the longitudinal weld, the lower centralizer was removed, and the root weld was
completed. Filler and cap beads were done in the same order. Each subsequent layer was shifted relative to the previous one
by 25-30 mm. The current strength recommended in Table 2 for vertical joints welding, was reduced by 10 %.

The circular welds connecting the coupling to the shaft and the ring were made simultaneously by two welders
in diametrically opposite places relative to the shaft (see Fig. 5, a). First, the beads 19 to 27 and then, 28 to 37 (see Fig.
3) were welded. After circular welds were welded, their deseaming and plastic deformation at the edges of the weld
metal with the base metal of the shaft was made. The quality of the welds was checked by the visual inspection in lay-
ers.

The radial-motion variation of the shaft was measured by hour-type indicators above the repair structure by
100 mm in two mutually perpendicular directions. Its value did not exceed 0.12 mm.

In order to protect the coupling and the shaft from corrosion, the space between them was filled with sunflower
oil [15], and the outer surface of the shaft was insulated with epoxy glue of the EDP brand according to TS (technical
specification) 07510508.90-94.

The integrity of the repaired shaft is monitored quarterly. It has been working reliably for four years with full
compliance of functional indicators with the requirements of technical and regulatory documentation.

The economic feasibility of the developed technology is significant. The repair cost 180 thousand rubles,
whereas the price of a new shaft is 3.8 million rubles.

Conclusions. To restore the structural strength of the shafts working in torsion, it is advisable to use a set of
the following methods. The constructive method involves the installation of additional parts that compensates for the
lack of strength, and provides a decrease in stress concentration in the most loaded areas. The technological method
reduces residual welding stresses due to the rational sequence of deformation, which helps to induce favorable residual
compression stresses. The insulating method is the application of anti-corrosion coatings.
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Introduction. Issues on the functional unification of the adaptive
hydraulic drive module are studied. For the first time, self-
adapting mechanisms are considered taking into account
adaptive intercommunication of the load control and agreement
of motions on the working body of the mobile machines. The
work objective is to create and analyze the technique of the
functional unification of the adaptive hydraulic drive module. In
the furtherance of this goal, a number of tasks are solved. The
selection of technical equipment — unified adaptive hydraulic
drive modules of the mobile machines — is validated. The
methodology and indicators of the module functional
unification are described. Intercommunications are considered:
direct positive and back negative ones. Their effect on the
functional unification property of the adaptive module is shown.
Materials and Methods. For the synthesis and analysis of the
functional unification indicators of the adaptive module, a
similarity method of the technical systems operation is adopted.
structural-functional

Research  Results. Techniques for

unification of the self-adapting modules are developed.
Optional versions of the unified modules modification and
proper combinations of hydraulic motors, regulating equipment,
and mathematical models of adaptive communications are
presented. Criteria and indicators of similarity are proposed.
The functional unification of the adaptive intercommunications
of the module and different types of the hydraulic motors and
fluid throttling elements in the hydraulic system are analyzed.
Recommendations for implementing the functional unification
under typing and operation (adjustment) of the adaptive module
are formulated.

Discussion and Conclusions. The methodology is recommended

for the functional unification of the hydraulic self-adapting

" The research is done within the frame of independent R&D".Pa6oTa BbinoNHeHa B paMKaX HHHIMaTHBHOH HIP.
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Bseoenue.  VccnenoBaHel — BONPOCH  (DYHKIMOHAJIBHOM

YHU(HKAIMY aJanTHBHOTO MOXYJIS TMAPONpUBOAa. BrepBrie
paccMOTpEHBl  NPHHLUNBI  caMmoajanTallMd C  y4eToM
BHYTPEHHMX AaJJallTUBHBIX CBA3CH YIpaBIECHHUs Harpy3koi u

COIJIACOBAaHHOCTH IBIKEHHH Ha pabodeM opraHe MOOHMIBHBIX

MaIl}H.
Lems pabotel — co3maHMe W aHAIW3  METOAUKH
(YHKIMOHATBHONH — YHM(HUKAIMM ~ QJalTHBHOTO MOy

TUApONpUBOAA. JIs TOCTHKEHHS TOCTABIEHHON LENH PEIleH
psan 3amad. OGOCHOBaH BHIOOP TEXHHYECKHX YCTPOUCTB —
YHUQHIMPYEMBIX ~ aIaNTUBHBIX MOAYJIeH T'MAPONPHBOIA
MOOWIBHBIX MammH. [IpeinoskeHsl METOIMKa M TOKa3aTelH
(GyHKUIMOHATBHOH — yHHGUKamuu MoAyns. PaccMoTpeHsr
BHYTPEHHHE CBS3M: TpsiMas IIOJOXKUTENbHAas W oOpaTHas
oTpunatenbHasd. [loka3aHo u©X BIUSHME Ha CBOHCTBO
(YHKIMOHATBHON YHU(HKAIMU aJalTHBHOTO MOJIYJIS.
Mamepuanvt u memooul. J{ns cuHTe3a U aHANN3a MOKa3aTeNei
(YHKIMOHATBHON yHU(DUKAINH aJanTHBHOTO MO TIPHHST
MeToJ MoAo0us QYHKIMOHHPOBAHUS TEXHUUECKUX CHCTEM.
Pesynomamer  ucciedosanus.  Pa3zpaboraHna — meroamka
MIPOBEAEHHST KOHCTPYKTHBHO-(YHKIIMOHAIGHOH yHU(pHUKaIuu
IToka3aHel  BO3MOXHBIE

MoAyled C  caMoaJanTaluen.

BapHaHThl MOAW(UKAIMK YHUPHUIHPYEMBIX MOAyJIeH U

COOTBETCTBYIOLIIIE WM  COYETaHUS  TUApPOJBHUraTene,
perynupyronieii amnmaparypel M MaTeMaTH4ecKuX Mojenel
aJanTUBHBIX cBs3ed. [IpeanoxeHsl KpUTEpUN U WHIUKATOPBI
nofo0ust. BeimonHen ananu3 QyHKIMOHATEHOH yHH(UKAIUH
BHYTPEHHHX AJIalITHBHBIX CBS3€H MOMYIS C pa3HBIMH THIIAMH
THAPOABUTATENEH M 3IEMEHTOB JIPOCCEINPOBAHUS JKHIKOCTH
B rungpocucrteme.  CdopMynupoBaHEI  peKOMEHIAIUH
npoBeneHHsT (PyHKIIMOHAIPHOW YHH(MUKAIMK TIPH THUIIH3AIUK
Y KCIUTyaTalluy (HajaJlke) aaanTHBHOTO MOIYJIS.

Ob6cyaicoenue u 3axniovenusi. MeTouKa peKOMEHIOBaHA JUTs

(GYHKIMOHATIBHON yHH(UKAIUKM THAPABIMYECKOTO MOAYJS C
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module. It can be used for the development of unit sizes and
under its operation as an independent drive or a hydraulic drive

subsystem of a multifunctional or combined machine.
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Introduction. Multifunctional and combined mobile machines are abundantly used under difficult conditions:
in road construction and agricultural work. As a rule, their operation involves manual or hard-programmed control.
Thus, it is important to create simple functionally unified drives (modules) of mobile machines capable of adapting to
the variable properties of the processed environment [1].

It should be noted that the issues of unification are related to the solution of a number of scientific and practical
problems. One of them is the problem of standard sizes of functionally unified products. For its solution, the
corresponding means of fundamental [2] and applied [3, 4, 5] mathematics is used. Studies on the adaptive systems of
different structures and purposes [6], hydraulic drives of devices with adaptively coordinated movements of the
working body taking up stochastic fluctuating loads are carried out [7, 8, 9, 10]. In the framework of this paper, the
principle of functional unification in the modular hydraulic drive capable of load self-adaptation is considered. The
research and practical testing of such a module is conducted for the first time.

Materials and Methods. A device for drilling rocks with variable properties [11] and a device for processing
curved surfaces [12] are accepted as the basic objects of research (Fig. 1, 2).
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Fig. 1. Schematic diagram of device for drilling rocks with variable properties [3]
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Fig. 2. Schematic diagram of device for processing curved surfaces [2]

The following elements are numbered in the diagrams (for Fig. 2, designations are given in brackets): 1 (10) —
fixed displacement hydraulic pump; 2 (11) — safety valve; 3 (12) — filter; 4, 7, 8 — control valves; 5 (4) — choke
(mode control); 6 (1) — main motion hydraulic motor; 9 — flow control; 10 — retaining adjustable choke; 11 — feed
hydraulic cylinder; 12, 13, 14 — pressure gauges; 15 — tank; (2) — working body; (3) — hydraulic system; (5) —
reversible feed motor; (6) — feed motor shaft; (7) — feed mechanism; (8, 9) — adjustable chokes.

The elements of the hydraulic system of these devices (including their modifications [13]) are structurally
combined according to the differential scheme.

A hydraulic cylinder (see Fig. 1) or hydraulic motor (see Fig. 2) are additionally included between the return
lines of the mode control and the main motion hydraulic motor. Thus, two communications are established: the back
negative and the direct positive.

A flow control (see Fig. 1) is on the return line of the hydraulic motor of the main motion of the drilling device
under consideration. An adjustable choke (see Fig. 2) is on the return line of the hydraulic motor of the main motion of
the device for processing curved surfaces. This is the fundamental difference between these devices.

Such variations of the unified modules allow providing a combination of movements of the working body of
the mobile machine: rotation-feed; rotation-rotation; feed-feed [14].

Design differences affect the characteristics of direct positive and back negative communications of the
devices, both unified and modular (Table 1, 2).

Table 1
Functional dependences of adaptive communications between the module and the flow control

: Functions of module adaptive communications
Types of hydraulic motors i i —
Back negative Direct positive
Hydraulic motor of the main motion
— feed hydraulic motor Wy = AMy — (BM; + CM,,) Wy = Kywp,
Hydraulic motor of the main motion
w.; =AM, — (BM., + CM Vin = Koo
—feed hydraulic cylinder m 0 = (BMery oan) e T 2
Hydraulic cylinder of the main
Vyn = AMy — (BM, + CM Vin = K3 v
motion — feed hydraulic cylinder s o = (BMery cun) S
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Table 2
Functional dependencies of the adaptive communications of the module with an adjustable throttle
Types of hydraulic motors Funct.ions of module adaptive comrrllunicatio.n.s
Back negative Direct positive
Hydraulic motor of the main motion fis  |2APps
W, =AM, — (BM, + CM = _ g A8 |27 Ap8
— feed hydraulic motor o 0 = (BMars can) Orn = Ky Oy = 1 fun p
Hydraulic motor of the main motion fis |2APs
W =AM, — (BM, + CF = _ oy w8 Ap
—feed hydraulic cylinder m 0 = (BMery o) Vi = KoOry = W fu p
Hydraulic cylinder of the main fi0s  [24P g
Vun = AMy — (BF, + CF = _ . Ap8 (27 np8
motion — feed hydraulic cylinder e o = (BFer, cun) Vin = KaVig =1 i )

Let us note that the ratio of the velocities of the output elements of hydraulic motors (see Table 2) does not
depend on the flow rate through the flow control, since this indicator does not depend on the pressure drop on the
device, i.e. O,y = const.

Adaptive communications play a special role at action of working bodies of machines in modes with the
required indicators of speed of performance of operations and stability [14]. The discussed above design and functional
features of the devices (presence of an adjustable throttle or flow control) allow implementing such communications.

Tables 1 and 2 provide the legend: v,; — rod speed; f,; — cross sectional area of the feed hydraulic cylinder;
wy, — angular velocity of the hydraulic motor main movement; A,B,C — constant coefficients depending on the
moments of inertia, kinematic parameters and efficiency of the units of the main drive and feed drive module; M, — the
nominal and the calculated total moment of resistance corresponding to the processing without adaptation; f,,s — area
of flow cross-section of the throttle dpg; M., M. — the actual moments of resistance taken up respectively by the
main drive shaft and the feed shaft; F..,, F.;; — the actual resistance forces, which are taken up respectively by the rod
of hydraulic cylinders of main movement and the feed cylinder; AP,,g — the pressure differential on the throttle Jpg; p
— density of the working medium in the hydraulic system (oil); k4, k,, k3 — the coefficients of conversion of design
features and dimensions of the speeds of movements.

Back negative communication allows stabilizing the actual total moment (force) of the resistance on the
working body in the process of the module work. In this case, we automatically compare:

- the actual moment of resistance with the value set by the mode regulator;

- changes in feed rates and the main motion with the sign, reverse to the error signal.

The following are the relevant equations of back communication on accelerations of the shaft of the feed
hydraulic motor.

If there is a flow regulator:

e))

d
1 +5:(BAM+ CAME,)
(BAMG 1+ CAME)OS [

If there is an adjustable throttle:
d
__ Ll + 77 (BAMS, + CAMG,)
Prn = kcrn (BAMgm + CAM&H)O'S

d [2(4P2 5+ 8(AP0 )
Fps fups g J O] )

The methodology of functional unification is determined by its goals and features, as well as the stage of the
module life cycle. However, we should note the overall steps of its implementation:

- clarification of the functional purpose and conditions of the unified module operation;

- preliminary data collection within the framework of constructive and functional unification of hydraulic
devices of standard and unified module (including single-valuedness conditions; nominal and boundary values of
operation parameters, especially pressure drops on hydraulic devices under the conditions of dynamic equilibrium of
hydraulic system);

- clarification of the adaptive communication type according to the design features of the modules (in
accordance with Tables 1 and 2).

In compliance with the mentioned general provisions, the functional unification of adaptive communications is
performed in a certain sequence.
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- According to the calculation or by the specification, the passport, we specify the values of working (or
maximum) loadings on the working body of the mobile machine with the unified module.

- In relation to the standard module, we determine the functional and design values of the parameters of the
hydraulic elements of the unified module. Here we use nomograms, graphs or calculations (for example, by the method
of similarity of functioning) [15].

Research Results. When performing unification, the principle of superposition of functions is used.

Let us briefly consider an example of the method of functional unification of hydraulic motors of the module.

The output characteristics of the hydraulic motor and the hydraulic cylinder are angular velocity (rotation
frequency) and torque on the shaft of the hydraulic motor, linear speed and force on the rod of the hydraulic cylinder.
Functional dependencies that define these characteristics have the following form [16]:

a) for the hydraulic motor

Mz,u = f{(Pex’q’B’J’Mmp’AI)ym(Qym’f;u’p))’
n,, =£(0.q9.EQ, (AP, f.,.P); 3)
b) for the hydraulic cylinder
Vm = f;(Q,du,S,p,APu,E,I/V),
Fm :fZ(APw’AF;I’mnO’F;mp’””F;m’ﬁ)‘ (4)
Here n,,, — shaft speed; g — volume of oil; Q — flow (supply) of oil; £ — elastic modulus; p — dynamic oil
viscosity p — density of oil; P, — inlet pressure; APy, — differential pressure on leakage element; O, — leakage
value; f;, — the area of the slit through which passes a leak; / — moment of inertia; p — oil compression coefficient; ;
Ferp, Fyr — equivalent force of breakaway and internal friction in the cylinder; » — radius of rotation of the mass; &, v
— structural coefficients; M, — shaft torque; M,, — friction torque; AP, — differential pressure on hydraulic cylinder;
F, —stress on the rod; AFm — the difference between the forces on the piston.
When carrying out constructive and functional unification, special criteria of similarity of unification [17]
obtained by the dimensional analysis [15] are used.
For a hydraulic motor, the similarity criteria of unification have the form:

noas. 4 a5, _ E _
T, == ch__fm ’TCE_E’TCB_BP&\"

n Q y Q
3 2

oM AP S

M,, — Rg-ﬁ ’ AP_PGX i Jz >
)

B QCH0,33 ) B ) q0,67

Oc Pyossq > Tpe = P 2’33 067 °

Similarity criteria of unification have certain functional or structural sense, namely: 7t, — the criterion of

flow kinematic parameters; 1, — the criterion that characterizes the ratio of constructive and consumable (functional)
characteristics; m, — the criterion that characterizes the nominal stiffness of the working fluid; n, — the theoretical

(indicator) criterion of the shaft torque of the pump; m; — the criterion of elastic deformation of the working fluid;

m,,, — the criterion of friction losses in mates; m, — the criterion of the loss of inertia hydraulic-mechanical

resistance; n 0 — the criterion of the loss of hydrodynamic resistance of the working fluid; m,, — the criterion of
c %

the loss to overcome the leakage of the working fluid; 7, — the criterion of the loss on the inner (viscous) resistance

of the working environment.
Thus, each criterion reflects the essence of one of the properties of the functional unification of the module,
and any system of criteria reflects this property generally.
The generalized similarity criteria for unification obtained by combinations of separate criteria are presented in
the form of:
T T, T Pq°'67rﬂVmep By pr)fyzEAPy

MR, Ty
M, = N, =m,T,TT, T, —
TET, T, Ty T,T PuEfy q°vPpQ,

Particular similarity indicators of the functional unification of C;, are obtained from the equations (5) for the
unified model and standard modules [15]. In this case, the respective similarity number z; and ,,; for the standard and
the unified modules should be equal:

(6)
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Ty = Ty = idem. (7
In this example, separate indicators of similarity of functional unification have the following form:
CM,,,C
C C, Cg Mrp™p3
1=2Cas;1=2 Coas; 1==5;1=CgCp_; 1 = ; 8
Cq f’-l Cq f’-l Cap ’ B™Pax PBX]3 ’ ( )
— CMrMp3. 1= AP, 1= CQCP-O’33 1= CQ Capry
=— ol=l=—=m—1l==—
CPBXC]3 Pgx P,"7q Cq Cp

As well as similarity criteria of functional unification, separate indicators can be combined into complexes,
obtaining the effect of superposition.

The change of scale of parameters C; of the unified module in indicators (8) in relation to similar parameters of
the indicators of the standard module shall correspond to the condition of equality to 1 [15]. For example, for the output
characteristic of AP,,, on the indicator

_ Lo Capry
1=257 )

you can analyze the functional unification on the pressure drop, the characteristic (working) volume and flow
of the hydraulic motor, oil density.

The required standard size of one of the parameters of the unified module is determined by the substitution in
(5) and (8) of the known values of the parameters of the standard module hydraulic motor and a priori known
(established by technical specifications, etc.) values of the parameters of the unified module.

The features of the procedure of functional unification research depend on the task. When carrying out
unification of the module of a new standard size, first, you carry out constructively-functional unification, the choice of
standard sizes of elements of the hydraulic system, and then you check their functional compliance to the internal
adaptive intercommunications. To solve the first problem, we use particular criteria and indicators of functional
unification similarity. To solve the second problem, generalized criteria, indicators, as well as the equations of direct
and back adaptive intercommunications are used.

Other objectives of the unification of the adaptive module are: analysis of the causes of violations of functional
unification in the process of operation of a single adaptive module, and the study of the effectiveness of functional
unification in the modernization of the adaptive module of a hydraulic drive. The method of similarity of functioning of
technical systems can also be used [18], [19].

Discussion and Conclusions. The urgency of development and application of the unified hydraulic drive of
modular type in mobile machines is proved. This design allows you to adapt the power and kinematic parameters when
the working body is exposed to fluctuating loads. The method of carrying out constructive and functional unification of
modules with self-adaptation involves the use of mathematical models of adaptive intercommunications. Optional
versions of modification of the unified modules with self-adaptation and the corresponding combinations of hydraulic
motors, regulating equipment and mathematical models of adaptive intercommunications are shown. An example of the
functional unification technique using the method of similarity of technical systems operation is given. The technique is
recommended for the study of functional unification in the development of standard sizes and in the operation of the
proposed type of module.
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Introduction. The development of a mathematical model for
the groundwater level of a deposit of cement raw materials
located in the Zadonian-Yelets aquifer, which is the principal
domestic water supply source for the city of Lipetsk, is
considered. Therefore, it is necessary to provide ongoing
monitoring and to have the possibility to predict the water
level under the field development. The work objectives are the
identification and study of a dynamic neighborhood model
with variable hierarchical neighborhoods of the groundwater
level that enables to adequately predict value of the water level
in the examined wells.

Materials and Methods. The definition of a dynamic
neighborhood model with variable hierarchical neighborhoods
is given, differing by time-varying double-level neighborhood
communications between the first- and second-level nodes. At
each next discrete instant of time, the neighborhood model
nodes change their state under the influence of the online
parameters and node states included in their neighborhood. As
a subcase, we consider a model with line state recalculation
functions. Parametric identification of the dynamic
neighborhood model consists in finding the system parameters
for each second-level node, and is based on the ordinary least
squares.

Research Results. A linear dynamic neighborhood model with
variable hierarchical neighborhoods for predicting the
groundwater level in a cement raw material deposit located in
the Zadonian-Yelets aquifer is developed. The software using
C++ is developed for the parametric identification and
simulation of the functioning of the dynamic neighborhood
model under consideration. It enables to determine parameters

of the node state recalculation functions for a given structure,

" The research is done with the financial support from RFFI (project no.16-07-00-854).

" E-mail: sedykh-irina@yandex.ru

Bseoenue. Cratpsi mocBsineHa pa3paboTKe MaTeMaTHYECKOH
MOJIENH YPOBHS MOA3EMHBIX BOX MECTOPOIKICHHUSI [IEMEHTHOTO
CHIPBSI, PACHOJIOKEHHOTO B 3aJOHCKO-CNCIKOM BOJOHOCHOM

TOPU30HTE, SIBISIOIIUMCS OCHOBHBIM HCTOYHHUKOM
XO3SIMCTBEHHO-IIUTHEBOTO BOJIOCHAOXKeHUs ropoxa Jlumenka.
IMosroMy Ha  cragmu  pa3paboOTKH  MECTOPOXKICHUS

HEOOXOJMMO HPOBOJHUTH IOCTOSHHBIM MOHHTOPHUHT M HMETh
BO3MOXKHOCTb IIPOIHO3UPOBAHUS YPOBHSI IIOJI3EMHBIX BOJ.
Hems paboTel — HOCHTUQHUKAOUS ©  HCCIEIOBAHUE
JUHAMHUYECKOM OKPECTHOCTHOM MOJEIN C IEepeMEHHbIMU
HepapXHYeCKIMU OKPECTHOCTSIMH YPOBHSI IOJ3EMHBIX BOJI,
MO3BOJIAIONIEH € JOCTaTOYHOM TOYHOCTHIO IPOTHO3UPOBATh
3HAUYCHHE YPOBHS BOJ B 00CIIETyeMbIX CKBaXKMHAX.
Mamepuanvt  u  memoowvt. IlpuBemeHo  omperneneHHe
JUHAMHUYECKOM OKPECTHOCTHOM MOJENN C INEepeMEHHBIMU
oTIHyarouencs

HUEPAPXUICCKUMU OKPECTHOCTAMU,

M3MEHSIONMIMHUCS BO BpPEMEHH JBYXypPOBHEBBIMH
OKPECTHOCTHBIMHU CBSA3IMHU MEXy Y3JaMHU IIEpBOrO U BTOPOTO
ypoBHS. B Kkaxapli cnenyromui  TUCKPETHBIH MOMEHT
BPEMEHHM Yy3JIbl OKPECTHOCTHOM MOJEIM MEHSIT CBOE
COCTOSTHME 0]l BO3/CHUCTBHEM TEKYIIUX YINpPaBICHUH U
COCTOSIHHH y37I0B, BXOJISIIUX B MX OKPECTHOCTH. B kauecTtBe
YacTHOTO CITydash pPacCMOTpEHa MOJENb C JIMHEHHBIMH
dyHKIUAMH
uieHTHQUKANUs JUHAMHUYECKOH OKPECTHOCTHOW MOJIENH

nepecuera  coctosinuil.  [lapamerpuueckas
3aKTIOYAeTCsl B HAXOXKJICHUHM IapaMeTpOB CHUCTEMBI IS
Ka)XIOTO0 y37da BTOPOTO YPOBHS M OCHOBaHa Ha METOJE
HalMEHbBIINX KBaJIpaTOB.

Pezynomamoi uccnedosanusi.  Pa3paboTraHa  JMHEHHas
TUHAMHYECKas OKPECTHOCTHAass MOJENb C IEePEeMEHHBIMU
HEePapXHMYECKIMI  OKPECTHOCTSIMH  JUII  IPOTHO3MPOBAHHS
YPOBHSI MOJA3EMHBIX BOJ MECTOPOXKIEHHUS IIEMEHTHOI'O CBIPb,
PACIIONOKEHHOTO B 33/I0HCKO-€JIEIIKOM BOJOHOCHOM TOPH30HTE.
Jns  mapameTpuduecKoil HMACHTH(QHKAIMA ¥ MOIEIHPOBAHUS
JTMHAMHAYECKOM

(YHKIIMOHMPOBAHHS paccmaTpuBaeMoi

OKPECTHOCTHOM Mozienn pa3paboTaHo TIPOTPaMMHOE

obOecrieuenre Ha s3bike C++, MO3BOJIAIONIEE IS 3aJaHHOM

"™ PaGota BBIMONHEHA TIpH (MHAHCOBOI Momepkke PODU. (mpoext Nel 6-07-00-854).
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and also to predict the model behavior in the operation
process. A hierarchical structure is given, and a parametric
identification of the linear dynamic neighborhood model of the
groundwater level is carried out. After the parametric
identification on the teaching data selection, the mathematical
model is checked on the test sample.

Discussion and Conclusions. The obtained average ratio errors
of the identification and forecast suggest the developed model
validity and enable to recommend it for predicting the

underground water level of a cement raw materials deposit.

Keywords: groundwater level, deposit of cement raw
materials, dynamic neighborhood model with variable
hierarchical neighborhoods, parametric identification.
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CTPYKTYpbI dbyHKITI
COCTOSIHUI Y3JIOB, @ TAaKKe MPOTHO3UPOBATH TIOBEICHHE MOACIN
B mporecce (yHKImoHMpoBaHWA. [IpruBemeHa uepapxudeckas

HaXOoauTh TrapaMeTpbl rnepecyera

CTpyKTypa ¥ TpOBEACHA IapaMeTpuyecKas HICHTH(QHUKAIS
JIMHEMHON JWHAMUYECKOHM OKPECTHOCTHOM MOJEIH YpPOBHSA
no/BeMHBIX  BoA. [locie BBIONHEHWS IapaMeTPHIECKON
uneHTHUKaK  Ha  oOydJaromeidl  BBIOOpKE  JAHHBIX
MaTeMaTHIecKast MOZIelIb IPOBEpPeHa Ha KOHTPOJILHOH BEIOOPKe.
Obcyscoenue u  3aKMI0OUEHUS.

[lomydennble  cpenHue

OTHOCHUTENBHbIE OIIMOKM HACHTHUGHUKAMA W MPOTHO3a
CBH/ICTETIECTBYIOT 00 a/IeKBaTHOCTH Pa3pabOTaHHON MOIETH U
HO3BOJIIIOT PEKOMEHJIOBATh €€ UL MPOTHO3HPOBAHMS YPOBHS

MOJI3EMHBIX BOJI MECTOPOXKJICHUS] LIEMEHTHOTO CHIPBSL.
KiaioueBbie cjaoBa: YpOBEHb
LIEMEHTHOTO  CBIpb,  JUHAMHYECKas

OKpPECTHOCTHAsA MOJEC/Ib C INEPEMEHHBIMHU HEPAPXUUYCCKUMU

TIOA3EMHBIX BOI,
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OKPECTHOCTSIMU, TapaMeTpUIecKasi HACHTU(DHUKAIINS.
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Introduction. Zadonian-Yelets horizon is the main productive complex of limestone suitable for
cement and metallurgical industries [1]. Limestone is light and light gray, with a yellowish tinge, medium-hard,
fractured, fine-grained. You can often find hard limestone represented by silicified varieties. Limestone is often porous
and cavernous. Clay rocks suitable for cement production lie among the quaternary deposits covering the limestone.

Overburden rocks are represented by a fertile layer of soil, loam, substandard clay, sand and a layer of crushed
stone in the upper part of the destroyed limestone.

Hydrogeological conditions of the deposit are simple. Sokolsco-Sitovsky deposit is in in geomorphological
terms in the slope part of the valley of the Voronezh River, which determines the hydrogeological situation in the field
area [2].

The aquifer is fed by infiltration of atmospheric precipitation and by absorption of flood flow through the
valleys of gullies and ravines. Groundwater discharge is in the Voronezh River.

The current position of the groundwater level was studied by monitoring observations in 7 wells evenly located
on the field area. The level of groundwater in the low-water period varies from 102.5 m to 109.7 m.

Currently, the Zadonian-Yelets aquifer is the main source of the domestic and drinking water supply of the
Lipetsk city. In this regard, the development of limestone can be made only in the water-free part of them with high
pillar of at least 2.0 m, which is recommended by the sanitary service of the Lipetsk region.

Water inflow into the developed pit of the deposit occurs only due to atmospheric precipitation. In this regard,
at the stage of development of the field, it is necessary to constantly monitor the state of groundwater of the Zadonian-
Yelets aquifer and to be able to predict the groundwater level.

Dynamic neighborhood models with variable hierarchical neighborhoods are used in this paper to model the
groundwater level of the field under consideration. These models allow modeling complex spatially distributed
processes and objects that change their state in time [3-8].

Neighborhood models were first proposed in the late 90-ies of XX century [9]. The basic definitions and
algorithms of the theory of neighborhood modeling are given in [9-12]. The concepts of “neighborhood”,
“neighborhood communications” are considered in [13-14]. They use agents that move around the neighborhood and
interact with each other according to certain rules. Today, the theory of neighborhood modeling is being actively
developed. There appeared dynamic [6-8], non-deterministic models [11], models with variable neighborhoods [15].

Materials and Methods. In this paper, we use dynamic neighborhood models to predict the state of spatially
distributed systems. In them, each node is an independent object, functioning in time and related by neighborhood
communications to the other objects of the system. This distinguishes the models under consideration from the widely
used today neural networks, which can be used to simulate the operation of each object or node separately. The method
of neighborhood modeling is intended for simultaneous joint modeling and prediction of the behavior of all elements of
a distributed system.
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Next, we consider the dynamic neighborhood models “input-state” with variable hierarchical neighborhoods.
They differ in time-varying double-level neighborhood communications between the first- and second-level nodes, and
in line state recalculation functions. They enable, in comparison with the known one-level neighborhood models, to
perform forecasting with higher accuracy.

The dynamic neighborhood “input-state” model with variable [15] hierarchical neighborhoods can be specified

by the set NS, = (N, XV, G,X[O],t) , where:

ier

1) N= (A, 0.0,,0, ) is a two-level structure of the neighborhood model; 4= {al,az,...,an} is a set of nodes
of the first level; O, and O, are neighborhoods of communications of nodes by states and by controls, respectively;

o

ier

are hierarchical neighborhood communications between nodes. Each node a, € 4 has its own neighborhood

vl

defined by states O,[a,]< 4 and controls O,[a,]c 4; O, = ;)10)( [4.]. O, = _ki)lOv [a].

Some nodes of the first level a, € 4 are assigned a set of nodes of the second level O, [a,]={a.,...,a}. All

ier

nodesa, € O, [a,], a, €O,[qa;] have an impact on the second level nodes ae0,la].

ier

At each point in time, only a single active node is defined » =1,...,c such thata” € O, [a,,t].

ier L0

The node a’ is active at the time ¢ if it meets the specified activation condition f,”[] = true . For all nodes of

the second level @’ O.[a’]=0,[a,]; O,[a’]1=0,[a,].

>
2) X eR= is a block vector of states of the neighborhood model in real time, each block of which

X[a,]=X[i]€ R" is a vector of states in the node a, of the system i=1,...,n.

S

3) Ve R™ s ablock vector of controls in real time, each block of V[a,]=V[i]€ R™ is a vector of controls
in the node g, of the system i=1,....n.

4) G:X, xV, — X is a vector function of states recalculating of the neighborhood model, where X, isa
set of states of the nodes of the first level, included in the neighborhood O, ; ¥, is a set of controls of the nodes of the

first level, included in the neighborhood O, .
For the nodes of the first level a, € 4, the function G, will be:

X[t+1,i]:Gl.[t]:iX[t+1,ib]:iGi”[t], (1)

where G’ : X, xV

oua1 Vo) = XTi"] is a state recalculation function for the second-level node a[.[’ .

For each node of the second level a’ € O, [a,,t], the function G/ in real time in the linear case has the form:

ier L0

X[+1i"1= D> gl 1XI 1+ D, gl kI kl+ gl 2)

a;€0, [aih ] @ €0, [“[h ]
where aa, € A (j,k = 1,...,n) are nodes of the first level of the model; X[t,ib] e R” is the state in the node

a’at time #; V[t,i"]e R™ is the control in the node a! at time #; g’[i", j1e R"™, g'[i’ ,k]e R"™ , g’[i"]e R"* are
model matrix-parameters.
For each second-level node a,.” ¢ O, [a,,t], the function G[b is currently zero, that is X[t +1,i"] = G,.”[t] =0.

ier L0

S
5) X[0]e R= is the initial state of the model.

6) ¢ is the current discrete time of the model.

The structure of the neighborhood model can be represented as a single two-level graph of the structure of the
neighborhood model-oriented graph with two types of arcs: state and control actions — or two-oriented graphs —
external and internal structures.

Parametric identification of the dynamic neighborhood model [16-17] is in finding the system parameters for
each node of the second level, and it is based on the least squares method:

E= Zn:"X[t +1,i]-G,[]| - min.
i=1
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Research Results. Let us consider the linear dynamic neighborhood model of the level of cement raw
materials underground waters deposits. Fig. 1 shows the graph of the external structure of the model. Node a, is
external environment. Currently, 7 wells are used for groundwater level monitoring purposes, which in Fig. 1
correspond to the nodes a,—a, . The control actions of the nodes V[t,i]€ R consist of the amount of precipitation in

mm and of the average daily air temperature in °C for the last 5 days before the measurement of the water level in the
wells at time z. The states of the nodes X[t,i] € R are equal to the water level in the well i at time¢, i =2,...,8.

Fig. 1. Graph of the outer structure of the neighborhood model

[4,]= {a!.a?} and

correspond to the positive and negative average daily air temperature. Their structure is shown in Fig. 2.

V]

The first level nodes of the neighborhood model a, (i=2,...,8) are hierarchical: O,

ier

Fig. 2. Graph of the inner structure of the first level nodes

The system (2) for each node of the second level a’ of the surrounding groundwater level model will have the
following form:
X[t+1i"]=gl[i,i"1XTt,i" 1+ g'[i,i" Wt,i" 1+ g li" ], 3)
where gi’[i,i] eER; gf[i,i] e R™; gf[i] eR;i=2,.,8;b=12.
The program in C++is developed for the parametric identification and performance simulation of the
considered dynamic neighborhood model. The initial data for identification are the structure and the training sample.

The program allows you to find parameters of the recalculation functions of node states, as well as to predict the
behavior of the mathematical model in the process of operation.
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After the parametric identification on the training data sample, the obtained model was tested on the control
sample. The normalized initial and model values of the groundwater level for the node a, for training and control

sampling are shown, respectively, in Fig. 3 and Fig. 4.

A v

=0—X[2] —l—X"[2]

Fig. 3. Normalized source and model values of the groundwater level for the node a,

=0—X[2] —li—X"[2]

Fig. 4. Normalized source and predicted values of the groundwater level for the node a,

The average relative error of identification (prediction) of the neighborhood model is calculated by the
formula:

L= X, [ +1,i]| L00%
100%,
niD s 1| X, [t+1,1] |

where X, [t+1,i] is the state of the node in the m -th training (control) sample tuple; )A(m[t+1,i] are model

values of the node state a, ; M is the volume of the training (control) sample.

The average relative error of prediction is shown in Fig. 5.
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Fig. 5. Average relative prediction error for each tuple of the control sampling

The average relative error of identification was 0.19%, the average relative error of prediction was 0.23%,
which indicates the adequacy of the developed model and allows us to recommend it for predicting the level of
underground waters of the cement raw material field.

Conclusion. A linear dynamic neighborhood model with variable hierarchical surroundings to predict
groundwater level deposits of cement raw materials, located in Zadonian-Yelets aquifer, is developed.

The software in C++programming language is developed for the parametric identification and performance
simulation of the considered dynamic neighborhood model.

The implemented model predicts the level of groundwater in the analyzed wells with sufficient accuracy and
can be effectively used to predict the level of groundwater deposits of cement raw materials.
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Introduction. Production processes quality depends largely on
the management infrastructure, in particular, on the information
system (IS) effectiveness. Company management pays increas-
ingly greater attention to the safety protection of this sphere.
Financial, material and other resources are regularly channeled
to its support. In the presented paper, some issues on the devel-
opment of a safety enterprise information system are consid-
ered.

Materials and Methods. Protection of the enterprise IS consid-
ers some specific aspects of the object, and immediate threats to
IT security. Within the framework of this study, it is accepted
that IS are a complex of data resources. A special analysis is
resulted in determining categories of threats to the enterprise
information security: hacking; leakage; distortion; loss; block-
ing; abuse. The connection of these threats, IS components and
elements of the protection system is identified. The require-
ments of normative legal acts of the Russian Federation and
international standards regulating this sphere are considered. It
is shown how the analysis results enable to validate the selec-
tion of the elements of the IS protection system.

Research Results. A comparative analysis of the regulatory
literature pertinent to this issue highlights the following. Differ-
ent documents offer a different set of elements (subsystems) of
the enterprise IS protection system. To develop an IS protection
program, you should be guided by the FSTEC Order No. 239
and 800-82 Revision 2 Guide to ICS Security.

Discussion and Conclusions. The presented research results are
the basis for the formation of the software package of intellec-
tual support for decision-making under designing an enterprise
information security system. In particular, it is possible to de-
velop flexible systems that allow expanding the composition of
the components (subsystems).

* The research is done with the financial support from the Russian Federation President Council on Grants within the frame of R&D “Building a model of

Bseoenue. KauecTBO NMpOM3BOACTBEHHBIX IMPOIECCOB BO MHO-
TOM 3aBUCHUT OT UH(PACTPYKTYpPHI YIIPABIEHHUS — B YaCTHOCTH,
oT 3¢dexTuBHOCTH HHPOpMarmonHoi cucrembl (MUC). Me-
HEJDKMEHT KOMITaHUH yelsieT Bce OoJbliiee BHUIMaHHE obectie-
YEeHHUIO0 0e30I1aCHOCTH 3TOH cepsl, Ha ee MOANCPIKKY Peryssip-
HO HAIpaBIAIOTCS (DUHAHCOBBIC, MaTepUalbHBIE W IPYTHE
pecypchl. B mpencraBieHHO# paboTe paccMOTpEeHBI BOIPOCHI
MOCTPOCHUSI KOMILIEKCAa 3alIUTHl MH()OPMAIIMOHHON CHCTEMBI
TIPEANPHUSTHS.

Mamepuanvt u memoowi. Oxpana C npeanpusTisi yIUTHIBAET
0COOEHHOCTH 00BEKTA 3aIIUTHI M aKTyalbHBIE YTPO3bl HHPOP-
MaIMOHHOW Oe30macHOCTH. B paMkax TaHHOTO HCCIEIOBaHUS
npuHATO, uto MC mpencrasmser coboit koMIuiekc HH(popMarm-
OHHBIX pecypcoB. [lo pe3ynmbTraTam CIEIHaIbHOTO aHAIN3a
OTIpeNieNieHbl KaTeropuu yrpo3 HMH(pOopMannoHHOW Oe30macHo-
CTH TIPEATIPUSATHS: B3JIOM; YTEUKa; NCKaKEHHE, yTpaTa; OJIOKH-
poBaHue; 310yHoTpeOiieHne. BrlsBlieHa CBA3b JAHHBIX YIpo3,
xommoHeHToB VIC 1 3:1eMeHTOB KOMIUIeKca 3amuThl. PaccMoT-
peHbl TpeOOBaHMSI HOPMAaTHBHO-TIPABOBBIX aKTOB Poccuiickoit
Qenepanny ¥ MEXIYHAPOAHBIX CTAHAAPTOB, PETYIHUPYIOMINX
naHHyro coepy. [TokazaHo, kakum 00pa3oM pe3ysbTaThl JaHHO-
ro aHajM3a IO3BOJISIIOT OOOCHOBAaTH BBIOOP IJIEMEHTOB KOM-
rurekca 3ammTsl VIC.

Pesynomamor uccniedosanus. CpaBHUTEIBHBIN aHANIN3 peria-
MEHTHPYIOIIEN JUTepaTypbl, OTHOCAIIEHCS K TaHHOMY BOIIPO-
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HNC, cnenyer pykoBoactBoBathes [Ipukazom ®CTIK Ne 239 u
craugaprom 800-82 Revision 2 Guide to ICS Security.
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intellectual support for decision-making when designing an enterprise information security system”.
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Introduction. Information systems (IS) are increasingly used in the production and management processes. Accord-
ingly, the problem of cyber security (CS) of IS gets worse. In particular, IS weak isolation simplifies an unauthorized ac-
cess to them [1, 2, 3]. The consequences of fraudulent attacks on IS may be production downtime, financial losses, and on
the worst-case scenario — even man-made disasters [4]. Thus, the crucial task is to establish a protective system for the in-
dustrial IS which could effectively militate against malicious acts.

Materials and Methods. The development of an information security system is based on the results of a pre-project
study during which the setup of the asset to be protected and the immediate threats are determined.

The asset of protection is represented as a set of information resources:

Object,,. ={NE,CC, IS, Sts,WS, PE,0S, SS, AS, IP, Sn, RSM ,SM , 14} .
Here, NE is a set of network hardware; CC is a number of communications lines; IS is an array of infrastructure serv-
ers; Sts a set of data storage systems; WS is number of localhosts; PE is a number of external equipment; OS is an
array of operating systems; SS is a set of system software; AS is a set of application software; IP is number of infor-
mation processes running in the tech companies; Sz is subnets; RSM is a number of removable media; SM  is electronic
data storage devices; A4 is information assets.
Number of immediate CS threats 7hreat is determined [5]:
Threat = {Breaking, Leak, Distortion, Loss, Blocking, Abuse} .

Here, Breaking is hacking threats; Leak is information leakage threatening; Distortion is threats of distortion; Loss
is threats of loss; Blocking is threats of blocking the information resources of a tech company; Abuse is risks of abuse.

The system which meets these threats is an enterprise IP protection system (ISPS) (Fig. 1).

Breacking

enterprise ISPS
SPI

Fig. 1. Security objects — threats relations in ISPS diagram
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SPI (system of protection of information) is two-tiered, and it includes subsystems (components) [6]:
— a set of subsystems (Subsystem) of information security;
— number of information security facilities (M P, means of protection).

Fig. 2 shows a general form of the ISPS structure.

Enterprise

ISPS
sel

Fig. 2. Generalized structure of enterprise ISPS

When determining the components of the information protection system, experts proceed from the analysis of
available regulatory documentation and standards operating at the enterprise. International experience should be taken into
account as well. 800-82 Revision 2 Guide to Industrial Control Systems (ICS) Security [1] is widely used in the foreign and
domestic practice. This standard was developed by the US National Institute of Standards and Technology. It, in particular,
contains recommendations on improving safety in the industrial inspection systems, including the supervisory control and
data acquisition systems. It shows how the organizational processes and business functions are subjected to threats, and it
describes usual vulnerabilities. Special attention is given to security measures and counters that should be undertaken in a
hostile situation.

Research Results. Domestic regulatory legal acts (RLA) handling the enterprise IS protection can be conditional-
ly divided into two categories [6]:

— RLA on maintenance of information safety of the automatic process control system (APCS);
- RLA on the security of critical information infrastructure (CII).

Crucially, vulnerabilities in the CII protection can cause major material and environmental damage. Inadequate
CII protection is fraught with social and military-political problems.

Designing the information security system (in particular, when modeling the intellectual support for decision-
making) requires a preliminary comparative analysis of the profile regulatory legal acts of the Russian Federation. As for
example, the following documents should be considered:

— Order no. 31 of the Federal Service for Technology and Export Control (FSTEC of Russia) of March 14, 2014, “On
Approving Requirements for Providing Information Protection in Automated Control Systems of Production and Techno-
logical Processes at Critical Objects, Potentially Hazardous Facilities, and Objects posing high threat to life and health of
people and the environment” [7];

— Order no. 239 of FSTEC of Russia of December 25, 2017, “On Approval of Requirements for Ensuring the Security of

Significant Facilities of the Information Infrastructure of the Russian Federation” (draft) [8];
— International standard 800-82 Revision 2 Guide to Industrial Control Systems (ICS) Security [9].
Comparative analysis of the Orders of FSTEC of Russia no. 31 and no. 239 is presented in Table 1.
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Table 1

Elements (subsystems) of enterprise IS protection system in
Orders of FSTEC no. 31 and no. 239

FSTEC Order no. 31 of 14.03.14 FSTEC Order no. 239 0f 25.12 2017

Identification and authentication of access subjects and access objects (IAF)

Access control of access subjects and access objects (UPD)

Restriction of software environment (OPS)

Protection of machine-readable media (ZNI)
Secure event logging (RSB) Security audit (AUD)
Antivirus protection (AVZ)

Intrusion detection (OV) Intrusion prevention (PV)

Protection of information (automated) system and its

Infosecurity control (analysis) (ANZ)
components (ZIS)

Integrity control (OTsL)

Information assurance (ODT)

ISPS Subsystems

Event planning to ensure information protection (PLN)

Protection of technical facilities and systems (ZTS)

Security assurance of software development (OBR) Information security incident response (INTs)

Virtualization environment protection (ZSV) Personnel informing and training (IPO)

Software update control (OPO)

Security protection of emergency procedures (DNS)

Analysis of threats to information security and risks from

their implementation (UBI)

Configuration control of data processing system and its security system (UKF)

Note. For greater clarity, variances are not only placed in different cells, but are also highlighted in gray

So, FSTEC Order no. 239 provides for the following subsystems in the IS protection system:
— security audit (AUD);

— protection of information (automated) system and its components (ZIS);

— information security incident response (INTs);

— staff informing and training (IPO).

It should be mentioned that the decision on the ISPS completeness to a certain extent depends on the financial ca-
pacities of the enterprise. However, if the cost of the protected resources and the potential damage from hazards is higher
than the cost of the ISPS, then it makes sense to implement AUD and ZIS.

Comparative analysis of the FSTEC Order no. 239 of December 25, 2017, and 800-82 Revision 2 Guide to Indus-

trial Control Systems (ICS) Security is given in Table 2.
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Table 2

Elements (subsystems) of enterprise IS protection system in
FSTEC Order no. 239 of December 25, 2017, and in 800-82 Revision 2
Guide to Industrial Control Systems (ICS) Security)

FSTEC Order no. 239 of 25.12.17 ‘ 800-82 Revision 2 Guide to ICS Security
Identification and authentication (IAF)
Identification and authentication
Access control (UPD)
System and communications protection,
Security assessment and authorization
Restriction of software environment (OPS) | System and information integrity
Protection of machine-readable media (ZNI)
Media protection
Security audit (AUD)
Auditing and accountability
Antivirus protection (AVZ) System and information integrity
System and information integrity

Intrusion prevention (hacking) (SOV)

Protection of information (automated) system and its System and information integrity
components (ZIS)
Integrity control (OTsL) System and information integrity

Information assurance (ODT)
System and services acquisition

ISPS Subsystems

Event planning to ensure information protection (PLN)
Planning, contingency planning
Protection of technical facilities and systems (ZTS)
Maintenance
Information security incident response (INTs)
Incident response
Personnel informing and training (IPO)
Personnel security
Organization — wide information security program
management controls
Security protection of emergency procedures (DNS)
Physical and environmental protection
Awareness and training
Configuration control (UKF)
Configuration management
— Risk assessment

Software update control (OPO)

— System and communications protection

Note. For greater clarity, variances are not only placed in different cells, but are also highlighted in gray.

In this case, the following differences are most obvious:
— 800-82 Revision 2 Guide to ICS Security combines the functional of the subsystems of OPS, AVZ, SOV, OTsL, ZIS
defined in the FSTEC Order, in the subsystem of “System and information integrity”;
— 800-82 Revision 2 Guide to ICS Security provides a subsystem for the protection of communication systems — “System
and communications protection”;
— The FSTEC Order combines the functional of the subsystems “System and communications protection” and “Security
assessment and authorization” in the “Access control subsystem (UPD)”;
— The FSTEC Order combines the functional of the “Planning” and “Contingency planning” subsystems in the subsystem
of “Event planning to ensure information protection (PLN)”;
— The FSTEC Order combines the functional of the subsystems of “Physical and environmental protection” and “Aware-
ness and training” in the subsystem of “Security protection of emergency procedures (DNS)”.

Special mention should be made of the subsystems for risk assessment and protection of communication systems
[10]. These are the critical items of the enterprise IS protection system among those that are not provided for by domestic
regulatory documents. Their implementation will enable to enhance protection; to respond promptly to incidents that arise
in the enterprise IS; to counteract attacks timely and accurately.

Discussion and Conclusions. The analysis results of the IS protection system components will be used to build a
model of intellectual support for decision-making when designing the ISPS. Particularly, it is planned to foresee the possi-
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bility of expanding the ISPS subsystem setup. The selection of the system units will depend on the risk assessment, the ex-
tent of potential damage by injurious actions, and the cost of the ISPS components.
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Introduction. Polynomials in several variables over Galois
fields provide the basis for the Reed-Muller coding theory, and
are also used in a number of cryptographic problems. The
properties of such polynomials specified over the derived
Galois fields of fuzzy cardinality are studied. For the results
obtained, two real-world applications are proposed:
partitioning scheme and Reed-Muller code decoder.

Materials and Methods. Using linear algebra, theory of Galois
fields, and general theory of polynomials in several variables,
we have obtained results related to the differentiation and
integration of polynomials in several variables over Galois
fields of fuzzy cardinality. An analog of the differentiation
operator is constructed and studied for vectors.

Research Results. On the basis of the obtained results on the
differentiation and integration of polynomials, a new decoder
for Reed-Muller codes of the second order is given, and a
scheme for organizing the partitioned transfer of confidential
data is proposed. This is a communication system in which the
source data on the sender is divided into several parts and,
independently of one another, transmitted through different
communication channels, and then, on the receiver, the initial
data is restored of the parts retrieved. The proposed scheme
feature is that it enables to protect data, both from the
nonlegitimate access, and from unintentional errors; herewith,
one and the same mathematical apparatus is used in both
cases. The developed decoder for the second-order Reed-
Muller codes prescribed over the derived odd Galois field may
have a constraint to the recoverable error level; however, its

use is advisable for a number of the communication channels.

" The research is done within the frame of independent R&D.
** E-mail: vl.deundyak@gmail.com, nadezhda.mogilevskaia@yandex.ru
*** Pa6oTa BBINOJIHEHA B paMKax MHAIMaTHBHOW HUP.

Beeoenue. T1onnHOMBI HECKOIBKUX MEPEMEHHBIX HAJ| MOJSMH
lNanmya nexxaTt B ocHOBe Teopuu kKoJoB Puna-Mamiepa, a Takxe
UCIIOJNB3YIOTCS B psifie Kpunrorpaduuecknux 3amad. B pabote
M3y4aroTCs CBOMCTBAa TAKUX TIIOJIMHOMOB, 3aJaHHBIX HaJ
NPOU3BOJBHBIMU TosiMu ['aya HedeTHOW MoruHOCcTH. J{is
MOJYYEHHBIX PE3yJIbTaTOB MNPEAJIOKEHBI 1B MPAKTHYECKUX
MPUWIOKEHHS: CXEMa Pa3leNieHHsl NaHHBIX M JEKoJep KOIOB
Puna-Mannepa.

Mamepuanst u memoowvi. C UCIONB30BaHUEM JIHHEHHOMN
anreOphl, Teopuu mosieii [anya u obIieil TeOpur MOJTHHOMOB
HECKOJIBKUAX TEPEMEHHBIX TOJyYeHBI PE3YyIIbTaThl, CBSI3aHHBIC
¢ auddepeHINpOBaHNEM W WHTETPUPOBAHUEM IOJIMHOMOB
HECKOJIbKMX IIEPEMEHHBIX HaJ MOoJIIMH [ailya HEYeTHOM
MOITHOCTH. /[l BEKTOPOB TOCTPOEH H HW3y4YeH aHajor
omeparopa quddepeHIMPOBaHHS.

Pezynomamuvt  uccnedosanus. Ha ocHOBE TMONYYEHHBIX
pe3ynbTaTtoB 0 U (epeHIMpOBaHMH M HHTErPUPOBAHHU
MIOJIMHOMOB TIPEIUIO’KEH HOBBIA JeKoAep IUIA KomoB Puma-
Mastepa BTOPOrO  MOpsAKa W TPEIJIOKEHA  CcXeMma
OpraHM3alluyM pa3[eleHHOH mepenayn KOH(HICHINATbHBIX
JTAaHHBIX, T.€. TaKOH CHCTEMBI CBSI3H, B KOTOPOW HCXOIHEIC
JTaHHBIE Ha CTOPOHE OTIPABHUTENS Pa3/eNsIOTCSl Ha HECKOIBKO
gacTeil W, HE3aBHCHUMO JAPYr OT Jpyra, IMepemaroTcs IIo
pa3IMYHBIM KaHallaM CBS3HM, a Ha CTOPOHE MOJydYaTels W3
l'lpl/lHﬂTle ‘IaCTeﬁ BOCCTAQHABJIMBAKOTCA HMCXOJIHBIC JaHHBIC.
OCOOCHHOCTRIO TIPEAIaraeéMoi CXeMBI SBISIETCS TO, YTO OHA
IMO3BOJIICT 3allvIlaTh JOaHHBIC, KaK OT HCJICTUTUMHOI'O
JIOCTyIa, TaK ¥ OT HENMpPEIHAMEPEHHBIX OMMOOK, PH 3TOM B
oboux  ciaydasx HCHOJB3yeTcs OAMH M TOT K
MaTeMaTuveckuid ammapar. Paspa®oTaHHblid Jexoxep s
komoB Pupma-Mannepa BTOporo mopsijika, 3aJaHHBIX HaJ
IIPOU3BOJIBHBIM HEYECTHBIM I10JIEM Fanya, MOXET HUMCTH
HEKOTOpPOE OTPAaHHYCHHUE MO0 YUCIY HCIPaBISIEMBIX OIIHOOK,
OHAaKO, €ro WCIOJNb30BaHHE IIENeco00pa3Ho sl  psina
KaHAJIOB CBSI3H.
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Discussion and Conclusions. The proposed practical
applications of the results obtained are useful for the
organization of reliable communication systems. In future, it is
planned to study the restoration process of the original
polynomial by its derivatives, in case of their partial distortion,

and the development of appropriate applications.

Keywords: polynomials in several variables, Galois fields,
polynomial derivatives, differentiation of polynomials, Reed-

Obcyarcoenue u 3axmovenus. TIpennioXeHHbIE MPAKTHIECKHE
IPUIOKEHHUS IIOJNyYEHHBIX Ppe3yJbTaTOB IPEICTaBIIIOTCS
MONE3HBIMU [UISI OPTaHM3allMi HaJeXXHBIX CHUCTEM CBA3U. B
JalpHeWIeM — IUIaHUpyeTCs  HCCIENOoBaHME  IIpolecca
BOCCTAHOBJIEHHUS HCXOJHOTO MOJIMHOMA TI0 €T0 MPOU3BOIHBIM,
B CIydae HX YaCTHYHOTO HCKaXEHHs, M pa3paboTka

COOTBETCTBYIOIMIUX MPUITOKEHHUH.

KnioueBble ci0Ba: MOTMHOMBI HECKOJIBKUX IMEPEMEHHBIX,
noist [airya, mpoW3BOHBIC MTOJMHOMOB, TG GEpEHINPOBAHNE

Muller codes, decoding, partitioned data transmission. IIOJIMHOMOB, KOJIBI Puna-Mamnepa, JIeKOAMPOBaHUE,
pasneneHHas nepenaya AaHHBIX.,
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Introduction. Polynomials of several variables over Galois fields and their derivatives are used in several
information security domains. Some issues on the integration and differentiation of polynomials of several variables are
considered in a number of papers. Thus, in [1], polynomials defined over simple Galois fields are studied, in [2-4],
results for Boolean functions are obtained, and in [5-6], results for polynomials given over ternary Galois fields are
described.

In this paper, we consider polynomials of several variables specified over the derived Galois fields of fuzzy
cardinality. For such polynomials, the results related to the calculation of the directional derivatives, as well as to the
restoration of the polynomial from the set of its derivatives calculated in the basic directions are obtained. For the
results, two possible practical applications are proposed: a partitioning scheme and a decoder for Reed-Muller codes
(PM codes).

The partitioning scheme can be used to organize the partitioned transmission of confidential data, i.e. such a
communication system in which the initial data on the sender is divided into several parts and, independently of one
another, transmitted through different communication channels, and then, on the receiver, the original data is restored
from the collected parts. The proposed scheme feature is that it enables to protect data, both from the nonlegitimate
access, and from unintentional errors. At this, in both cases, one and the same mathematical apparatus associated with
PM codes and polynomial differentiation is used. Partitioned transmission can be used both to improve the
communication speed, and to ensure data security by complicating the task of interception from several communication
lines. Some issues on data partition are considered in [7-11].

For PM-codes of the second order, deterministic decoders are known only for certain values of the Galois field
cardinality g . Such as, quite a lot of decoders are known for the case of g =2, for example [12-13], for the case of
g =3 and the use of a semicontinuous communication channel, a decoder [5] is constructed. In [14], a second-order
Reed-Muller decoder for the codes preset over Galois fields of cardinality 2, 4, and 8 is proposed. The second-order PM
code decoder defined above the derived fuzzy Galois field proposed in this paper is based on reduction to first-order
Reed-Muller codes. Their codewords can be decoded by any suitable decoder. In the case of PM codes specified over
the fields with cardinality of more than three, the proposed decoder has some limitation on the recoverable error rate. It
should be mentioned that the use of the proposed decoding scheme in case of field cardinality of more than three, may
be advisable at a low noise pollution level of the communication channels used despite the limitation.

Differentiation of polynomials in several variables

Suppose g = p°, where p is an odd prime, se€ N, F, is a Galois field of q cardinality. Let us consider a

polynomial ring in m variables F,[x,,...,x,

m

] over F, field. Let us denote the polynomial linear space of F [x,...,x, ]
degree not more than r as F;’)[xl,...,xm] . Suppose F," is m -linear space overF, .
The result of the differentiation operator action is the polynomial derivative f € F;’)[xl,...,xm ] alongb e E":
Dy X)) =f;(x)-f(x), xek, (1)

where f;(X) = f(x +b). Itis easy to see that D fe F;’_])[xl,...,xm ], and the operator
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. r r=1
D.f: F; X500, ] —)F{f X500 X, ] 2)
is a linear one. Let us denote the vector coordinate suma € F', where p is prime, as a sum of natural numbers, by p(c)

. The polynomials f € F,”[x,,...,x, ] may be written in a canonical form
f@® =D L3 =ax+ Y a X"+ Y ax", 3)
aer" p(@)=1 p(@)=2
where, when writing the monomial x* = x..xm, the indices o; will be identified with the elements of the field F,,
and the summands in each sum will be arranged in an lexicographic order of magnitude. If the last sum in (3) is zero,

N . . (1)
we obtain a polynomial in E ’[x,,...,x,, ].

Lemma 1. Suppose ¢ = p*, p is an odd prime, f(X)€ E”[x,,....x

m

] is a polynomial in a canonical form (3),

b =(b,...b,)€F". Then

f(x) = -f(‘)O...OO + )_C(-fl‘OMOO ’-f(‘)l...OO’ s f;)O...Ol )T +)_CA'¥T s (4)
(DEf)(J_C) = 5(flomoo=f<)|...00’~--’ﬁ)o,,,01 )T +2%Ab" +bAb" =2XAb" +f(5) _foo...oo > (5)
where
ﬂOO..OO filO..OO / 2 inl..OO / 2 A inO..lO / 2 inO..Ol / 2
filOHOO / 2 f;)ZO.‘OO f;)ll,,OO / 2’ A f;)lO,,lO / 2 f;)lO,,Ol / 2
A — ﬁOl,,OO / 2 -fO]],.OO / 2 ﬁ)OZ,,OO A ](001..]0 / 2 -f()Ol..Ol / 2
inO..lO / 2 ﬁ)lO..lO / 2 ﬁ)Ol..lO / 2 A f;)OO..ZO f;)()()..ll /2
.f]()(),,Ol / 2 -f;)]O..OI / 2 f;)()],.()l / 2 te -fE)()O,,]] / 2 -f;)OO..02
Proof. In the case of a prime Galois field, the proof is contained in [1]. Using (1), (4) and matrix symmetry, we
obtain:

F@) = FE+D) = fog o0+ F+D)(fioo0s for 05 Soo.n ) +(FE+DIAF+b)
(D, )YE) = £, = FF) = b (fio00s foronseos fooon ) +FADT +bAT" +bAb”
(D )E) = b (frg. s Sor ooror Sooo1) +2XAD" +bAD" =2XAD" + f(B)~ frg o0 -®

Let us prove the theorem that determines the restoring method up to a polynomial constant term in

F;z) [x,,%,,....x,, | by the set of its derivatives calculated in the basic directions.

the polynomial f e F;z) [x,%,,...,x,, ] of (4):
— — T [ —
S(x)= foo...oo +x (flo...ooafol...oo seees foo...01 ) +XAx" .

If
{(Dgf)()_c) =ox, +05x, +o.t ol X, +ocf)}i:l """ i (6)
Then,
a o ... ol\b B ... B !
y :% o) o cx.;” b; b ... b?’" ’ ™
'oal a’ \b B b"
Jio..00 oty _ElAElT b b, - brln )
fm:,,,oo _ o) —b:zAbZT b b} b:fz ' ®)
foo.o) \oy—b,4b," \b" by - B

Proof. From (5), (6), we obtain:
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Voi=1, ., m: 24b" = (e 0l) s F(B) = fop o0 = b - 9)
Then,
bl b - B a o ... oA
Y by by o B oy oy .o
b, by, - by) o, o - a

Hence, the formula (7) comes out right.

It follows from (4) that for any b € E':

f(l;) — foo.00 = E(flo...ooafol,,,oo’"-’.ﬁ)o...m )T +bADb" .

Forb , we take the vectors 5 ,€ B and use the equation f(5,)— fo, o =ty from (9). Then,

Vi=l,..m: O‘i) _EiAl;iT :5i(flo.uoo’fol...ooa"-afoomm)T-

Consequently,
a(l) — b_lAl;lT bll bzl e b,l,, Jro.00
aé -b, AbZT _ blz b22 ‘e b,i Jor.oo0
oy — l;m A l;mT L R AN

And the formula (8) is proved. o
Reed-Muller g-ary codes RM  (r,m) . Let us consider RM-codes over the finite field F, whereq=p*, p is

an odd prime, s € N [15-16]. The elements F;r)[xl,...,xm] are information polynomials of the code RM  (r,m) ; we

suppose thatm>r>0, m>2. Vector 7 made up from the information polynomial coefficients is called an
information vector.

In the vector space F,", let us fix some ordering
{05 s O3 (@ = (0L, 0y, ), m=g" (10)
The arbitrary information polynomial f(X) e F;r) [x,,--sx,,] is coded by its evaluation at the ordered space F" points:

C(H = (@), f(a,)) s (I
and so, the coder-operator is defined
C: F(;’)[xl,...,xm ]>F.
Reed-Muller codes are defined by the natural parameters r and m (r<m)
RM, (r,m) ={(f(@,),.... /(@) | /(X) €F,[x,....x, ], deg(/) < r} E],
The parameter r is called a code order. They form a family of linear [n, k, d] g-codes whose length and dimension are

determined from the formulas

r Lilg] o 1

n= q’" H k = Z z (_1)/ Cr{z Ci”—:j#—m—] >

i=0 j=0
where L _| is rounding up to the smaller whole number, and the minimum code distance d of the code RM  (r,m) is
convenient to calculate using the dual code RM, (", m) parameters where 7~ = m(q—1)—r—1. Suppose p is residue of
division 7" +1 byg—1: r" +1=0(g—1)+p where p <g—1, then the parameter d of the code RM (r,m) is given by
the expression

d=({p+Dq°. (12)

Note that the arbitrary [n, k, d] -code enables to correct ¢ = L(d —1) / ZJ errors in one codeword [17].

Next, let us consider PM-codes of orders 1 and 2 given over Galois fields of fuzzy cardinality, write the
corresponding information polynomials in the form (3), and use ordering (10) for numbering the information vector

coordinates.
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Lemma 2. Letr € {I;2}, ¢ =3, then the minimum code distance of the code RM (r,m) is calculated by the
formula:
d =(g-rq"", (13)
and values of the recoverable 7, = L(d —1) / 2J - by the codes RM  (r,m) , r € {1;2}, are related as follows:
t/2<t,. (14)
Proof. Let us make use of the fact that » <¢ and calculate o and p - subquotient and the remainder of the
division 7" +1 by g—1 respectively:
c=(m(g—-1)—r)divig—1)=m—1;
p=(m(g—1)—r)mod(g—-1)=g—-1-r.
Then, from the formula (12) we obtain (13). From the equalitiesd, =(g—1)¢"", d, =(¢—2)q"", we get that the

desired inequality (14) is as follows

1]1@=-Dg""-1|_| (g=2)¢"" -1
2 2 N 2 '

Note that d, is odd, and d, is even, hence

>

2 2

L(q ~2)¢" 1| _(g=2)¢"" -1

>

(g-Dg"" -1|_(g=Dg"" -2
2 2

Consequently, the inequality (14) takes the form
1[((1 ~1)g"" —2j _(g=2)g""-1

B

2 2 2
It is easily seen that it is equal to the inequality g >3 . o

Consequence. If g>3, then there is a strict and when q=3, then there is an equality in (14).
Table 1 lists parameters of some PM-codes. The top three lines contain the parameters q, m, n of the code in

question RM  (r,m) . The following three lines contain the values: k; is code dimension, d; is minimum code distance,
and t; is the number of recoverable errors for the codes RM (1,m) . And the following three lines show similar values of

k,, d,, t, for the codes RM ,(2,m).

Table 1
Parameter values of some RM-codes
q 3 5 7

m 2 3 5 7 2 3 5 7 2 3 4 5
n 9 27 243 2187 25 125 3125 78125 49 | 343 | 2401 | 16807

k 3 4 6 8 3 4 6 8 3 4 5 6
=1 d; 6 18 162 1458 20 100 2500 62500 42 | 294 | 2058 | 14406
t 2 8 80 728 9 49 1249 31249 20 146 1028 | 7202

ky 6 10 21 36 6 10 21 36 6 10 15 21
=2 d, 3 9 81 729 15 75 1875 46875 35 | 245 1725 | 12005
t 1 4 40 364 7 37 937 23437 17 122 857 6002
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Now, we introduce the analog of the differentiation operator D, operating in the space of polynomials (see
(2)), for the space F] where n =g". The vector coordinates from F will be numbered by vectors from the ordered set
F" (see (10)). Let us consider the shift operator t; : ' — F] following the formula
(@) = (4 55005 5) >
where a =(a ,...a; )€F,, b=, ...b,)e E". Note that the shift operator 7, is mixing bijection. The linear
operator A; : F' — F', that is the analog to D; , is defined by the formula:
A;@)=v;(@)-a, a=(ay,....a; )eF. (15)
We call A;(a) a vector derivative of vector a alongb .
Lemma 3. Let us consider the polynomial / € E” [x,,x,,...,x,,], vectorb = (b, ...,b,) € E", operators A;, D;
and C . Then,
T (CU) =C(f), CD; 1) = A (C(f)) - (16)
The proof'is carried out by the direct calculations, and for g =3 is available in [6].
Note that from (2) and (16), it follows that if C(w) € RM,(2,m) , then A; (C(w)) € RM (1,m).

Below, we consider examples of practical applications of the theoretical results obtained.
Data partitioning scheme. For partitioning and restoring data in the proposed scheme, we use [n,k,d,], -

code, RM (1,m) and [n,k,,d,], -code RM (2,m), specified over the derived Galois fieldF, of fuzzy cardinality.
Values ¢ and m are parameters of this scheme.
Data partitioning algorithm.
Input: information vector w e F:Z of the code RM (2,m) and an ordered set of basic vectors
B=1{b =(b}.b},...b,) €E"},,

That is a private key of the scheme under consideration.

,,,,, m? (17)
Output: vectors S, € Fq’”1 Li=Lm.
Step 1. Let us assign the information polynomial w=w(x) to the input vector w and encode it using (11) into
the vector C(w) € F;' of the code RM (2, m) .

Step 2. Let us form m of the vector derivatives (see (15)):
Az?, (Cw)) = C(DE, w)ekF ,i=lm, b ep.

Note that C(D; (w)) € RM ,(1,m) .
Step 3. We concatenate each vector C(D; (w)) € F), i =1,m with the coefficient Jooo0 = w(0) of the code

vector C(w) :
S, =CD; W) from <E™

Then, vectors §, € F;“, i=1,m are transmitted along m different communication lines. Obviously, during the

transmission, vectors S‘l , i =1,m can be distorted. Thus, from the communication channel, vectors §I 'will be obtained:

5,'=(C(D; )|l £,

00..00

B, i=Lm.
where (C(D; (w)))" is supposedly distorted vector C(D; (w)), scalar f ;m is supposedly distorted value f;, ,,. Let us

denote scalar f  corresponding to S, 'by /.

00..004

Data recovery algorithm.
Input: vectors S’l ', i=1,m and private key B (see (17)).
Output: vector w'e F: 2,

Step 1. We isolate two components: (C(D; (w)))'€F, and f ' i=1,m from each vector S.'i= Lm.

00..00,

Step 2. We direct the vectors (C(D; (w)))" to the decoders of the code RM  (1,m). Note that you can use

arbitrary decoders, for example, [16], [18]. At the output of the decoders considered, polynomials
D, (w) < F;l) [X, %0, | ,i =1,...,m are generated.

o f

00..00.m

Step 3. We develop vector (f

00001 >+ 00.00,2

) from the coefficients f| Io..oo; and feed it to the decoder input
of the code RM, (0,m)which actually coincides with the code of m-tuple repetition. The result of this decoder

performance is the scalar f;, ,, -
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Step 4. We substitute the values of the coefficients of the polynomials D; W) < BV [x,%,,.0x, ], i = 1,m and
the key B (see (17)) into the formulas (7) and (8), and derive the polynomial f(x) from the results obtained. Then we
calculate the desired polynomial w'(X) = £(X)+ fiy o0 -

Step 5. The message recipient is given the information vector w' e F: corresponding to the polynomial w'(X) .

Note 1. The correctness of the data recovery algorithm depends on the number of errors that damage the
vectors S, € Fq"+1 during their transmission along the communication lines, as well as on the correcting capacity of the

first-order PM-codes used. It is plain that if the decoders used reconstruct the vectors C(D; (w)) and the value f;, o,
correctly, then the initial data restoration using the results of Theorem 1 will be correct, hence the vector w'(x)
obtained at the output of the data recovery algorithm will coincide with the original information vector w F:Z . Note
that operation of the decoder for recovery C (D,;! (w)) is correct, if

Vi=Tm: d,(C(D; W).(CD; w)) <[ (d, ~1)/2],
where d,(x,y) is Hamming distance between the vectors X,y . The scalar f, ,, is restored correctly if the vector

f. . . f ) formed in step 3 of the algorithm contains fewer than m/2 coordinates differing from the

00..00,1 00.002 > *° 00.00.m

value £, ,, = w(0). If, in S, € E/ !, i=1,m, more errors occurred than can be restored by the decoders used, then the

— k, -
recovery w e F* is not guaranteed.

Note 2. The proposed partition and recovery algorithms employ Reed-Muller codes of both the first and second
orders, but the decoders are used only for the first-order codes.

Note 3. The transmission confidentiality is provided not only by the need for knowledge of the key, but also by
using several communication lines, because in this case, data interception is more challenging for an intruder than
illegal data capture from a single communication line.

Decoder of Reed-Muller codes of the second order. First, let us consider the idea of the decoding algorithm
organization, and then we describe the algorithm step-by-step. Let us fix some basis 3 = {I;,. =(b,b.,...b.) e E' o

in the space F" where g = p*, pis an odd prime. Suppose that the decoder input receives Y =C(w)+e(e E)) where w
is the information polynomial, C(w) is the code vector of the [n,k,,d, ], -code, RM (2,m) , e € F,'is the error vector for
which
wt,(€)<t,, (18)
where wt,(.)is Hamming weight, ¢, = L(d2 -1/ 2J. Employing vector ¥ , we construct m vector derivatives calculated
in the basic directions using the operator A :
A; (V) =A; (COw) +@) = A (COW) +4; @), i =1,.m

each of which is the vector A,;‘ (C(w)) € RM ,(1,m) distorted by the error vector Af?,- (e) €F;, and can be unerringly
decoded by an arbitrary decoder of the [n,k,,d, ], -code RM  (1,m) operating up to half the code distance (see, e.g., [16],
[18]), if the error level is less than ¢, = L(af1 -1/ ZJ , 1.e. when

wt, (AE, (e)<¢. (19)

If the vectors are decoded correctly, then the desired information polynomial of the code can be reconstructed using
Theorem 1 up to one coordinate which can be then found, for example, by maximum likelihood decoding. Thus, for
proper decoding Y , according to the proposed scheme, the fulfillment of the condition (19) is required.
Algorithm for decoding the code RM (2, m) .

Input: parameters of [n,k,,d,], -code RM (2,m), Y= &,.Y, Y, )eE.

Output: decoded information vector w .

Step 1. Let us fix some basis B={b, =(b,;,...b,)eF "} . of the space F" and calculate the derived

vectors along all the directions I;I ep:
AE(Y)ztE_(Y)—Y.
Step 2. Let us decode A, (Y), i=1,...,m, using the arbitrary decoder of RM ,(1,m) -codes that operates up to
half the code distance, and as a result, we obtain vectors p; and their polynomial representations

[xl,xz,...,xm], i=1..m.

Py () = oyx, + 00X, +.t o, X, + ol CF)
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Step 3. Using the polynomials p; (x), i =1,...,m, we find the polynomial f(x) with the intercept zeroth-order

term from the formulas (7) and (8).
Step 4. For all z € E , we calculate

>

Y(2) =Yl E)+2), -,
i=1
where C(f(X)+z), is a,- th coordinate of the vector C(f(X)+2z) (see (11)). Let us denote z,the value z on which

the function W(z) attained its minimum.

Step 5. The decoding result is vector w that one-to-one corresponds to the information polynomial
W(E) = f(X)+2,.

Theorem 2. So that the derived algorithm of decoding the code RM  (2,m) can rectify all errors, it is sufficient
to meet the conditions (18) and

wt,(e)<t /2, (20)

where 7, =| (d,~1)/2, d, is minimum distance of the code RM , (1,m).

Proof. At step 2, the decoder input receives vectors

A (V) =1, (V) =Y =1, (C(W) +7; () = C(W) & = A; (CW) +A; (e) -
Recall that AE (C(w)) € RM ,(1,m) , and the decoders of the code RM (1,m) operating up to half the code distance
rectify up to ¢, errors in the codeword. From the condition (20), it follows that
wt, (AE (e)) <wr, (‘CE (e))+wt,(e)=2wt,(e)<¢

So, vectors ]35, which are developed at Step 2 coincide with AE (C(w)) . Hence it follows that at Step 3, owing to
Theorem 1, the polynomial 1(X) = w(X)—w(0)is formed.
From the condition (18), it follows that the value z, calculated at Step 4 is equal to the constant term w(0) of the

desired information polynomial w(x) . Thus, the desired information vector w is obtained.

Note that for the correct decoding according to the proposed scheme, it is required to meet the condition (20),
from which (19) follows, although the condition (18) is more natural. Let us consider the relationship between these
conditions.

Lemma 4. For the codes RM_(2,m) , in the case of ¢ =3, the condition (18) and (20) are equivalent, and in the
case of ¢ >3, when the condition (18) is satisfied, the fulfillment of the condition (20) is not guaranteed.

Proof. From the consequence of Lemma 2, we obtain that atg =3, the equality 7, /2 =¢, is true; i.e. the right-
hand sides of the inequalities (18) and (20) coincide; hence, the fulfillment of one of them implies the fulfillment of the
other. At ¢ >3 from the consequence of Lemma 2, we obtain that#, /2 <t,, viz from the fulfillment of (18), the
fulfillment of (20) does not follow.

Note 1. In [5-6], the decoder of the RM,(2,m)-code is described, where, as in the proposed algorithm,

derivative vectors are constructed for the noisy codeword. They are decoded by the maximum likelihood algorithm, and
then the desired information word is restored from the values obtained. However, the derived vectors are constructed in
all 3" possible directions, not only in basic ones, in the decoder from [5-6]. And another mechanism is used to obtain
the desired information vector.

Note 2. For codes RM (2,m),q =3, the proposed decoder operates up to half the code distance. For codes

RM (2,m),q >3, the proposed decoder does not guarantee the correction of all errors, the number of which is less

thant, , but the decoder will operate well if the weaker condition (20) is satisfied. Note that the use of the proposed

decoding scheme in case of the fields with cardinality of more than three may be appropriate, despite the determined
limitation, for the following reasons. First, the theory of the decoders of the second-order PM-codes is ill-defined. But,
if there is a first-order decoder, then the proposed decoder which is a suspension over it can fill in this gap. Secondly,
when using the communication channels, the error probability in which is such that (20) is satisfied, the transition from
the first-order PM-codes to the second-order codes reduces redundancy (see Table 1).
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Conclusion. Theoretical results associated with restoring polynomials of several variables over Galois fields of
fuzzy cardinality by their derivatives are obtained. As practical applications to the results obtained, a data partition
scheme and a second-order PM-code decoder are proposed. In future, it is instructive to study the process of a
polynomial recovery from distorted derivatives, and to develop appropriate modifications of the real-world applications
proposed in this paper.
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