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Effect of dynamic properties of interacting subsystems on evolution of selective transfer

formation in friction units *

V. L. Zakovorotny', V. E. Gvindzhiliya?, P. S. Kolodkin®""

1123 Don State Technical University, Rostov-on-Don, Russian Federation

Biausinue 1MHAMMYeCKHMX CBOICTB B3aUMOEHCTBYIOLIMX NOJACHCTEM HA 3BOTIOLHNI0 GOPMHUPOBAHUS

skokok
U30MpaTeJbHOro NepeHoca B y3Jax TPeHust

B. JI. 3aK0B0p0THbIﬁ1, B. E. rBI/lHZDRI/l.]'ll/Iﬂz, II. C. Ko.uommng'**

1:2.3 JTonckoii rocyapcTBeHHbII TeXHUUecKuii yHuBepcuTet, PocTos-Ha-Jlony, Poccuiickas denepartus

Introduction. Selective transfer is a typical example of the
self-organization processes in tribosystems. In this case, joint
surfaces of the servovite film are formed in the contact area,
which changes fundamentally the friction and wear conditions.
To form selective transfer in the area of mating surfaces, some
power of the irreversible transformations of the input energy is
needed, which depends on the elastic-dissipative properties of
the contact surfaces.

Materials and Methods. The mathematical model of the dy-
namic system considering the evolutionarily changing servo-
vite film is given. Its formation depends on the phase path of
the irreversible transformations power in the area of surface
matching, and it is represented by the Volterra integral opera-
tor of the second kind.

Research Results. The outcome analysis including dependenc-
es of the servovite film formation on the dynamic parameters
of interacting subsystems is provided. The mathematical simu-
lation of the evolution of the friction unit properties with the
formation or destruction of the servovite film is first consid-
ered.

Discussion and Conclusions. During the evolutionary process
of the servovite film formation, the dynamic coupling parame-
ters generated in the friction unit, change. Consequently, the
dynamic properties of the system also change. The tribosystem
dynamics is first considered under the process of forming the

selective transfer.

Keywords: dynamic friction system, selective transfer, servo-
vite film, evolution.
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Bseoenue. TUNMYHBIM TPHUMEPOM IIPOLIECCOB CaMOOPTaHM3a-
UM B TpHOOCHCTEMAX SIBJISAETCS M30UpaTebHbINA MepeHoc. B
9TOM cilydae B O0JAacTH KOHTaKTa (OpMHpPYIOTCS CONpSATaro-
IYe MOBEPXHOCTH CEPBOBUTHOH IIIEHKH, YTO NPUHIUIHAIBHO
MEHSET YCIOBHS TPEHHUS U M3HAmuBaHWA. [T 00pa3oBaHUS
n30MpaTeNbHOTO TePeHoca B 30HE CONPSDKEHHS KOHTAKTHPY-
IOIUX [OBEPXHOCTEH HEOOXOAMMa HEKOTOpas MOIIHOCTh
HEoOpaTUMBIX IpeoOpa3oBaHMil TTOABOAMMOI SHEPTUH, KOTO-
past 3aBHCHUT OT YIPYro-JAWCCUIIATHBHBIX CBOWCTB KOHTaKTH-
PYIOIIMX OBEPXHOCTEH.

Mamepuanvt u memoou:. IlpuBoaHUTCS MaTeMaTHYecKas MO-
JIeTb AUHAMHYIECKON CHCTEMBI C YIETOM 3BOJIIOIIMOHHO H3Me-
HSIOIIElc CepBOBUTHOI TuleHKH. Ee GpopMupoBanue 3aBUCHT
oT (a30BOH TPACKTOPUH MOITHOCTH HEOOPATHMBIX IMpeobpa-
30BaHUI B 30HE COIPSDKEHUS MOBEPXHOCTEH M MpEeICTaBIseT-
cs B BHAE HMHTETPAJLHOrO omeparopa BoieTeppsl BTOpPOro
pona.

Pesynomamor uccneoosanus. TIpuBOIUTCS aHAH3 pe3ysbTa-
TOB UCCIIEIOBAHMSI, B TOM YHCJIE 3aBUCUMOCTH ()OPMHUPOBAHHUS
CEpPBOBHUTHOI IJIEHKH OT AMHAMHYECKUX MapaMeTPOB B3aHMO-
JIENCTBYIOLMX MOAcHUCTEM. BriepBble paccMaTpuBaeTcsl Mpo-
61eMa MaTeMaTHIECKOTO MOJESIHPOBAHUS HBOJIIONUH CBOMCTB
y3I1a TpeHHs ¢ 00pa30BaHUEM WIIH PA3PyIIEHHEM CepPBOBUTHOM
TUICHKH.

Obcyscoenue u 3akmovenue. B Xojie 3BOJIOIMOHHOTO TMPO-
mecca 00pa3oOBaHMS CEPBOBUTHON IIEHKH MEHSIOTCS I1apa-
METpbl TUHAMUYECKOH CBS3M, (OPMHUpPYEMOW B y3ie TPEHHSI.
CrenoBaTenbHO, MEHAIOTCA M JUHAMHYECKHE CBOWCTBA CH-
cTeMbl. BriepBble npoaHanM3MpoBaHa JUHAMUKA TPHOOCHCTE-
MBI B Ipoliecce 00pa3oBaHus M30MPATEILHOTO MepeHoca.

KaroueBble ciioBa: JAWHaAaMHU4Y€CKas CUCTEMa TPCHUH, I/I36I/Ipa-
TEJIbHBIH NEPEHOC, CEPBOBUTHAS TJIEHKA, SBOJIIOLUS.

Oobpazey onsa yumuposanus: 3akoBopoTHbIN, B. JI. BrnusHue
JMHAMHYECKHX CBOMCTB B3aMMOMEHCTBYIOIINX ITOJICHCTEM HA
IBOJIIONMIO (POPMHUPOBAHHS H30UPATEILHOTO MEepeHoca B y3-
max Tpenus/ B.JI. 3akoBopotusii, B.E. 'Bunmxumms,
I1. C. KononkuH // Becthuk JloH. roc. TexH. yH-Ta. — 2019.

— T.19, Ne 2. — C. 104—112. https://doi.org/10.23947/1992-
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Introduction. After publication of the papers by I. Prigogine [1-3] and G. Haken [4, 5], lots of issues on the
operation of technical systems interacting with different media are considered from the view point of their self-
organization [6—12]. If you follow the synergetic analysis paradigm, then when studying such systems, you should first
perform the procedure for extending the state space dimension [7, 8]. That means that it is necessary to additionally
consider a model of environment in the coordinates of the system state. There is an exchange of information, material,
energy, etc., with the environment. Here, coherent interactions of various physical nature are possible, that is, synergetic
phenomena. A typical example of self-organization is the effect of selective transfer discovered by I.V. Kragelsky and
D.N. Garkunov in 1956 [13].

The ideas of self-organization were formulated by B.I. Kostetsky [14] in the 60s of the XX century, and then
developed in papers on structural adaptability together with L.I. Bershadsky [15] and N.A. Bushe [16]. In a number of
papers, the formation of a servovite film in the tribosystem when it enters the selective transfer mode is studied [17-22].
It is shown that definite tribochemical reactions are necessary for the formation of selective transfer, as well as some
power trajectory of irreversible transformations in the system-environment interface [17-24]. When entering the selec-
tive transfer mode, self-oscillations are observed. In some cases, chaotic attracting sets of deformation displacements of
the contacting pairs are formed [17, 22-24].

Materials and Methods. Thus, when studying the transition to the selective transfer mode, it is necessary to
consider the tribosystem dynamics in the unity of the subsystems interacting through friction and the dynamic coupling
formed by the friction node. The parameters of such a dynamic link and the formation of a servovite film depend on the
power path of irreversible transformations on the work done. The mathematical modeling of such an evolutionary sys-
tem is considered, and the dependence of evolution on the dynamic parameters of interacting subsystems is analyzed.

Research Results

Mathematical system modeling. In mathematical modeling, we use the previously obtained results. In [17,
23, 24-26] it was shown that the basic dynamic properties of the friction system can be disclosed on the basis of the
following assumptions:

- the sample is absolutely tough;

- indenter deformations are considered in the plane normal to the contacting surface and passing through the di-
rection of the relative slip velocity.

When studying the dynamics, we can limit ourselves to the first vibration modes. Then, the system model is
represented by the equation

2
md—f+h%+cX:FE(t), (1)
dt dt

m 0 My oy ap . . . . .
where m = , h= , c= are positively defined, symmetric matrices of inertial, velocity,
0 m hay hyo Cp €2

and elastic coefficients; X ={X1,X2}T is vector of the deformation displacements of the indenter tip;

EO={hx0,Fyx (t)}T is vector of forces affecting the indenter tip (Fig. 1).

Tribo-medium ; F= {FIyFZ)T
Z
R |_°l <

e
4

Sample X={X,, XZ}T
X

X vy X,

Fig. 1. Dynamic friction system schematic

We will follow the synergistic concept of the analysis, that is, we will represent F5 (¢) forces in the coordi-

nates of the state. To do this, we introduce the concept of tribo-medium - this is the third body that is formed in the tran-
sition zone between the contacting surfaces. When approaching, the conditions of their interactions change, which phys-

Mechanics
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ically manifests itself in changing parameters such as the actual contact area, heat production, friction coefficient, mo-
lecular interaction conditions, diffusion processes, etc. [27—-30]. However, the primary reasons for all changes are inter-
actions due to the contact mechanics.

In this case, due to changing the actual contact area, the normal pressure forces grow disproportionately fast,
which prevent the surfaces from approaching. It is convenient to consider modeling these forces [23, 24] as the follow-
ing function of approach

F (X)) = F g exp[-a(X))]-U, X €(0,+0), )

where o is coefficient of the contact force rate in [mm_l} ; U is an external force.

The above papers show that when a servovite film is being formed, a potential barrier appears in the function of
approach, which actually determines the carrying capacity of the servovite film of the friction unit. The formation of a
potential barrier can be conveniently represented as

2
D (X)) =Dy g exp[-oy (X] — X1 0)7], (3)
where o is the parameter characterizing the potential barrier slope in [mm_z} X1 Is the potential barrier coordi-

nate; @, is the evolutionary parameter in [kg]. Thus, the function of convergence is £ 5 (X}) = @ (X)) + F(X}) sum.

On modeling the tangential component of the force, let us take into account that when forming a servovite film, the fric-
tion force is by an order of magnitude less. Therefore

1
k;)Fl,Z (0),at : X1{X o;

@ )
ki Fis(t),at: X)X g,

By =

1 2
where kD).

For example, in the steel — glycerin — brass friction system, after the formation of a servovite film, the friction
coefficient decreases by more than an order of magnitude. Previously it was shown that the forces of contact interaction
are characterized by a lag in the tangential component of the force (friction force) with respect to the normal pressure
forces. In this case, instead of (4), the following relation occurs

1 1

)
kz(wz)Fi’E(t—T(z)),dt . X1>X1.0,

Fy ()=

where T, 7 are time-lag constants depending on the properties of the tribo-medium formed in the contact area,

and on the relative slip velocity. In (5), T (1))>T ) condition is always satisfied. In addition, T M and 7® decrease

with increasing the relative slip velocity. Later, the hypothesis was adopted, according to which the potential barrier is
formed depending on the work paths and the power of irreversible transformations as the indenter moves relative to the
sample in the direction of the relative slip velocity. Moreover, @, , is affected not only by the current value of power,

but also by the preceding values of power. Therefore the following is true:

t
@y o(N) =B[ w(t—EN(E)dE, ©)
0

. . . . 1 .
where N =F,(V +dX, /dt) is the power of irreversible transformations; w(z—&) = {8 exp[—?(t—&)]} is the core of
the integral operator considering the effect of the preceding power values; T is the parameter in [s] characterizing a

long-time impact of power on the potential barrier; 3 is the parameter in [m_l} .

The equations (1) - (6) characterize the mathematical model of a dynamic friction system considering the evolution of
its properties during the formation of a servovite film.

Dynamic properties change depending on the potential barrier parameters and the dynamic properties
of the indenter. First, consider the properties of the frozen system on the assumption that the parameters of the servo-

vite film are preset and constant. Suppose also that 7' M =0 and 7'® =0. Consider an example of changing system
properties depending on the stages of the evolutionary transformation (Fig. 2).
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dXi/dt, mm/sec
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Fig. 2. Transformation of phase path projections onto X; — dX;/dt plane

At the initial stage of transformations (Fig. 2-1), a unique equilibrium point is formed in the system, which cor-
responds to the friction with a traditional coefficient in the range of 0.2—0.3. Moreover, this point has the property of
global attraction. Then (Fig. 2-2), two equilibrium points (X 1, X ) are formed during the formation of a servovite film
at the initial stage. The domain of attraction of Xj | point is bounded by a saddle-shaped separatrix. The rest of the do-
main is characterized by the attraction to Xj, point. It is important that at X;, point of equilibrium, a servovite film is
already formed, but its value and properties (determined by @, () do not allow for the attraction of the trajectories of the

whole phase space. Therefore, depending on the initial conditions or disturbances (for example, fluctuations or formable
attracting sets of deformation displacements in variations relative to the equilibrium point), it is possible to generate
properties of a friction unit that differ fundamentally from each other. Subsequently (Fig. 2-3), the domain bounded by
the saddle separatrix decreases and disappears (Fig. 2-4). In the latter case, the servovite film thickness and its carrying
capacity increase. In the model, this is shown as an increase in the potential barrier, and the second equilibrium point
acquires the properties of global attraction. In this case, a stable selective transfer is formed in the system.

The illustrations characterize the system dynamics considering that the servovite film properties are frozen,
that is, they do not evolve. However, even in this case, the domains of attraction of equilibrium points corresponding to
the friction with a servovite film and without it depend fundamentally on the dynamic parameters of the indenter, pri-
marily, on the matrices of its stiffness (¢ ) and dissipation (/) (1). In actual practice, there is a time evolution of the
system. It depends on the relative slip velocity

(Vy), the force (U ), the initial state of the surface of the contacting bodies, etc. The evolution simulated by an
integral operator (6) is affected by many physical factors the integral count of which is determined by the kernel of the
operator. Therefore, when varying the external conditions (for example, relative slip velocity), it is necessary to consid-
er the velocity — integral operator parameters relationship, as well as the velocity — the power trajectory of irreversible
transformations relationship. It is experimentally shown that with increasing speed, T;,i =1,2 parameter in (6) decreas-
es. In addition, frictional forces (and, consequently, the power path of irreversible transformations) depend on the rela-
tive slip velocity. Note that it is the time required to establish a stationary servovite film that determines one of the indi-
cators which allow identifying the parameters of the integral operator kernel.

Cursorily, we give an example of changing the phase trajectories of deformation displacements in X -direction

as the indenter dynamic parameters and the tribological medium properties vary (Fig. 3).
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Fig. 3. Transformation of phase path projections onto X; — dX;/dt plane depending on system parameters and friction conditions

Mechanics

First, consider friction with a sufficiently high velocity of relative slip V) =2.0 ./ c. In this case, when form-

ing a servovite film, the power of irreversible transformations decreases and the destruction is not observed, since the
relative slip velocity is rather high (Fig. 3, a). At the initial stage, under various conditions, the trajectories are asymp- 109
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totically attracted to the equilibrium point without a servovite film (point A in Fig. 3, a). After the potential barrier has
been established, all trajectories evolve to 4" equilibrium point on the servovite film. Fig. 3, b, ¢, and d show evolu-
tionary curves with one initial value corresponding to B point. At this, the deformation displacements and the corre-
sponding properties of the friction system deform to one of the two equilibrium points. However, evolutionary curves
differ depending on the properties of the tribo-media and the Q-factor of the oscillatory circuits of the indenter subsys-
tem without friction. Fig. 3, b shows an example of the evolutionary trajectory under a conditions, but at the relative
slip velocity of V{y =1.0 m/s . In this case, the power released in the friction zone is not enough to maintain the servo-

vite film, and friction is periodically observed in the system with a servovite film and without it. In the deformation
displacements, this causes the effect of low-frequency oscillations. Specifically, the formation time and the destruction
time of the servovite film differ essentially. In Fig. 3, this is indicated through a significant decrease in the rate at which
the indenter tip returns from 4" point to 4 point.

The Q-factor of the indenter subsystem can be increased (Fig. 3, ¢). In this case, complex oscillatory displace-
ments are formed in the system. Some of their components characterize the low-frequency material exchange between
the lubricant and the friction surface, as well as vibration displacements at the frequencies of the indenter oscillators.

In the direction orthogonal to the relative slip velocity, cyclic forces are generated. Due to this, and also due to
the dynamic interaction, a short-term formation of forces exceeding the potential barrier is possible. The situation is
even more complicated if we additionally consider the lag in the variations of the tangential force components to their
normal components (Fig. 3, d). Depending on the lag, various attracting sets of deformation displacements and, conse-
quently, the forces of contact interaction are formed. The generation of chaotic dynamics in the system, which introduc-
es great uncertainty in the regularities of servovite film formation, is also observed.

Discussion of the results. It is known that moving of the tribosystem to the selective transfer mode is deter-
mined by tribochemical reactions and the material exchange between the contacting surfaces and the lubricant. In order
for the tribosystem to enter the selective transfer mode with the formation of a servovite film and to maintain it in the
process of friction, some particular power of irreversible transformations of the input energy of the mechanical system
is required [17, 21-24]. During the evolution of the dynamic friction system, the carrying capacity of the servovite film
varies, which is simulated by the size of @, , potential barrier preventing direct contact of the friction surfaces. If the

forces of contact interaction in the direction normal to this surface exceed @ (, then a dynamic restructuring of the fric-

tion system with partial destruction of the servovite film is observed. Therefore, the friction conditions in the selective
transfer mode depend not only on tribochemical reactions and the power of irreversible transformations, but also on the
dynamic mode. Here, the stability of the equilibrium point and various attracting sets of deformation displacements
(limit cycles, invariant tori, chaotic attractors) formed in its neighborhood are of fundamental importance. In addition,
the dynamic system is perturbed, for example, by the out-of-true-running. Moreover, due to a fundamental change in the
friction conditions during the direct contact and at the contact through a servovite film, the power of irreversible trans-
formations in the surface matching changes, which changes the evolution and the maintenance conditions of the formed
servovite film.

Conclusion. So, in conclusion: the stability of selective transfer is affected by both the dynamic parameters of
the subsystems interacting through the friction node, and by disturbances that always occur in a real machine. There-
fore, when studying selective transfer to ensure the friction unit wearlessness, it is required to obtain identity of the dy-
namic systems on a friction machine and in a real machine. For this purpose, the well-known techniques [27, 31] can be
used.

The data show that the formation of a servovite film in a tribocontact node is affected not only by the tri-
bochemical characteristics of the mating surfaces, but also by the parameters of the indenter and sample subsystems
interacting through the tribology. Therefore, in each specific case, there is a bounded domain of parametric space of the
dynamical systems, as well as disturbances in which the formation of selective transfer is a rule.
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Introduction. Functional properties of diamond powders are
determined by a large-scale structural factor since it affects
the formation of structurally sensitive mechanical properties
— stress limit and yield value. Considering the qualitative
correlation between yield value and hardness, it is possible to
predict an increase in hardness including highly rigid materi-
als.

Materials and Methods. Physical characteristics of the basic
types of fillers that make up the reinforcers are considered,
systematized and tabulated. M2-01 tin bronze (20 wt. % tin,
80% copper) was used as a bond. Ultradisperse natural dia-
mond (UDND, 0.5—4 wt. %) was added to it, as well as pow-
ders of natural diamond (3/2 pm fraction, 7/5 pm, —40 pm)
obtained through processing diamonds at the enterprise of
“Sakha Daimond” JSC. The above materials were made on
the crushing and screening equipment and shaking tables.
The stages of obtaining powders were recorded using the
raster electron microscopy. Vibroscreens were applied for
the grain-size classification of diamond powders. Physical
and mechanical characteristics of the produced samples were
tested by standard methods. VLTE-500 electronic fourth-
class laboratory balance was used for weighing. Density was
determined by MK 0-25 mm micrometer according to GOST
6507-78.

Research Results. Porosity was calculated through the actual
and theoretical density. It was found that with a decrease in
the filler size, an improvement in the physicomechanical
properties of the binder modified with a diamond powder is
observed. The best performance was observed in the samples
with the UDND filler.

Discussion and Conclusions. As a result of the study, it was
recorded that the calculated data differ from the experimental
data since they show an increase in the material hardening
pro rata to the amount of the diamond particles introduced
into the volume. An assumption has been made that the con-

sidered hardening model (Orowan model) does not take into

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

Beeoenue. OyHKIIMOHATIBHBIE CBOWCTBA aJIMAa3HBIX TOPOIIKOB
00yCIIOBJIEHbI MacCIITa0HBIM CTPYKTYPHBIM (DaKTOpOM, IIO-
CKOJIBKY OH BIMseT Ha (OPMHpPOBaHHE CTPYKTYpHO-
JyBCTBHTEIBHBIX MEXaHHYECKUX CBOICTB — MpeleoB
HNPOYHOCTH U TEKYy4ECTH. Y UNTHIBAsI KAUECTBEHHYIO KOppEIs-
U0 MEXIy MpeielioM TEeKy4eCTH U TBEPAOCTHIO, MOXKHO
MPOTHO3MPOBATH ITOBHIIICHHE TBEPAOCTH, B TOM YHCIIE BBICO-
KOTBEPABIX MaTePHAIIOB.

Mamepuanet u memoosi. PaccMOTpEHBI, CHCTEMaTH3UPOBAHbI
U TIPEACTaBIEHbl B BUAE TaOIHIBI (pU3MUECKUE XapaKTepH-
CTUKH OCHOBHBIX THUIIOB HAIIOMHHTEIEH, BXOIAIINX B COCTaB
yrnpouHuTeneld. B kadecTBe CBSI3KM HCIOJIB30BaHA OJIOBSIHU-
ctas 6ponza M2-01 (20 mac. % onosa, 80 % menu). B Hee
O00ABISUIN  yIABTPAOUCIICPCHBI Tpupoaubiid anma3z (Y AIIA,
0,5-4 mac. %), a TakKe TMOPOLIKA TMPUPOIAHOTO aamasa
(ppakmum 3/2 MxMm, 7/5 MkM, —40 MKM), TIONlydeHHBIE TPH
nepepaboTke anvaszoB Ha npeampusatin OAO «Caxanaii-
MOHI». Ha3BaHHBIE MaTepHambl M3rOTABIMBAINCH HA JPO-
OMIIHbHO-KJIACCU(UKAIIMOHHOM 00OpYHZOBaHUHM W BHOPOCTO-
nax. CTaguM IMOJy4YeHHUs] TOPOIIKOB (HUKCHPOBAIHUCH C IIO-
MOILIBIO PacTPOBOM 3JIEKTPOHHOW MUKpockonuu. s kiac-
cuduKanuy aaMa3HbIX HOPOIIKOB MO 36PHUCTOCTH MPUMEHSI-
1 BuOpocuta. Pu3nveckre 1 MEXaHMIECKNE XapaKTEePUCTH-
K{ M3TOTOBJICHHBIX 00pPA3I0B UCIBITHIBAIN 110 CTaHIAPTHBIM
MeTouKaM. J{is B3BELIMBaHNUS HCIIOJIB30BAIH J1ab0paTOpHbIe
JNIEKTPOHHBIE Bechl udeTBepToro kmacca BJITD-500. Ilmor-
HOCTb ONpEeaeIIsIn MUKpPOMETPOM MK 0-25 mm
o 'OCT 6507-78.

PesynbraThl uccnenoBanus. Yepe3 (akTHUeCKyro U TEOpeTH-
YeCKyI0 IUIOTHOCTH PAacCYMTaHA IMOPHUCTOCTh. BBLICHHIOCH,
9TO C YMEHBIIEHHEM pa3Mepa (pakiuu HAIOJHATENS
HabmroaeTcs yiydlleHHe (QU3NKO-MEXaHHYECKUX CBOMCTB
CBSI3KH, MOJH(DUIIMPOBAHHON aJIMa3HBIM ITOPOIIKOM.
Haunydmme mokasaTean OTMEYEHBI y 00pa3loB ¢ HAMONHH-
tenem u3z YITA.

Obcyarcoenue u 3axniovenus. B pesynpraTte IpOBEIEHHOTO
MCCIIIOBAHUS] OTMEUEHO, YTO PACUCTHBIC JaHHbBIC OTINYAIOT-
Csl OT SKCIIEPUMEHTAIbHBIX, T. K. ITOKA3bIBAIOT YBEIHICHHE
YIPOYHEHHs MaTepHuaja IPONOPLHOHAIBHO KOJIMYECTBY BBO-
IUMBIX B 00BEM YacTHI] anMa3a. BBIIBHHYTO mpenmmoioxe-
HHE, YTO PACCMOTPEHHAsi MOJeNb ynpouHeHus (moaens Opo-

" E-mail: marisafon_2006@mail.ru, arkhangelskaya@yandex.ru, Fedot_andrey@mail.ru
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account the formation of carbon and the agglomeration of
diamonds into larger objects in the matrix volume under an
increase in the number of input diamonds. If the UDND par-
ticle volume reaches 3%, the carbon con

tent in the material increases. As a result, the filler particles
are not fully oxidized, thus increasing the number of pores in
the material.

Keywords: bond, metal matrix, composite, hardener, ul-
trafine particles, hardening mechanisms.

For citation: M.N. Safonova, et al. On specifics of hardening

BaHA) HE YYUTHIBACT 00pa30BaHKE Yriepoja U arioMepaluio
anMa3oB B 0ojiee KpyIHBIE 00BEKTHI B 00beME MaTPHIIBI TTPU
MOBBIIICHUH KOJMYECTBAa BBOJMMEBIX aiMa3oB. Ecim o0beMm
vactuny Y/ITA nocruraer 3 %, B MaTepuase pacTeT couep-
JKaHMe yriaepona. B pesynbpTare yacTHIBI HAIOJIHUTENS MOJI-
HOCTBIO HE OKUCIISIOTCS, TEM CAMBIM YBEIIMYMBAsT KOJTMICCTBO
Iop B MaTepuaiie.

KioueBble cj10Ba: CBs3Ka, METaUINYECKasi MaTpHLA, KOMIIO-
3UT, YIPOUHHUTEIb, YIbTPATUCIEPCHBIE YACTUIIBI, MEXaHU3MBI
YIPOYHEHUS.

Oébpasey ona yumuposanusa: Cadonosa, M. H. K Bompocy

mechanisms in metallic matrix composition. Vestnik of 00 0COOCHHOCTSX MEXaHH3MOB YIPOYHEHHS B MeTaUTHde-

DSTU, 2019, wvol. 19, no. 2, pp. 113-119. CKOM MaTpUYHOI KOMITO3HMIIMH / M. H. Cadonoga,

https://doi.org/10.23947/1992-5980-2019-19-2-113-119 E. A. Apxanrenbckas, A. A. ®enotos // Bectuuk JloH. roc.
TexH. yH-ta. — 2019. — T.19, Ne2. — C.113-119.
https://doi.org/10.23947/1992-5980-2019-19-2-113-119

Introduction. It is known that the physicomechanical properties of diamond powders are determined by a
larger specific surface area and grain dispersion. In particular, this is shown by the Hall — Petch equation which is per-
formed over a wide range of grain sizes (up to 1 um). Functional properties of these materials are determined by the
large-scale structure factor since it affects the formation of structure-sensitive mechanical properties — stress limit and
yield value [1, 2]. Given the qualitative correlation between yield strength and hardness, it is possible to predict an in-
crease in hardness including highly rigid materials: the finer the filler, the fewer defects it has and, accordingly, the
higher the strength.

Materials and Methods. Strengthening mechanisms in highly rigid materials depend on the interaction pat-
tern of the introduced particles or hardener fibers and the matrix material. A successful application of the dispersion
strengthening effect is shown in [3—6, 7]. Under such strengthening, a structure that makes the dislocation motion hard-
er is created in the materials. Discrete particles of the second phase characterized by high strength and melting point
inhibit the dislocation motion especially strongly. Considering the two-phase structure and high hardness of the materi-
als obtained, it should be expected that their wear resistance will also be higher than that of the nonhardenable matrix
materials. Besides, the strength of the components interface is an important factor for the wear resistance of composites.
A strong adhesive bond at the interface ensures a composite with high rigidity and higher static strength [3, 6-8].

According to the mechanism described by Orowan, ultrafine diamond particles distributed in the binder vol-
ume affect the strain hardening of the composite material. Particles of the particulate filler introduced into the matrix
inhibit the dislocation motion in a metal increasing its strength at the standard and elevated temperatures. In addition,
they represent a mechanical obstacle in the path of crack propagation that may appear in the matrix, and increase the
fracture resistance of the composite material.

Another characteristic that determines the reinforcing filler — matrix relationship is the thermal linear expan-
sion coefficient. For solids at constant pressure and temperature, the thermodynamic equilibrium criterion is Gibbs min-
imum potential (or energy). This value shows an energy change during a chemical reaction and demonstrates the possi-
bility of chemical reactions between the material components [5]. Thus, a minimum change in Gibbs energy corre-

sponds to a stable equilibrium between the components of the system (Table 1).
Table 1

Physical characteristics of the main types of fillers [9, 10, 11]

Substance AGOO6P , 298,15, Kj/mol Microhardness, x10* Mpa | Temperature stability, °C
and state Gibbs energy change
C (diamond) 2.377 1000 650-700
/4 0 258 3300-3400
ALO; -1582.3 180-220 1500-1700
BN -226.8 800-900 1100-1300
SiC —60 300-320 1200-1300
BeO -579.9 152 2500
Be,C —948 780 2150
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The table shows that the optimal filler is diamond. It has a fairly low value of Gibbs energy change, the highest
microhardness value, but the lowest temperature stability. Diamond has a high adsorption capacity [12] and is the least
chemically active compared to other forms of carbon. These properties are important advantages when using diamond
as a hardener.

The work objective is to study features of the mechanisms of forming the metal-matrix composition structure.

Objects of Study. We used M2-01 tin bronze (20 wt. % tin, 80% copper) as a basic binder. Ultradisperse natu-
ral diamond (UDND, 0.5-4 wt. %) was added to it, as well as powders of natural diamond (3/2 pum fraction, 7/5 pm, —
40 um).

Research Methodology. Natural diamond powders (NDP, 3/2 pm fractions, 7/5 pm, —40 pm) and the UNDN
submicropowder were obtained during the processing of diamonds at the enterprise of “Sakha Diamond” JSC. The
powders were made on the crushing and screening equipment and shaking tables under the optimum conditions. Fig. 1
shows the stages of obtaining the powders. The images were taken using the scanning electron microscopy (SEM).

4 i

e ¥
AccY  SpotMagn WD 1 50um
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y ¥ i 4
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Fig. 1. SEM photographs of: fine-grained powder of 7 um or less (a); submicropowder (b)

Vibroscreens were applied for the grain-size classification of diamond powders. . Physical and mechanical
characteristics of the produced samples were tested through standard methods. VLTE-500 electronic fourth-class labor-
atory balance was used for weighing. Density (p) was determined by MK 0-25 mm micrometer according to GOST
6507-78.

Research Results. Hardness was measured on Equotip 3 device, Proceq, according to the corresponding meth-
od of the GOST. The proportionality limit in compression and the elasticity modulus were determined according to
GOST 25.503-97. The test results are shown in Table 2.

Table 2
NDP impact on physicomechanical properties of M2-0lalloy
Proportionality limit . Compressive
ND, % Porosity, % Hardness, HB in compression Gy, Actual density modulus Ec,
MPa Ppaxr, kg/m3 MPa
5~§§Q@$EQ@$EQ@$EQ@$E 2
s k2| P P T PR ITIE[T T B[P T 5] 3
0 41.0(41.0|41.0{41.0| 41 | 41|41 (4197|9797 9.7 |7560|7560|7560|7560 5735.94
1 29.0(30.0|30.0|28.0| 43 |47 | 48 | 48 |10.5|11.5|11.0|11.5|7630|7620|7610|7670 6771.03
2 27.0128.0(28.0126.0| 43 | 43 | 51|53 |10.5|11.5|12.0|12.5|7710|7700|7760 | 7750 6953.50
3 25.0128.0127.0126.0| 47 | 43 | 51 | 53 |10.2|10.5|12.1|12.2|7730|7720|7770|7750 6580.27

To determine the elasticity modulus and proportionality limit, the samples were compressed on presses to a
relative deformation of 15-16%, at a loading rate of 0.2 kN/s.
The porosity (P) was calculated through the actual and theoretical density using the formula:
M= -p/p;) x 100%, )

where p, is the theoretical (calculated) density of nonporous material; p is the actual density of the sample.
The theoretical density was obtained by the formula:
pPr= 100/(C1/p1 + Cz/pz + C3/p3 + C4/p4), (2)
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where C;, C,, C; and C, are concentrations of copper, tin, NDP and UNDN in the powder mixtures according to their
density py, p2, p3 and py.

The densities taken into account are:

- copper: 8.96 x 103 kg/m’,

- tin: 7.28 x 103 kg/m’,

- diamond: 3,5 x 103 kg/m’,

- UDND: 3.1 x 103 kg/m’.

The volume of samples was calculated by the formula:

V=(m—my)/ Py, 3)
where V is pressing volume; m; is mass in air; m, is mass in water; p, is liquid density.
In the course of the study, it turned out that with a decrease in the filler size, there was an improvement in the
physicomechanical properties of the bond modified with diamond powder.

The elasticity modulus values were determined for the samples with the addition of the UDND and a pure
binder. The best indicators are shown by the samples with the filler from UDND. At the same time, the physicomechan-
ical properties under consideration deteriorate if the volume of the added UDND particles exceeds 2%.

The metallographic studies of the samples allowed us to establish how diamond particles affect the matrix
structure. Fig. 2 shows the images of microstructures of the deformed samples.

Fig. 2. Images of ground surface of deformed sample with addition of 2% of diamond powder particles under x 1000 magnification.

The pictures show clearly visible narrow and branched microstructure objects. Hypothetically, these are
boundaries between the grains or microcracks formed under the deformation.

Inside the grains, there are also point microscopic objects that form a disperse substructure. Compared to the
boundary-distributed point objects, their density is much less, but significantly more than in the original matrix which
has no diamond fillers.

Based on the results of metallographic studies, it can be argued that the strengthening of the matrix material
has two mechanisms — dispersion and grain-boundary ones.

If we are talking about a dispersion mechanism, the volume of NDP introduced into the matrix material can be
calculated using Orowan equation [13]:

v =rkoln, @)
where A is the nearest distance between the particles; G is matrix shear modulus; b is Burgers vector; k; is coefficient
characterizing the pattern of interacting atoms with dislocation.

The following values are chosen: G = 0.367 x 10° MPa for bronze; b = 2.564 A for copper; k, coefficient is equal
to 0.85.

The nearest average distance between the particles, depending on the content and dispersion, is calculated by the

formula proposed in [14]:

A = [(200+LH)§ _ 1] d, 5)

1,91Ly

where Ly is weight fraction of the filler; d is the diameter or thickness of the filler particles.
Table 3 shows the calculations of an average distance between filler particles depending on their volume and size.
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Table 3
Nearest average distance between filler particles depending on their volume and size, and hardening according to
Orowan equation under introduction of diamond particles

Particle size 7/5 3/2 —40 UDND
Particle content, % 1 2 3 1 2 3 1 2 3 1 2 3
A, um 125.3198.19|85.02|52.19 | 40.91 | 35.42 | 417.56 | 327.30 | 283.40 | 6.26 | 4.91 | 4.25
Cy, MPa 0.13 | 0.16 | 0.18 | 0.28 | 0.35 | 0.40 | 0.04 0.05 0.06 | 1.91|2.38 | 2.70

The calculated data were substituted into Orowan equation, and thus the strengthening was determined through
introducing the diamond powder particles into the matrix material.

According to the calculations, the greatest strengthening is provided through introducing the UDND into the
matrix, which is generally validated by the experimental data.

When the grain geometry changes due to the agglomeration of filler particles at the interfaces in the material, it
is advisable to calculate the material properties change according to the theory of grain-boundary strengthening [15,
16].

To determine the quantitative increase in the strength of the material through adding particles of diamond
powders due to the grain-boundary strengthening, calculations were made using Hall — Petch empirical relationship
[17]:

Aoy = kd; ™2, (6)
where £ is Hall — Petch coefficient for this material; d, is grain size.

For calculations, we used the samples showing the greatest increase in strength according to Orowan theory.
The calculations were performed according to the data obtained from the processing of the surface microstructure imag-
es through the technique proposed in [18].

The Hall — Petch coefficient is applied to copper. According to [19], it is a variable value; it depends on the av-
erage grain size and varies in the range of 0.01-0.24 MPa x m"?. The calculations show that the greatest strengthening
is provided by the introduction of ultrafine NDP into the matrix material. In general, this is confirmed by the experi-
mental data.

The average grain size is calculated according to the metallographic studies of the sample surface:

So6
g, = ()
T
where Syg, 18 total area of objects; N,gy, is total number of objects.
With an average grain size of about 10~ um, the Hall — Petch coefficient is about 0.01 MPa x m"”.
The calculations based on Hall — Petch ratio indicate an increase in the yield strength of the material with the
addition of particles of NDP. The yield strength reaches the maximum design value when the content of fillers is 1%

(Fig. 3).
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Fig. 3. Yield strength — UDND content dependence

Discussion and Conclusions. The calculations show that the samples with the addition of NDP have a smaller
grain size compared to the initial ones. This fact can be explained as follows. The diamond particles, settling at the grain
boundaries of the material, help to reduce their average size. As a result, the geometry of the boundaries between the
grains changes; barriers to dislocations are formed; and thus, the potential capability of the material to resist plastic de-
formation is enhanced.

Mechanics

117



http://vestnik.donstu.ru

118

Vestnik of Don State Technical University. 2019. Vol. 19, no. 2, pp. 113—119. ISSN 1992-5980 eISSN 1992-6006

The yield strength increases by about 12—13 MPa which correlates with the calculated data obtained using Or-
owan theory for dispersion strengthening. If we are talking about polycrystalline material, then, in principle, the yield
strength increases with decreasing the grain size. Diamond particles added to the matrix volume increase the yield
strength since they change the geometry of grains reducing their average area and size.

The calculated data differ from the experimental results since they show an increase in the material strengthen-
ing pro rata to the number of diamond particles introduced into the volume. It can be assumed that the Orowan strength-
ening model does not consider the formation of carbon and the agglomeration of diamonds into larger objects in the
volume of the matrix when increasing the number of diamonds introduced.

The decrease in the number of pores when adding the UDND particles in the amount of 1-2% can be explained
by the high sorption properties of the filler. During sintering of compacts obtained through the powder metallurgy, the
UDND particles absorb oxygen contained in the powder mixture with the formation of CO and CO, reducing gases.
These gases destroy the oxide film covering the powder mixture particles and prevent oxidation during sintering, there-
by reducing the total volume of gases in the powder mixture. At the same time, reducing gases accelerate the sintering
process of the material. The combination of these factors ultimately reduces the residual porosity in the material which
is validated by the calculated data. If the UDND particle volume reaches 3%, an increase in the carbon content in the
material occurs. As a result, the filler particles are not fully oxidized, thereby increasing the number of pores in the ma-
terial.
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Introduction. The development of computational-and-
experimental methods for evaluating the force distribution pat-
tern across the width of the toothed rim and in the circumferen-
tial direction of the toothing of a large wave gear is considered.
The study is based on the results of the test tooth tensometry
using scale modeling of prototype units. The work objective is
to create a reliable experimental-theoretical model of the teeth
force interaction in a large wave gearing. Such a solution in-
volves the transformation of model sample deformations into a
distributed load between teeth which will eliminate the basic
uncontrollable nonlinear errors and improve the accuracy of
estimation of force factors in the toothing area.

Materials and Methods. An improved power analysis procedure
of a large wave gearing, optimized by accuracy criteria, is de-
veloped. The accuracy of the research results is enhanced
through improving physical and computational models. This
approach enables to obtain reasonable dependences of the pow-
er factors distribution in a large wave gearing.

Research Results. The design shape of the control tooth is sim-
plified; an invariant profile is introduced over the full width of
the ring gear. Thus, non-linear distortions of the experimental
results introduced by a variable tooth shape across the width of
the ring gear are excluded. In this case, the installation of ten-
soresistors across the full width of the test tooth is possible. In
addition, the proposed solution can establish the dependence of
the teeth deformation across the full width of the ring gear, and
not only in the extreme areas as suggested by the well-known
techniques. The development of perfect physical and mathemat-
ical models enables to increase accuracy of the results of theo-
retical and experimental studies on power processes in the large
wave gearing. The scientific-based two-parameter dependences

of the force distribution in gearing are obtained.

Bséeoenue. Cratbsg TmoOCBslIeHa pa3pabOTKE pacdeTHO-
9KCIIEpPUMEHTAIBHEIX METOIOB OLIEHKH XapakKTepa paclpene-
JIEHUsT CHJI MO INMPHHE 3y0UaToro BEHIA M B OKPYKHOM
HalpaBJIeHWH 3y0uYaToro 3aueIuIeHHs KPYIMHOHW BOJHOBOM
nepenayn. MccnenqoBaHue OCHOBAaHO Ha pe3ylbTaTax TEH30-
METPHUH KOHTPOJIBHOTO 3y0a ¢ HCIOIb30BaHHEM MAacIITaOHO-
IO MOJEIUPOBAHUS OIBITHBIX 00pasroB. llens paGoTer —
co3aHne OOBEKTHBHOW SKCIEPHMEHTAIBHO-TEOPETHUECKOM
MOJIEI CHJIOBOTO B3aUMOJEHCTBUS 3yObeB B 3alleIICHHU
KpyIHOH BOJIHOBOM nepenaun. Takoe peleHue npeamnosara-
eT mpeobpasoBaHue aedopManuii MOACTBHBIX 00pa3IoB B
pacipeneneHHy0 Harpy3Ky Mexay 3yObsiMH, YTO ITO3BOJIUT
HCKIIIOYUTh OCHOBHBIE HEKOHTPOJHPYEMbIE MOTPENIHOCTH
HEJIMHEHHOT0 XapakTepa, MOBBICUTh TOYHOCTh OL[CHKH CHIIO-
BBIX ()aKTOPOB B TOJIE 3AICTUICHHSI.

Mamepuanvt u memoowv. Pa3zpaboTaHa yTOUHEHHAss METOAU-
Ka CHJIOBOTO aHAlIM3a 3y04yaToro 3aleluieHus] KPYIMHOW BOJI-
HOBOH Iepenadr, ONTHMH3NPOBAHHAS IO KPUTEPUSIM TOUHO-
ctu. TOYHOCTH pe3ysbTaTOB HCCIIENOBaHMS MOBBILICHA 3a
CUET COBEPIICHCTBOBAHMS (DH3MUIECKUX M PACUETHBIX MOJe-
neid. Takodl MOAXOA MO3BOJMI HONYYUTh OOOCHOBAaHHEIE
3aBHCHMOCTH pacIpeeNieHns] CHIIOBBIX (PaKTOpOB B 3yOua-
TOM 3alleIJICHUH KPYITHOW BOJIHOBOM Mepeaayu.
Pesynemamur  uccnedosanus. YmpolieHa KOHCTPYKTHBHAs
(dopMa KOHTPOIBHOTO 3y0a: MO BCell MMpHHE 3y04aToro
BEHI[a BBEJCH HeM3MeHHBIN mpoduis. Takum obpazom mc-
KIFOYECHB! HEJNMHEHHBIE HMCKAKECHUS Pe3yIbTaTOB AKCIEpH-
MEHTOB, BHOCHMBIC MEpeMEHHON (OpMBI 3y0a IO IIHpHHE
3ybuaToro BeHna. B TakoM ciyuae BO3MOXKEH MOHTaXX TEH-
30pEe3UCTOPOB II0 BCEH MIMPUHE KOHTPOJILHOTO 3yba. Kpome
TOrO, Mpe/laraeMoe pelieHHe M03BOJISET YCTAHOBUThH 3aBH-
CHMOCTB Jiepopmary 3yObeB MO Bceil MUpHHE 3y04aToro
BEHI[A, a HE TOJHKO Ha KpailHUX ydacTKaX, KaK MMPeAararT
M3BECTHBIC METOAMKH. Pa3paboTka COBepIICHHBIX (usnue-
CKMX W MaTeMaTHYECKHX MOJeNel IT03BOJIMIA IOBBICHTD
TOYHOCTb PE3YJIbTATOB TECOPETUYCCKUX U IKCICPUMEHTAJIb-
HBIX HCCIIEJIOBAaHMH CHJIOBBIX IIPOIECCOB B 3y0UaTOM 3arier-
JICHUU KPYIHOM BOJHOBOHM mepenauu. IlosydeHbl HaydHO
000CHOBAaHHbBIE JBYXIapaMETPUYECKHe 3aBHCHMOCTH pac-
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Discussion and Conclusions. Approximation of the involute-
tooth profile in the trapezoidal profile has simplified evidence
of identity of the elasticity equations and the boundary condi-
tions of mathematical models. The results obtained are applica-
ble in the mathematical simulation of the planar stress state of
teeth with nonlinear profiles. Comparative evaluation of errors
introduced by deviations of geometry and dimensions of physi-
cal models and mathematical analogues supports the experiment
correctness and the validity of the quantitative data obtained.
The research results can be used in the improved calculation of
the design parameters of the gear components in the engineering

process of large heavily loaded wave reducers.
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MIPEe/IENICHHUs] CHJI B 3yOUaToM 3aleTIIeHHN.

Obcyaicoenue u 3axaodeHus. ATIPOKCUMAIHS SBOJIBBEHT-
HOTO mpoduis 3y0a B TpaneuenaaIbHbINH TpO(UIb YyIPOCTH-
Jla JI0Ka3aTeNbCTBO TOXKAECTBEHHOCTH YpPaBHEHWH YIPYro-
CTH M TPaHUYHBIX YCJIOBUN MaTeMaTrudeckux monenei. Ilo-
JIy4eHHBIE Pe3yJbTaThl IPUMEHUMBI IIPH MaTeMaTHYECKOM
MOJIETIMPOBAaHHUH IUTOCKOHANPSKEHHOTO COCTOSHUS 3yObEB C
HeMMHEHHBIMU TIpoduimsamu. CpaBHHUTENbHAsT OLEHKA II0-
IPENIHOCTEH, BHOCHMBIX OTKIOHEHHSIMH TI'€OMETPHYECKUX
($hopM 1 pazMepoB HU3MUECKUX MOJETCH U MAaTeMAaTHYECKUX
QHAJIOTOB, IOATBEPKAAET KOPPEKTHOCTH IIOCTAaHOBKU JKCIIE-
pUMeHTa ¥ 00OCHOBAHHOCTH HOJYYEHHBIX KOJINYECTBEHHBIX
JaHHBIX. Pe3ympTaThl paboThIl MOTYT OBITH HCIONB30BAaHBI
IIPU YTOYHEHHOM pacyeTe KOHCTPYKTHBHBIX IapaMeTpoB
JJIEMEHTOB 3y09aToOro 3aleIUICHUs] B MPOLECCe MPOEKTUPO-
BaHUS KPYIHBIX TSDKEJIO HArpy)XEHHBIX BOJHOBBIX PEIYKTO-
poB.

KiioueBble c10Ba: BOJHOBas Nepefada, 3youyaToe 3arerie-
HHE, CHJIOBOI aHAIIN3, PAaCIpe/ie]ICHUE Harpy3KH.

Oébpaszey ona yumupoeanusa: CtpenbHukos, B. H. Paszpa-
00TKa CHJIOBOH MOJeNM 3y04yaToro 3aleuICHUs] KpYITHOM
BosiHOBO# miepenauun / B. H. Ctpenpaukos, A. W. BonomiuH,
M. T. Cykos // Bectnuk [loH. roc. TexH. yu-ta. — 2019. —

T.19, Ne2. — C. 120—129. https://doi.org/10.23947/1992-
5980-2019-19-2-120-129

Introduction. The intermediate transformation of the rotational motion into a continuous wave deformation of
the flexible wheel has changed the established principles and forms of conjugation of the engagement elements of high-
er kinematic pairs. At this, a small tooth difference in the internal gearing of wave transmission (two teeth) differs from
the traditional ideas on the conditions of geometric synthesis and functioning of a gear pair. Therefore, from the view-
point of interference of the teeth, the engagement of the wave transmission is beyond the permissible limits of the exist-
ence of an involute internal gear with rigid tooth-wheels. The interference of second-type teeth arising in clamping is
enhanced by the deformation of the flexible wheel from the transmitted load, which limits the carrying capacity of wave
gear. The negative impact of the scale factor contributes to the occurrence of tooth interference in large wave transmis-
sions, which causes jamming and slipping of teeth in the gearing.

The basic concept of wave gear (strain wave gearing, SWG) was patented by K. W. Musser in 1957. The solu-
tion remains unchanged for the stock-produced designs of limited capacity despite many design improvements. This is
confirmed by wave gears manufactured by the leading companies in the USA (Harmonic Drive Technologies Inc.,
United Shoe Machinery Corp.), Japan (Harmonic Drive Systems Inc.), Germany (Harmonic Drive AG), and others in-
cluding licensed products of Harmonic Drive Systems Inc., China [1, 2]. In large wave gearheads, high capacities are
realized, and torques exceed (0.3 ... 1.5) x10° Nm. Mining, metallurgical equipment and large machines produced by
Novokramatorsk Machine Building Plant (NKMZ) are completed with such parts. The standard design of a cam wave
generator with a flexible ball bearing is inoperative and inapplicable in such products of heavy engineering [3]. Large
wave gears use a disk wave generator. In contrast to the cam generator which simultaneously contacts along the entire
perimeter of the flexible wheel, the disk wave generator interacts with the flexible wheel in diametrically opposite areas.
This creates a higher level of freedom of deformation of the flexible wheel and increases possible deviations from the
specified position.

Under the action of the wave generator discs and torque, the flexible wheel becomes curved in the form of a
slightly twisted taper. This causes tooth misalignment over the width of the ring gear relative to the rigid wheel. The
uniformity of the gap setting in the gearing across the width of the gear rims is disturbed.

Under heavy-duty service, the deformations of the flexible wheel exceed the gaps in the gearing and create in-
terference conditions for the teeth of the second kind. With wide toothed crowns, a small module of the teeth under
heavy loads, the gaps in the local zones of the deformed gearing take on negative values, activate the interference, cause
jamming and breakthrough. Constructive features of large wave gears are mainly due to the scale. This factor exacer-
bates the negative processes observed in the gearing of higher kinematic pairs, and reduces the specifications and per-
formance of heavily loaded wave gearboxes.

The work objective is to increase the load capacity, the specifications and performance of large wave gear re-
ducers that meet the technical requirements of heavy engineering.
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Theoretical and practical developments in the study of large wave transmissions are limited, the results ob-
tained are contradictory, and they cannot always be repeated. Besides, we note significant construction features, lack of
geometric similarity in the size series of kinematic and large wave transmissions among others. All this does not allow
using well-known computational methods in the design of wave transmissions for the purposes of heavy engineering
[4-6]. Synthesis of gearing is subject to the condition of constancy of a given gear ratio, governed by the Euler — Savary
formula. Permanent deformation of the flexible wheel does not agree with the fundamental gearing theorem, which con-
tributed to the development of conflicting methods for the synthesis of wave gearing [7—11]. In some papers, a general
case of gearing is taken as the basis [12], while others consider a wedge mechanism with a complex relative movement
of links [13—15]. In some techniques, the geometry and kinematics of wave gearing are simplified [16, 17]. The com-
bined approach is synthesis of the general theory of gearing with elements of the wedge mechanism [1].

To satisfy the conditions of the fundamental theorem of gearing in relation to the synthesis of wave transmis-
sion, E.G. Ginzburg used the kinematic approach [18]. The concept of “angular velocity of a point” introduced by him
is wrong, the arguments based on it are incorrect.

In the monograph by N.A. Kovalev [19], complexity of the force and kinematic processes occurring in wave
transmissions, absence of reliable dependencies that can adequately reflect the impact of external factors on internal
processes in kinematic pairs are specified. It prevents from developing an effective method for synthesis of wave gear
that optimizes the basic parameters of the bearing links. According to N.A. Kovalev, with an inextensible middle sur-
face, only the point of intersection of the tooth axis and the middle surface moves uniformly, which contradicts the con-
clusions of E.G. Ginzburg [18].

Maximum radial elastic displacement (w,) on the middle surface of the flexible wheel is set by the wave gener-
ator in the absence of torque. The w, offset must exceed half the working height of the tooth. The toothing dimensions
should be adjusted by w, value, not vice versa [19].

There is no consensus on the value of w, parameter. Some authors associate maximum radial deformation
(Wnax) With the transmission ratio of wave gear [20] and a disk wave generator. To increase efficiency, it is recommend-
ed to assume w,,,, = m. E.G. Ginzburg recommends to determine wy, through m, conditional module, different from m
module [18].

Materials and Methods. To prevent the interference of teeth, the following well-known techniques are used in
the stock-produced wave gearboxes:

- tooth correction,

- widening of the tooth space,

- angle increase in the original tooth contour.

This, along with a narrow width of the gear rims and relatively small transmitted torques, in many ways settles
practical issues of the approximate gearing synthesis in terms of eliminating the tooth interference for the stock-
produced low-loaded wave gears. However, theoretical studies on these issues are far from complete. So far, there is no
satisfactory solution regarding the engagement of higher kinematic pairs of large wave gears with the gear rim width of
100-200 mm, a tooth module of 1.5-3 mm and a disk wave generator. Large wave gearboxes, designed by well-known
methods and manufactured at NKMZ, turned out to be inoperable due to the tooth interference. Solving such problems
requires new technical solutions based on reliable results of the theoretical and experimental research.

A scientific research has been carried out to assess the boundary conditions for the interference phenomena and
tooth breakthrough in the gearing, as well as to prevent these negative developments. Their results enable to create a
generalized model of the tooth interaction in the engagement of a large wave transmission. A refined power analysis
procedure of such toothing is developed. The research results accuracy is enhanced through improving the physical and
computational models. This allows obtaining reasonable dependences of the distribution of power factors in the gearing
of a large wave transmission.

Deformation of stressed structural elements, including teeth, is usually measured using strain gauge methods.
However, it is impossible to fix strain gages on the wave transmission teeth with a small module. According to the
known methods [20, 21], two parallel slots are made in the rim of the hard wheel removing two adjacent teeth (Fig. 1).



Strelnikov V. N. et al. Development of a power model for large wave gear toothing

Fig. 1. Localized tooth elements of rigid wheel tilt gear of MP-600AC mobile mixer

Across the wheel width, the slots can be end-to-end or blind, made at both ends of the rim so that the middle
part remains intact. According to the authors of common methods, through deep slots can reduce significantly the wheel
stiffness, which is unacceptable. In the known papers, an experimental model is used, where the middle part of the teeth
is not removed and it works alongside with all others.

The ideas of an unacceptable reduction in wheel stiffness through end-to-end slots [22] are inconclusive, since
the thickness of the rim of a rigid wheel is not regulated; and it can be taken sufficient under the experimental condi-
tions that the slots have no real impact on rigidity. In addition, the hard wheel is pressed into the hull design and, when
evaluating stiffness, is considered together with the gearbox housing. .

According to the methods [20, 21], the slots of the rigid wheel increase the deformation of the control tooth
relative to its middle part. The change in the rigidity of the control tooth along the length increases the deformation of
the selected elements at the ends, distorts the deformed state of the control tooth and does prevents with sufficient accu-
racy the estimation of the force characteristics of the gearing along the crown width and in the circumferential direction.
A multiple decrease in the rigidity of the selected tooth elements is not considered by the well-known methods [22],
which violates the objectivity of the experimental results and complicates their analysis.

Standard techniques for measuring the tooth deformation of the wave transmission [8] differ little from the
method of conventional gears [23]. In [22], it is shown that the difference in rigidity of the model, due to blind slots on
the hard wheel, distorts the deformation of the control tooth under load and is considered when conducting the experi-
ment and processing of the data obtained. This reduces the accuracy and reliability of the results.

The strain gauge is not mounted in the middle of the control tooth, so it is impossible to get a full picture of its
deformation, qualitative and quantitative characteristics of the force distribution in the toothing. Moreover, when con-
sidering the stepwise change in the rigidity of a physical model by the known methods, the boundary conditions are not
taken into account, the impact of which is enhanced by the scale factor [18].

Consider VZ-1120 wave reducer of the tilt drive of MP-600AC mobile mixer with the capacity of 600 tons of
molten metal. Assume that load in the gearing of the wave transmission is applied in the middle of the tooth height,
because there is ~ 20+25% of teeth in the internal gearing of one wave.

Let us determine a possible error of allowance in the experiment. Consider a rigid annulus internal gear:

— modulus of teeth m = 1.5 mm,;
— number of teeth of the rigid wheel Z, = 762;
— number of cutter teeth Z, = 68,;
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— wheel pitch circle diameter d = 1143 mm;

— wheel tooth depth H = 2.985 mm;

— wheel outside diameter D = 1155.12 mm;

— root diameter of wheel teeth D, = 1161.09 mm;

— pressure angle at the tooth point on the pitch circle d, oy = 20 °;

— tool addendum modification coefficient x = +4.953 mm;

— face width b = 100 mm;

— normal rack tooth profile as per GOST 13755-81 standard;

— accuracy degree 7D (GOST 1643-81).

The relative error of R assumption concerning the conditional application of normal force in the middle of the

tooth depth:

2H 2-2.985

R= -100% -100% = 0.3%.
D+ D,

T 1155.12+1161.09

The accepted assumption has no real impact on the transmission of forces in gearing, since it changes slightly
the diameter of the loading appliance. For approximation of the involute tooth profile in a straight line shape, we deter-
mine the thickness of the tooth (S) of the rigid wheel along an arbitrary circle of radius (7,):

cos oy . . r
S,=m > +Ay + 2, (lnvax—znvao), cos o, =—cos 0y,
cos oy x

where o, is pressure angle at the tooth point, where radius is r, vector; A, is ratio of the tooth thickness on any wheel
circumference in the normal section under toothing by the cutter of medium wear:

Az :(Zz —Z4)(invao—invacz). (1)
The relative error is defined as the modulus of ratio of the absolute error to the approximation value. In this

case, maximum possible absolute error is equal to % . The approximate value is the radius of the middle tooth circle of

the rigid wheel: (D+Db ) / 4 . The angle cosine of the machine tool o, in the expression (1) when cutting a rigid wheel

by the cutter of medium wear is determined considering the addendum modification coefficient of the cutter:

Zy —2zy
COS0y = COSO m.
The tooth thickness values (Sy) along the arc of an arbitrary radius (7,) of the rigid wheel are given in Table 1.
Table 1
Arc tooth thickness Syof rigid wheel in different sections with radius 7y, mm
7 579.239 579.426 579.612 579.799 579.985 580.172 580.358 580.545
Sy 2.613 2.765 2918 3.071 3.223 3.377 3.530 3.685

Arc tooth thickness differs from the chordal tooth thickness at the given parameters of a rigid wheel by 5-10~
mm, so with sufficient accuracy, we can equate the arc tooth thickness with r, radius and the corresponding chordal
tooth thickness.

We determine the tooth thickness S, approximated in a straight profile at the radius of ry=579.799 mm. It is
equal to the half-sum of the extreme tooth thickness values along the radii , = 579.053 mm and r, = 580.545 mm: S, =
3.074 mm.

The tooth thickness of the involute profile of the rigid wheel on the circle of radius 7, = 579.799 mm is equal to
S, =3.071 mm. Absolute error of the approximation of the tooth profile of a rigid wheel in a straight-line profile:

A, =S, -85, =—0.003 mm.

Relative error of the straight-line approximation of the involute tooth profile of a rigid wheel:

Sy =S4

5

R= -100 = 0.1 %.

ax
The approximation of the involute tooth profile of a rigid wheel with a straight-line profile does not introduce a detecta-
ble error in the design scheme. The equation of the straight-line profile of the tooth model in the XOY coordinates is

shown in Fig. 2.
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Fig. 2. Design model of control tooth of rigid wheels approximated by straight-lineprofile
In Fig. 2, 1 and 2 indices indicate membership of the coordinate functions X and Y to the extreme 1 and 2points
of the straight-line tooth profile. X and Y values are inserted in the equation (2) at 1 and 2 points as shown in Fig. 2, and
the equation of the straight tooth profile with linear dimensions in millimeters is written:

Y=7767-0.410 X.

Thickness and rigidity of the approximated straight tooth of a rigid wheel in an arbitrary section, mm:

S, =2Y =15.534-0.820 X . 3)
183
EI, =21-10° 1—2x (4)

Specific rigidity of the approximated straight tooth of a rigid wheel in an arbitrary cross section is determined
by substituting the values (3) at / = 17.5 mm into the expression (4):

EI, =0.169-10%(18.943- X)’.
Deflection of the elastic line of the control tooth model under N, force is determined at X =/, = 15.947 mm:
Y, =0.819-10" N, [mm]. (5)

Tension stresses ¢ and compression ¢~ of the control tooth model in the area of installation of strain gages at

the distance of a, = 7.2275 mm from the cantilever fastening (pinching) of the model:

My X
c+=—”——°:0.1867Nk,i2,
w, F mm (6)
_ My X
c =—”+—0=0.1983Nk,i, (7)
w, F mm2

Here, M, is bending moment in the area of installation of strain gauges; M,, = M, — Y, - a;; W, is section modulus of the

linear tooth model:

2
W, = b% =39.61 mm’.

Using the ratio
c =Eg,
where ¢ is the relative deformation of the strain gauge, as well as the formulas (5-7), a relationship is established

between the relative deformation of the strain gauges on the stretched and compressed surfaces of the control tooth
model and the deflection of the elastic line under the force:
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Y, =5013.33-¢", ¥, =472.07-¢ . (8)

Research Results. Theoretical and experimental studies, practical developments are mainly associated with
the development, production and operation of relatively small wave gearboxes [25-32]. The accumulated experience
cannot be used without considering the scale factor for large wave gears with torques of 5-10° Nm and more.

The flexible link enhances the negative effect of the scale factor through disturbing the regular operation of the
gearing of higher kinematic pairs. Under heavy-duty service, interference of the second kind can cause jamming and
breakthrough of the teeth. Interference also activates force processes in the wave generator area increasing energy losses

The fragment of the oscillograph pattern corresponds to the turnover of 2w wave generator (Fig. 3).

4

!

Fig. 3. Oscillogram of rigid wheel tooth deformation under load M, = 3- 10° Nm and rotation frequency ®; = 1.667 s71; 1,2,3,4,5
are deformation oscillograms of localized control tooth elements

The number of tooth pairs in Zs gearing is determined by the duration of the engagement of the control tooth
under a complete rotation of the wave generator (o' + o'"):

a'+a"
Zy = Zp100%. 9)

The number of simultaneously engaging tooth pairs and the load shape across the width of the ring gear depend
on the design parameters of the wave transmission, which determine the conditions of toothing, and represent some
torque functions.

The technique of power analysis of gearing for large wave transmission is developed. Two advantages differ it
from the known solutions.

1) It enables to eliminate the distortion of the deformed state of the control tooth under load due to the stiffness
constancy lengthwise. For this purpose, through parallel slots are made on a rigid wheel symmetrically to the axis of the
control tooth.

2) It becomes possible to significantly improve the accuracy of the evaluation of gearing power characteristics
across the width of the crown and in the circumferential direction due to the rigidity reduction of the control tooth. For
this purpose, physical models of a control tooth and a scaled tooth of a rigid wheel are developed.

Discussion and Conclusions. The control tooth shape is taken invariant across the full width of the ring gear
(this differs the presented approach from the techniques [20—22]). Hence, the distortion of the experimental results in-
troduced by the variable width of the tooth shape is eliminated.

The solution provides the installation of strain gauges across the full width of the control tooth, which estab-
lishes a complete dependence of the tooth deformation across the full width of the ring gear, and not just in the outer-
most sections, as the well-known technique suggests.

The updating of physical and mathematical models made it possible to improve the accuracy of the theoretical
and experimental results of force processes in the gearing of a large wave transmission [8—10]. The scientific-based

two-parameter dependences of the force distribution in gearing are obtained.
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Introduction. Two factors of metal turning are compared: the
dissipated temperature and the power of irreversible transfor-
mations in the material of the product and the tool. The paper is
devoted to the issues of mathematical modeling of their link.
Materials and Methods. The mathematical apparatus is based
on the modification of the Volterra equation which involves the
use of double integral. It shows how the thermal energy re-
leased earlier during cutting affects the current state of tempera-
ture in the tool-to-work contact zone. In addition to the pro-
posed new basic mathematical model, the processing effect of
the observed data on the power of irreversible transformations
and the measured temperature in the tool-to-work contact zone
under metal turning are used. The experiments were carried out
on 1K625 machine and STD.201-1 stand. A specialized soft-
ware tool for processing information arrays describing the pro-
cesses occurring during cutting (reaction forces, tool vibrations
and power of irreversible transformations) was created in the
Matlab package. The same tool has performed the temperature
calculation in the tool-to-work contact zone.

Research Results. The procedure of parametric identification of
the proposed basic mathematical model is carried out. The re-
sulting model showed a high degree of proximity of the exper-
imental data on the temperature in the cutting zone and the sim-
ulated level of thermal energy; but in the initial section of the
measurable temperature dependence, the results of these two
approaches are in rather poor agreement. This can be explained
by an error of the experimental temperature measurement based
on the estimate of the thermoelectromotive force (thermal
EMF) output which is generated as a result of the dynamic

thermocouple formation in the tool-to-work contact zone.

Bseoenue. ComocraBieHsl 1Ba (akTopa TOKapHOW 0OPaOOTKH
METAJUIOB pe3aHMeM: paccerBaeMasi TeMIlepaTypa U MOLIHOCTb
HEOOpaTHMBIX NpeoOpa3oBaHUl B MaTepuale W3IENHs U WH-
crpymenTa. CTaTbsi IOCBSIIEHa BOIPOCAM MAaTeMaTHYECKOTO
MOJIETTNPOBAHHUS HX CBSI3H.

Mamepuanvt u memoosl. MaTeMaTH4eCKUi anmapar OCHOBaH Ha
MoauUKaUy ypaBHEHUs BoibTeppbl, kKoTopas HpearoaraeTt
HCIOJIB30BaHKE JIBYKpaTHOrO MHTerpana. OH MOKa3bIBaeT, KaK
BBIJICTICHHAS paHee NPU Pe3aHNM TEIUIOBas SHEPIHs BIUSET Ha
TEKyIllee COCTOSHHE TEMIIepPaTypbl B 30HE KOHTAKTa HHCTPY-
MeHTa ¢ oOpabaTpiBaeMoil JeTaipio. B pabore moMumo mpen-
JIO)KEHHOW HOBOM 0a30BOH MaTeMaTHYECKOH MOJEIN MCHONb30-
BaHBI PE3YJbTaThl 00PaOOTKH IKCIHEPUMCHTAIBHBIX JAHHBIX O
MOIIIHOCTH HEOOpaTUMBIX NpeoOpa3oBaHuil M 00 H3MepsieMoi
TeMIlepaType B 30HE KOHTAKTa MHCTPYMEHTA C JETalbi0 MPU
TOKapHOH 00pa0oTKe MeTamia. DKCIepUMEHTHI MPOBOIIIINCH
Ha cranke 1K625 u crenne STD.201-1. B nakere Matlab 6suta
CO3lIaHa CIEeIHATM3UPOBaHHAs IMporpaMMa st 00paboTKu Mac-
CHBOB MH()OpPMAIIMH, OIMCHIBAIONINX MPOLECCH, MPOTEKAIOIINE
NP pe3aHuy (CHJIbI PeaKIyy, BUOPANK HHCTPYMEHTAa M MOII-
HOCTh HEOOpaTHMBIX MpeoOpa3zoBaHuii). B 3Toif ke mporpamme
BBINIOJIHEH PacyueT TeMIepaTyphl B 30He KOHTaKTa HHCTPYMEHTa
U JeTaiu.

Pesynomamor uccnedosanus. IlpoBeneHa mpolenypa mapamer-
pudeckol aeHTH(UKAIMK TpeasiaraeMoil 0a30BOi MaTreMaTru-
geckoit Mmogenu. [TomydeHHas MoJenb MoKa3ana BBICOKYIO CTe-
IICHb 6J'II/130CTI/I OKCICPUMECHTAJIBHBIX JaHHBIX O COCTOSAHHHU
TEMIIepaTypbl B 30HE PE3aHHs U MOJCIUPYEMOr0 YPOBHS TeIl-
JIOBOW DHEPTUH, OJHAKO Ha HA4YaJbHOM YYacTKe H3MepsieMOi
TEMIIEpaTypHOH 3aBUCUMOCTH PE3yJIbTaThl ABYX 3THX MOJIXO/IOB
HE BIIOJIHE COIIACYIOTCS. JTO MOXKHO OOBSICHUTH HOTPEIIHO-
CTBIO IKCIIEPUMEHTAILHOTO M3MEPEHUs TEMIIEpaTyphl Ha OCHO-
BE OLICHKH BBIPA0ATHIBAEMON TEPMOAJIEKTPOIBIKYILCH CHIIBI
(tepmod/IC), xotopas opmupyeTcss B pe3ynbTate obpa3oBa-
HHSl €CTECTBEHHON TEPMOMApPhl B 30HE KOHTAKTa HHCTPYMEHTA
JeTaJIH.
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Discussion and Conclusions. The proposed mathematical model
enables to adequately describe the conversion of the mechanical
component of the cutting energy into the thermal component
through the indicator of the total output power of the mechani-

cal interaction in the cutting zone for all the processing time.

Keywords: turning, cutting, power of irreversible transfor-
mations, metal working, thermal conductivity of metals, Volter-
ra integral equation, thermoelectromotive force (thermal EMF).
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Obcyaicoenue u 3axmoyenus. Ilpenmaraemass MaTeMaTHIecKas
MOJIENb TTO3BOJISIET aJeKBaTHO OIMCHIBATH IIPOIIecC Ipeodpaso-
BAHUSI MEXAHUYECKOW COCTABISIOLIEH SHEPTUM PE3aHusl B TEIl-
JIOBYIO COCTABIISIOLIYIO Yepe3 MoKa3aTellb CyMMapHOH BBIAENSA-
€MOH MOIIIHOCTH MEXAaHWYECKOIO B3aUMOECHUCTBUS B 30HE pe3a-

HUS 32 BCE BpeMsl 00pabOTKH.

KiiouyeBble c10Ba: TOYCHHE, PE3aHHE, MOIIHOCTH HEOOpaTH-
MBIX MpeoOpa3oBaHuii, 00paboTKa METANIOB, TEIUIONPOBO/I-
HOCTb METAJUIOB, ypaBHEHHE BOIbTEppHI, TEPMOIIEKTPOIBH-
xymas cuia (Tepmod/1C).

Oébpasey ona yumuposanus: bopnayes, E. Marematuueckoe
MOJIETMPOBaHHE TEMITEpaTyphl B 30He KOHTAKTa HHCTPYMEHTA 1
M3JIeNsl TPH ToKapHOW o6paborke metamioB / E. Bopnaues,
B. I1. Jlanmuun // Bectauk [oH. roc. TexH. yH-Ta. — 2019. —

T.19, Ne2. — C.130-137. https://doi.org/10.23947/1992-
5980-2019-19-2-130-137

Introduction. Thermal processes occurring under metal processing on the machine tools (both in metals and in
other environments) are hard to describe. Their analysis is based on the Fourier heat condition equation [1]. In cases
related to metal cutting, you need to have an idea about the temperature in the tool-to-work contact zone [2-5]. At that,
there is no need to control the heat propagation beyond this zone since it does not affect the processing conditions.
Similar reasoning can be applied to another widely used method for describing thermal processes, which considers the
formation of heat source-drains in a workpiece [6]. Such approaches do not allow using the cutting process dynamics in
the description of emerging thermal phenomena in the contact zones and developing a system of equations to represent
the conversion of mechanical energy into thermal energy.

During operations with metals on the machine tools, irreversible transformations in workpieces and tools cause
the heat generation, which, according to the second law of thermodynamics, is dissipated in space. Thermal processes in
metals are more inertial than the treatment process dynamics, therefore dissipation lasts long enough. In the case in
hand, the heat generation itself is associated with the power of irreversible transformations [11], which depends on the
magnitude of the reaction forces to the tool forming movements [2—5] in the tool-to-work contact zone. At the same
time, heat generation is the primary mechanism of dissipation of the released energy of material conversion [12].

The cutting process dynamics and the issues of its simulation are directly related to the representation of forces
and reactions in the coordinates of the process state. In this case, as a rule, only the mechanical component is consid-
ered, as can be seen from foreign [13—18] and national [19-21] papers. Thus, it is advisable to introduce coordinates
describing the temperature variation in the tool-to-work contact zone into the simulation of dynamics of the metal pro-
cessing processes through consideration of the irreversible transformations. This approach will increase adequacy of the
used mathematical apparatus.

Materials and Methods

Mathematical Model Validation. The forces preventing the tool from penetrating into the workpiece material
have a complex spatial arrangement in the coordinate system associated with the tool strain axes. In the papers on the
analysis of the reaction forces occurring in the cutting zone, it is mostly common to resolve such a reaction into compo-
nents [4—6, 10, 19-21]. In the case under consideration, the following relations between the components of the reaction

forces will be valid [5]:
R:afgﬂpyhpzz, (1)

where R is general force response from the cutting process to the forming movements of the tool; P)C is projection of the
force response on the axis of the main rotational cutting movement in the feed direction; Py is projection of force reac-
tion directed along the radius of the main rotational cutting movement of at the cutting top; P, is projection of the force

reaction on the axis coinciding with the main movement speed at the tool tip.

The relationship between P_, Py , P forces introduced depends on many factors: the tool geometry, the tool wear

factor, etc. [4]. Thus, in [5], when machining with a sharp cutter with the parameters of y = 15°, ¢ = 45" and A = 0", the
ratio is on average equal to
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an Pys Pz = (093 - 034)3 (0a4 - 035) (2)
Similar reasoning can be provided on analyzing the speeds of the relative tool movement along the workpiece,
and we obtain the total speed of such movement:

V= ,/sz +V, 4V, 3)

With these arguments in view, we define the power of irreversible transformations:
2 2 2 2 2 2
N:\IPX +5R°+F, \/Vx +HVT 4)

Suppose that heat generation during cutting in the metal-cutting machines linearly depends on the power of ir-

reversible transformations:
T = krN . %)

Here, T » is the value describing the temperature increments in the cutting zone (°C); kr is the coupling coefficient be-

tween the power of irreversible transformations in the cutting zone and the magnitude of the increment of thermal ener-
gy in the tool-to-work contact zone with c’C/Nm dimension. However, the total temperature value at a specific instant
in time and in a given tool-to-work contact zone will be determined not only by the current value of heat gain. Due to
the heat dissipation of in the material of the workpiece and tool, the impact of the following should be considered:

- power of irreversible transformations throughout the previous path,

- product processing time.

Imagine processing in the form of a discrete process graph where N(n) is current value of the power of irreversible
transformations; L(n) is current value of the tool path during machining; #(n) is current value of the processing time.
According to (5), at each point of the discrete graph of the treatment process, heat increment proportionate to the power
of non-reversible transformations at this point in space and time will be generated. The current temperature value at n
point will be determined by both the heat gain at that point and the effect of temperature increments that previously oc-
curred on the tool path (L) during processing (#). With the increase in time and distance passed, the impact of these fac-
tors on the process of heat generation in the contact zone under study weakens; therefore, an approach based on the use
of the Volterra operator of the second kind is convenient for the mathematical description [10]. It cannot be applied
directly because of the complexity of describing the heat propagation in metals; therefore, we will take the multiplica-
tive criterion for assessing the effect of the previous heat gain on the current value in the form of a double integral as a
basic model:

T, = O, +kr [[w (= Lyw,(n=ON (. dvdn. (6)
D

Here, TZ is heat value in the tool-to-work contact zone; @S is ambient temperature; w, (y — L) is the kernel which char-
acterizes the effect of the previously generated power of irreversible transformations along the processing path on the
current temperature value; w,(n—¢)is the kernel which characterizes the impact of the previously generated power of
irreversible transformations in terms of processing time on the current temperature value; D is the domain of integration
characterizing the space-time heat dissipation; 7y has the distance dimension, m; 1 has the processing time dimension,

s. The kernels of the integral operator themselves are dimensionless gain constants.
The integral operator represented as a double integral (6), can be reduced to a multiple integral of the following

form:
L(?) t
T, =@ +kp [ wy(y—L)dy[w,(n—HN(m)dn. (7)
0 0

The tool path is a function of time because each time value can be assigned the value of the distance passed.
Therefore, the approach (7) is valid.
It is convenient to use exponential functions of the following form [10] as kernels of the integral operator pro-
posed in (7):
wr(y—L)= M b (8)
w =)=
where o, 0, are scaling parameters of the integral operator to be identified.
Thus, the integral operator proposed in (7) takes the following form:

L(t) t
T, =0, +kp [ e Pay[eINmydn. ©9)
0 0
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This operator has the solution for the stationary case when the power of irreversible transformations is con-

stant: N, = N ().
T, =®S+Z%(1—e‘“'L)(1—e‘“vt). (10)

As can be seen from (10), under a stationary machining process, temperature in the
kN
IS

We illustrate these arguments by setting ®¢ =25 C: ky=0.0026 s°C / Nm; o, =0.03;0, =0.01; No =20
Nm/s (Fig. 1).

-0, + (11)

Tz(C")

200 400 600 a00 1000 1200

t(s)

Fig. 1. Implementation of stationary temperature increase in the cutting zone

Fig. 1shows that the stationary heat process in the cutting zone increases exponentially and — having reached
some equilibrium state — does not change anymore. Real processes occurring in machine tools are not stationary [11—
12]. Based on these considerations, the process shown in Fig. 1 can be regarded as a movement towards which the tem-
perature of the tool-to-work contact zone tends in a steady case. At that, the equation (10) is a generator equation for the
integral operator (9).

Research Results

Parametric identification of the model from experimental data and simulation results. For the parametric
identification of the model, a full-scale experiment was conducted on 1K625 lathe with the installed STD.201-1 stand.
The stand is designed to study dynamic and thermal processes occurring during metal cutting on lathes in various
modes.

The basic objective of the experiment was to study the impact of cutting dynamics on thermal processes in the
tool-to-work contact zone. The change in cutting dynamics is understood as the cross effect of tool wear and cutting
process associated with the force reaction occurring in the cutting zone. Measurement of this reaction and temperature
through thermoelectromotive force (thermal EMF) generated in the tool-to-work contact zone allows evaluating the
impact of the cutting dynamics on the thermal processes in the specified zone.

During the experiment, continuous turning of a shaft-type part was performed. At this, all processing parame-
ters were preserved and the change in the force response from the cutting process was monitored. The conditions and
the basic results of the experiment are described in detail in [22].

The data obtained as a result of a full-scale experiment are of discrete nature; therefore, it is impossible to di-
rectly apply the model represented by the integral operator (9) to them. For this reason, it is required to modify the basic
mathematical model that describes the thermal process dynamics in the tool-part contact. To begin with, we leave in
reasoning only a member of the integral operator depending on the power of irreversible transformations:
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L(t) t
LN =tk [ e Bay[e® T Nm)n. (12)
0 0

Since the experiment is already carried out, its completion time (£, ) and L(t k) path value corresponding to it

are constants. Therefore, it will be valid to factor the exponents with these values outside the integrals:
L(t,) 1,
LN = kpe @ W [ ey [N (m)dn . (13)
0 0
Assume that there is a certain discrete set of the calculated power values of irreversible transformations ob-
tained as a result of analyzing discrete experimental information on the cutting process dynamics, that is

N(@#)=N,,N,, Ny, N,......... On this basis, the integral operator (13) takes the form of the following sum:
Ll tl LZ tZ
TZN = kTe_a‘L(t")e_a't* [V I ea'ydyj. e*Ndn+ N, I ea‘ydyj. e*Ndn+ <
0 0 L
L3 t3 L4 tA I tl ’ (14)
& +N3 J- ea‘ydyj.eamdn—i-Né‘ I ea‘ydyjeamdn+ ........ ]
L’l tZ L3 t3

Assuming that V. = 0, we get the final solution for the case described by the expression (14):

k e_alL(tA)e_qltk
TZN — T [N2 (e(llL(Zz) _ealL(tl))(e(X.ztz _e(xztl )+ P .

%) (15)
& +N3 (ea'L(t-‘) — et ®) Ne™h —e®h )4 ... ]

The expression (15) is very convenient for processing large arrays of discrete information on the cutting pro-
cess. In fact, this is a sum of powers of irreversible transformations weighted relative to the final value.

Consider only one experiment from the series in which there was no wear on the back surface of the tool. In
the following cases, the tool wear changed, and hence, the process dynamics (from both a mechanical and a thermody-
namic point of view). Note that the results obtained in this experiment are generalized for all other cases, but the length
of the paper does not allow them to be considered.

Fig. 2 shows the process response to the forming movements of the tool along x axis.

Fx, kg

A

3(5) e oot T WWMWMWMMWWWWWMWM‘WMMWWWMWWW%M
20 ﬂ |

15 —“ : ]

-5 — L - >
0 5 10 15 20 25

Fig. 2. Process response to forming movements of the tool along x axis in the first experiment step

As can be seen from Fig. 2, the reaction to the forming tool movements during turning is essentially non-
stationary, but there is a certain attracting variety around which a perturbed toolpath is generated. Similar to that shown
in Fig. 2, reactions to the shape-forming tool movements along the remaining axes were obtained in the experiment. In
addition, information is available on tool accelerations relative to the workpiece. Integration of these data with consid-
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eration of the known cutting elements allowed us to obtain the values of the machining speeds and the toolpath along
the workpiece.

A specialized software tool for processing information arrays to describe the processes occurring during cut-
ting (reaction forces, tool vibrations and power of irreversible transformations) was created in the Matlab package. The
same tool has performed the temperature calculation in the tool-to-work contact zone according to (15). The model pa-
rameters are presented in Table 1.

Table 1
Parameters of the identified model
o oy kr ¢"C/Hm @S oc
0.00099 0.00078 0.000159 24.8

Fig. 3 shows the simulation results of the expression (15) considering the parameters of Table 1, as well as the
experimentally measured characteristic.

r.’c ¢
350
300
250
Simulated
200 characteristic : :
150 Lo e TR e
100 Hi-- oo e i , .................. .................. .................. ..................
50 Mlbeorononn i, e e e .
' ; ; t,s
| ] ] | i >
0 5 10 15 20 25

Fig. 3. Comparison of the results obtained in the experiment and calculated from the model

Comparison of Fig. 3 and Fig. 2 shows that the measured temperature value, when the tool enters the work-
piece, increases from 25° C (ambient temperature) to 330-340 ° C. According to Fig. 3, first, a faster growth of the
measured thermal EMF value is observed, and at the end of the process, the thermal EMF is stabilized.

This is explained by the fact that at STD.201-1 stand, it is not the temperature as such is measured in the con-
tact zone, but the thermal EMF of the natural thermocouple formed at the tool-workpiece contact. At the beginning of
the experiment, due to an overshot of the temperature gradients, the thermal EMF shows too large and fast temperature
rise, and then, as the temperature gradients diverge, it is stabilized. This effect is widely known. For example, in [5], it
is said: “The method of a natural thermocouple is unreliable since the cutting temperature is stabilized within 2—-3 s”.

In view of dynamics, the temperature variation (see Fig. 3) obtained as a result of simulating the expression
(15) is close to the processes occurring during cutting (see Fig. 2). The graph shows the continuing growth of tempera-
ture due to the continuing increase in reaction forces (see Fig. 2). The graph also reflects all the dynamic features of the
process including low-amplitude power jumps.

From this we can deduce the following: the proposed model describes the cutting temperature variation more
accurately than the data of a dynamic thermocouple. Fig. 3 also shows that the simulated characteristic describing the
change in the cutting zone temperature, in general, coincides qualitatively with the experimental dependence. The ex-
perimental and simulated characteristics coincide most fully after stabilization of the cutting process, within 15-24 se-
conds.
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Discussion and Conclusions. The study results provide an answer to the following question: how to make the
description of the hereditary nature of the heat transfer and accumulation during metal turning be adequate to the exper-
imental data. For this purpose, it is required to simulate the temperature in the tool-to-work contact zone on the basis of
the proposed modified Volterra operator.

In science terms, the proposed basic mathematical model and the results of its identification on the basis of the
experiment on real metal processing are of the main interest. Here, there is a high degree of coincidence of the simulat-
ed values of thermal energy in the tool-to-work contact zone in the period of steady-state processing.
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Introduction. Microhardness and wear resistance of the alumi-
num alloy (AK5M?7) after its surface treatment through electro-
spark doping (ESD) using A (Cu) and P (CutP) electrodes with
different applied energy is considered. The work objective is to
study the relationship of the physicomechanical and strength
properties of the surface of AK5SM?7 alloy obtained after ESD
with copper and copper-phosphorus electrodes.

Materials and Methods. X-ray diffraction and X-ray fluores-
cence analysis methods were used to determine the phase com-
position, coherent-scattering regions (CSR), and the surface
microstrain.

Research Results. 1t is established that with increasing energy,
the values of microhardness and wear resistance increase when
using both electrodes. The sample was modified by P electrode
with the energy of 0.79 J. In this case, the maximum value of
microhardness increased 5.3 times, wear resistance - 1.6 times.
It is found that with ESD, new intermetallic phases of Al2Cu
and Cu3P are formed on the surface of the alloy under study. If
the value of the energy used is maximum (0.79 J), the concen-
tration of the AI2Cu phase increases 5 and 9 times with A and P
electrodes, respectively, and the concentration of the Cu3P
phase increases more than 4 times when using P electrode. The
experimental data obtained suggest size reduction of the CSR
and an increase in the microstrain values for all the Al, Al12Cu,
and Cu3P phases on the surface.

Discussion and Conclusions. An increase in energy with the
ESD involves an increase in the defective factors and a change
in the phase composition of the newly obtained surfaces. This

may explain the increase in wear resistance of the surface.

Keywords: electrospark doping (ESD), coherent-scattering
region (CSR), microstrain, aluminum alloys, wear rate.

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

Beéeoenue. CtaThsi TIOCBSIIICHA HCCIICTOBAHUIO MUKPOTBEPIO-
CTH ¥ W3HOCOCTOMKOCTH amfoMHHHEBOTO craBa (AKSM7)
nocyie 00pabOTKH €ro MOBEPXHOCTH 3JIEKTPOUCKPOBBIM JIETH-
poBarueM (DUJI) sanexrpomamu A (Cu) u P (Cu + P) ¢ pasHoii
MIPUJIOKEHHOMN SHEpTHEl.

Llenp pabGoTel — HCCIEOBaHWE B3aUMOCBSI3M  (H3HKO-
MEXaHIMYECKUX U MIPOYHOCTHBIX CBOMCTB MOBEPXHOCTHU CIIIaBa
AK5M7, mnonydennoit mnocie OWJI MemHsIM U MeIHO-
hochopHBIM dIIEKTPOAAMH.

Mamepuaner u memoOsi. VICIONB30BaHBl METOABI PEHTT€HO-
IU(PAKIIMOHHOTO W PEHTI€HO(IYOPECHEHTHOTO aHaIH3a IS
ompenenenns (a3oBOro cocraBa, 00nacTell KOTEPEHTHOTO
paccesaus (OKP) u MukporeopMaiivy moBepXHOCTH.
Pesynomamer uccredosanus. Y CTaHOBICHO, YTO TIPH HCHOJNb-
30BaHUM OOOMX BHIOB JIIEKTPOJOB C YBEIHMYCHHEM SHEPTHU
BO3pacTalOT MHKPOTBEPAOCTh M H3HOCOCTOHKOCTH. OOpasen
ObuT MoHGUIMPOBaH AmekTpoaoM P ¢ sHeprueit 0,79 Ix. B
3TOM CIIydae MaKCHMalbHOE 3HaueHHEe MUKPOTBEPJOCTH YBe-
JUYUIIOCh B 5,3 pasza, nu3HococToiikoctn — B 1,6 pasa. Ycra-
HOBJIEHO, 4TO Tipu DMJI Ha MOBEPXHOCTH HCCIEyEMOrO CIlIa-
Ba 00pa3yrTcs HOBbIe MHTepMeTamimdeckue ¢azel AlL,Cu u
CusP. Ecnii 3HaueHHe MCIONB3yeMOW SHEPTUH MaKCHMAlbHO
(0,79 1), To xoHuenrpamus ¢assr Al,Cu yBenu4auBaercs B 5
1 9 pa3 ¢ snekrpogaMu A u P cOOTBETCTBEHHO, a KOHIIEHTpa-
st pasel CusP yBenmmuuBaercs Gonee yeM B 4 pasza mpu HC-
none30BaHuM  3yekTpona P. IomydeHHble sKcnepHMEHTab-
HBIE JAaHHBIE CBHICTEIBCTBYIOT 00 YMEHBIIEHHH DPa3MepoB
OKP u yBenuueHHH 3HAUCHUH MHUKPOAEGhOpPMAIIUH AJsI BCEX
nmeromuxcs Ha nmosepxaoctr gas Al, Al,Cu u Cu;P.
Obcyaicoenue u 3axmovenus. Y Bennuenne sueprud npu JNJI
IPUBOJNT K TOBBIMICHHIO Ae()EKTHOCTH U U3MEHEHHIO (a30-
BOT'O COCTaBa BHOBb IOJIyYEHHBIX MOBEPXHOCTEH. DTUM MOX-
HO OOBSICHUTH TIOBBIIMICHHE H3HOCOCTOWKOCTH JAHHOU IT0-

BEPXHOCTH.

KnroueBbie ciioBa: snexrpouckpoBoe JyiermpoBanue (OMJI),
obmacth korepeHtHoro paccestust (OKP), muxponedopma-
1151, ATIOMAHHEBBIC CIIIaBbl, HHTEHCUBHOCTD H3HAILIMBAHMSI.
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Introduction. Various coatings and surface modification methods are used to increase the wear resistance of
workpieces. One of them is electrospark doping (ESD) of conductive materials (authors: B.R. Lazarenko and N.I. Laza-
renko [1-4]).

Al-Si-Cu alloys are widely used in the automobile industry. They are well molded, have all the necessary me-
chanical properties, and are characterized by a low coefficient of thermal expansion and a high ratio of strength and
weight. However, the hardness and wear resistance of aluminum alloys are relatively low. This is the reason for the ur-
gency of the problem of improving these properties through surface hardening [5—10]. The point is that it is required to
create hardened layers with improved mechanical-and-physical properties. In the present paper, the results of ESD by
various electrodes at different energies to harden the surface of AK5SM7 alloy are shown.

Materials and Methods. Samples of AK5SM7aluminum alloy with dimensions of 15%15x4 mm were made for
research. Their surfaces were processed through the ESD method with copper and copper-phosphorus electrodes. The
elemental composition of the alloy and electrodes was determined through X-ray fluorescence analysis on an ARL Per-
form’X 4200 instrument. The results are shown in Table 1.

Table 1
Elemental composition of alloy and electrodes
Al, % Cu, % Si, % P, %
AKS5MT7alloy 88 7 5
P-electrode 92.9 7.1
A-electrode 0.1 99.9

Electrospark doping was carried out on ALIER-31 installation (SCINTI, Moldova), which allows performing
the ESD in a wide energy range.

X-ray phase analysis was performed to determine the phase composition of coatings applied to aluminum alloy
through the ESD technique.

The PANalytical EMPYREAN X-ray diffractometer with CuKa radiation equipped with a nickel filter with an
automatic primary beam divergence slit was used for the survey. The radiograph was decoded using the HighScorePlus
program. We studied:

- quantitative content of phases detected on the surface;
- the average dimension of coherent-scattering regions (CSR);
- values of microdeformations after ESD of samples.

The microhardness of the modified layer was measured on the surface obtained after ESD. The research complex
based on HVS-1000 microhardness meter and a digital video camera were used. The measurements were carried out
according to GOST 9450-76 with the Vickers pyramid indenter (the load was P = 25 g). At least ten measurements
were performed for each sample. The base alloy and the surfaces of its samples after the ESD treatment were subjected
to tribological tests (a lubricant was preliminarily applied on the surfaces of the samples).

Research Results. The results obtained are presented in Table 2 and in Fig. 1-4.

Table 2
Phase concentration of base alloy and surfaces after ESD depending on energy
Phase concentration
Energy, J AK5M7alloy A-electrode P-electrode
Al Al,Cu Si Al Al,Cu Si Al Al,Cu Si Cu;P
0 92 2 4
0.07 97 1 94 3 2 1
0.2 96 1 70 22 5 3
0.39 94 5 1 65 25 5 5
0.79 89 10 1 59 28 5 8
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Table 2 shows phase concentrations found on the surfaces of the base alloy and samples after the ESD at vari-
ous energies.

The base alloy has three phases: Al, Al,Cu and Si. With increasing the ESD energy, an increase in the Al,Cu
concentration is observed when using both electrodes, and a decrease in the Al phase, while the Si phase remains con-
stant for the A- electrode at all energies. In this case, Si concentration increases 2.5 times with the energy rise for the P-
electrode. In the samples treated with the P-electrode, the CusP phase appears. Its concentration increases 8 times with
the pulse energy rise to 0.79 J.
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Fig. 1. Dependence of CSR Al-phase size on energy for A and P electrodes
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Fig. 1 and 2 show that when using both electrodes, the CSR decreases with the ESD energy rise, and the mi-
crostrain grows. The coherent-scattering regions are practically faultless surface areas. Therefore, an increase in CSR
indicates improvement in the microstructure of the modified layer, and reduction of its defect level. However, it is
known that a change in the structure imperfection of metallic materials causes a change in their mechanical-and-
physical properties [11, 12]. The microstrain value indicates the degree of the crystal lattice distortion, and thus, the
structure imperfection ratio can be defined by its value [13, 14]. Similar CSR dependences and microstrain were ob-
tained for the Al,Cu and Cu;P phases after the ESD of AK5M7 alloy surface with A and P electrodes. It is found that
the patterns of changing the CSR and microstrain are the same as for the Al-based phase. Therefore, the data in Fig. 1, 2
suggest that with increasing energy, the structure of the resulting surface is distorted more heavily.

Fig. 3 shows the measurement results of the surface microhardness after the ESD by the copper and copper-
phosphorus electrodes.
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It is seen that the microhardness increases with the energy rise, and for A-electrode, at the peak value of ener-
gy, nearly 3-fold increase is observed, for P-electrode — 5-fold.

It is known that during the ESD, melting of materials of the anode and the sample surface occurs, and then rap-
id cooling (quenching). As a result, new phases (in our case, Cu;P), dislocations, point defects, high degree of surface
stress, fine-grained structure, etc., can form on the surface. Accordingly, it can be assumed that with increasing energy,
the microhardness grows due to the above-mentioned distortions arisen during the ESD process (see Fig. 3).

Fig. 4 shows the measurement results of the wear rate of AK5M?7 alloy and the sample surfaces after the ESD
with copper and copper-phosphorus electrodes at the energy of 0.79 J.
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Fig. 4. Wear resistance rate of base AKSM?7 alloy and its surface after coating at energy of 0.79 J

Fig. 4 shows that the sample surfaces treated by copper-phosphorus and copper electrodes are worn out much
less than the surface of AKSM7alloy.

Discussion and Conclusions. The results obtained validate the efficiency of the ESD of AK5SM?7 alloy surface
by various electrodes and with different energies. Surfaces obtained by this method wear out less. When using a copper
electrode, the wear is reduced by 1.37 times, when using a copper-phosphorus electrode — by 1.57 times.

Upon reaching the minimum value of wear after the ESD, the surfaces have the maximum values of micro-
hardness and microstrain, as well as the lowest CSR values. At the same time, there is a significant increase in the con-
centration of intermetallic phases formed after the ESD: Al,Cu — from 5 to 9 times with copper and copper-phosphorus
electrodes, respectively; Cu;P — 8 times with a copper-phosphorus electrode. The reason for the increase in wear re-
sistance of surfaces after the ESD can be various distortions and defects formed after melting, as well as the formation
of new intermetallic phases.
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HcciienoBanue 3aBHCHMOCTH OT YACTOTHI KOHCTAHT MOJISIPU30BAHHOM NMbe30KePAMUKH
ook
B CXeMaXx 3aMelleHus] NPH caa0bIX dIeKTpuYecKux nojasx (yacrso I1I)

B. B. Majopckuii', H. E. Poros?, A. K. prr.]1033**

12 JToHCKOii rOCYIapCTBEHHbIH TeXHHUECKHil yHuBepCHTeT, T. PocTos-Ha-J{ony, Poccuiickas deaepaumus
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Introduction. It is acknowledged that electroelastic modules
do not depend on the amplitude and frequency of oscilla-
tions. This approach is reflected in the Russian and foreign
standards for determining the complete set of electro-elastic
piezoceramics modules. For example, to determine d3; pie-
zo-module of a disc-shaped sample, it is required to take
measurements in three frequency domains: in the first and
second resonances, in the antiresonance region, and at fre-
quencies much below 1 kHz. Accordingly, it is assumed that
when determining d3q, the modules of the ceramic under
study in the frequency range from 1 KHz to the second reso-
nance are independent of frequency. The work objective is to
study the frequency dependence of electro-elastic ceramic
modules. In this case, a disc-shaped sample from LZT (lead
zirconate titanate) is used.

Materials and Methods. Techniques of setting and solving
problems of the stationary electroelasticity and sections of
the electrical engineering basics are applied. To implement
the finite element method, the perturbation technique and the
ANSYS application package are used. The experimental
results are processed in the MATLAB environment.
Research Results. For the LZT piezoelectric ceramics, the
frequency dependences of various modules (piezoelectric
d3q, dielectric €55 and elastic modules of compliance -
S11,S12, S13) were investigated. Radial oscillations of a disc-
shaped sample with electrodes on the ends were considered.
The sample thickness was 1 mm, the diameter was 40 mm,
and the oscillation range was up to 700 KHz. First, the fre-
quency dependence was studied for the elastic ceramic mod-
ules from the determination of ten resonance frequencies.
Then, the frequency dependence of ds,and &}; modules
was determined from the measured values of the sample
conductivity. For this purpose, we used the expression for the
electrical conductivity obtained from the solution of the radi-
al oscillations of the disc considering its thickness.

" The research is done within the frame of the independent R&D.
“"E-mail: epohrbats@gmail.com, igorro@rambler.ru, kruglov@sfedu.ru
"™ PaGoTa BBINONHEHA B pAMKaX HHUIHaTHBHOM HIP.

Bseoenue. TIpuHATO CUUTATh, YTO INEKTPOYIPYIUE MOIYIH
HE 3aBHCAT OT aMIUTUTYIbI U YacTOTHl KoyiebaHui. DTo moj-
XOJ] OTPaXEH B POCCHICKUX U 3apyOeKHBIX CTaHAApTax I
OIIpE/IeNICHNs] TIOJTHOTO Habopa JIEKTPOYNPYTHX MOIyiei
Mbe30KepaMuKy. Hampumep, A onpeneneHus Mbe30MOIyIIs
d31 obpasia B popMe JrcCKa HEOOXOIMMO TPOBECTH H3MEpPE-
HUS B TPEX YaCTOTHBIX OOJIACTAX: B OOJIACTH MEPBOTO W BTO-
pOTO PE30HAHCOB, B 00JACTH aHTHUPE30HAHCA W HA YACTOTaX
MHoro Hiwke | kI'm. B cBsi3u ¢ 3TUM mpenmnosaraercs, 4To
MpHA OMpeAeTeHUun d3; MOIYIH HCCIeTyeMOW KepaMHKH B
nuana3ose yactotT oT 1 KI'y 1o BTOoporo pe3oHaHca He 3aBU-
CST OT YaCTOTHI.

Llenplo aHHOI PaboOTHI SIBISIETCS MCCIEIOBAaHUE 3aBHCHUMO-
CTH OT YacTOTHI DJIEKTPOYNPYrHX Moayied kepamuku. [Ipm
3TOM HCIoNb3yeTcs obpaszen B popme mucka nz L[TC (ump-
KOHATa-TUTAHATa CBUHIIA).

Mamepuanvt u memoosi. VIcnonb30BaHbl METOBI TOCTAHOB-
KA M peIeHUs 3aJad CTAllMOHAPHOW 3JIEKTPOYHNPYroCTH H
paslensl TEOPETHIECKUX OCHOB DJIEKTPOTEXHHKH. Jliist peanu-
3allMM METOJa KOHEYHBIX DJIEMEHTOB IIPHMEHEHBI METO] BO3-
MYLIEHUH U nakeT NpukiagHbeix nporpaMmMm ANSYS. Pesyib-
TaTHl SKCIEPUMEHTOB 00padoTansl B cpene MATLAB.
Pesynomamor uccneoosanus. Jns neezokepamuku L[TC wuc-
CJIEZIOBaHBI 3aBHCHMOCTH OT YaCTOTHI Pa3UYHBIX MOIyJCH
(MIbe3037EKTPHYECKUX 3y, AMIIEKTPHUECKUX E53 M YPYTUX
MOJyJell THOKOCTH Si1,S12,S13)- PACCMOTpEHBI paanaibHbIC
KoJicbanust oOpasna B Gpopme AKCKa C 3IEKTPOJAaMH Ha TOP-
nax. TonmmmHa 06pasma — 1 MM, nuamerp — 40 MM, Tuamna-
30H konebanuii — gm0 700 K['u. Chavana wuccinenoBanach
YaCcTOTHAs 3aBUCHMOCTb JIJISl YIIPYTUX MOAYJICH KEpaMHUKH U3
OTIpENIeNICHAs] JIECATH PE30HAHCHBIX YacTOT. 3aTeM 110 U3Me-
PEHHBIM 3HA4YCHHUSM IPOBOAMMOCTH oOpasia Obuia ompene-
JileHa 3aBHCHMOCTL OT 4acTOTBI Momyieil ds; U €5, C 3Toit
LENBI0 HCTIONB30BANIOCH MOJTYYEHHOE B paboTe BBIpaKCHHE
JUTSL 3JIEKTPHUUYECKON IPOBOMMOCTH M3 PELICHHS PaAuaIbHBIX
KOJICOAHHIA IUCKA C YIETOM €TO TOJIIHHBL.
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Discussion and Conclusions. A technique is developed for
determining the frequency dependence of LZT piezoelectric
ceramic modules. The disc-shaped sample was studied in 15-
650 KHz frequency range. It is shown that in the range up to
650 KHz, sq1, S12,S13 elastic modules with E superscript (it
is omitted) or measured at dc field are practically independ-
ent of frequency. In the specified range, €55, d31, kp con-
stants have an insignificant frequency dependence for the
considered radial oscillations.

Keywords: piezoelectric ceramics, electroelastic modules,
equivalent circuit, frequency dependence, disc, finite-element
technique, perturbation method.

For citation: V.V. Madorsky, et al. Study on frequency de-
pendence of polarized piezoceramics constants in equivalent
circuit at weak electric fields s (part III). Vestnik of DSTU,
2019, vol. 19, no. 2, pp- 143-150.
https://doi.org/10.23947/1992-5980-2019-19-2-143-150

Obcyscoenue u 3axnmouenusi. PazpaboTaHa MeTOIuKa ISt
OTIpeNIeNICHNs] 3aBUCUMOCTH OT YaCTOTHI MOIYyJIeH Mbe303JIeK-
Tprueckoil kepamuku L[TC. Obpazen B popme aucka uccie-
JoBatics pu quarnaszoHe yactoT 15-650 KI'n. Iokaszano, yto
B nuanasoHe no 650 KI'm ympyrue Monymu Siq,S12,S513 C
BEPXHUM HHAEKCOM E (OH OMyIIeH) WM H3MEPEHHBIE IMpU
MIOCTOSIHHOM DJIEKTPHYECKOM MOJI€ MPAKTUYECKU HE 3aBUCST
OT YacTOTHL. B ykazaHHOM JMana3oHe KOHCTaHTHI €53, d3), k,
IUI PacCMaTpUBAEMBIX paJUalbHBIX KoJeOaHUH MMEIOT He-
3HAYHUTENFHYIO YACTOTHYIO 3aBUCHMOCTb.

KiroueBble c10Ba: Nbe303JIEKTpUUECKas KepaMHKa, HIICKT-
pOyIpyrue MOJYJH, CXeMa 3aMElICHUs, 3aBUCHMOCTh OT
YaCTOTHI, AUCK, METOI KOHEUHBIX 31eMeHTOB, ANSYS, Meton
BO3MYILIEHHH.

Oébpasey ona yumuposanus: Manopckuii, B. B. Hccnen
OBaHME 3aBHCHMOCTH OT 4aCTOThI KOHCTAHT MOJISIPU30BaHHON
MbE30KEPAMHUKN B CXEMaxX 3aMeIleHHMs TIPH CIa0bIX JJIEKTPH-
yeckux noysix (dacte III)/ B. B. Manopckuii, 1. E. Poros,
A. K. Kpyrnos // Bectauk [lon. roc. TexH. yH-ta. — 2019. —

T.19, Ne2. — C.143—150. https://doi.org/10.23947/1992-
5980-2019-19-2-143-150

Introduction. A significant number of papers study and develop mathematical methods for solving problems
of piezoelectric body oscillations. Being a component of the piezoelectric devices, piezoelectric elements serve to excite
and register oscillations caused by external effects. The selection of piezoelectric material for measuring transducers
and the analysis of their characteristics requires a large amount of information on the parameters of materials. Such in-
formation includes:

- a complete set of electroelastic modules [1],

- losses,

- analogous electrical circuits, or equivalent circuits of piezoelectric elements [2].

The reactive dynamic parameters (L, C) of the equivalent circuits are determined by elastic dielectric and pie-
zoelectric modules, as well as by the density of piezoceramics [3]. It is considered that the electroelastic modules - the
equivalent circuit parameters are constant; they do not depend on the amplitude (weak electric fields) and on the oscilla-
tion frequency. All this is reflected in the Russian [4] and foreign [5, 6] standards for determining a complete set of
electroelastic piezoelectric ceramics modules. For example, to determine d;; piezo-module of a disk-shaped sample, it is
necessary to carry out measurements in three frequency domains: in the first and second resonances, in the antireso-
nance region, and at frequencies much below 1 kHz. Accordingly, it is assumed that when determining ds;, the mod-
ules of the ceramic under study in the frequency range from 1 KHz to the second resonance are independent of frequen-
cy.

The work objective is to study the frequency dependence of electro-elastic ceramic modules. In this case, a
disc-shaped sample from LZT (lead zirconate titanate) is used, as precisely this type of ceramics is most well known.
The ANSYS program [7] is used to verify the correctness of the presented methodology.

Materials and Methods. Consider a piezoelectric disk with the thickness of 2/ and the radius a. We introduce
a cylindrical coordinate system (r, ®, z) where z axis coincides with the direction of the polarization axis. The coordi-
nate plane z = 0 coincides with the midplane of the disk. Based on the known linear piezoelectric ratios, the equations of
the continuum dynamics [1] and Maxwell equations [8], the system of equations for the axisymmetric oscillations of the
piezoelectric disk can be written as follows:

0Ty + 03 Tyy + 28 4 p?U = 0,

0Ty, + 03T,y +72+ pw?W = 0; 0,D, +03;D, +22 = 0. )

Henceforward, the following notations and definitions are introduced: U, W are mechanical displacements along r, z
coordinate axes, respectively; o is circular frequency; p is density; Ty, are mechanical stresses; D,., D, are compo-
nents of the electric induction vector; d, and d3 are operators of derivatives with respect to » and z.
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In case of axial polarization, the linear piezoelectric effect equations for weak electric fields in the cylindrical
coordinates can be written as follows [1]:

Ty = €110,U +¢pz % +¢130: W + €310 ¢,

Toe = €120,U + C11%+ 1303 W + e3,03 @,

T,, = c130:U + c13 g + 3303 W + e3305 o, (2)
D, = e3,(0,U + %) + €3303 W — €3303 9; D, = €15(03U + 0, W) — €110, .

The following notation is introduced in the relations (2) and further: ¢, are elastic constants in the matrix des-
ignation measured on samples with shorted electrodes or at the constant electric field E (£ upper index of the ceramics
constants is omitted here and further); e, are piezoelectric constants; €, are clamped dielectric constants; ¢ is electric
potential where E = —grad ¢ [2, 8].

Assume that the boundary conditions are set at the electrode ends and on the lateral surfaces of the disk [1, 2]:

atz=+h T,, =0; T, =0; @ =2V, 3)

atr=a T, =0; T, =0; D, =0. (4)
In (3), 2V value is electric potential difference applied to the ends [2, 8]. Let us introduce dimensionless coordinates and
quantities from the formulas:

r z h P P p c25
=-; =—-s=—-Q=wh/—-Q =wa |5 ; C;; =Cyq ——.
§ a’Z h’ a’ can’ @ PRt 11

The solution to the boundary value problem (1-3) consists of the sums of two solutions:

- homogeneous solution at zero boundary conditions at z = +/;

- particular solution that satisfies only nonzero conditions at the ends (3).

The constructed system of homogeneous solutions will enable to further satisfy the boundary conditions (4) on
the lateral surface (as a rule, using variational methods).

It is not difficult to construct the particular solution DY = const and D = 0, which satisfies automatically the
third equation from the system (1) and the boundary conditions at the ends (3). According to the first two equations of
the system (1), the mechanical and electrical components of the particular solution are equal:

€33C
T = Tgo = Alesy + ——)xsin(x)) + essK; U° = 0; T, = 0;
33
©° = Kh{+ Ahsin(x0); D = —e33K; T, = e33K + ef;Ax cos(x0);
)
v ess v 1

=% K= —————.
h e?,(x cos(x) — kZ sin(x)) hoy_ g2 tanCo
X

The following notation is introduced in (5):

X=Q\/%; e§3=e33+c3:#; kt2=1—z%3.
33 33 33

If the vector of external forces and the electric potential are zero on the end surfaces, then the construction of
homogeneous solutions is associated with the definition of the dispersion equation roots [9]. For symmetric oscillations,
the dispersion equation has the following form:

a,M,tan"1(B,) = 0,(n=1,2,3). (6)

The following notation is introduced in (6):

Ay = @Pciskin + Cazkon + e33kan; by = kinBn + kon;
M, = byks3 — bsksa; My = bzksy — byiksz; M3 = biks; — byks,.
Here, k,,,, are algebraic compliments to the elements of the third determinant row of the system for symmetric oscilla-
tions (1); B, is binary cubic root from [9], a is non-dimensional wave number of oscillations along r axis.

To find the roots (a) at the given values of €, it is necessary to solve the dispersion equation (6) in combina-
tion with the binary cubic. A detailed analysis of the dispersion equation roots of symmetric lossless oscillations for the
piezoelectric layer is given in [9], considering losses — in [10]. It is the sum of the particular and homogeneous solutions
that will allow satisfying the boundary conditions both at the ends and on the lateral surfaces of the disk.

With an arbitrary ratio of disk sizes, the inverse problem of its forced oscillations (1—4) is very difficult to ana-
lyze and has a finite analytical solution only in some special cases (for example, oscillations of a thin disk or without
considering its thickness when € <« 1). Therefore, when determining the modules of ceramics, it is more convenient to
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solve the inverse boundary problem using approximate methods with allowance for thickness corrections for low-
frequency radial oscillations of the disk. In this case, we can get an analytical solution in the form of finite formulas. In
this paper, we seek the solution in the form of expansion with respect to € small parameter:

o =202 +ve*Ql + Q... U=U, +€2Q2U, +*QLU, +... @)

Here, U,, is vector function with U(U, W, ¢) components; # is the order of the constructed approximate theory of sym-
metric disk oscillations considered in the paper; 7y, n are unknown constants which depend on the modules of piezoelec-
tric ceramics, they are determined from (1, 2) and satisfy the homogeneous (zero) boundary conditions (3).

Omit the cumbersome manipulations. We confine ourselves to the terms with €° to determine a* wave number,
the terms with €2 for U vector function in (7), and we give the final result of the considered boundary value problem
with the boundary conditions (3) at the ends [11]:

Gy Sz, 2% a3 —Sim
Poeh(s1 +512)] €33 S11t+Sp

Y - 2 )
3c53 S11

2 2ct; .
n =y<1—5t+?33+y) + piezo;

t2 d31
45cf18§3(1—k12,) [511+512
Here, S, are flexibility modules with £ constant; d3; is piezo-module; k, is planar coupling coefficient; v is planar
Poisson ratio; €15 is free dielectric constant of the disk.

Next, we introduce the following definitions and notation: a = £2Q2 is approximate zero-order wave number;

o =202 +ye*Q?} is approximate wave quadratic number; o = £2Q,% + ye*Q,* + neQ,° is approximate quartic wave
number; C is disk capacity.

Table 1 presents the results of the exact solution of the wave number (o)) of the PZT4 ceramics depending on the
frequency from the dispersion equation (6) and an approximate calculation from (7) at € = 0.033 for various approxima-

piezo = — ¢} (2tdsy +ds3)]?

tions of a,,.
Table 1

An example of calculating wave number (o) at various frequencies for the piezoceramic disk under study

1, kHz Q o from (6) a o ay ¢ piezo =0 Oy
50 0.085 0.045055 0.045049 0.045055 0.045055 0.045055
250 0.425 0.2262 0.2252 0.22603 0.22605 0.2261
500 0.85 0.4578 0.4505 0.4568 0.4574 0.4575
700 1.1903 0.6522 0.6307 0.64777 0.6514 0.6518

The results given in Table 1 show that for the disk 1 mm thick and with frequencies up to 700 KHz, the cal-
culation of the wave numbers from the dispersion equation (6) and the approximate calculation for a4 almost coincide,
and the piezo correction can be neglected. In this case, the decomposition (7) for a? depends only on the disk geometry,
density, and moduli of flexibility — 14, S12, S13.

Omitting the relatively cumbersome manipulations, we give the expression of ¥ conductivity for the piezoelec-
tric disk. It is obtained from the approximate solution (7) for various &2.
Y000 is zero approximation of € = 0, or the known equation of radial oscillations of a zero-thickness disk:

0(0 ]1(x)
x=—; Y000=wC|1—kZ+k2(1+V) >
€ ( P xJo(x) = (1 =v)J; (%)
Y040 is approximate quartic wave number:
— %, — _ 12 2 N F1C
x =% Y040 = wC (1 kZ + k(1 + V) o2 ). ®)

Y042 is approximate quartic wave number, quadratic particular solution:
O%e2 x
—— + k2(1+ V) S(x) >
xJo(x) = (1 =v)J; (%)

T
3€33C33
Y242 is approximate quartic wave number, quadratic homogeneous and particular solution:

Y042 = wC <1 - kg + Cha

0%e} J1(x) “2633513
Y242 = wC (1= Kk2 + oy ——— + k2(1 + v) 2 1—cCp——-")|;
( P 3T 2, p(1+V) zn ( 44 3el 2, )
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zn = [xfo(6) — (1 =) ()] [1 + e2ade (5 + 5)| - e2ady /o (0); ©
o — o €33C13 _ dz;
LT ey S11t Si2

Table 2 shows the numerical analytic calculation results. The conductivities of the exact solution (5, 6) and
approximate solutions (8, 9) with respect to €2 were found using the MATLAB program [12]. For the disk made of
PZT4 [13] with the thickness of 1 mm and the diameter of 30 mm, numerical calculations were carried out in the AN-
SYS and ACELAN systems [14]. The latter software package was developed by the employees of the Southern Federal
University (SFU) and focused on the calculations of piezoelectric devices.

Table 2
Conductance calculation for various frequencies
Frequency, kHz | ANSYS, Cm/m | Solution (5,6), Cm/m | Y000, Cm/m | Y040, Cm/m | Y042, Cm/m | Y242, Cm/m
350 5.03 5.032 4.9688 5.014 5.0457 5.028
554.4 8.74169 8.741029 8.478 8.5864 8.73237 8.735
700 10.98 10.97 10.376 10.682 10.957 10.96

Table 2 shows that in the construction of approximate theories of the type (8, 9), it is required to use the de-
composition (7) to calculate the wave number at least of the second order.

Research Results

1. Study of the dependence of the elastic ceramic moduli on frequency. For a sufficiently well-studied PZT
piezoceramics, we will investigate the frequency dependence of the following modules: piezoelectric dg;, dielectric €5,
and flexibility modules - s;4, 512, S13. Consider low-frequency radial oscillations of a disc-shaped sample with elec-
trodes on the ends. The sample thickness is 1 mm, the diameter is 40 mm, and the oscillation range is up to 700 KHz.

First, we study the frequency dependence for elastic modules. To do this, according to [15], we precheck the
first three resonant low frequencies f, (the major resonance and its two overtones). Elastic constants are determined
from the solution of the frequency equation (9) of the radial oscillations of the disk considering € relative thickness:
three equations for three unknown variables. It is € relative thickness that distinguishes the above frequency equation
(9) for radial oscillations of the finite thickness disk from the known frequency equation for radial oscillations of the
disk with “zero thickness” [15]:

RJR) = (1 -v) Ji(R).

The introduction of € thickness correction into the solution of the known equation of radial oscillations of a
disc-shaped sample improves the accuracy and measurement informativeness of the elastic modules.

The elastic compliances determined by [11, 15] through the technique of three resonances for the considered
ceramics turned out to be equal:

s11=12.29¢ — 12, 51, =-4.05¢ — 12, 513 =-5.28e — 12.

Table 3 shows the first ten resonant frequencies for the PZT19 ceramics. In the “Experiment” stock, the fre-
quencies measured on the WK 6500B conductivity measuring device at the Institute of High Technologies and Pie-
zotechnics at the Southern Federal University are given. In the “Analysis” line there are S;1, Sy, S13, calculated by the
formula (9) for the frequency-independent elastic modules defined by [11, 15]. Measurement errors did not exceed the
values recommended by the standard [4].

Table 3
First ten resonant frequencies for PZT19 ceramics
Resonant frequencies f,, KHz
Experiment 50.8 | 132.8 | 211 2884 | 364.6 | 4394 | 513.2 | 585.4 | 6544 | 722.8
Analysis 50.8 | 132.8 [210.95| 288.1 | 364.8 | 440.7 | 516 590.4 663 735.4

Table 3 shows that in the frequency range up to 600 KHz, the difference between the calculated and experi-
mental data with constant elastic moduli does not exceed 1%, therefore the following conclusion can be made: “For the
ceramics considered, S;1,S12,S13 ¢lastic modules with E superscript (it is omitted) or measured at a constant electric
field are practically independent of the frequency in the range up to 650 kHz.”

2. Study of the dependence on the frequency of d; and €}; modules. We use the expression (8) for Y040
conductance from the solution of the radial disk oscillations considering its thickness, as well as the values of imaginary
parts of the complex conductivity of the piezoceramics under study measured at room temperature. In this case, it is
possible to investigate the dependence of d3; and €% modules on the frequency in the range from 10 KHz to 600 KHz.
To determine two unknown ds; and €55, measure Y at two frequencies — f;, f>. The difference between ds; and €5 is
selected so that we can neglect the dependence of ds; and €%; modules on the frequency in f;— f; range.

Machine building and machine science

147



http://vestnik.donstu.ru

148

Vestnik of Don State Technical University. 2019. Vol. 19, no. 2, pp. 143-150. ISSN 1992-5980 eISSN 1992-6006

In this paper, two conditions are introduced:

1) f,—/f1=200Hz;

2) the conductivities are calculated for an ideal piezoelectric body or without considering losses, therefore the
frequencies of resonances or in the neighborhood of resonances are not taken into account.

As a result, we obtain an easily solvable system of two linear equations with respect to two unknown Hewms-
BeCTHBIX kj and €15.

Fig. 1 shows k2, ds and €%5/¢, dependences on 10-650 kHz frequencies.

2
- T . i
1.5 "
1
0.5
b‘_,-i‘-t"'*’""’ """ ey’ S Lt ot O P,
0 T
- &53/&
-0.5 —- kﬁ
-1 - dy -10710
15 ‘.\=_\‘ N
-2
10 100 1000

Frequency, kHz
Fig. 1. Piezoelectric parameters — frequency dependences

Here, €, is the dielectric constant of the vacuum. In the range from 15 to 650 KHz, kj coupling coefficient
first increases with frequency growth from 0.28 to 0.34, and then decreases to 0.26. d3; piezo-module has a similar fre-
quency dependence: at 15 KHz, from —1.50e ~ ' to maximum of 1.661e ~'°, and then decreases to 1.31e ~'°. The relative
dielectric constant decreases monotonically with increasing frequency from 1766 to 1455.

Fig. 2 shows frequency dependences in the range of 1-10 KHz measured and calculated from the formula (9)

of the ceramics capacity with the constant modules defined according to OST [4, 15].
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Fig. 2. Piezoceramics capacity — frequency dependence

There is sharp difference between two PZT ceramics capacities for low frequencies. This probably explains the
dependence of the ceramics parameters on the frequency below 15 KHz (see Fig. 1). This implies a higher degree of
dispersion — first of all, of d3; piezo-module d31. This issue will be considered in greater detail in the next paper
(e33"T, d31, k, constants are investigated in the low-frequency range).

Discussion and Conclusions. A technique has been developed for determining frequency dependence of the
PZT piezoelectric ceramic modules. The disk-shaped sample was studied within the frequency range of 15-700 KHz. It
is shown that in the range up to 650 KHz, s;4,5;2, 513 elastic modules with E superscript (it is omitted) or measured at



Madorsky V. V. et al. Study on frequency dependence of polarized piezoceramics constants in equivalent circuits

a constant electric field are practically independent of frequency. In the indicated range, €53, ds;, k, constants for the
radial oscillations considered have an insignificant frequency dependence.

Only the frequency dependence of real part of the ceramic modules was studied, the losses were not consid-
ered. Therefore, the experimentally obtained frequency dependences of the imaginary part of the ceramics conductivi-
ties were measured far from resonances, where the effect of losses was absolutely null. Even so, in the future, both the
real and imaginary parts of the modules must be considered. This means that losses are included. This problem is sup-
posed to be studied considering the frequency dependence of the complex modules of the ceramics under study.

In the present paper, the radial oscillations of the sample are considered to obtain more complete information
when measuring a larger set of constants (except for the piezoelectric and dielectric modules, s;1,S;5, 513 elastic mod-
ules are measured). This technique can be extended to other forms of samples (rods, plates, etc.), since in these one-
dimensional problems, there is a simple replacement of Bessel functions by trigonometric functions.
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Introduction. Polymeric materials (PM) are increasingly used
in various industries and agriculture. Under the action of UV
light, PM are destroyed. UV stabilizers are used to protect PM
from photodegradation. Their action is based on the absorption
of the photoactive sunlight component or on the deactivation
of excited molecules that have already absorbed a light quan-
tum, as well as on the inhibition of dark light-induced reac-
tions. The work objective is to provide a comparative analysis
of compounds of the sterically hindered phenols (SHP) series
and nitroxide radicals (NR) as the PM photodegradation inhib-
itors.

Materials and Methods. Reagents of the “purum” grade,
LDPE premium grade 15803-020 polyethylene film were used
for the investigations. The stabilizer was applied to the film by
dipping. Carbonyl groups in polyethylene were determined by

IR spectroscopy. IR spectra were recorded on Varian-640

instrument.
Research Results. 2,4,6-tri-tert-amylphenol (1), 2-methyl-4,6-
di-tert-butylphenol 2), 4-acetylamino-2,2,6,6-

tetramethylpiperidin-1-oxyl ~ (3),  3-carboxamido-2,2,5,5-
tetramethylpyrrolin-1-oxyl (4) were tested as stabilizers for
photo-oxidative degradation of polyethylene. It is known that
the accumulation of carbonyl and hydroxyl groups is recorded
in PM samples under irradiation in the process of photodegra-
dation through the IR spectroscopy. The absorption band of
the carbonyl group at 1720 cm™ ' appears in the IR spectra of
oxidized polyethylene. The IR spectra analysis shows that the
content of carbonyl groups in the check samples is significant-

ly higher than in the samples treated by stabilizer solutions.

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

Bseoenue. Tonmmepusie matepruains! (IIM) Bce mmpe UCIONb-
3YIOTCSI B PA3JIMYHBIX OTPACISIX MIPOMBIIIIEHHOCTH U CEIbCKO-
ro xo3sicrea. [lon nelictBuem Y®-csera [IM paspymatorcs.
Jnsa 3amuter [IM ot QoTomecTpykuuu mpumenstorcs Y O-
cTabmnm3aropel. VX feiicTBHe OCHOBaHO Ha MOTJIOLIICHUH
(hOTOXUMHUYECKH aKTUBHOM KOMIOHEHTHI COJHEYHOTO CBETa
WIN HAa JEaKTUBAIMH BO3OY)KAECHHBIX MOJEKYJ, yXKe IOTJIO-
TUBIIMX KBaHT CBETa, a TAaKKe HAa TOPMOXKCHHH TEMHOBBIX
peakiuii, MHIYIHPOBaHHEIX cBeToM. Llenp paboTsl — cpas-
HUTENBHBIA aHaJM3 COEIMHEHWH W3 psja NMPOCTPAHCTBEHHO-
3arpyaHeHHBIX (eHonoB ([13D) 1 HUTPOKCHUITBHBIX paTUKaIoB
(HP) B xauectBe nHrnOUTOPOB hoTomecTpyKIMHU [IM.
Mamepuanet u memoowi. sl MCCIENOBAHUS HCIOIb30BATIH
PEaKTHBBl KBATH(HUKAIUNA «I», MONUITHICHOBYIO IUICHKY
9B s/c 15803-020. Crabuim3aTtop HAHOCHIIM HA TUICHKH
METOJIOM OKyHaHUs. KapOOHMIBHBIE IPYNITEl B ITOJMITHICHE
onpenensimu MetogoMm HMK-cnexrpockonuu. MK-cnexTpsl pe-
THCTPHUPOBAJIN Ha pubope Varian-640.

Pesynomamor  ucciedosanus. B kauecTBe CTaOMIM3aTOPOB
(hOTOOKHCIUTENHHON JECTPYKIMH ITOJMATUIICHA HCIIBITAHBI
2,4,6-Tpu-TpeT-ammieHona (1), 2-meTun-4,6-nu-Tpet-
OyTuigenomna 2), 4-aneruinamuHO-2,2,6,6-
TeTpaMeTUINHUIepuanH-1-okcuma  (3),  3-kapOokcamuio-
2,2,5,5-TeTpaMeTIIIHPPOINH- 1 -okcuna (4).

U3zBectHO, uTO mpu o6mydeHnn B obOpasmax [IM B mporecce
¢doromectpykunu merogom MK-crekrpockonmn ¢ukcupyercs
HaKOIIEHHE KapOOHMIBHBIX ¥ THAPOKCHIBHBIX rpymm. B K-
CIIEKTpaxX OKHCIEHHOTO MONMATHICHA MOSABISETCS I10JI0ca
HOTJIONIeH!Us KapOOHMIBHOM rpynmoii npu 1720 cM . Anamis
WK-crieKTpoB TOKa3bIBaeT, YTO COJACPIKaHUE KapOOHMIBHBIX
rpynn B KOHTPOJBHBIX 06pa3uax 3HAYUTCIBHO BBIIIC, YEM B

00pasiax, 00paboTaHHBIX PACTBOPAMH CTAOMIIN3aTOPOB.
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Discussion and Conclusions. The experiments show that ni-
troxide radicals of 3-carboxamido-2,2,5,5-tetramethylpyrrolin-
1-oxyl series and 4-acetylamino-2,2,6,6-tetramethylpiperidin-
1-oxyl are the best photostabilizers of polyethylene. Moreover,
there is no significant difference between the radicals of the
2,2,6,6-tetramethylpiperidine and 2,2,5,5-tetramethylpyrroline
series. Sterically hindered phenols, under photodegradation,
have a far smaller stabilizing effect, falling short of nitroxide

radicals.

Keywords: polyethylene, photostabilizers, phenols, nitroxide
radicals.

For citation: 1.Yu. Zhukova, et al. Comparative characteristics
of sterically hindered phenols and nitroxide radicals as stabi-
lizers of polyethylene photodegradation. Vestnik of DSTU,

Obcyscoenue u 3akmodenus. DKCIIEPUMEHTHI MOKA3alIM, YTO
ayymuMK - GoTocTabuiIn3aTopaMH  HOJNMATHICHA SBISIOTCS
HHUTPOKCUIIbHBIC

panuKasl 3-kapOokcamugo-2,2,5,5-

TEeTPaMETHWINHPPOIUH-1-okcun U 4-anetunamuno-2,2,6,6-
TeTpaMETHIINUNEPUANH-1-okc1. [IpuueM HeT CyliecTBEeHHON
2,2,6,6-

TeTpaMeTWINUIEpUaArHa U 2,2,5,5-TeTpaMeTUIIUPPOINHA.

Pa3HUIIEI MEXTy paguKataMu psma
IIpocTpaHCTBEHHO-3aTpyJHEHHEIE (DEHONBI B YCIOBHAX (HOTO-
JECTPYKIIMN OKa3bIBAalOT 3HAYMTEIHHO MEHBIEe CTaOMIH3H-

pyromiee ﬂeﬁCTBHG, yCeTynass HUITPOKCUWJIBHBIM paJIuKajlaM.

KnwueBsble c10Ba: noaudTHICH, HOTOCTAOMIN3ATOPEI, peHo-
JIbI, HUTPOKCHJIbHBIE PaJIHKAIIBL.

Oobpa3zey ona yumupoeanusn: CpaBHUTENbHAS XapaKTEPUCTH-
Ka MPOCTPAHCTBCHHO-3aTPYTHCHHBIX ()EHOJIOB U HUTPOKCHIIb-
HBIX PaJIMKAJIOB KaK CTAOUIN3aTOPOB (POTOACCTPYKIMH TTOJH-
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Introduction. Polymeric materials (PM) are increasingly used in various industries and agriculture. With a
sufficiently high resistance to climatic factors, the PM performance decreases when affected by humidity and tempera-
ture, as well as the ultraviolet (UV) component of the solar spectrum: in this case, radical particles are generated in the
polymer, and transformations that cause material destruction occur [1, 2]. If in a PM there are products of its oxidation,
for example, ketones, then they are photoinitiators of the decomposition process of the polymer. To protect the PM, it is
required to ensure the interaction of radicals and highly efficient light stabilizers [3]. For this purpose, UV stabilizers
are used which can act as follows:

- they absorb photoactive components of the sunlight;

- they deactivate excited molecules that have already absorbed a quantum of light;

- they inhibit dark light-induced reactions;

- they destroy or deactivate photoactive impurities and photoreaction products [4, 5].

Sterically hindered phenols (SHP), sterically hindered amines (SHA), and nitroxide radicals (NR) are widely
used as UV stabilizers for polymers [6, 7]. The SHP act as chain terminators. Since the addition of mobile hydrogen to
the primary radicals of the polymer photolysis is an oxidative reaction, the stabilizers themselves are easily oxidized [3].
Under photodegradation, the SHA form stable NR interacting with the alkyls of polymers which causes the photodegra-
dation chain breaking [2].

The work objective is to provide a comparative analysis of compounds from the SHP and NR series as the PM
photodegradation inhibitors.

Materials and Methods. Reagents of the “purum” grade of the Aldrich company, and high-pressure polyeth-
ylene film (LDPE 15803-020, GOST 16.337-77) 0.2 mm thick were used for the investigations. Photo-oxidative degra-
dation stabilizers of the compound:

- from the NR series — 3-carboxamido-2,2,5,5-tetramethylpyrrolin-1-oxyl (1), 4-acetylamino-2,2,6,6-
tetramethylpiperidine-1-oxyl (2);

- from the SHP series — 2-methyl-4,6-di-tert-butylphenol (3) and 2,4,6-tri-tert-amyl-phenol (4).

The surface treatment of the film for applying stabilizer solutions was carried out as follows: samples of 5x5 cm
were fixed in a cassette without damaging the working part of the sample, washed in warm water, blotted with cotton
cloth, degreased in acetone and dried for three minutes in air at 20 —25°C.

To prepare stabilizer solutions, 50 ml of toluene were poured in each of twelve 100 ml capacity measuring
flasks, and the stabilizers (1-4) were added in a volume of 0.01; 0.005; 0.0025 mol. Then, the contents of the flasks
were made up to the mark with a solvent. The resulting solutions were used to process film samples.

The prepared film was dipped into a beaker with the solution of a UV stabilizer [8, 9] of the desired concentra-
tion for 30—40 min. Then, the sample was removed from the solution and kept over the beaker for 3—5 minutes so that
the excess solution drained from the treated surface. The sample was completely dried being suspended.

For each stabilizer solution concentration, 5 film samples were tested. 120 samples were tested in total: 60
pieces — under the natural conditions and as many — under the simulated conditions. 10 check samples (CS) were not
treated with stabilizers.



Zhukova 1. Yu. et al. Comparative characteristics of sterically hindered phenols and nitroxide radicals as stabilizers of polyethylene

After testing, the IR spectra of the check and experimental samples were taken. IR spectroscopy determined

the content of carbonyl groups in the samples [10, 11]. IR spectra were recorded on Varian 640 instrument.
Research Results. Field tests are the most reliable method for determining the PM resistance to UV exposure.
To reduce the experiment time, quick tests in a lab environment are used. The samples were subjected to photodegrada-
tion with a UV stabilizer ((1-4) compounds) and without it. In this case, the samples were affected by:
- the sun, a natural source of UV rays — within 365 days (field tests according to GOST 9.708-83);
- axenon lamp, an artificial source of UV rays (flux density of UV radiation of 68 W/m? in the range of
wavelengths of 300-400 nm, GOST 9.708-83) — for 504 hours.

It is known that in the process of photodegradation through IR-spectroscopy, the carbonyl and hydroxyl groups
are accumulated in the PM samples [1, 12]. But the yield of hydroxyl groups is a few dozen times less than carbonyl
groups[12], therefore, the rate and degree of the polymer degradation is determined by the concentration of carbonyl
groups according to the respective absorption bands in the IR spectrum [10].

The analytical IR-spectroscopy application to the determination of the film oxidation rate is based on the dif-
ference in the spectra of the processed and not processed (check) samples. After UV irradiation, the absorption band of
the carbonyl group at 1720 cm™ ' (stretch vibrations of the carbonyl group are C = O) appears in the IR spectra of poly-
ethylene (PE). This band is analytical for the quantitative analysis. At the maximum of the absorption band at 1720 cm™
!, the optical density value was determined by the baseline method. Calculations of the content of carbonyl groups in the
samples were carried out by the well-known methods [10]. The research results are shown in Tables 1 and 2.

Table 1
Carbonyl groups content in polyethylene samples * treated with stabilizer solutions, under irradiation of xenon lamp,
artificial ultraviolet source

Stabilizer solution
No concentration
mol/l 0.1M 0.05M 0.025 M
Stabilizer

name

Content of C = O groups, %

1 3-carboxamido-2,2,5,5-tetramethyl-pyrrolin-1-oxyl

) 0.02
2 4-acetylamino-2,2,6,6-tetramethyl-piperidine-1- o o 0.025
oxyl (2)
3 2-methyl-4,6-di-tert-butylphenol (3) 0.10 0.25 0.40
4 2,4,6-tri-tert-amylphenol (4) 0.10 0.30 0.45
5 Check sample™ 2.50 2.50 2.50
* No carbonyl groups were found in the sample before testing.
** Not treated with stabilizer solution.
Table 2
Carbonyl groups content in polyethylene samples* treated with stabilizer solutions, under irradiation of the
sun, natural ultraviolet source (exposure period was 365 days)
Stabilizer solution
No concentration
mol/l 0.1 M 0.05M 0.025 M
Stabilizer
name Content of C = O groups, %
1 3-carboxamido-2,2,5,5-tetramethyl-pyrrolin-1-oxyl o o 0.016
(1)
2 4-acetylamino-2,2,6,6-tetramethyl-piperidine-1- o o 0.021
oxyl (2)
3 2-methyl-4,6-di-tert-butylphenol (3) 0.07 0.095 0.16
4 2,4,6-tri-tert-amylphenol (4) 0.06 0.09 0.17
5 Check sample™ 0.35 0.35 0.35

* No carbonyl groups were found in the sample before testing.

** Not treated with stabilizer solution.
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The IR spectra analysis showed that the content of carbonyl groups in the check samples was significantly
higher than in the treated samples. Fig. 1 shows the IR spectra of CS and the samples treated with 0.025 M solutions of
stabilizers (2) and (4) after irradiation with an artificial ultraviolet source.

r 100 %

T T T T T T T T T
= 5% w - w1 =N} ~ @ O
(=] (=} o o o (=] (=} (=] o

T T T
4500 4000 3500 3000 2500 2000 1500 1000 500 0

1720 C=0 - 40

|
[
N
T T T T T T T T
= ™) w v o N © )
o o S =) =} o ) S

T T T
4500 4000 3500 3000 2500 2000 1500 1000 500 0

b)

1720 C=0

T T T T T T T T T
[ 58] w S w1 (=) ~ @ O
o o o o o o o o S

4500 4000 3500 3000 2500 2000 1500 1000 500 0

vV, cm-
c)
Fig. 1. IR spectra of PE-film samples: treated with 0.025 M solution of 4-acetylamino-2,2,6,6-tetramethylpiperidine-1-oxyl (2) (a);
treated with 0.025 M solution of 2,4,6-tri-tert-amylphenol (4) (b); check sample (c). Absorption level is shown on the right vertical
scale.
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The onset of the degradation process in the sample treated with SHP (4) is characterized by the appearance of a
low-intensity absorption band at 1720 cm™ ' in the IR spectrum (Fig. 1, b). Such a band is practically absent in the sam-
ple treated with the stabilizer (2) from the NR series (Fig. 1, a). Consequently, the contribution of NR to the decelera-
tion of photodecomposition processes is much higher than of the SHP.

UV radiation destroyed the CS. This is evidenced by the effect of accumulation of carbonyl groups in the sam-
ple manifested in an increase in the intensity of the absorption band at 1720 cm ! (Fig. 1, o).

Using IR spectroscopy, it was shown that UV-irradiation of PE films causes the accumulation of carbonyl
groups associated with photodecomposition of PE carbon chains. Fig. 2 shows the kinetic curves of the accumulation of
carbonyl groups during the simulated film photooxydation depending on the exposure time.

C(CO), %
25 A
20 1 —a—
2 —a—
3 —
1.5 4 ——
5 —a—
1.0 4
0.5 A
A

0 24 48 72 96 120144168 192216 240264 288312 336360 384408 432 456480 504  t h

Fig. 2. Dependence of accumulation rate of carbonyl groups on time of simulated UV irradiation of samples treated with:

1 —0.025 M solution of 3-carboxamido-2,2,5,5-tetramethylpyrrolin-1-oxyl; 2 — 0.025 M solution of 4-acetylamino-2,2,6,6-

tetramethylpiperidine-1-oxyl; 3 — 0.025 M solution of 2-methyl-4,6-di-tert-butylphenol; 4 — 0.025 M solution of 2,4,6-tri-
tert-amylphenol; 5 — check sample was not processed

The analysis of the data obtained shows that NR (1, 2) and SHP (3, 4) essentially slow down the photoinitiated
oxidation destruction of PE and reduce the number of breaks of macromolecules. This is evidenced by the appearance
of an induction period with an increase in the exposure time (see Fig. 2).

At the initial stage of the experiment, changes in CS are observed. Gradually, the concentration of carbonyl
groups in the film not treated with a stabilizer increases. This is associated with an increase in the rate of oxidation pro-
cesses causing the structure destruction of the PE carbon chains and the formation of low molecular weight active com-
ponents (radical particles). In the PE samples treated with stabilizers (1-4), no changes are observed.

After about 150 hours, carbonyl groups are recorded in the samples treated with SHP (3, 4) solutions; after 220
hours — in the samples treated with NR solutions (1, 2). The accumulation rate of carbonyl groups increases linearly
within 150-200 hours. Further, the dependence is maintained during the whole process of photo-oxidation (up to 504
hours).

The induction period in the presence of NR and SHP can be explained by the ability of stabilizers (1-4) to cap-
ture radicals quantitatively from the first moment; as a result, the process of destruction is inhibited at this stage. In this
case, NR quickly interact with alkyl radicals, and, involving the polymer, they are converted into hydroxylamines capa-
ble of restoring radical particles [6, 7, 12]. SHP can turn into quinones or mono- and diesters of hydroquinones [6],
which are also traps for radical particles.

The samples treated and not treated with stabilizers were also irradiated by a natural ultraviolet source accord-
ing to GOST 9.708-83 for 365 days (see Table 2). The indicator of natural photo-oxidation of PE films was monitored
after 1, 3, 6, 9, and 12 months (Fig. 3).
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Fig. 3. Monitoring of indicator of concentration of carbonyl groups in PE film samples treated with 0.025 M stabilizer
solution (1-4) and check sample (5)

Comparison of samples treated with NR (1, 2) and SHP (3, 4) shows the following: in the first case, the con-
centration of carbonyl groups increases insignificantly, in the second case, the content of carbonyl groups is sequence
higher. In CS, a significant increase in the concentration of carbonyl groups was recorded after 1 month.

It should be also noted that in the course of testing of CS, PE films became brittle, and at the end of the exper-
iment, they broke down, in contrast to the samples treated with stabilizer solutions.

Discussion and Conclusions. It is established that the best photo stabilizers of polyethylene are nitroxide radi-
cals. Significant difference between the radicals of the 2,2,6,6-tetramethylpiperidine and 2,2,5,5-tetramethylpyrroline
was not detected. Under the conditions of photodegradation, the SHP have a less stabilizing effect, yielding to nitroxide
radicals.

The inhibitory effect of NR and SHP is associated with their ability to interact with radical particles formed as
a result of the polymer photodegradation.

The tested compounds from NR class effectively slow down the process of photo-oxidation degradation and
can be recommended for application as polymer stabilizers.
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Study of the working body mechanism in forging-and-stamping equipment’

K. O. Kobzev'™
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H3yuenne Mexann3ma paGo4ero oprana B Ky3He4HO-IITAMIIOBOYHOM 000PYAOBAHMHA

K. O. Koozes'"”

! JloHCKoit TOCYIapCTBEHHBIH TEXHIUECKHiT yHHBEPCHUTET, T. PocToB-Ha-J[oHy, Poccuitckas deneparus

Bseoenue. CraThsi NOCBAILCHA HCCICIOBAHUIO CHHTE3HPO-
BaHHOHN MPUHIUIHAIBHON CXeMbl (PPUKIMOHHOTO KOHTAKTa
TBEPJBIX T€J B Ky3HEUHO-IUTAMIIOBOYHBIX MallMHaX. YcTa-
HOBJIEHAa BO3MOXKHOCTb IIOJIy9€HHS MAaKCHMyMa Harpy304HOH
XapaKTePUCTUKU (PUKIMOHHOTO KOHTaKTa BHYTPH MHTEpBa-
Ja n3MeHeHust koddunuenTa TpeHus. BEIIBIEHHI Be cite-
JYIOIIHE BO3MOXKHOCTH CHJI TPEHUSI ()PUKIMOHHOTO KOHTaK-
Ta: Ha IPaHUIAX YKa3aHHOTO MHTEpBaJa OHH OYIyT paBHBI
TIPY HAIMYUH MaKCHMyMa PaBEeHCTBA; IIPH AAHHBIX yCIOBHSIX
OHH JIOCTUTAIOT HanOOJIbIIEH CTaOMIBHOCTH.

Mamepuaner u memoowi. 1lpu N3MEHEHUH BENUYUHBI yTia
MEHSICTCS MOJIOKEHHE TOYKH MaKCHMyMa. DTO NPHUBOIMT K
HapyILIEHUIO PaBEHCTBA CHJI TPEHUS Ha TpaHUIaX MHTEpBaja
u3MeHeHus ko3 unuenTa TpeHus. B takom ciygae xodg-
(ULIMEHT TOYHOCTH JIOJDKEH OINpPEACNATHCS OTHOIICHHEM
MakcuMyMa (YHKIWH K HAUMEHBIIEMY I'PAaHHYHOMY 3Hade-
HUO. Iy 3TOr0 HEOOXOAMMO YCTAHOBUTH TE€HJCHIINU H3Me-
HEHUsI TPAHUYHBIX 3HaYeHUH (YHKIMHU, CBS3aHHBIE C BapbU-
poBaHMEM BENWYMHBI yria. [[ns pemeHus 3ToM 3amaud HO-
BYI0O BEJIMUMHY TaHIeHca Yrja AaBJICHUs MNPEACTaBUIM B
BHUJIe TIPOU3BeieHNs K03 duIMeHTa BapprpoBaHus Ha 6a3o-
BOE 3HAUEHHE TAHTEHCA yTJia.

Pesynomamul uccredosanus. TlonydeHHbIE pe3yJbTaThl 110-
Ka3bIBAlOT BBICOKYIO CTAOMIIBHOCTH CHIIBI TPEHUS HPH IPO-
CKaJIb3bIBaHUK Ten (pukunoHHoro koHTakta (PK). Onnako
mpu OONBIINX BENMYMHAX YTJA JaBICHHS TyBCTBHTEIBHBIX
3JIEMEHTOB JIaT4NKa-NIpeoOpa3oBaTenss MAaKCUMaJbHAs CHIIA
TPEHHsI KPATKOBPEMEHHO MOXET OBITh IPONOPIHOHATHEHA
TEKyIeMy 3HaYeHUIO KO PUITIEHTa TPEHHSI.

Obcyscoenue u 3axkmovenus. MolepHU3UPOBaHHAS TPHHIIU-
nmuaneHasg cxema @K mo3Bonser TeopeTHUECKH IOIYYUTH
OUY€Hb BBICOKYIO cTaOMIBHOCTH cuilbl TpeHus. PK He nomkeH
oOpamarscs B HOJb B MHTEPBAIe N3MEHEHU K03 GHIHeHTa
TPEeHHsI BHIXOJHOTO MapaMeTpa OCHOBHOHN ()PUKIMOHHOM
rpynnsl (O®I') u npu HanmM4YUKM MakcuMyMa GYHKIMU Harpy-
304HOi crocobHocTH K. HeoOXoauMbIM yCIOBHEM 3TOTO
ABJISIETCS Mepeiaya YyBCTBUTEIBHBIMHU 3JIEMEHTAMHU JOMOJI-
HUTENbHOW (pukinuoHHON rpymmel (JPI) ee mnomHOM
Harpysku.

" The research is done within the frame of the independent R&D.
" E-mail: 5976765@mail.ru
*** Pa6oTa BBINOJIHEHA B paMKax MHAIMaTHBHOW HUP.

Introduction. The synthesized basic diagram of the frictional
contact of solids in forging-and-stamping machines is consid-
ered. The possibility of obtaining the maximum load charac-
teristics of the frictional contact within the variation interval of
the friction factor is determined. The following two possibili-
ties of frictional contact forces are indicated: they will be
equal at the boundaries of the specified interval if there is
maximum balance; they achieve the greatest stability under
these conditions.

Materials and Methods. When the angle value changes, the
position of the maximum point changes. This causes violation
of the friction forces balance at the boundaries of the variation
interval of the friction factor. In this case, the accuracy coeffi-
cient should be determined by the ratio of the maximum of
function to the least boundary value. Doing this requires estab-
lishing trends of changing the boundary function values asso-
ciated with the angle variation. To solve this problem, a new
value of the pressure angle tangent was presented as a product
of the coefficient of variation by the base value of the angle
tangent.

Research Results. The results show high stability of the fric-
tion force under slipping of the frictional contact (FC) bodies.
However, at large values of the pressure angle of sensing ele-
ments of the transducer, the maximum friction force can be for
a short moment proportional to the current value of the friction
factor.

Discussion and Conclusions. The upgraded FC basic diagram
enables to theoretically obtain very high stability of the fric-
tion force. The FC should not vanish within the variation in-
terval of the friction factor of the output parameter of the basic
friction group (BFG) and at the maximum of function of the
FC load capacity. A necessary condition for that is the transfer
of full capacity of the additional friction group (AFG) by the

sensing elements.
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Introduction. The synthesized schematic diagram of frictional contact (FC) of solids in forging-and-stamping
machines is considered. The analysis shows the possibility of obtaining maximum load FC characteristics within the
variation interval of the friction factor. The following two possibilities of frictional contact forces are identified: they
will be equal at the boundaries of the specified interval if there is maximum balance; they achieve the greatest stability
under these conditions. The results obtained show high stability of the friction force during slipping of FC bodies. How-
ever, at large values of the pressure angle of the sensitive elements of the transducer sensor, the maximum friction force
can be briefly proportional to the current value of the friction factor.

Materials and Methods. The FC scheme shown in Fig. 1 is free from this disadvantage.

8 1 5 31[.' 10 MF2 MF1
7 /

/7]
2
F,
F, /ﬂ
hadl
XN

\ /
91 12 4 7 6
Fig. 1. Basic diagram of frictional contact

The master friction group (MF1) includes bodies 1, 2 and 4; the additional friction group (MF2) contains bodies
3, 5 and 10. Between 1 and 2, 2 and 3 bodies, sensitive elements in the form of rolling bodies 7 and 8 are placed in the
profiled sockets.

The difference of the considered scheme is the division of body 2 into two parts, due to which the connection
between bodies 2 and 5 is carried out using body 10 interacting with body 2 through the springs 11. This allows trans-
ferring half of the total load of MF2 from body 2 directly to the rolling elements 8 making them a leading element in the
MF2. The second half of the total load of MF2 is transmitted through the springs 11 from body 2 to body 10, and further
through friction — to body 5. In addition, the place of F; moving force is transferred from body 1 to the rolling elements
7. These differences allow excluding the impact of the pressure rolling 7 on the load distribution between the friction
surfaces in MF1 and MF2 when the friction factor value changes [1].

To restrict to the linear nature of the friction between the bodies 1 and the supporting surface 9, as well as be-
tween the bodies 2 and 10, the rollers 6 and 12 are installed.

The formula for determining the value of the FC friction force depending on the disturbance input is as follows
(at the same values of the feedback gain factor of MF1 and MF2]:

S E =l M
(I+7tga)
where ZFT is total ultimate friction force between bodies 1, 2, 4 and 3, 5, 10; ; F;, is initial clamp force of friction
couples; f is current value of the friction factor between the mentioned bodies; o is pressure angle between rolling
elements 7, 8 and the socket.
It was also established that the function (1) within f;,.../max range of values does not have a maximum since
the friction force of MF1 vanishes at the value of the friction factor of f, =1/tga. . (Here, f.;, and f.x are, respec-

tively, the smallest and largest values that the friction factor can take in actual FC operating conditions for the adopted
combination of materials of friction couples.) The same value corresponds to the imaginary maximum of the function
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(1) since in f,...fnax interval, the FC load is transferred through MF2friction group, the friction force of which in-
creases with f growth. This does not ensure the FC friction force stability despite the fact that it is somewhat higher
than that of the first-generation FC (at values f,;;, = 0.1, fax = 0.8 and tga = 1.125, the accuracy coefficient is equal
to K,=2.5and K, =3.67).

The real maximum of the FC load characteristics within the variation interval of the disturbance input is possible
through modifying MF2 according to the scheme (see Fig. 1). This modification is to reduce the number of friction cou-
ples. To this end, it is necessary to exclude elements 10, 11 from the scheme and to rest body 5 directly upon body 2
through the rollers 12.

In accordance with this, we find:

Fio :(Fn_FpZ)f»

where F., is friction force of MF2; Fyo is control action of MF2 (expansion force on the rolling elements 8).

But
sz = Fthg(l ,
hence,
Fof
F,=—tnl @)
I+ftga

Friction force between MF1 pairs is equal to:
E
Fy= Z[FH —(TTI+FT2)thL}f .
Considering the relation (2), we find
Fy=2F—L—. G)
(I+ftga)
The relation (3) does not contain the difference in the numerator; therefore, this function does not vanish on
any conditions. It only asymptotically approaches zero under the following conditions:
- theoretically unlimited increase in friction factor;
- a maximum at the point corresponding to f, =1/tgo value [2-5].
Summing up the friction forces in the relations (2) and (3), we obtain
3+ ftga
S F =Rt )
(I+/tga)
Differentiating the function (4) by f argument and equating the derivative to zero, we find the value of the
friction factor corresponding to a maximum of the function:
3
Je=—". (5)
tgo

Substituting in sequence f;,, fmax values in the expression (4), and equating the obtained relations to each

o f(m+1)2 +12m ©)
2 finax '

Here, m is relative width of the friction factor interval: m = f .« / fiin -

other, we find:

At the found tga value, the function (6), having a maximum at the point corresponding to the value (5), takes

the same values at the boundaries of the variation interval of the friction factor.
In this case, the coefficient of accuracy is determined by the ratio of a maximum of the function (4) to its any

boundary value (for f,;, or fmax values). Based on this, we get:
2
_ 9(14/max t8) (7)
8 finax t8(3 + finax tg0L)

Set the value of parameter ( tgo ) at which K value is minimal. When tga value changes, the position of the

T

maximum point ( /', ) changes as well. Only the relation (6) establishes the equality of the friction forces on the bound-

aries of the variation interval, therefore, changing the position of the maximum point of the function (4) violates the
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above equality.

In this case, the accuracy coefficient should be determined by the ratio of a maximum of the function (4) to the
smallest boundary value. To do this, it is required to establish trends in the boundary values of the function (4) associat-
ed with tgo value variation [6 —10].

To solve this problem, let us present a new value of the pressure tangent as a product of K variation coeffi-
cient and the base value of the tangent angle in accordance with the expression (6), i.e.:
tga, = Ktgo. . (8)
Based on this, we can write considering (4):
(3 + K 120) Fynan K i 180) fras
(K i 1g0)” (1 Koy tg0)?
Here, the left side corresponds to the FC friction force at f = f,;,, and the right side — to the friction force

at f' = fnax - The solution to the latter inequality with respect to the coefficient of variation is:

- 1)? +12
K e| —o; (m+D)=yim+1)” +12m U(l; +x).
2f max tgo

Since tga > 0, the fraction in parentheses of the left side of the solution is negative, therefore, for K > 1, the re-
sulting inequality is undoubtedly fulfilled, i.e. when f, maximum point is shifted to smaller values, to calculate the
accuracy coefficient, it is necessary to use the value of the FC friction force corresponding to f,,,, value and converse-
ly, when 1> K > 0, it is necessary to take the friction force value corresponding to f,;, value [11-13].

Using this conclusion, we make the inequality of K ; > K form where K, is the accuracy coefficient calculat-
ed with consideration of the equality (8). We have:

(4 Ko 1800 (I tg0)®
KQG+Kfmaxtgo) 3+ fraxtea

The inequality is set up given that K > 1.
Transformation of the resulting inequality to the form

34 (14 K) fonx te0+ Kf 2 tgc > 0

shows the validity of the assumption that K ; > K.

We investigate the ratio of the values of the coefficients of accuracy when the maximum point of the function (4)
is shifted to the region of large values, that is, at K <1. Then, K, > K or

2 2
(m~+ Kf pax t8) . (14 pax tea)
KQ@m+Kf paxtg0) 3+ fhaxtgo
Transformation of the resulting inequality to the form

3m+(m+K)fmathcx—Kf2math20c >0
and the solution of the latter give
M3/ max 1)
(finax 180~ 1fmax tgot
The fraction on the right side of the obtained solution is equal to one at the value

(m+ 1)y (m+1)2 +12m
tgo =
2fmax
which fully corresponds to the solution (6). Therefore, the inequality K., > K is performed if K <I.

K<

>

Research Results. Let us take the final judgment on the stability of the FC friction force for various forms of
load characteristics. For this purpose, we determine the FC accuracy coefficient when the function (4) has a maximum
at f = fmax - In this case, the function monotonically increases in the range of the friction factor variation. At that,

Jmax =3/tgo equality is true. We will get:

o 2, _me3)?
BN FEg, 8mtl)
w(f,)  Sm+D
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Considering K 3 > K., we will find:

3m(3 — iy t800) + M3 —m) f 2 o tg2 0+ 9(1 = fipa tgor) <0.
For all friction materials used as FC friction couples, m> 3. According to (6), f.xtgo >1, therefore, it is ob-

vious that the differences in the brackets of the obtained inequality are negative and the above assumption is true.

Thus, the analysis performed shows that the greatest stability of the FC output parameter is in the case when
the function (4) has a maximum within the interval of the friction factor variation and takes the same values at its
boundaries.

When m=8and f,., = 0.8, we get tga~14. Then, f ~0.214. In this case, maximum of the function (3) will

be at f, =0.071 which is almost identical to the lower boundary of the interval f = f,;,= 0.1. The function (3) de-
creases within the interval of the friction factor variation. With such initial parameters, K ~1.04 and K 5 ~1.68.

Discussion and Conclusions. As is obvious, the modified FC block diagram enables theoretically to obtain
very high stability of the friction force. However, due to the relatively large value of tga parameter, F;, force is used

inefficiently. The FC should not vanish in the variation interval of the friction factor of the output parameter of the mas-
ter friction group (MFG) and in the presence of maximum of the function of the FC load capacity.

A necessary condition for this is the transfer of full load of the MFG by the sensitive elements of the additional
friction group (FGD). An additional condition for the existence of a maximum can be formulated as follows: with an
equal number of friction couples of both friction groups, the MFG sensitive elements transfer part of its full load; with a
smaller number of friction couples than in the AFG, the sensitive elements transfer the full load of the MFG.
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Effectiveness analysis of external heating system of gauge tank of pumping unit using exhaust

piping of the IC engine”

S. O. Kireev', V. N. Stepanovz, M.V Korchagina3, A. V. Yefimov*"”

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

AHanu3 3(peKTHBHOCTH CHCTeMbI BHEIIHEr0 000rpeBa MepHOil eMKOCTH HACOCHOI YCTAHOBKH OT BBIXJIONHOM

CHCTEMBbI IBHTATEJISi BHYTPEHHET0 CTOPAHUS

C. O. Kupees', B. H. Crenanos’, M. B. Kopuaruna®, A. B. E¢pumos***

1,2,3,4

Introduction. The heating efficiency or regulation of the
operating temperature of the fluid located in the gauge tank
of a mobile pumping unit (PU) using the exhaust system of
the internal combustion engine (ICE) is studied. The paper
objective is to improve the design process and to reduce
costs of field experiments.

Materials and Methods. To solve this problem, numerical
analysis methods were used when calculating the heating
systems of the gauge tank with the external location of the
pipeline from the ICE exhaust system by the example of the
widely used installations (TsA-320, UNB, AChF, etc.). Sie-
mens STAR-CCM+, a non-stationary non-linear solver of
gas-dynamic processes, was used, which evaluates the cor-
rectness

of the problem statement and reduces significantly the costs
of full-scale field tests.

Research Results. The study was conducted for the operating
conditions of the cementing unit on the Kamaz-43118 chas-
sis with the SIN-32 pump and a drive from the power take-
off attachment on the gearbox of the chassis engine. In the
calculation model, a convection-type heat transfer was ap-
plied between the body of the gauge tank and the surround-
ing air; between the body of the gauge tank and the liquid;
between the chassis exhaust system duct and ambient air;
between the exhaust system duct and exhaust gases. The
following study results were obtained: characteristic curves
of the temperature variation of the gauge tank liquid at the
watch points; the distribution of the temperature field of the
liquid in the gauge tank; the distribution of the ambient air
temperature field; lines of flows and ambient air speed field
and of the ICE exhaust gases.

JIOHCKOI#1 rocyJapCTBEHHBIN TEXHUYECKHI YHUBEPCHUTET, I'. PocToB-Ha-JloHy, Poccuiickas denepauus

Beéeoenue. Crathsi moOCBsIIEHa HCCIEIOBAaHHIO d(PPEKTUBHO-
cTH 00orpeBa WK NOANepKaHus pabodeil TemMIepaTyphl JKHI-
KOCTH, HAaxOJIIEeHCs B MEpPHOW €MKOCTH IepeiABHKHOU
HACOCHOH YCTaHOBKH, OT BBIXJIOITHOM CHCTEMBI JBHUTaTENs
BHYTpEHHEro cropanust. Llens paboTsl — COBEPIICHCTBOBAHUE
npolecca NPOSKTUPOBAHKS M CHIDKEHHE 3aTpaT Ha HAaTypHbBIC
IKCIIEPHUMEHTHI.

Mamepuanvt u memoosl. JIns pemieHus IOCTaBICHHON 3aJauu
OBUIM HCITOJIb30BaHBI METOJBI YMCICHHOTO aHanu3a IpH pac-
4yeTe CHCTeM 000rpeBa MEPHOW €MKOCTH C BHEIIHHM pacIo-
JIO)KeHHEeM TpyOOonpoBoia OT BBIXJIOITHOM CHCTEMBI JIBUTaTels
BHyTpeHHero cropanus ([IBC) Ha npumepe LIMPOKO pacmlpo-
cTpaHeHHbIX ycTaHoBOK 11A-320, YHB, AU® u ap. [Ipumenen
HECTAI[IOHAPHBII HEeJIMHEWHbIH perarelb ra30JHHaMUIeCKUX
npoteccoB (Siemens STAR-CCM+), mo3Bostomunil OLEHUTD
MIPaBHJIBHOCTh ITOCTAHOBKY 33Ja4M M 3HAYMTEIBHO COKpalia-
IOIIUH 3aTPATHl Ha MOJTHOMACIITAOHBIC HATYPHBIE HCIIBITAHMS.
Pesynomamer uccredosanus. ViccnenoBanue IpOBOIHIOCH TS
yCIOBHH paboThl IEMEHTHPOBOYHOIO arperara Ha IIAaccu
«Kamaz-43118» ¢ macocom «CMH-32» 1 mprBoOM OT KOpOO-
K 0TOOpa MOIIHOCTH Ha KOPOOKE NEepeKIIOueHHus repenay
JIBHTATENS MACCH.

B pacueTHOl MoJenu MpUMEHEeH KOHBEKIIMOHHBIH THIT TEIIO-
nepenayr MeXIy KOPIyCOM MEPHOU eMKOCTH M OKPYXKAIOIIUM
BO3J[yXOM; MEXy KOPIIyCOM MEPHOI €eMKOCTH U KUAKOCTBIO;
MEXy TPyOOIIPOBOIOM BBIXJIOITHOW CHCTEMBI IIACCH U BO3-
yXOM OKpYKalolled Cpelpl; MEXAy TpyOOImpOBOJOM BEI-
XJIOTTHOM CHCTEMBI U BBIXJIOIHBIMHU Ta3aMu.

B pesynbrare mccienoBaHHS HONy4YeHBI TpadUUecKUe 3aBH-
CUMOCTHU U3MCHEHUS TEMIIEPATYPHI KUAKOCTH MepHOﬁ €MKO-
CTH B KOHTPOJIBHBIX TOYKaX; paclpeeieHHe Mojs TeMmIepa-
TYp JKHJKOCTH B MEPHOM 0ake; pactpeneieHHe Mois TeMIe-
paTyp OKpYKaloIero BO31yXa; JMHUHM HOTOKOB U IOJIST CKOPO-

CTel OKpYKaIoIero BO3/AyXa 1 BBIXJIONHBIX ra3os JIBC.

* The research is done within the frame of the independent R&D no. AAAA-A18-118120390043-0 of 03.12.2018.
“E-mail: kireevso@yandex.ru, st fem@bk.ru , ms korchaginamv@mail.ru, spu-45.2@donstu.ru
*** Pa6oTa BBINOJIHEHA B paMKax MHAmuMaTuBHOH HUP Ne AAAA-A18-118120390043-0 ot 03.12.2018 .
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Discussion and Conclusions. The study has revealed poor
effectiveness of the considered structure. The data analysis
allows us to offer an improved design of the gauge tank heat-
ing. The results obtained in the work can be used in the cal-
culations of such devices used in the hydraulic fracturing

units and grout machines.

Keywords: mobile pump unit, gauge tank, water feeding
pump, high pressure pump, internal combustion engine
(ICE).

For citation: S.O. Kireev, et al. Effectiveness analysis of
external heating system of gauge tank of pumping unit using
exhaust piping of the IC engine. Vestnik of DSTU, 2019,

Obcyscoenue u 3axnovenus. B xone ucciaeqoBaHUs BbIICHU-
nack HemocrarodHas 3()(EeKTHBHOCTh pacCMaTpUBAEMOW KOH-
CTPYKIWHU. AHAJIHM3 JaHHBIX MO3BOJIICT MPEIJIOKHUTH YCOBEP-
NICHCTBOBAaHHYIO KOHCTPYKIIMIO 00OTpeBa MEPHOW EMKOCTH.
Pe3ynbTaThl, moydeHHBIC B paboTe, MOTYT OBITH HCITOIH30Ba-
HBl NPH pacueTax MOJOOHBIX YCTPOMCTB, MPUMEHSAEMBIX B
YCTaHOBKaX THIPOpa3phiBa IUTaCTa U LEMEHTHPOBAHHUS CKBa-
JKUH.

KiioueBble cjioBa: nepe/BikHas HACOCHAs yCTaHOBKA, Mep-
Hasl €MKOCTb, BOJJOIIO/IAIONIHI HACOC, HACOC BBICOKOTO JaBIIe-
HUS, IBUTaTeNb BHyTpeHHero cropanus (JIBC).

Oépasey onn yumuposanusn: AHamu3 >PpEeKTHBHOCTH CH-
CTEMBI BHEIIHET0 000rpeBa MEpHOH eMKOCTH HACOCHOH ycTa-
HOBKH OT BBIXJIONHOW CHCTEMBI JIBUTaTels BHYTPEHHEIro Cro-

vol. 19, no. 2, pp. 164—169. https://doi.org/10.23947/1992- panusi / C. O. Kupees [u ap.] / Bectnuk JloH. roc. TexH. yH-
5980-2019-19-2-164-169 Ta. 2019. — T.19, Ne2. — C.164-169.
https://doi.org/10.23947/1992-5980-2019-19-2-164-169

Introduction. The deposits of hard-to-recover hydrocarbons in the northern latitudes of Russia are confined to
low-permeable, low-drained, heterogeneous and segregated reservoirs. Whereas it is necessary to develop such oil and
gas areas, need arises for a guaranteed the above-zero temperature of the liquid that is in the gauge tank of the installa-
tion. This problem remains relevant in the construction and workover of wells.

The quality of hydraulic fracturing (HF) fluid, drilling fluid and cement slurry is affected by the following fac-
tors:

- types of rocks that interact with these systems;

- well depth (pressure);

- bottomhole temperature.

We will accept two statements of the TNK-BP standard “Quality and Compliance under HF”:

1) liquid chemicals specific for mixing at the well pad should be stored or transported above 15°C;

2) storage, transportation, testing and injection of all liquid reagents should be carried out above 15°C, regardless
of weather conditions [1].

The temperature of the system should not be lower than 8—10° C for all types of work on the preparation of the
tempering fluid, pressurizing systems and systems of drilling and flushing solutions [2].

The 1979 oil and gas equipment literature mentions the use of a chassis or deck engine (TsA-320A cementing
unit) for heating the exhaust gas system of the engine [3]. There are references to the vent dehumidifying system of the
booster pulser hydraulic unit in two operating manuals: “Pumping units UNB-1000, UNB-800, UNB-630" and “Ce-
menting hydraulic fracturing unit ACF-1050. UPETROM?”. In the operating manuals of “Two-pump mobile unit UNP-
320 x 40” and “Pumping unit UNB-125-50 SO”, the items on operating the drying and heating systems are highlighted.

In the present paper, the effectiveness of external heating system of gauge tank of pumping unit using exhaust pip-
ing of the IC engine is analyzed.

Materials and Methods. Methods of numerical simulation were used. As examples, the widespread installations
of the TsA-320, UNB, AChF, and others were considered.

The application of numerical methods permits to assess the correctness of the problem statement (with an error
of an idealized model selection), reduces significantly the cost of full-scale field tests or fully proves the design-
engineering inefficiency of the problem. In the absence of statistical data on the problem under study, the results of nu-
merical methods narrow the spectrum of the field problems to be solved. The non-stationary nonlinear solver of gas-
dynamic processes (Siemens STAR-CCM +) [4] was applied as a numerical method tool.

For the numerical study, the problem of heating a two- compartment gauge tank was selected. For this purpose,
the cementing unit on the Kamaz-43118 chassis with the SIN-32 pump and a drive from the power take-off attachment
on the gearbox of the chassis engine were used. In the rear zone of the chassis truck, capacity of 2 x 2 m® was installed.
It is an all-welded sheet-metal construction which has two compartments with a sloping bottom and bottom valves. In
the scheme proposed for calculation and analysis, the exhaust pipe (heating pipe) passes under the bottom of the gauge
tank and rises upwards along the wall of the left tank (Fig. 1).
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Watch points 1 Liquid Flow

Watch points 2

— 3_z0,
P=1100 kg/m” T=5°C l v=1m/s T=5°C

2=9.81 m/s

Watch points at
bottom valve

Exhaust gas flow

Fig. 1. Idealized design model of cementing unit on “Kamaz-43118” chassis with “SIN-32” pump

Research Results. The study was conducted for the following operating conditions of the unit at the field:

- pump unit is fixed;

- ambient temperature (air) is 5°C above zero;

- wind speed is 1.0 m/s;

- liquid density in both sections of the gauge tank is 1100 kg / m3;

- liquid temperature in gauge tank is 5°C above zero.

In the calculation model, a convection-type heat transfer was applied between the following media was used:

- body of the gauge tank and the surrounding air;

- body of the gauge tank and liquid;

- chassis exhaust system duct and ambient air;

- exhaust system duct and exhaust gases.

To simplify the task, air was used as exhaust gases to eliminate the application of a multiphase solver.

Air parameters were as follows: density was 1.184 kg m’; thermal conductivity was 0.026 W/m-K; specific heat
capacity was 1003.6 J/kg-K.

The parameters of the liquid in the gauge tank were as follows: density was 1100 kg/m’; thermal conductivity
was 0.569 W/ m-K; specific heat capacity was 4217 J / kg'K.

The material parameters of the steel body of the gauge tank and the exhaust system duct were as follows: density
was 7832 kg/m’; thermal conductivity was 63.9 W/m-K; specific heat capacity was 434.0 J/kg-K; thickness of the body
sheet of the gauge tank was 4 mm; exhaust pipe thickness was 3 mm [5].

The exhaust gas outlet temperature of the ICE manifold was 450° C [5, 6]; the exhaust outlet flow of the engine
manifold was 35 m/s [5].

The calculation (see Fig. 1) was made from the ICE working condition for 1800 seconds (30 minutes). The test
points of the liquid temperature were obtained for the left and right compartments of the gauge tank at the bottom
valves at a distance of 200 mm from the bottom, at a distance of 1000 mm from the bottom (T1), and at a distance of
1000 mm from the bottom and 200 mm from the back wall (T2). The liquid temperature lines during the ICE operation
for 30 minutes are shown in Fig. 2. The temperature fields and current lines are shown in Fig. 3—6.

Temperature in gauge tank
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Fig. 2. Liquid temperature lines of gauge tank at watch points: 1 is temperature at top point of left gauge-tank compartment;
2 is temperature in left compartment (point 1); 3 is temperature in left compartment (point 2); 4 is temperature in left
gauge-tank compartment at bottom valve; 5 is temperature in right compartment (point 1); 6 is temperature in right
compartment (point 2); 7 is temperature in right gauge-tank compartment at bottom valve.
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Fig. 3. Distribution of liquid temperature field in gauge tank (left view)
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Fig. 4. Distribution of liquid temperature field in gauge tank (right view)
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Fig. 5. Distribution of ambient air and gauge-tank body temperature field
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Fig. 6. Flow line and speed field of ambient air and ICE exhaust gases

Discussion and Conclusions. The calculation results obviously demonstrate that for 30 minutes of the ICE op-
eration and convection heat exchange between the hot exhaust pipe, air and liquid in the gauge tank at the test points at
the bottom valves, the liquid is heated up to 0.1° C in the left compartment and to 0.1 ° C in right compartment.

This brings us to the following conclusion: at the considered variant of the constructive solution, most of the
thermal energy is directed to the operator’s cabin heating. This is a positive factor, but not a solution to the problem.
The studies and graphical dependences show that it is required to place the exhaust tube directly in the gauge tank for a
more efficient distribution of heat flows inside the gauge tank and in the environment. Given the design features, it is
advisable to place the pipe inlet at the bottom of the right side of the tank and, passing through the left side, direct it
along the tank up to the relief passage.

In order to determine the possibility of heating the gauge tank, it is necessary to carry out calculations for a new

schematic construction.
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On ensuring joint tightness on the basis of technological induction”

G. A. Pilyushina', P. G. Pyrikov’, E. A. Pamfilov’, V. V. Kapustin*"”

1-234Bryansk State Technical University, Bryansk, Russian Federation

.~ *%
K Bonpocy oGecneyeHnsi repMeTHYHOCTH COeTHHEHHIT HA OCHOBE TEXHOJIOTHYeCKOro HHYIIMPOB AHUS

*

*%
I. A. Mwnomuna’, L T, Hblpl/lKOBz, E. A. l'Ian)m10133, B. B. Kanycnm4
1234 paHcKuit rocylapCTBEHHBII TeXHHUECKHUiT yHIBEpCHTeT, T. Bpsirck, Poccuiickas Menepanus

Introduction. Some theoretical and engineering aspects of
sealing joints through magnetostriction, as well as the polari-
zation of the sealed medium under the external induction are
considered. Control of surface roughness of joined parts to
increase the joint density when induced by an external mag-
netic field is studied. The creation of electromagnetic barriers
for the migration of molecules of the sealed medium through
a sealer is considered. The work objective is to validate the
technological conditions for sealing movable joints in the
cases described above.

Materials and Methods. The conditions for ensuring the joint
density are shown as a result of the contact problem solution
and as a factor determined by the molecular-mechanical
friction theory. Geometric, operational and tribological con-
ditions of joint tightness are accepted. Damping properties of
the fixed friction contact are determined by the molecular
component. The theoretical and calculated analysis of the
factors affecting the joint density is presented. Decrease in
the smoothing depth, reduction of the ratio of transverse and
longitudinal roughness steps, and increase in the contact area
are indicated as the target results of the process preparation
of the surfaces of the joint parts. Loss of tightness is defined
as a specific transfer of molecules. They are transferred to
the area of the joined surfaces or migrate freely through the
sealer at the stages of sorption, diffusion and desorption. The
predominance of any stage occurs when the entropy changes,
and it is due to temperature and pressure. The schemes of
sealing joints in the controlled magnetic field and of the de-
pendence of magnetostriction and magnetostrictive stresses
on the magnetic field strength are visualized.

Research Results. The stability of sealers in highly volatile
and gaseous media during their polarization and magnetiza-
tion in an external field is experimentally investigated. In the
former case, the magnetic induction vector was first oriented
perpendicular to the longitudinal axis of the joint. A drop in
the magnitude of the magnetic flux was observed when the

" The research is done within the frame of Contract No. 9.10677.2018/11.12.

Bseoenue. CraTbsi OCBAIIEHa HEKOTOPHIM TEOPETHUYECKHM U
TEXHOJIOTHIECKHM acHeKkTaM oOecHedeHHs T'epMEeTHIHOCTH
COCIMHEHHI Ha OCHOBE MAarHUTOCTPHUKIIMH, a TaKXKe MOJIPH-
3aI[Uy TePMETH3UPYEMOH Cpelbl B COCTOSIHUM BHEIITHETO HH-
TynupoBaHus. lccienoBaHO yHpaBlIeHHE IIEPOXOBATOCTHIO
MOBEPXHOCTEH CTHIKYEMbIX AeTajeil A IMOBBIIICHHs IUIOTHO-
CTH CTBIKA NIPH HUX WHIYIUPOBAHUHM BHEIIHHMM MAarHUTHBIM
nosieM. PaccMoTpeHo co3liaHue 3IeKTPOMarHUTHBIX 6aphepoB
JUISL TIEpEeMEIICHUsT MOJICKYJI TepMETH3HPYEeMOi Cpefbl uepe3
repmeruzarop. Llens paGoTbl — 00OCHOBaHHE TEXHOJIOTHYE-
CKHX YCIIOBUH 0OecTeueHus] TepMETHYHOCTH ITOJBIKHBIX
COEIMHEHMH B OIHMCAHHBIX BBIIIE CIyJasX.

Mamepuanvr u memoowi. YcnoBus 00ecledeHus! IUIOTHOCTH
CTBIKA MTOKA3aHBI KaK Pe3yJbTAT PeIIeHHUs KOHTAKTHOHN 3a/1a4n
U Kak (hakTop, ONpeneNsieMblil OJIOKEHUSIMH MOJICKYISIPHO-
MEeXaHW4YecKOW Teopuu TpeHus. [IpuHATHI TeomeTpuuecKue,
9KCILTyaTAI[HOHHBIE U TPUOOIOTHYECKHE YCIOBHS T'€pPMETHU-
HOCTHU coenvHeHuni. [lemnupyromue cBoHCTBa HEMOABUKHO-
r0 (PPUKIIMOHHOTO KOHTAaKTa OMpPEETeHB MOJICKYISIPHON
cocraBnstoneld. IIpeacTaBaeHo TeopeTUueckoe W PacueTHOE
o0ocHOBaHNE (PAKTOPOB, BIMSAIOMIMX HA IUIOTHOCTH CThIKA. B
Ka4yecTBE LIEJIEBBIX PE3yIbTaTOB TEXHOJIOTHYECKON MOArOTOB-
KU MTOBEPXHOCTEH JleTaleil COeTMHEHNs YKa3aHbl YMEHBIIICHUE
TITyOVHBI CTIIAKMBAHMS, YMEHBIICHHE OTHOIIECHHS IIaroB I0-
Mepe4yHOd U TIPOJONBHON IEPOXOBATOCTH U yBEIUYEHUE
IUTOMIAAN KOHTakTa. [loTepst repMEeTHYHOCTH OIpesieNieHa Kak
cneruuecknii TpaHchep Mosekyn. OHM TIEPEHOCATCS B
30HY CTBIKYEMBIX ITOBEPXHOCTEH MM CBOOOHO MepeMenIaloT-
csl 4epe3 TepMETH3aTop Ha CTaJUsIX COPOIMOHHOTO ITOTJIONIE-
Husi, auddysun u necopoumu. IIpeobnananue Kakoi-i1u6o
CTaaN¥ TPOUCXOIUT NPHU M3MEHEHUH SHTPOIHHU U 00YCIIOBIIE-
HO TeMIepaTypod M HaBieHHeM. Buzyanu3upoBaHBI CXEMBI
TepMeTH3alNi COSANHEHNH B YIPaBIsIEMOM MarHUTHOM IIOJIE,
3aBUCHMOCTH MAarHUTOCTPUKINK W MAarHATOCTPUKIMOHHBIX
Hanpsmce}mﬁ OT HAIPSPKEHHOCTU MAarHUTHOT'O ITOJIA.
Pesynomamer ucciredosanusn. JKCIIEPUMEHTAIBHO HCCIIEOBa-
Ha yCTOI‘?I‘{PIBOCTb repMETU3AaTOPOB B JICTKOJIETYUHX U I'a30BBIX
cpenax IpH UX MOJSIPU3AIN 1 HAMarHWIMBaHUH BO BHEIITHEM
noie. B mepBoMm ciydae cHayana BEKTOp MarHUTHOW WMHIyK-
IIMM OPHUEHTHPOBAJICS MEPICHANUKYISIPHO IPOIOIBHON OCH

™ E-mail: gal-pi2009@yandex.ru, pyrikovpg@mail.ru, epamfilov@yandex.ru, vovakapustin1990@mail.ru

" PaGora BINOTHEHA 10 1oroBopy 9.10677.2018/11.12.
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compound was under the on-load operation for 268 hours.
The total operating time of the joint was 1070 hours. If the
magnetic induction vector was oriented longitudinally to the
shaft axis, the operating time to the correction of the field
strength was 87 hours. In the gas environment, the operating
time of the connection to the adjustment of the tension was
187 hours with a total operating time of 935 hours.
Discussion and Conclusions. The penetrating ability of pres-
surized media decreases in the “gas — vapor — liquid” series.
It depends on the temperature at the joint contact. Depressur-
ization can be traced through changes in the magnetic flux
determined by the intrinsic magnetic permeability of the
molecules of the sealed medium as they penetrate the inter-
face surface.

To increase tightness, it is required to suppress the activity of
molecules. For this purpose, ionization and induction in the

constant and alternating magnetic field with the intensity of
<60 kA/m are used.

Keywords: tightness, joint, machine parts, induction, densi-
ty,magnetic field, crystallographic ordering, contact rigidity,
anisotropic effects.

For citation: G.A. Pilyushina, et al. On ensuring joint tight-
ness on the basis of technological induction. Vestnik of
DSTU, 2019, wvol. 19, no. 2, pp. 170-178.
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COCMHEHHMS. YCTAHOBICHO IAJICHAE BEIMYWHBI MAarHHUTHOTO
MOTOKAa NP paboTe COCIMHEHUs I0J] Harpy3Koil B TeueHHe
268 yacoB. OOmas HapabOTKa COCOMHEHHS COCTaBHJIA
1070 gacos. Eciu >xe BEeKTOp MarHUTHOM MHIYKIIUM OPUEHTH-
poBajics MPOAOIBHO OCH Baja, HapabOTKa A0 MOMEHTa KOp-
PEKIUH BETMYUHBI HAIIPSDKCHHOCTH TI0JISI COCTaBMIA 87 JacoB.
B razoBoii cpene mpoAoIKUTENFHOCTD PAOOTHI COETUHEHHS 10
MOMEHTa KOPPEKTHPOBKM HAaNpsDKEHHOCTH cocTaBuia 187
4acoB Tpu obmielt HapaboTke 935 gacos.

Obcyscoenue u 3axniovenus. IlpoHuUKamomas crnocoOHOCTH
TepMETH3UPYEMBIX CpeJl YMEHBIIAeTCsl B Py «Tra3 — Iap —
JKUAKOCThY». OHa 3aBHCHUT OT TEMIEpaTypbl Ha KOHTaKTe CO-
efMHeHHs. PasrepMeTH3anyio MOXHO OTCIEAUTH IO M3MEHe-
HUSM MAarHATHOTO IIOTOKA, OIIPE/EeNIIeMOro COOCTBEHHOM
MarHUTHOW IPOHUIAEMOCTBbIO MOJEKYJ TIe€pMETU3UPYEMOM
Cpexsl IPH UX NMPOHUKHOBEHHH Ha IIOBEPXHOCTH CTHIKA. YTo-
OBl OBBICUTh T€PMETUYHOCT, HEOOXOUMO TOJABUTH AKTUB-
HOCTB MOJICKYJI. J[JIs1 3TOT0 IPUMEHSIOTCS] HOHU3AUsl ¥ UHIY-
[POBaHUE B IOCTOSHHOM W NEPEMEHHOM MAarHUTHOM IIOJIE
HanpsHKEHHOCTHIO <60 KA/M.

KiioueBble €jI0Ba: TepPMETHYHOCTb, COCAMHCHHE, HCTAIN
MalliH, WHAYIUPOBaHUE, IUIOTHOCTh, MAarHUTHOE II0JE, KPH-
cTaJuorpauueckoe yropsJoueHHe, KOHTAKTHAs JKECTKOCTB,
AQHM30TPOIHBIE AP DHEKTHL.

Oébpasey ona yumuposanus: K Bompocy oOecrnedeHUs rep-
METHYHOCTH COCAWHEHHH HAa OCHOBE TEXHOJOTHYECKOTO HH-
nymuposanust / I'. A. ITwmommna [u ap.] / Bectauk J{oH. roc.
TexH. yH-Ta. — 2019. — T.19, Ne2. — C.170-178.

https://doi.org/10.23947/1992-5980-2019-19-2-170-178

Introduction. The theoretical basis of hermetology is presented in the works of G.A. Golubev, A.V. Chichi-
nadze, V.P. Tikhomirov, L.A. Kondakova, G.V. Makarova, H.H. Wachter, E.Mayer, R.H.Waring, etc. It is known that
tightness is mostly due to two factors:

- stability of the processing density of abutting rough surfaces of the sealer parts;

- stability of the sealer material properties and the sealed medium excluding the penetration and migration of
molecules through its sealer beyond the interface.

The conditions for ensuring the joint consistency are justified through solving the contact problem and are
largely determined by the principles of the molecular-mechanical friction theory [1, 2, 3]. The mentioned approach re-
mains one of the fundamental in hermiticity engineering.

Penetration of sealed media (liquids, gases) through the sealer is described by the physical model of S. Slichter,
I. Kozeni, T. Carman and D.K. Kollerov (for porous polymers). From its analysis, it follows that the volume flow of the
medium through the seal is determined by the length of the free path of the molecules [4, 5, 6] and depends on the fol-
lowing:

- microroughness height of solid surface - R,
joint density - P,

- relative approximation - €,
- geometrical dimensions of seal.

Specifically, the fretting operation is initiated by boundary structures which are different polymer seals, liquids
and films on the interfaces at the amplitudes of contact vibrations less than 0.05 mm. These media can act as catalysts;
that causes a decrease in the technologically secured design value of the specific pressure on the seal and increases
leakage.

The amplitude and frequency of the relative displacements of the joint parts can be reduced through controlling
the joint density, for example, through increasing the nominal pressure on the seal. The studies performed on polymers
in the friction units [7] show that the joint density and contact rigidity depend largely on the compressive force of sur-
faces and on their intermolecular activation:
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F,, =aS+bP,,

where F,,, is friction force; a is average intensity of the molecular component of the friction force; S is true contact area;
b is coefficient of the mechanical component of the friction force; P, is surface compression force.

Consequently, the molecular component asS is proportional to:

- the true contact area,

- the intensity of mutual adhesion of contacted materials.

Both of these indicators can be increased through plastic saturation along the interface plane, as well as during the
alignment of the joint parts. Similar conditions can be created on the basis of magnetostrictive effects, which are pro-
nounced to a greater degree for textured materials. Such conditions are applicable also in cases when reloading of joint
parts is hindered or not provided for by the engineering performance standards.

A decrease in the penetrating power of sealed media is predicted when a mobile spherulitic structure of the sealer is
formed or modified by sealing with low-modulus materials [8]. However, the conditions that develop at drastically neg-
ative temperatures and under cracking of the polymer sealer require special consideration. In these cases, differences in
the temperature linear expansion coefficients with metals are observed; therefore, to control the permeability of the
sealed medium molecules through creating electromagnetic barriers for them is of interest.

Now then, this work objective is to study the technological conditions for ensuring the joint tightness based on
the induction effects created in the materials of the joint parts and in a sealed environment.

Materials and Methods. The conditions for joint tightness follow from the conclusions of the Lame problem,
in which the boundary factors are:

- geometric (for example, / - length of the contact of surfaces and d - diameter of the mating parts);

- operational (R, - longitudinal axial force or M,, - torque tending to move one part relative to another);

- tribological (f - friction factor) determining the moment of pressing or turning.

Friction locking is provided while minimizing the amplitude of the relative displacements of the surfaces, at
contact stresses not exceeding the region of the damping capacity of materials [7].

Damping properties of the fixed friction contact are determined, in particular, by the molecular component.
Moreover, the interface with the textured (anisotropic) structure in the direction of ensuring high damping capacity al-
lows for a higher value of the critical vibration loads in a wide frequency range [8].

In addition, when an external induction changes R, roughness parameter due to the magnetostrictive effect,
they can affect the joint density. This is explained by the comparability of magnetostriction values and the sizes of
blocks of structural components (about 10 *~10 > m). Moreover, the technological texturing in crystallographic direc-
tions with pronounced maxima of the elastic or plastic properties of materials causes a maximum magnetostriction ef-
fect at the unidirectional position of the magnetic induction vector. This causes an increase of the nominal pressure val-
ue in the preloaded demountable joints since part of the stresses spending on the parts' compliance is compensated by
magnetostrictive stresses within the elastic properties. In permanent joints, on the contrary, part of the stresses can be
spent on the plastic saturation of the contact. For the same reason, the actual preload is greater than the calculated one.

P is joint density coefficient with magnetostrictive effect:

P =Wty +Vamniay Yty ' Voouy - (1)

Here, V},u is the material volume of the rough layer with skl texture; V,,u is the material volume of an in-
compressible seal extruded into the gaps; & is the magnetostriction coefficient; Vg, is the total volume of the rough lay-
er.

It is known that the presence of waves causes a decrease in the bearing contact area by a factor of 5-10 [9].
Therefore, the solution to the contact problem in the aspect of ensuring the joint tightness requires consideration of the
waviness of the surfaces.

The height and step parameters of roughness are interrelated; therefore the technological preparation of the sur-
faces of the joint parts should be aimed at the following results:

- reducing the depth of smoothing (R,);

- reducing the ratio of steps of transverse and longitudinal roughness;

- increasing the contact area and R,/ R, ratio.

As a rule, there is no direct relationship between the tolerance value and the height of irregularities; however, it
should be noted that the depressions on the surface profilogram turn out to be reservoirs in which by-products accumu-
late, which initiate surface weakening.

While ensuring the joint density due to the preload, Sy compliance of the compound is represented as:

Sy =x(0)+ gy B )/ N, 2)
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where x (¢) is normal contact displacement in the function of time; &, (B) is the magnetostriction tensor at a regulated
crystallographic ordering considering plastic deformations in the coating and changing with magnetic induction; £ is
coefficient of crystallographic ordering; N*is dynamic load.

When the compounds operate under the hydrostatic pressure of the sealed medium (liquid or gas), loss of tight-
ness is expressed in a certain form of transfer of molecules. They are transferred to the area of the joined surfaces or
migrate freely through the sealer at the stages of sorption, diffusion and desorption. The predominance of any stage oc-
curs when the entropy changes, and it is due to temperature and pressure.

The simplest case of phase transfer in seals is the flow of a viscous incompressible fluid in a porous medium. The
determination of the leakage value follows from the Darcy law. However, in this case, it is not considered that the seal-
ing joint, in contrast to the porous solid body, is formed as a result of the contact of two surfaces. Therefore, under the
load increase and the alignment of the surfaces, individual contact spots can form isolated volumes (effective channels).
Their number decreases with increasing load until the formation of a hydrodynamic film along the seal perimeter [ 10—
11]. Thus, considering the conductive capacity of most sealed media, it is advisable to investigate tightness from the
standpoint of polarization and external induction.

According to [12], when a medium passes through an electric current source or ionizer, molecules obtain ¢
charge. If a charged particle with an initial velocity v moves in a uniform magnetic field along the magnetic induction
lines B of the external field, then the angle a between the vectors of v and B is equal to zero. The magnetic field does
not affect the particle (the Lorentz force is also zero), and it moves uniformly and rectilinearly.

If a charged particle moves with velocity v in a magnetic field perpendicular to vector B, then the Lorentz

force F' = g[vB] is constant in magnitude and perpendicular to the particle trajectory, which prevents its displacement

(Fig. 1, a).

b)
Fig. 1. Schemes for sealing joints in controlled magnetic field: in uniform field of toroidal inductor (a); in inhomogeneous
field solenoid (b); 1 is shaft; 2 is sleeve; 3 is magnet; 4 is charged medium particle; 5 is source of electric current (or ionizer); 6 is
automatic solenoid control unit with voltage generator); v is orbit of positively charged medium particle
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Assuming the direction of medium motion, knowing its electric potential, viscosity, density, penetrating ability,
and changing the field strength and the position of the magnetic induction vector, it is possible to provide the Lorentz
force in quantities sufficient to completely suppress the motion. Thus, the effect reactive to the hydrostatic pressure is
realized.

Similarly, in an inhomogeneous magnetic field, the component of magnetic induction B creates force F ',
which pushes the particle into the region of a weak field (see Fig. 1, b). Initially, the particle moves along the radius of
constant magnitude with velocity v. However, its own magnetic field counteracts the externally induced one, and this
explains the extreme instability of its state. As a result, the particle is pushed into the field region with a reduced volt-
age.

The sealing effect is based on creating — by the magnetic field — the reactive repulsion of pre-charged medium
molecules penetrating the interface. Whereby, the degree of sealing depends on the magnetic inductance, the value of
which is set through the strength of the current considering the relative magnetic permeability and form factor of the
inductor.

It can be assumed that the conditions of joint vacuumization are created when the surfaces of the mating parts
come closer to the appearance of molecular (adhesive) interaction. In this case, the magnetic permeability of the materi-
als of the joint components is represented by the ratio of the magnetic fluxes in the material @ and in vacuum ®0 (u =
®/d,). Under the assumption of @ = @, the magnetic permeability of vacuum can be taken as a unit (u = 1).

In the medium with constant magnetic permeability, the magnetic field induction is proportional to its density.
Consequently, the magnetic flux from the external field, initially defined for vacuum, depends on the magnetic permea-
bility of the medium. Its presence at the interface, due to its own magnetic permeability, either increases the magnetic
flux (in paramagnetic media), or decreases it (in diamagnetic media).

Thus, it is possible to evaluate and correct the performance of the sealer in the induction state through changing
the magnetic flux and, accordingly, magnetic induction.

Research Results. The crystallographic areas described below can be taken as regulated directions under the
process part texturing.

1. For detachable joints without a polymer sealer: [110] (for structures with body-centered cubic (bcc) lattice),
[111] (with face-centered cubic (fce) lattice), [1000] (with hexagonal close-packed (hep) lattice).

2. For permanent joints and connections with a sealer: [100] - [111] (with bcc lattice), [100] - [110] (with fcc
lattice), [0001] - [2110] (with hcp lattice).

When the magnetic induction vector is established in the indicated directions, the magnetostriction A in the
crystals turns out to be field oriented. This is because its magnitude is non-linear to the field strength and is determined
mainly by the position of the easiest magnetic axis [13, 14].

In the absence of preliminary texturing, a mean change in roughness for structures with cubic lattices is repre-

sented as:
— (2 .
OSAR(1<(—7\AOO+§7\AH\Jd , 3)
5 5
where Ajg9, A1) are magnetostriction constants along the [100] and [111] crystallographic directions; d" is an average
size of the dispersed structural components.

In the case of texturing in the directions [100] or [111], when the field is oriented along the normal to the surface

(Fig. 2), the changes in roughness (R,) will be:
OSAE<7\‘1006—1’/1€, (4)

0SAE<%7\;1113/1€, (5)

where k is demagnetization loss factor.
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Fig. 2. Magnetostriction A — magnetic field intensity A dependence

Valves with a seat made of X12M steel with a coating in the direction [111] of CoFe,O4 cobalt ferrite coating
with thickness of 20x107° m (Rpax 2.4 pm, 1 = 52x10° and r, = 50x107° m) and a brass valve by the amount of leak-
age flow of Q, uPa * m’/s of helium (7 = 77 K) are tested. It is established that, during the compound magnetization in
the field of 60 kA/m, this value is 780—10240. The number of shutter cycles is 200—-5000, respectively. Under similar
test conditions for a saddle-valve pair in the absence of a magnetic field and prior texturing of saddles, the O value was
96015340 pPa » m’/s, respectively.

With an increase in the magnetic field strength, no major changes in the connection health are established. Ap-
parently, this is due to the fact that effective magnetostriction stresses are formed in fields <40 kA/m (Fig. 3). This con-

clusion is consistent with the results of the magnetostriction study.
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Fig. 3. Magnitude of magnetostriction stresses ¢ — magnetic field intensity A dependence

Changes in the properties of the sealed medium, the materials of the sealer and the temperature affect the pene-
trating ability and tightness in general. The permeability of media decreases in the “gas - vapor - liquid” series. With
that in mind, the performance of sealers in volatile and gaseous media during their polarization and magnetization in an

external field was investigated.
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At the end of a rigid detachable shaft — copper hub connection, a source of electrical current was attached, one
of the poles of which was fixed to the ends of the hub. At that, the second pole had a minimum clearance with the shaft
generatrix.

The joint was placed between the poles of a toroidal electromagnet connected to the automatic control unit
with a voltage generator, a voltmeter and a webermeter. The magnetic induction vector was oriented perpendicular to
the longitudinal axis of the joint. The joint was installed in a chamber filled with diamagnetic benzene. Pressure of 30—
35 kPa was developed in it. The sleeve was rigidly fixed, after which the source of electric current and the inductor
were turned on, and the magnetic field strength was set at 60 kA/m. The shaft was mechanically loaded in the radial and
axial direction relative to the sleeve in a symmetrical alternating cycle with the load of 1.5 N with the frequency of 50
Hz. The tests were performed until the reduction of the magnetic flux recorded upon the webermeter indication. This
moment characterized the violation of tightness expressed in the penetration of benzene to the joint surface. The induc-
tor automatic control unit corrected the voltage in the toroid, due to what the magnetic field strength was set equal to the
initially predetermined one.

A drop in the magnitude of the magnetic flow was observed when the joint was under the on-load operation for
268 hours. The total operating time of the joint was 1070 hours. The criterion for the completion of the tests was the
reduction of the interval of operating time until the moment of correction of the magnitude of the magnetic force. It
should exceed 60 kA/m. This is due to the need to increase the operating time to the value corresponding to the previous
cycles.

With the orientation of the magnetic induction vector longwise the axis of the shaft under similar test condi-
tions, the operating time until the correction of the field strength was 87 hours.

The simulation of the operating conditions of the joints in the gas environment was carried out in a similar
way. An ionizer was mounted on the shaft which was attached to the ends of the sleeve. The joint was placed in a sole-
noidal inductor, the density of the turns of which increased from the end of the sleeve. As a result, a non-uniform mag-
netic field was generated, the intensity of which increased from the end of the solenoid.

The joint was placed in a chamber under the pressure of 30—35 kPa with paramagnetic nitrogen, after which the
ionizer and inductor were switched on. The shaft was loaded in the modes described above with periodic recording of
the magnetic flow. The moment of changing its initial value characterized the violation of tightness and the penetration
of nitrogen to the interface. In this case, the inductor automatic control unit provided a reduction in voltage in the sole-
noid winding to the value corresponding to the magnetic field strength of 60 kA/m.

The operating period of the joint until the adjustment of H value of was 187 hours with a total operating time
0f 935 hours. The long duration of the tests caused the correction of the magnetic field strength with the time interval of
less than 187 hours.

Discussion and Conclusions. Reduction of leakage through the seals is provided by the joint density (specific
pressure p,) management while reducing the amplitude and frequency of the relative displacements of the joint parts.
The latter is obtained through increasing the true contact area and the intensity of mutual adhesion of the contacted ma-
terials, in particular due to magnetostriction effects. In this case, the level of magnetostriction stresses should not cause
plastic deformations of the sealer (ie, p, = 1.1 6,,) and can be provided in the fields up to 40—-50 kA/m. As the complex
roughness parameter A changes due to magnetostriction, an increase in the contact bearing area is observed, mostly due
to the material whose elastic modulus is lower and the magnetostriction is higher.

The impact of the bearing contact surface area, which increases with magnetostriction, grows with decreasing
the smoothing depth R, and the ratio of of transverse and longitudinal roughness steps. As a result, the nominal pressure
in the joints grows due to the compensatory effect from the side of magnetostrictive voltages. Magnetostriction is stimu-
lated by crystallographic magnetic anisotropy, in particular under technological texturing. In the “gas - vapor - liquid”
series, the penetrating power of sealed media decreases. It is dependent on the temperature at the joint contact. Depres-
surization is detected through changes in the magnetic flux under the influence of the intrinsic magnetic permeability of
the molecules of the sealed medium as they penetrate the interface surface. You can increase the tightness if you sup-
press the activity of molecules. For this purpose, ionization and induction in the constant and alternating magnetic field
with the intensity of <60 kA/m are used.
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®opMupoBaHHe KpUTEepUEB N0A00Hs PU3NYECKUX 00bEKTOB U NMPOIECCOB HA OCHOBE KOMIIBIOTEPHOI

nporpammbl NonDimCritFormer 1.0
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Introduction. The problem of adequate modeling of physical
processes and objects is an urgent task of modern science.
Automation of work in this area increases the accuracy of
modeling and saves money on full-scale modeling of objects
under study. The research objective was to create a computer
program that would automatically form dimensionless simi-
larity criteria based on the initial set of parameters.

Materials and Methods. The calculation algorithm is based
on wt-theorem of similarity theory and the basic provisions of
the dimensional theory.

Research Results. The computer program is developed. It
enables to get all the theoretically possible similarity criteria
for the simulation of the physical process or object of inter-
est.

Discussion and Conclusions. The results obtained can be
used in the industrial and scientific modeling of physical
objects of research, calculation of new similarity criteria,
solving problems of describing complex processes, etc.

Keywords: similarity criterion, theory of similarity, dimen-
sional theory, 7~theorem, dimensionless complex, Kirpichev-
Gukhman theorem.
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Introduction. Similarity criteria are dependencies between dimensionless combinations of parameters describ-

Beéeoenue. CoBpeMeHHas Hayka NPHU3HAET aKTYaJIBHOW IPO-
6reMy aJIeKBaTHOTO MOJEIMPOBAaHMS (HU3HYECKUX IPOIECCOB
1 00beKTOB. ABTOMaTH3alUus paboT B 3TOH cepe MOBHIIIAET
TOYHOCTh MOZEIMPOBAHUS ¥ SKOHOMHT CPEJCTBA Ha HATYPHOM
MOZENPOBAaHNHN 00BEKTOB M3ydeHus. Llenpro naHHOTO HCCITe-
JIOBaHUS OBUIO CO3/JaHHE KOMIBIOTEPHON NPOTPaMMBI, KOTO-
pas 1o UCXOIHOMY Habopy IapaMeTpoB aBTOMAaTHYECKH (op-
MHUpYeT 0e3pa3sMepHbIe KPUTEPHH TOJ00HS.

Mamepuanst u memoovl. B OCHOBE pPacueTHOrO AIrOPHUTMa
JIOKHUT T-TEOpeMa TEOPUH ITOJ00WS U OCHOBHBIC ITOJIOXKEHHS
TEOPUHU Pa3MEPHOCTEMN.

Pesynomamur uccneoosanus. Co3aHa KOMIIBIOTEpHAs IIPO-
rpaMma, KOTOpas IIO3BOJISIET MOJNYYHTh BCE TEOPETHYECKH
BO3MOJKHBIE KPHTEPHH TOJO0MS IJIsI MOAEIUPOBAHUS H3ydae-
MOro (hPU3MYECKOro Mporecca Wik 00beKTa.

Obcysrcoenue u 3axmouenue. T1orydeHHBIE PE3YIBTATHl MOTYT
OBITh MCHOJIB30BAaHbI B NPOMBINIICHHOM W HAyYHOM MOJEINH-
poBaHNH (U3NUECKUX OOBEKTOB HCCIICAOBAHUS, pacdeTe HO-
BBIX KPUTEPHEB MOROOHS, PEIIEHUH 3aa9 OITHCAHUS CIIOKHBIX
HPOLIECCOB U T. 1.

KnwueBble cioBa: kputepuil momo0Hs, TEOpHUs MOIOOUS,
Teopusi pa3MepHOCTEH, TT-TeopeMa, Ge3pa3MepHbI KOMILIEKC,
teopema KupnnyeBa — I'yxmana.

Odpasey, ona yumupoeanusa: llnbuposa, . M. dopmuposa-
HUE KpUTEPHEB 1000 GU3MIECKUX 0OOBEKTOB U IPOLIECCOB
Ha OCHOBE KOMITBIOTEPHOI MPOrpaMMBI
NonDimCritFormer 1.0 / 1. M. Lu6uposa / Bectaux [oH.
roc. TexH. yu-ta. — 2019. — T. 19, Ne2. — C. 179-184.
https://doi.org/10.23947/1992-5980-2019-19-2-179-184

ing an object or physical process. On the basis of similarity criteria, it is possible to create mathematical models of the

objects of interest [1-4].

Similarity criteria enable to establish the correspondence of the model and the object under study. They be-
come irreplaceable when the mathematical description of processes according to experiments or observations is not

" The research is done within the frame of the independent R&D.
" E-mail: 571334@mail.ru
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formed. In fact, similarity criteria are dimensionless power complexes of sets of physical parameters describing objects
and processes. They are identical in form and numerically equal for similar objects or processes.

The algorithm is based on the second theorem of similarity theory, the so-called n-theorem. In the source [5], it
is formulated as follows: any complete equation of the physical process, written in a certain system of units, can be rep-
resented by a functional dependence between the similarity criteria obtained from the parameters involved in the pro-
cess. From this, it follows that analyzing and combining with each other the physical parameters describing the object
of study, it is possible to make the similarity criteria of the object or physical process [5, 6].

When modeling objects of research on the basis of similarity theory, the analysis of the dimensions of the
physical parameters describing the object at its primary points [6, 7] is most frequently used.

Researchers select the determining physical parameters that describe the object of interest, in particular, pres-
sure, viscosity, density, speed, temperature, resistance, current, and, working with their dimensions, obtain a theoretical-
ly possible number of similarity criteria [8]. These criteria can then be used as the basis for mathematical or full-scale
modeling.

In the case when the initial object under study and the model have similarity criteria that are numerically equal
in the critically important zones, then, according to the third similarity theorem (Kirpichev -Gukhman theorem) [9], it
implies their physical similarity [6]. Therefore, to create, for example, a model of flow along the contour of pipes, it is
necessary to find the appearance and numerical value of the similarity criteria describing the real object, and then to
build a model or laboratory installation so that the values of the similarity criteria in it are numerically equal to the val-
ues of the same criteria on the real object.

The NonDimCritFormer 1.0 program presented in this paper enables a person who studies a physical object or
process to select significant physical parameters (see Fig. 1), which determine its basic parameters and calculate auto-
matically all theoretically possible similarity criteria and dimensionless complexes (see Fig. 2) formed on their basis.
The basis of this algorithm is the methods of analysis of dimensions of the selected physical parameters.

2. Description of the program algorithm

The basis of the algorithm implemented in the program of formation of similarity criteria based on the dimen-
sions of the selected physical parameters is a technique that includes five steps.

Step 1. Determination of physical parameters that affect significantly the physical properties of the object un-
der study. The accuracy of the results depends on the correct choice of parameters, neglecting nonessential ones. A
large number of selected parameters causes an increase in the number of obtained dimensionless complexes, but does
not increase the accuracy of the model formed on their basis.

Step 2. Compiling a matrix of dimensions for the selected physical parameters. In it, the dimensions of the se-
lected parameters in the corresponding degrees are arranged in rows. The dimension of the matrix corresponds to the
number of parameters and their units of measurement, that is, in the matrix there are as many rows as the selected pa-

rameters, and there are as many columns as the units of measurement. For example, a string corresponding to the physi-
2

cal parameter “electrical resistance, R”, which has a dimension of four units B MaTpHUIle pa3MEPHOCTeH OyneT

s 4% '
nMeThb By (2 1 -3 -2).

Step 3. Determination of the number of independent parameters. The number of independent parameters k cor-
responds to the rank of the dimension matrix, i.e. the largest order of the non-zero determinant which is based on the
rows of the matrix under study.

Step 4. Formation of groups of independent parameters. At this step, combinations of k pieces of m parameters
that make up a dimensionless complex are formed. That is, the units that are included in the dimension of the selected
parameters are mutually reduced, which leads to the fact that this combination of the selected physical parameters has
no dimension. Generally speaking, the complex consists of such parameters, the partial matrix of dimensions of which
has at least one determinant of k-4 order unequal to zero.

According to the combinatorial placement formula, the theoretically possible number of such complexes can be [1]

Cr/; _ m! ’
kt(m—k)!
where m is the total number of parameters, & is the rank of the complete matrix of dimensions.
Not all obtained complexes of the selected parameters make up a complex with a matrix of k-th order, there-

fore, very often the number of groups after the test is less than C,”fl .

Step 5. Determination of expressions for similarity criteria based on calculated groups of independent parame-
ters. Expressions are formed by the following algorithm.
1. Take another group of parameters. For example, set #1- P;...P;.
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2. We begin the calculation of similarity criteria with dividing the parameters of the next group by the parame-
ters of the current group. In particular, the following criteria can be drawn up for the set #1

_ Pk+1 _ Pm
= pYi. . pru oo Tk T pPrecr . pEaik ’
T By 1 ey

Ordinary division of a parameter by a set does not produce a dimensionless expression. To do this, you need to
calculate the values of powers x; ;...x; ; for each of the criterion expression.

3. Considering that the dimensions of the parameters in the numerators and denominators of the criterion com-
plexes should be equal, we form and solve a system of linear equations. Obtaining such a system is due to the equaliza-
tion of degrees at the same units of measurement in the numerators and denominators of the criteria, which are the
products of combinations of dimensions selected at the beginning of the calculation of physical parameters. As a result,
we obtain a system of g equations with £ = ¢ unknowns.

We obtain sets of m-k criteria for each group of parameters. The maximum possible number of dimensionless
complexes, which can be calculated on the basis of m parameters, is

n, =Ck . (m—k).
This value can be quite large. For example, for m = 7 and k = 3, the total number is 7, =140 . But, due to the

fact that the list of calculated criteria has a lot of the similar and reciprocal ones, the total number of selected criteria is
less than mg . The proportion of criteria which failed verification depends on the initial set of physical parameters select-

ed for study.

3. Program interface and functionality

The program NonDimCritFormer 1.0 is written in the language VisualBasic.Net. It has an intuitive Windows
interface and is easy to operate.

The user chooses physical parameters, which are essential, in his opinion, for the simulated object or process
(see Fig. 1), then, by clicking the mouse on the button “Generate all criteria” and “Remove repetitions of criteria”, all
similarity criteria (dimensionless complexes), which can be made on the basis of the selected physical parameters (see
Fig. 2) are displayed.

1=

Dafin Mpaska TecTol CTEHARTHEIE KPHTERHA
BEIGEPHTE HEHOAHbIE N3pAMETPI

Bec uienore, Vasld T mowrocTs wensnan, PUG T cropotTe cbmarran, W
sec, Fres O mowrocTs, P O ckopocTe pearus, whieac
Bper, | O wanpserie, U [ cropocTe HALTRauMM, WFik

Bricots, h [ HaTmkenvie nossprHacT., Fpov
T apianieeran, van S

[ crapocte, w
[ conporvien. anextpid., R

BASKOCTE KMHEMATHH, ¥k O nnotrocTe Toka, rol [ conparuenerie ua., Rlld
naeneHE, b [ nnarHocTs, o D rermeparypa, T
uarerp, d O nnowage, 5 O renaem, maceosas ., DCmld
A nnna, | [ noverupan Teprogurant, pofTD (] Tennoenk. monapHan ya., OCMolyrlld
EmMKOCTE 3 nekTpHd, C [ noverupan surseckui, potHim (] Tennoenk. ofeennan g, QCVUd
39D 2 NEKTDMARCIM, g [ noror Tennosoi, potac) O renemeocts cuerentsr, 00
WHYKTUEHOCTE, L [ npoeaaumacts ya. . Gld O ramuuma, th
komecTe BewerTsa, kohs [ nposogumacts anekrpud., Gel [ urnosan crapoeTs, ugw
KamecTE0 Tennare, kald [ npoeourace, & [ wrnosoe yexopenie, uga
KOHUSHTDALNA Maccosan, T [ npomasoaureneHocTe ut., Pravlld [ yron naockui, ugPl
KoHuerTpaw Dfenan, OV (] patiora &, [ wron Tenechen, ugT|
Kos . TeMIEpaTYponpoE, kT [ pacoa Haccosell, rashm [d yckoperide ceod.naneris, g
KOG PPl AWPPY3U, kD [ pacxoa offerHe, sy’ O yckoperve, 5
KOSPHL, MaccoaTaaw, kmat [ cuna ceera, Fev O uactora. ch
KOG UL, Macconepenaud, kmper [ cunaToka, | [ akBuBaNEHT 3 NEKTRONMM., ]
Koa@@U, TennonposaaH., kk O cvna, F [ anextponposaan. wa., GLd2
koeuu. TennooTaasm, kh [ cropocts s8uka & cpeae, way O=reprus. E
Macea manapHan, mhalyr O cropocts Maccosas, wm O aHrponua cucteme, Entip
macca, m 0 ckopanr macconepen,, wiPer
CopmupoBaTs BCE | YipaTe MoETopel | HEBTW cTaHnanmHeE TofaeuTe HOBSIA HnaniTe CpopmupoEaTE Bl
KpTEmAM KpEpies KpuTED napamep BouEnErbE e | ek fiazy
Fig. 1. Selection of initial physical parameters
T =121
Dafin Mpaexa TecTel CTEHASDTHEE KDHTEDIH
Bosepure ucaogroe napsmeTpes
KpuTepum Ge= noBTOpeHMi 5|
1*ro*w
Pi(l)=——-—m—mmmmmm e
vdin
g*1
Pi(2)=—-=mmmm—mm e
w2
gElr3*ron2
Pi(3)=——m—mmmmmmmmmmmmm o
vdin”2
vdin
Pi(4)=-----———mm e
l*ro*w
_____________________________________________________________ ;I
Cooprapoesre Bce | Ubpare noeTope! Dofaeume Hosedt Ugamre Cooprupoeste. B
KPP ¥ NapameTn ELULENEHHLIE 3 Nl HEHORHYO 633y

Fig. 2. Calculated similarity criteria
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Using the “Find standard criteria” button, you can detect the existing (named) similarity criteria in the list.
NonDimCritFormer 1.0 also enables to print the entire list of criteria or part of it, to save the list as a separate file, to
edit the base of standard criteria.

4. Examples of using the program

Calculation example 1. Under constant voltage conditions, we find similarity criteria describing the current
flow in a resistor, choke, and capacitor connected in series [8].

Step 1. Select the physical parameters essential for the simulated object. They include: current, I, A ; induct-
: capacitance, C, A2 ; resistance, R,; m voltage U, kg-m2

kg-mz’ 542 s 4

ance, L, and time ¢, s. Total parameters

S2 ~A2
are m = 6 and base unit are g = 4.

Step 2. The matrix of dimensions of the specified parameters has the form:

m kg s
t|0 0 1
cl-2 -1 4 2
L2 1 -2 =2
uljz 1 -3 -1
{0 0 0 1
Ri2 1 -3 2

Step 3. The rank of this matrix is £ = 3. It follows that the number of independent parameters in the group will
be three, and the number of criteria for each independent group will be m — k= 3.
Step 4. The total number of groups of independent parameters can be: C,]fl = Cg =20. Combinations of pa-

rameters are made automatically with the help of the described program. The algorithm checks the rank of the partial
matrix for each composed combination.
For example, for an ILU combination, a partial matrix would look like this:

0 0 0 1
ILv=2 1 -2 2
21 3 -1

The rank of this matrix is 3, therefore, this combination forms a group of independent parameters. Not all of
the possible 20 combinations are dimensionless similarity criteria. For example, tCL combination is not a criterion be-
cause the rank of the matrix is not equal to k. In the context of the initial set of physical parameters under consideration,
only 15 can be considered as similarity criteria.

Step 5. Drawing up similarity criteria passes through the solution of systems of linear equations, which are
formed on the basis of criterion complexes. For example, for a combination of ILU:

txl,l me sz 1
= M= =,
Jhe e e JACEIN iU et J52 [N U

after solving the system, which will result in finding the values of powers of dimensions x, the following crite-
ria will be obtained:
t C R

m=——7, = 5 TC3: .
I-L-U! I>.L.U2 0.u

Ty =

For each of 15 possible combinations of initial physical parameters, 3 criteria will be obtained. Among these
45 criteria, there are often repetitive and reciprocal ones. For this example, NonDimCritFormer 1.0 gives 11 unique

criteria:
t 1-1% %R
T 05 050 T 05 0 BT 05 0
C-L It CR
METE BToy T
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. c-U* kI L
7= > 8 =, » 9 = >
L C-R?
U-t R-t
oSy T

Calculation example 2. Consider the process of fluid motion in a horizontal pipe. To do this, we form similari-
ty criteria that describe the pressure drop in this process [10]. The most important parameters that describe the pressure
drop in the pipe during the passage of the liquid medium, the following values can be called:

Ap=f(o,p,p L),
. kg . ..oom . . kg .
where Apis the pressure, — 5 0ls the flow rate of the fluid, —; p is fluid density, 5 uis the coeffi-
m-s s m

. L k
cient of dynamic viscosity, £
m-s

Total parameters are m = 5, and the base units are ¢ = 3. The complete matrix of dimensions of the selected pa-
rameters has the form:

m kg s
pl|-1 1 -1
Ap -1 1 =2
L{1 0 0
p -3 1
ol 0 -1

The rank of the reduced matrix is £ = 3. The number of independent parameters in group is three and the num-
ber of criteria for each independent group is m — k = 2. Total groups can be C,/:l = C52 =10.

According to the calculations of the program, in this example, out of ten possible combinations, only nine are
independent groups. It follows that a total of 18 dimensionless complexes can be obtained. After removing the repetitive
and reciprocal ones, the program gives 6 unique combinations.

L-Ap Ap L-Ap%? - p%?
n-o p-® p
"o Lpo L*-Ap-p
TC4=T, Mg =—", 756:—2.
Ap™ u 1!

It is important to note that the complexes 7, and w5 are expressions of the Euler and Reynolds criteria, respec-
tively [3].

4. Conclusion

The computer program NonDimCritFormer 1.0 is proposed. With its help, on the basis of selected physical pa-
rameters that determine the characteristics of the object under study or the physical process in its characteristic spatial
and temporal points, it is possible to form dimensionless complexes — similarity criteria describing the object of study.
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Comparative analysis of NTRUEncrypt modified post-quantum cryptographic system and

standard RSA cryptosystem”
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CpaBHHTeIbHBIH aHAIW3 MOAMGUIMPOBAHHONI NMOCTKBaHTOBON kpunrtorpadguyeckoii cucremsl NTRUENcrypt

ok

U 001 eNPUHATOH KpunTocucTreMbl RSA

I1. B. Pazymos', M. A. Cmupnos’, . A. IIninnenxo’, A. B. Ceaépa’, JI. B. Yepkecosa®™

1,23.4,5

Introduction. The NTRUEncrypt cryptographic system, the
calculation of the algorithmic complexity of the development
of the NTRUEncrypt cryptosystem and its modifications are
considered. The study objectives are to develop NTRUEn-
crypt, an efficient post-quantum cryptographic algorithm,
which has high cryptographic resistance to quantum comput-
er attacks, to work out a modification of the proposed algo-
rithm, to analyze and experimentally validate its advantages.
Materials and Methods. A description of the NTRUEncrypt
encryption system is proposed. The modification of the con-
sidered algorithm is studied; the block diagram of the im-
plementation of the software based on it is presented. An
example of the software operation and its characteristic is
given. The reliability of the results is proved using the
Mann-Whitney U test. During the experiment, the third-party
software implementation of the RSA cryptosystem was used.
A Stopwatch class element was introduced in the source code
of all three programs of NTRUEncrypt, RSA, and NTRUEn-
crypt modifications. This class provides a set of methods and
properties that can be used for the precise measurement of
the execution time. Thus, it became possible to record the
results of the time spent on all three basic stages: key crea-
tion, encryption and decryption of the message.

Research Results. The advantages of the developed cryp-
tosystems in terms of the performance characteristics are
proved. An experimental comparison of the implemented
NTRUEncrypt algorithm and its modification is performed.
All advantages of the latter are indicated.

Discussion and Conclusions. The advantage of using the
NTRUEncrypt algorithm modification is experimentally
validated. The new application is 25% faster to perform gen-

eral work on key generation, encryption and decryption. In

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

JIOHCKOI1 rocyJapCTBEHHBIM TEXHUUECKHI YHUBEPCUTET, I'. PocToB-Ha-/lony, Poccuiickas ®eneparms

Beeoenue. CtaThsi OCBSIIEHA MCCICAOBAHUIO KpUNTOTpadu-
uyeckoil cucteMbl NTRUEncrypt, pacuery anropurMudeckon
cioxHocTH pazpaboTku kpuntocucteMbl NTRUEncrypt u ee
Momudukanyu. Llenn mccnenoBanus: pazpadoTka 3PQPEeKTHB-
HOTO IIOCTKBAaHTOBOTO KPHITOTPAa(HUYECKOro  airopurMa
NTRUEncrypt, o6namaromero BEICOKOH KPHIITOCTORKOCTBIO K
aTakaM C KBaHTOBOTO KOMIIBIOTEpA, a TaKKe pa3paboTKa Mo-
IudUKaIUK TPEJIOKEHHOTO alrOpUTMa, aHalIu3 M JKCIepH-
MEHTAIBHOE JJOKA3aTebCTBO €r0 MPEHMYIIECTB.

Mamepuanvr u memoowi. IIpemiokeHo ONUCaHUE CHCTEMBI
mmppoBannss NTRUEncrypt. M3ydena moamdukamms pac-
CMaTpHBacMOTr0 alrOpUTMa, MpeJCTaBlIeHa OJOK-cXema pea-
JIM3aIiy OCHOBAaHHOTO HAa HEM IPOTPaMMHOTO cpencTna. I1pu-
BEJICH TpHMep pabOTHI MPOTPAMMHOTO CPEACTBA M JIaHA €ro
XapakTepucTuka. JlocTOBEpHOCTh pe3ybTaToB 00OCHOBaHA C
nomouibto U-kputepus Manna — Yurthu. Ilpu nposenenun
9KCIEPUMEHTA HCHOJIb30BAaHA CTOPOHHSS MPOrpaMMHAsl peati-
3amusl Kpunrorpadudeckoit cucreMbl RSA. B mcxomHbpiid Ko
Bcex T1pex mnporpamM NTRUEncrypt, RSA, wmomudukamm
NTRUEncrypt 6611 BHenpeH 3neMeHT kiacca Stopwatch. Jlan-
HBII KJIacC MPEOCTaBIsIeT HA0Op METOMIOB U CBOICTB, KOTOPHIE
MOJKHO HCIIONB30BAaTh Il TOYHOTO M3MEPEHHs BpEeMEeHH, 3aTpa-
YEHHOTO Ha BBINONHEHHE. TakuM 00pa3oM, MOSBHIACHE BO3MOXK-
HOCTb (PMKCHPOBATh PE3yNbTaThl 3aTPAUYeHHOT0 BPEMEHH Ha BCEX
TpeX OCHOBHBIX OTalax: CO3JaHHe KIIo4el, mM(poBaHue H
pacmmdpoBaHie COOOMCHIIS.

Pezynomamul uccnedosanus. JlokazaHbl MPEMMYIIECTBA Pa3-
pabOTaHHBIX KPHIITOCHCTEM II0 XapaKTePHCTHKaM MPOU3BOIH-
TENILHOCTH. BBINOIHEHO 3KCIePUMEHTAIbHOE CpaBHEHHE pea-
m3oBanHoro anroputMa NTRUEncrypt u ero moanduxammn.
ITpu 5ToM 0603HAaUEHBI BCE MPEUMYIIECTBA TOCIIEIHEH.
Obcyscoenue u 3axaroyenus. DKCIEPUMEHTAIBHO JTOKa3aHO
NPEHMYIIECTBO HCIOJIB30BAaHUS MOANUGUKAIMK AITOpUTMa
NTRUEncrypt. HoBoe npunoxenue Ha 25 % ObICTpee BBINION-
HsIeT 00IIyI0 paboTy MO reHepalyy KIoUYeH, MHuppPOBaHUIO U
pacmudposanuio. [ToMUMO 3TOr0 ONTHMH3HUPYETCS HCIIONb-

30BaHHUE BHyT“peHHeFI MmaMATH 3a CUET YMEHBIICHUS BE€Ca UC-
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addition, the internal memory usage is optimized through
reducing the weight of the source program file and the size of
the secret key. When attempting to crack a ciphertext, cryp-
tographic robustness and complexity of using quantum algo-

rithms are shown.

Keywords: cryptographic system, post-quantum crypto-
graphic algorithm, cryptographic strength, Mann-Whitney U
test, encryption.

For citation: P.V. Razumov, et al. Comparative analysis of
NTRUEncrypt modified post-quantum cryptographic system
and standard RSA cryptosystem. Vestnik of DSTU, 2019,
vol. 19, no. 2, pp. 185—194. https://doi.org/10.23947/1992-
5980-2019-19-2-185-194

XxonHOro (aiina mporpaMMbl M pa3mepa CEKPETHOTO KIII0Ya.
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Introduction. The paper [1] gave an impulse to the development of a new cryptographic system. It shows that

quantum computers potentially threaten to hack into all widely used cryptographic algorithms.

The software presented in this paper is cryptosecure versus possible quantum attacks and surpasses its counter-

parts (for example, RSA cryptosystem) in the algorithm speed characteristics and in the quantity of spendable resources

[2]. This explains the urgency of the research.

The object of the study is the NTRUEncrypt cryptosystem.

The subject of the research is the algorithmic complexity of the development of the NTRUEncrypt cryptosys-

tem and its modifications.

The work objectives are to develop an efficient post-quantum cryptographic NTRUEncrypt algorithm, which

has high cryptographic resistance to quantum computer attacks, to work out modifications of the proposed algorithm, to

analyze and experimentally validate its advantages.

To achieve the objective, the following tasks were defined.

1. To investigate the algorithm of the NTRUEncrypt cryptosystem.

2. To develop an algorithm for modifying NTRUEncrypt.

3. To implement the NTRUEncrypt cryptosystem software and its modifications.

4. To analyze and compare two programs with each other and with their counterpart - RSA cryptosystem.

Materials and Methods. Consider the description of the encryption NTRUEncrypt system. The cryptographic
system with the public NTRUEncrypt key uses operations over the Z [X] /(X" — 1) ring of polynomials of degree not

exceeding N—1 [3]:

a=agta *X +ayg*X2+ - +ay_ x XV,

where ag, a,, a, ... ay_; are integers.

The operations of addition and multiplication are performed as usual, except that X" is replaced by 1, XV*1 is

N+2
, X

replaced by X! , SO On.

The cryptosystem is determined by a number of parameters, the key parameters are: &, p and ¢. To maintain

the algorithm strength, it is necessary for p and ¢ parameters to be coprime.
To provide high resistance of the algorithm to various attacks, it is recommended to use the following parame-

ters (Fig. 1):

Indication N q p df dg dr Guaranteed resistance
NTRU167:3 167 128 3 61 20 18 Moderate level of resistance
NTRU251:3 251 128 3 50 24 16 Standard level of resistance
NTRUS503:3 503 256 3 216 72 55 Highest level of resistance
NTRU167:2 167 127 2 45 35 18 Moderate level of resistance
NTRU251:2 251 127 2 35 35 22 Standard level of resistance
NTRU503:2 503 253 2 155 100 65 Highest level of resistance

Fig.1. Recommended parameters
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Research Results

Key generation. Bob wants to send a message to Alice. For this, he needs public and private keys. Therefore,
he chooses randomly two small polynomials f'and g from the ring of truncated polynomials R. The smallness of poly-
nomials means that the small polynomial will be much less than ¢ with respect to the arbitrary polynomial modulo ¢, in
which the coefficients are uniformly distributed [4]. To determine the smallness of polynomials, the numbers df and dg
are used which Bob chooses independently.

The polynomial f will have df coefficients equal to one, (df — 1) coefficients equal to minus one, and the rest
coefficients equal to zero.

The polynomial g will have dg coefficients equal to one, as many coefficients equal to minus one, and the rest
coefficients equal to zero.

Bob should keep the selected polynomials in secret since anyone he learns them will be able to decrypt the
message.

Further, Bob calculates the inverse polynomials f, and f; modulo p and ¢, respectively, such that:

fXf,=1modp)uf X f; =1(mod q).
If by chance these inverse polynomials do not exist, then Bob goes back and re-selects the polynomial f.
The secret key is the pair (f, f,), and the public key # is calculated using the formula:
h=pX fa X g (mod q).

Encryption. Alice wants to send a message to Bob using the public key 4. To do this, Alice needs to present her
message as a polynomial m with the coefficients modulo p selected from the range (—p/2, p/2]. Then, Alice needs to
choose another small polynomial » which is called “blinding”, and calculate the ciphertext:

e = (r x h+m)(mod q).

Decryption. Bob receives an encrypted message e from Alice and wants to decrypt it. First, using his secret

key, Bob calculates:
a=f XxXe(modq).
Since Bob calculates the value @ modulo ¢ number, he should choose its coefficients from the range (—g/2, g/2]
and then calculate:
b = a (mod p).
Finally, Bob, using the second part of the secret key, receives the original message from Alice:
¢ = f, X b (mod p).

Modification of the NTRUEncrypt algorithm. As can be seen from the description of the algorithm, the poly-
nomial f'shall comply with the following requirements:

- the polynomial f'is invertible modulo p,

- the polynomial f'is invertible modulo ¢,

- the polynomial f'is a small polynomial.

In the algorithm itself, the invertibility modulo p and g was guaranteed as follows. If the polynomial f'being not
invertible in one of the moduli was generated, then it was discarded and the next one was generated — and so on as
long as the required polynomial was found.

The proposed modification is to replace the polynomial f'by a polynomial of the form:

Jf=1+pF, Q)
where F is a small polynomial.

This approach has the following advantages.
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1. From the expression (1), it is clear that the polynomial f'is always invertible modulo p. This fact accelerates
the key generation since it is not necessary to additionally calculate f,,.

2. Since f' = 1 mod p, then decoding does not require additional multiplication by /', which speeds up the de-
cryption process itself. In this case, the private key will not be the pair (f, f,), but (f).

Key generation. As in the original algorithm, Bob first selects the encryption parameters N, p, ¢ and the num-
bers df, dg. Then, he selects randomly two small polynomials /' and g from the ring of truncated polynomials R.

He calculates the modified polynomial f using the formula (1).

Next, Bob calculates the inverse polynomial f; modulo g:

f X fq = 1(mod q).
If by chance an inverse polynomial is not found, Bob goes back and re-selects the polynomial f.
The secret key is the polynomial £, and the public key # is calculated as follows:
h=pX fa X g (mod q).

Encryption. Encryption remains unchanged; all is quite as in the original NTRUEncrypt algorithm.

Alice wants to send a message to Bob using the public key /. To do this, Alice needs to present her message as
the polynomial m with coefficients modulo p selected from the range (—p/2, p/2]. Then, Alice needs to choose another
small polynomial , which is called “blinding”, and calculate the ciphertext:

e = (rxh+m)(mod q).

Decryption. Bob receives the encrypted message e from Alice and wants to decrypt it. In the first place, using

his secret key, Bob calculates:
a=f xXe(modq).

Since Bob calculates the value @ modulo ¢ number, he should choose its coefficients from the range (—g/2,
q/2], and then calculate:

b = a (mod p).

That is all, calculation is finished at that; we have received the original message from Alice: b = m [5].

Proof of the modified algorithm. To prove the algorithm, consider the decryption process itself.

Alice’s encrypted message looks like:

e = (rxh+m)(mod q).
Bob uses his secret key — polynomial f;
a=fXe(modq) = X (r x h + m))(modq) =(f X (r X pfy X g+ +m))(mod q).
As a result:
a=(pr x g+ m x f)(mod q).
Thereafter, Bob obtains the polynomial b through decreasing the coefficients of the polynomial ¢ modulo p:
b = a(modp) = m X f(modp) = (m + m X p X F)(mod p) = m (mod p).

Thus, we have checked and proved that the polynomial 4 is the original message m indeed.

Implementation of the algorithm. The programming language used is the object-oriented programming lan-
guage C#, which belongs to the family of languages with a C-like syntax. Development framework was Microsoft Vis-
ual Studio 2015 Enterprise. The primary advantage of this software product is the application with a graphical interface
that allows the user to make short work with the device and the operation scheme of this software product.

Fig. 2 shows a generalized block diagram of the software.
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Fig. 2. Flowchart of software implementation

Example of the software. NTRUEncrypt uses three constant parameters: N, p, g. The user enters them in the
System Settings panel.

Next, there is the Key Generation panel. The parameters entered by the user in the previous step are input.
Then, two polynomials f'and g are randomly formed, so that:
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- the degree of polynomials to be corresponded to the input parameter N.

Then, the Euclidean theorem on computing the greatest common divisor for polynomials and its backward
course is used to calculate two polynomials inverse to f modulo p and ¢, respectively. The public key 4 is computed.

The user enters the binary message type m in the Encryption panel in the Message window. It should be men-
tioned that the original message should be divided into blocks of N bits, each of which will be processed separately and
converted into a polynomial with the coefficients {—1, 0, 1} (in this program, instead of the value “—1”, “2” is used).

For an encryption operation, the program needs to perform preliminary preparation — to generate one blinding
polynomial. It is formed in the same way as f'and g polynomials.

The resulting public key and the polynomial » make it possible to encrypt message m using the appropriate
formula. Then, the result is checked on the membership to the ring of truncated polynomials of a degree not exceeding
N -1, and is displayed on the screen.

The next block implements the decryption mechanism. For this, actions are consistently performed considering
the ring Z[X]/(XN - 1).

The operation result is shown in Fig. 3.

¥ NTRUEncrypt -

Key generation

Cryptosystem .
parameters Key generation Encryption
%]
. | Common message:
N jl 7: d=ddge3 g 10011101001
pe 3 | Generate r=(x"0) +x" 1+x"2ex"3+{x"6) +{x"10)
q= {7 | Encrypt
fodx"0e ()« (32 « ("5) o7+ 11
9 = X" Defa"1) #(x"3) ox"4o(x"9) x"10 .
Decryption
Clear )
fqe= 33333230233 Ciphertext 210-1-31-211-31
Output h= 11023312202

Public key: (h);
Private key; (),

Fig. 3. Appearance of NTRUEncrypt program

Fig. 4 shows the software results in the form of source text, encrypted and decrypted.

A my_text.ot — Brokrot (3] shifi_tet.bt — Bnofll RIa s e = ] X
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Fig. 4. Software result

Experiments. The experimental research objective is to show and prove the advantages in the performance
characteristics of the developed cryptosystems in comparison with the analogue. (In this paper, an RSA public key cryp-
tosystem was chosen as an alternative [6].) In addition, it was necessary to compare the implemented NTRUEncrypt
algorithm and its modification in order to note the advantages of the latter and provide experimental evidence.
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To verify the results, the statistical Mann — Whitney U-test was used, which is intended for comparing two in-
dependent samples by the level of any feature measured quantitatively. The criterion enables to determine the degree of
difference between samples and is more powerful than the Rosenbaum criterion.

For the experiment, a third-party software implementation of the RSA cryptographic system was used. An el-
ement of the Stopwatch class was introduced in the source code of all three programs — NTRUEncrypt, RSA, and
NTRUEncrypt modifications. This class provides a set of methods and properties that can be used to accurately measure
the time spent on the execution. Thus, it became possible to record the results of the elapsed time at all three main stag-
es: key creation, encryption and decryption of the message. The experiment results are shown in Table 1.

Table 1
Experiment results

Ne NTRUEncrypt operate time, s NTRUf;lecrrmyzttﬁiifcaﬁon RSA operate time, s
Key generation
1 0.0239676 0.0190014 0.0964144
2 0.0149743 0.0109994 0.1023557
3 0.0129915 0.0099936 0.1372658
4 0.0170503 0.0099772 0.0491137
5 0.0139885 0.0099773 0.0869555
6 0.0139880 0.0099782 0.0587503
7 0.0129761 0.0099936 0.0986608
8 0.0139931 0.0109775 0.0707417
9 0.0139918 0.0099773 0.0595015
10 0.0169748 0.0099777 0.0517874
Encryption
1 0.0069961 0.0069770 0.0453772
2 0.0049961 0.0059796 0.0598658
3 0.0059954 0.0049965 0.0265461
4 0.0049966 0.0069966 0.0402407
5 0.0069765 0.0060854 0.0783415
6 0.0049961 0.0069989 0.0097463
7 0.0059795 0.0059954 0.0247876
8 0.0069961 0.0059954 0.0272320
9 0.0089956 0.0049798 0.0494907
10 0.0059954 0.0049744 0.0100916
Decryption

1 0.0009843 0.0009843 1.0624476
2 0.0010212 0.0010026 0.3692022
3 0.0010193 0.0009974 0.7651423
4 0.0009989 0.0009975 0.9922103
5 0.0030012 0.0009988 0.3056423
6 0.0010017 0.0009975 0.3757183
7 0.0009989 0.0009988 1.2844272
8 0.0010021 0.0009989 0.5902735
9 0.0010026 0.0009984 0.9932694
10 0.0009844 0.0009970 0.8740392
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The Mann — Whitney U-test is applicable to the results given in Table 1. Compare the key generation rate of
the NTRUEncrypt algorithm and its modifications.

Following the algorithm of the Mann-Whitney U-test, we criterion write the computation step by step.

1. Create a common ranked list of both samples assigning a lower value to a lower rank.

2. Divide the total ranked list into two consisting of the elements of the first and second samples.

3. Calculate the sum of ranks for the first and second samples separately, as shown in Fig. 5.

Ne Sample 1 Rank 1 Sample 2 Rank 2
1 0.0239676 20 0.0190014 19
2 0.0149743 16 0.0109994 9
3 0.0129915 11 0.0099936 6.5
4 0.0170503 18 0.0099772 1
S 0.0139885 13 0.0099773 2.5
6 0.0139880 12 0.0099782 5
7 0.0129761 10 0.0099936 6.5
8 0.0139931 15 0.0109775 8
9 0.0139918 14 0.0099773 2.5
10 0.0169748 17 0.0099777 4

Sums 146 64

Fig. 5. The second step of calculating the Mann-Whitney U-test

4. Calculate the value of the Mann-Whitney U-test: U = 9. The critical value of the criterion for the data n1 and
n2 should be determined from to the table of statistical significance level (Fig. 6).

Ukp

p=0.01 p=0.05

19 27

Fig. 6. The forth step of calculating Mann-Whitney U-test

Since the values of n1 and 2 are the same for all experiments, this table will be used in each calculation.

Hence it follows that the obtained empirical value U = 9 is in the zone of significance (Fig. 7). Consequently,
there is a significant difference between the speed of the NTRUEncrypt program and its modification. If this fact is ex-
pressed percentagewise, it turns out that the NTRUEncrypt modification is 28% faster than the program itself.

Axis of significance:

UO.OI UO,D)

Zone of

- Zoneof
insignificance

significance

19 27

Fig. 7. Axis of significance

Similarly, in shorthand, we present the results of the Mann-Whitney U-test and the percentage superiority for
the remaining cases.

Key generation

1. NTRUEncrypt modification is 28% faster than NTRUEncrypt. The obtained empirical value U =9 is in the
significance zone.

2. NTRUEncrypt program is faster than RSA by 80%. The obtained empirical value U = 0 is in the area of sig-
nificance.

3. NTRUEncrypt modification is faster than RSA by 86%. The obtained empirical value U = 0 is in the area of
significance.

Message encryption

1. The obtained empirical value U =47 is in the zone of insignificance.
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2. NTRUEncrypt program is f80%aster than RSA. The obtained empirical value U = 0 is in the area of signifi-
cance.

3. NTRUEncrypt modification is faster than RSA by 84%. The obtained empirical value U = 0 is in the area of
significance.

Decryption

1. NTRUEncrypt modification is 17% faster than NTRUEncrypt. The obtained empirical value U = 24 is in the
zone of uncertainty.

2. NTRUEncrypt program is faster than RSA by 99%. The obtained empirical value U = 0 is in the area of sig-
nificance.

3. NTRUEncrypt is99% faster than RSA. The obtained empirical value U = 0 is in the area of significance.

Discussion and Conclusions. In the framework of this research, the following is developed:

- software that implements the NTRUEncrypt cryptosystem operation;

- software that implements this cryptosystem modification.

One of the NTRUEncrypt advantages over its counterpart - the RSA cryptosystem, a higher speed of operation
can be specified. Performing encryption and decryption operations requires o(n?) operations, unlike O(r’) in the same
RSA. As for the experimental data, the NTRUEncrypt program wins significantly on the speed of the algorithm com-
pared to RSA. In addition, there is a slight increase in durability with the same key length. The disadvantage of the sys-
tem is the necessity for using the recommended parameters.

Regarding the NTRUEncrypt resistance, after the creation of quantum computers, the problems of fast factori-
zation and discrete logarithmation will be solved [7]. In this case, RSA, DSA, and similar algorithms will become use-
less. The relevance of NTRUEncrypt will remain: it will be fully applicable in the “post-quantum” era since there is no
algorithm that solves the problem of the shortest lattice vector.

The advantage of using the NTRUEncrypt algorithm modification is experimentally proven. The developed
application performs the general work on key generation, encryption and decryption 25% faster. In addition, it optimiz-
es the use of internal memory through reducing the weight of the original program file and the size of the private key.
When attempting to crack a ciphertext, cryptographic robustness and the complexity of using quantum algorithms are
manifested.
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Introduction. The solution to the problem of optimal control of
the biogas process under its conversion in two digesters is con-
sidered. The work objectives are to propose a mathematical
model of this process and to develop an optimal control algo-
rithm.

Materials and Methods. The developed mathematical model
describes the biomethanation from animal waste through the
downstream processing of the substrate in two digesters. Cases
of the same and different temperature media (mesophilic and
thermophilic) are considered. An optimal control problem is
defined as a Lagrange problem for this model. Its modifiers are
the rates of substrate entry into the digesters. The algorithm for
solving this problem is proposed; it is based on the numerical
implementation of the Pontryagin maximum principle. When
optimizing, a hybrid genetic algorithm was used with an addi-
tional search in the neighborhood of the best solution through
the conjugate gradient method.

Research Results. A new mathematical model is developed. It
describes the biomethanation during the downstream processing
of the substrate in two digesters. A numerical algorithm for
solving an optimal control problem is proposed and software-
implemented. The numerical studies have shown that the biogas
production rate is nearly twice as high for a thermophilic medi-
um as for a mesophilic one. It is established that the down-
stream processing of the substrate in two digesters with the
same temperature medium allows the biogas production rate to
be doubled. If the temperature media in the digesters are differ-
ent, then in the first of them, the mesophilic medium should be
used, and in the second - the thermophilic medium. At this, the
biogas formation rate is somewhat lower compared to the case
when there is a mesophilic medium in each of the digesters;
however, the degree of the substrate processing is by 10-15%
higher.

" The research is done within the frame of the independent R&D.
™ E-mail: stkj@mail.ru, MaykovD@yandex.ru
" PaGoTa BBIIIONHEHA B pamkax uHMIaTuBHONH HUP.

Bseoenue. CtaTbsi OCBSIIEHA PEIICHUIO 3aJa4l ONTHMAIbHO-
rO yIpaBJCHUs IIPOIECCOM IOJydYeHHs Ouoraza mpHu Hempe-
PBIBHOM PEXHME ero nepepaboTKu B ABYX MeTaHTeHKax. Llemn
paboTHI: PEACTABUTH MaTEMAaTHIECKYIO MOJIENb JAaHHOTO IIPO-
mecca 1 pa3paboTaTh aJrOPUTM BEHIOOpa ONTUMAIBHOTO yIIPaB-
JICHUSL.

Mamepuanst u memoowi. Co3laHHAsT MaTeMaTHYECKas MOJIENb
OIUCBHIBAET MONyYeHHE OHOra3a M3 OTXOAOB XMBOTHOBOZICTBA
IpU TIOCJIEN0BATEIbHON IepepaboTke cyOcTpaTa B IIBYX Me-
TaHTeHKaX. PaccMaTpuBaloTCs cIydaW OAWHAKOBBIX U Pa3iIHd-
HBIX TEMIIEPATypHBIX cpel (Me30(pMIFHON U TePMOPIIIHHOM).
Jlns nanHO# Mozenu chopMyIHpoBaHa 33jada ONTUMAIBHOTO
ynpaeneHust B Buzae 3anaud Jlarpamxa. Ee ympasnsromumu
napaMeTpamy SBJISIOTCS CKOPOCTH HOCTYIUIGHHsI CyOcTpara B
MeTaHTeHKHU. [Ipe/iosken anroputM pemeHus JaHHOM 3aaaqyH,
OCHOBAHHBIH Ha uHC

JICHHO! peanu3anuy npuHnuna makcumyma IlonTtpsaruna. Ilpu
ONTHMH3AIMN TIPUMEHSIICS THOPHIHBIN TeHETHYECKHH aro-
PHUTM C JIOTOJHHTEIBHBIM MTOUCKOM B OKPECTHOCTH JIyYILEro
pEIIeHNs] METOIOM COTIPSKEHHBIX TPAMEHTOB.

Pesynomamul uccnieoosanus. PazpaboraHa HOBass MaTeMaTHye-
CKasi MOZIENb, OTMCHIBAIOIIAs ITPOLIECC ITOJy4YeHHs Ouorasa rnpu
MocJeI0BaTeIbHON NepepaboTke cyOcTpara B IBYX METaHTEH-
kax. [IpeayioxkeH ¥ MPOrpaMMHO peann30BaH YUCICHHBINH aj-

yIIpaBite-
Hus.UKClIeHHbIE HCCIeIOBaHUsS TMOKAa3ald, 4YTO Ui TEepMO-

TOPUTM  peWICHWsl  33Ja4d  ONTHMAIBHOTO
(GUIBHO CpeBl CKOPOCTh 06pa3oBaHus GHOTa3a MPAKTHICCKU
BJIBOE BBINIE, YeM I Me30(GMIBHOH. YCTaHOBIEHO, YTO IO-
clieioBaTeNbHas epepaboTka cyOcTpara B JBYX METaHTCHKAX
C OMHAKOBBIMH TEMIIEPATYPHBIMH CPeJaMH IIO3BOISET BIBOE
YBEJIMYHUTH CKOPOCTb 0Opa3oBanus Ouorasza. Ecmu temnepa-
TYPHBIC CPEBI B METAHTCHKAX PA3INYHbL, TO B IEPBOM M3 HHX
CIIeIyeT HCIOJIB30BaTh ME30(UIBLHYIO CPEly, a BO BTOPOM —
tepModuibHyto. [Ipu 3TOM cKOpocTh oOpa3oBaHusi GHorasa
HECKOJIBKO HIDKE [0 CPABHEHHMIO CO CIIydaeM, KOTJa B KaxKIOM
M3 METAaHTCHKOB Me30(MIbHAsI CPEfa, OLHAKO CTENEHb Iepe-

paboTku cybcrpara Bbime Ha 10—15 %.
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Discussion and Conclusions. The results obtained can be used
for the calculation and design of biogas plants, as well as in the

development of appropriate software.

Keywords: methanogenesis, biogas, digester, animal waste
treatment, mathematical model, differential equation system,
numerical solution, optimization methods, optimal control,
Pontryagin's maximum principle.
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Introduction. When livestock enterprises, in particular, poultry farms, pig farms, cattle farms, are operated, a
large amount of waste is generated. As a result of their fermentation in special tanks (digesters), fuel gas (biogas) and
valuable organic fertilizers can be obtained [1]. This process is called methanogenesis. It can occur under the periodic
and continuous delivery of the substrate. In the first case, the digester is filled once and emptied completely upon com-
pletion of the fermentation. In the second case, two processes occur simultaneously and continuously: the supply of the
substrate and the removal of its processed portion.

Usually, mesophilic medium (at a temperature of 25-38° C) or thermophilic (45-60° C) is used for methano-
genesis. The optimum temperature for the mesophilic medium is 37° C, for the thermophilic medium, it is 56° C. The
fermentation time for these media is 25 and 12 days, respectively.

The economic efficiency of biogas production depends on various factors: type and quantity of raw materials,
climatic conditions [2], etc. In addition, the rate of substrate input into the digester affects significantly the biomethana-
tion. This parameter value depends on the volume of the digester and the type of raw materials. To find the optimal val-
ue of the specified magnitude, it is required to solve an optimal control problem.

Under the continuous mode of fermentation, the substrate does not have time to go through full processing. To
increase the biogas production, it is necessary to use two digesters so that the substrate is sequentially processed in each
of them. Various aspects of this process are studied in [3, 4], and its technical implementations are reflected in the pa-
tents [5-7].

In the papers on the mathematical simulation of methanogenesis, for example [8, 9], the search for optimal
control is not presented or its asymptotic value is found [10—12]. An analytical solution to the optimal control problem
is obtained in [13]. However, the mathematical model described there differs significantly from that presented in this
paper. The numerical method proposed here for solving an optimal control problem is applicable to a wide class of
models.

Materials and Methods. The scheme of downstream processing of the substrate is shown in Fig. 1.

Digester 1 Digester 2

Ly, q, q q
Xy, Ly X, L, 2

Y

Fig. 1. Scheme of two-stage mode of methanogenesis

Assume L, is the concentration of nutrients in the substrate fed to the first digester (kg/m*); L, and L, are the
concentration of nutrients in the substrate for the first and second digesters, respectively (kg/m’); X 1and X, are the
concentration of methane-producing bacteria in the first and second digesters (kg/m’); 0, is the volume of the substrate

in the first digester (m®), 0, - in the second one; ¢ is the rate of the substrate input in the first digester (m*/day),

d . . .
q = = and ¢, = % are the rate of substrate delivery from the first and second digesters, respectively.
Losses of the substrate do not occur, therefore
9=9%N=92 =9

The value of ¢ is determined by the volume of waste, the quantity and capacity of the biogas plants.
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Relative rates of substrate input for the digesters are:
1 d
9 _a and

| =— —

O da G O, dt QO

Substrate volumes in the digesters are equal to

1 dQ2:q—2

==

0= wd 0= L =19
Q| U U
To describe methanogenesis during downstream processing of the substrate, a mathematical model based on
the mathematical model of the population dynamics of methane-producing bacteria for a one-stage methanogenesis
mode is used [11, 14]:

dX, [ Hmgl
daxXy [ Bmetlt  Wnaiby |,
dt a +L1 bl +L1
dL Pitmg1 L1 X
7:“1 '(Lo _LI)_—’
t (11 +L1 (1)
ax L b
2 X, + Hmg2ta  Hpaoby —uy | X,
dt a2 +L2 b2 +L2
dL, Pokmgalo X7
72“2 '(Ll —Lz)_—~
t a2 +L2

Here, the subscripts of the variables ( X;, L; ) and parameters (g ; » Mg ;> @i > b;» B;» ;) correspond to the
number of the digesteri € {1, 2} . The model parameters arep,,,, ; and p,,q ;, the maximum possible relative rates of

growth and dieoff of bacteria, respectively (day '); B;1s dimensionless coefficient of the substrate absorption; «; and
b; are empirical coefficients (m’/kg); A is parameter equal to zero if the temperature media in the digesters are different,

and equal to one if these media are the same.
Values of the model parameters are determined in accordance with the selected temperature regime of the
methanogenesis (mesophilic or thermophilic). If temperature media in the digesters are the same,

then Ly,e1 = Wng2 = Hmg » Mmdt = Hma2 = Huma » €tC.
The initial conditions are:
X1(0)=X2(0)=Xo, £;(0)=L,(0) = Lo,
where X, is a natural concentration of methane-producing bacteria in the feedstock; L is equal to the concentration of
nutrients in the unprocessed substrate.
The model (1) is built on the assumption that the digesters maintain an optimal and constant process temperature.
If the temperature media are different, then, when the substrate is fed from one digester to another, heating or cooling to

the temperature in the second digester should occur.
The rate of biogas production (m’/day) in the i-th digester is equal to
Vilimg iLi X
W =——,
a; + Ll
where 7, is the coefficient characterizing the rate of conversion of substrate nutrients into biogas (m’ » m/kg).

To obtain the optimal control problem, it is necessary to supplement the system of equations (1) with the criterion
functional

T
LX LX

- J- YiMmg1ta 41 + YoMmgato Ao dt —> max , 2)

0 al +L1 612 + L2
that determine the total biogas yield from 1 m’ of the substrate in the first and second digesters over time 7 . The opti-
mized parameters of the problem are relative rates of the substrate delivery into the digesters u; and i, in the system of
equations (1).

The systems (1) - (2) are Lagrange problems. In general case of the optimal control problem, there is a system of
differential equations of the form:

%=f(x(t),u(t),t),le[0, T],xeR”,ueRk, (3)

its initial conditions are:
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x(0)=xgq.
It is required to find the optimal control u (t) delivering a maximum to the criterion functional
T
J:J‘Fo(x(t),u(t),t)amax. 4)
0
For the numerical solution to the problem, a difference grid with nodes#y, =0, #, #, ..., t;, tiq, -

t, =T with the constant step / =1;,; —, is introduced on the interval [0, T] [15].

The numerical solution to the system of differential equations (3) is carried out through the fourth-order
Runge—Kutta method:

X4 =xl~+§‘(k1 +2ky +2k3 +ky), i=0,g-1,
ky =f(x;, u, 1),
kzzf(xi+g~kl,ui,ti+§j, (5)
kj :f(xi +g'k27 u;, ¢ +§j k3 =f(x,~ +g-k2, u;, 1 +§j

k4 :f(Xl +hk3, ul', tl +h)

To solve the problem, it is convenient to introduce gk -dimensional full control vector U = (ui), i=1¢qg.In

this case, the difference approximation of the criterion functional (4) is the expression:
q
J=J(U)=> Fy(x;, u;.t;)-h—max. (6)
i=0

The problem is solved in the sequence given below.

1) Set the full control vector U .

2) The initial system of differential equations (3) is solved numerically using the relations (5), and the value of
the criterion functional (4) is calculated using the difference approximation (6).

3) The system of adjoint equations is numerically integrated (in the direction “from right to left”) according to

the relations:

oF
pizpi+l+h'_0+GiT'pi+l'hﬂ i=l, q_L (7)
OX;

1
py =0.

of (x;,u;,1;)

Here, p= p(t) are dual variables of the Pontryagin maximum principle; G; =( Jis Jacobi matrix com-

1
posed for the system (3).

4) The optimization process is performed by vector U . In this paper, the genetic algorithm with real coding
and an additional search in the neighborhood of the best solution through the conjugate gradient method was used as the
optimization method.

For the considered problem of methanogenesis optimization, the vector of phase variables is equal

tox = colon(X L, Xs, Ly ) , the control vector is equal tou = Colon(ul ,uz) , and the Jacobi matrix has the form:

Pmgih  wuaiby y @ Hmg1 X N b1 X1 0 0
o+l b+l (q+0) (b+L)
Bikmg1Ly Brait g1 X
= U 0 0
a +L1 (al +L1)

Hmg2la  Waobs _y aylmg2 X2 N bymar Xy

7\,142 0 2 3 5
a2+L2 b2+L2 (a2 +L2) (b2 +L2)
L a X
0 " _PatmgaLo - Baaskgr 22
a +L2 (a2 +L2)
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tem of differential equations of the mathematical model of methanogenesis are recorded. The deviations of the specified

Research Results. The theoretical values of the variables found as a result of the numerical solution to the sys-

values from the experimental values with respect to the vector of parameters [10, 16] (Table 1) are considered. The pa-
rameter values of the methanogenesis model are estimated through minimizing the sum of squares of these deviations.

cide.

Table 1

Estimates of methanogenesis model parameters for mesophilic / thermophilic media

Source of raw materials
Coefficient
Poultry factories Pig farms Cattle farms
Himg 0.482/0.821 0.346/0.783 0.297/0.563
Wmd 0.353/0.528 0.291/0.423 0.254/0.351
a 34.781/43.875 7.242/21.653 5.013/8.733
b 116.457/ 14.674 37.347/9.278 18.722/5.455
p 2.344/3.189 1.495/2.084 1.413/1.983
Y 1.463/1.963 1.373/1.907 1.299/1.813

The following methods for processing the substrate are considered.
I. A single digester is used.
II. Two digesters are used with the downstream processing of the substrate, in which temperature media coin-

At this, two options of the medium are possible for each digester: mesophilic or thermophilic (Table 2).

Table 2
Optimal methanogenesis parameters
. Source of raw materials
Characteristics - -
Poultry factories Pig farms Cattle farms
I. One digester with mesophilic / thermophilic medium
u’, day ' 0.149/0.402 0.128/0.341 0.112/0.268
w', m’ day 7.25/24.51 3.58/10.76 1.81/5.42
L'/ Ly, % 56/ 43 51/38 52/41
II. Two digesters with mesophilic / thermophilic medium in each
ur, day 0.168 /0.432 0.144/0.362 0.117/0.287
u; , day ™' 0.491/2.448 0.412/1.858 0.367/1.424
w,m’/ day 15.19/50.21 7.79/22.19 3.85/10.92
Ly/ Ly, % 45 /35 38/33 38/33

II1. Two digesters, in the fir

st - mesophilic, in the second - thermophilic medium / in the first - thermophilic,
in the second - mesophilic medium

uy , day ! 0.149 / 0.402 0.128/0.341 0.112/0.268
us , day ! 0.312/0.051 0.222/0.059 0.183/0.051
w', m’ day 15.35/25.12 6.61/11.42 3.26/5.42

L/ Ly, % 30/34 29 /35 26 /32

Here, u" are the optimal values of the relative rate of the substrate delivery; w' is the corresponding daily aver-

*

. . L . . .
age biogas yield; A is the completeness of the processing of substrate nutrients.

0

Graphs of the biogas production rate are shown in Fig. 2.
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Biogas production rate:

3 . . .

m /day — — in scheme w%th one dl'gester

in scheme with two digesters
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Fig. 2. Biogas production rate when using waste of pig farms for two digesters with mesophilic (a)
and thermophilic (») medium in each

III. Two digesters are used with downstream processing of the substrate, in which the temperature media are
different.

Here, two cases are considered.

1) In the first digester, there is mesophilic medium, and in the second - thermophilic medium.

2) In the first digester, there is thermophilic medium, and in the second - mesophilic one.

See the optimal parameter values in Table 2.

Fig. 3 shows a graph of the biogas production rate.
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w, Biogas production rate:
3 = == in scheme with one digester
m’/day in scheme with two digesters
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Fig. 3. Biogas production rate when using pig farm waste for two digesters: in the first digester there is mesophilic medium,
in the second digester - thermophilic medium (a); in the first digester, there is thermophilic medium, in the second digester —
mesophilic medium (b)

The use of a single digester in the continuous mode of fermentation enables to process the substrate nutrients
by 40-45% for the mesophilic medium and by 50-55% for the thermophilic one.

When using two digesters with the same temperature media, the share of substrate processing increases by 10%
for the mesophilic and by 5% for the thermophilic media. At this, the average daily production of biogas is almost dou-
bled. The biogas production rate for the thermophilic environment is almost twice as high as for the mesophilic one.

Two digesters operating in different temperature media show different results. So, in the first case, the share of
substrate processing is about 25% higher than when using a single digester with a mesophilic medium. In the second
case, the share of substrate processing is 5—10% higher than when using a single digester with a thermophilic medium.
Besides, the organization of the process in the first case provides a nearly twofold increase in the rate of biogas produc-
tion (when compared to a single digester with a mesophilic medium). In the second case, a significant increase in speed
is not observed (if compared to a thermophilic medium). It follows from the above that the second case is not advisable.

The first option loses somewhat in the rate of biogas production in case of using two digesters with a meso-
philic medium in each, although it provides a higher (by 10—15%) degree of the substrate processing. This is due to the
fact that with the use of two digesters with a mesophilic medium, the optimal values of the relative (and therefore abso-
lute) rates of substrate input are higher, that is, more of the substrate is processed per unit of time. The rate of biogas
generation for the second option is twice as low as for the case of using two digesters with a thermophilic medium.

Discussion and Conclusions. Mathematical models are developed that describe the methanogenesis during the
downstream substrate processing in two digesters when the temperature media in them coincide and differ. These mod-
els correspond to the problem of optimal control of the methanogenesis process on the basis of the Pontryagin maxi-
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mum principle. The paper describes an algorithm for its solution. The control parameters are relative rates of the sub-
strate delivery into the digesters.

The numerical study results show that the sequential application of two digesters with the same temperature
media allows for an increase in the degree of substrate processing by 5-10%. At the same time, the rate of biogas pro-
duction is doubled. The degree of processing of the substrate for the mesophilic mode is also 5—10% higher than for the
thermophilic one. At the same time, the biogas production rate in a thermophilic medium is almost twice as high as in a
mesophilic one. This is due to the higher intensity of the process (higher than the optimal value of the relative rate of the
substrate delivery).

The results of the operation of digesters with different temperature media are also shown. In the first case, the
substrate is first processed in a mesophilic medium, and then enters the digester with a thermophilic medium. In the
second case, on the contrary, the substrate from the digester with a thermophilic medium enters the digester with a mes-
ophilic medium. In the first case, more substrate is processed. When compared to the use of a single digester with a
mesophilic medium, the advantage is about 25%. When compared to the use of a single digester with a thermophilic
medium, it is 5-10%. In the first case, the rate of biogas production is almost twice as high as in the case of a single
digester with a mesophilic medium. In the second case, the rate of biogas production is almost the same as when using a
single digester with a thermophilic medium. Thus, the second case is impractical.

In the first case, the biogas formation rate is somewhat lower than in the case of using two digesters with a
mesophilic medium in each, but at the same time, the degree of substrate processing is 10—15% higher. In the second
case the biogas production rate is twice as low as when using two digesters with a thermophilic medium in each, which
again shows the inefficiency of the second case.
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