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UDC 621.891: 622.87 The wear of the friction lining and break drum of a vehicle is uneven. It is,
therefore, advisable to reduce wear where it matters most. Knowing the opti-
mal microgeometry of the friction pair surface, this problem can be solved by
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Introduction

The safety, reliability, and durability of transport vehicles depends on the drum-lining friction pair of
the brake mechanism. Numerous works have been devoted to the calculation and rational design of friction
units (for example, [1-26], etc.). It is impossible to prevent the wear of drum-lining friction-pair elements
during vehicle operation. To increase the life of the friction pair, various measures are required to reduce the
wear of the friction lining and break drum [27-39]. In this regard, the optimal design of brake-mechanism
friction-pair elements is of great importance.

It is known that the wear of a friction lining and a break drum occurs unevenly. The challenge is to
reduce wear where it matters most. By changing the microgeometry of the friction pair surface, this problem
can be solved by design and technological methods at the design stage. The problem of choosing the friction
surface microgeometry, which ensures the even wear of the friction lining and maximum durability, has not
yet been solved by a calculation method. The purpose of this article is to develop a mathematical model for
the drum-lining friction pair, which allows one to calculate the optimal microgeometry of the friction surface
for the given truck braking modes.

Problem Formulation

Consider the stress-strain state of the friction lining of a braking a car. In the intermittent braking mode,
interaction occurs between the contacting surfaces of the friction lining and the break drum, and friction forces
arise, which lead to the wear of the mating materials. To determine the contact pressure, it iS necessary to con-
sider the wear-contact problem of the indentation of the friction lining into the brake drum surface.

Let a friction lining with the mechanical characteristics G and L be pressed against the brake-drum
inner-surface with the mechanical characteristics G, (elastic modulus) and W, (Poisson's ratio). In this case,
the contact area occupies the entire width of the friction lining and is constant during braking.
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We assume that the conditions of plane deformation are satisfied. We assign the friction lining to the
polar coordinate system 16, the origin of which is in the center of concentric circles Ly and L with radii R,
and R, respectively. Imagine the unknown boundary of the outer contour of a friction lining L' in the form

r=p(8),  p(B)=R+eH(®), H(®)= (a coskd+bsin8),
k=0
where €=R,,,,/R is a small parameter; R.x is the maximum height of the depression (protrusion) of the un-
evenness of the friction lining profile; the function H(0) is to be determined.
Similarly, the previously unknown inner contour of the break drum is close to circular and can be
represented as

P(O)=R +eH,0),  H,®)= (a} cosk6+b! sinks),
k=0

in which the function H,(0) is also to be determined during the solution of the optimization problem.

It is required that there be determined the friction surface microgeometry (the functions H(0) and
H\(0)) at which an even wear will take place. To find the friction surface profile, it is necessary to supple-
ment the statement of the problem with a criterion that allows us to determine the functions H(8) and H,(0)).
To determine the expansion coefficients of the desired functions H(8) and H,(0)), we respectively use the
principle of equal wear of the friction lining surface as an optimization criterion.

We carry out a theoretical analysis to determine the microgeometry of the drum-lining friction sur-
face, which would provide an almost even distribution of wear. Therefore, by choosing the friction surface
microgeometry, we will reduce the unevenness of wear of the friction lining and the break drum.

Solution Method

To solve the optimization problem posed, the wear-contact problem of the indentation of the friction
lining into the surface of the brake drum is first considered [40].

The condition connecting the movement of the friction lining and the break drum has the form

vi+v:=30)  (l0]<8y), (1)
where &(0) is the settlement of points on the surfaces of the friction lining and the break drum, determined by
the shapes of the friction-lining and break-drum surfaces, as well as the magnitude of the pressing force P;
20, is the angle contact of the friction lining. In the contact zone, in addition to the normal pressure p(0, 1),
there is a tangential force associated with the contact pressure according to the Amonton-Coulomb law.

The friction forces T,4(0, #) contribute to heat release in the contact area. The total amount of heat per
unit time is proportional to the power of the friction forces. The amount of heat generated per unit of time on
a unit contact area with the coordinate 0 will be Q(0, )=Vfp(0, 1), where V is the speed of the vehicle at the
moment of braking; fis the friction coefficient of the friction pair.

The total amount of heat, Q(0, f), will be consumed as follows: on the heat flow into the friction lin-
ing, 0.(0, 1), and on the heat flow to increase the temperature of the break drum, Q,(0, 7).

For friction-lining and break-drum displacements, we have

V=V, v, Vv, V) =V,, tV,, +V,,

Here, v,, are the thermoelastic displacements of the points of the friction-lining contact surface; v,, are
the displacements caused by the crushing of microprotrusions of the friction-lining surface, v,, are the displace-
ments caused by the wear of the friction-lining surface; v,,, v,,, v,,, are the displacements for the brake drum.

The rate of change of surface displacements during the wear of the friction lining and the break drum
will be [41, 42]

dv,

E:K(k)p(e,t), )

where K* is the wear coefficient of the material (k=1 is the wear coefficient for the friction lining, and k=2 is
the wear coefficient for the break drum).
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To determine v,,, v,, and v,,, v,,, thermoelasticity problems are solved for the friction lining and the
break drum, respectively. The thermal conductivity coefficients of the material in the axial, circumferential, and
radial directions are assumed to be the same and independent of coordinates and temperature. The friction lin-
ing is modeled by a circular curved beam with a cross-section close to a narrow rectangle (see the figure).

For the friction lining,
AT=0,
oT

with r=p(8) A Z-=—0.,
on

T=T. with r=R,,
T=T. with®=0; T=T. with 6=28,,
with =p(0) ©,=-p@®), 1,=-7p0),

with =Ry v,=0, vg=0.

Here, A is the thermal conductivity coeffi-
cient of the friction lining material; A is the
Laplace operator; T is a function of temperature;
T, is the ambient temperature; n, t are the normal
and tangent to the outer surface of the friction lin- A scheme for calculating the optimal microgeometry
ing; v,, vg are the radial and tangent components of of the outer surface of the friction lining
the displacement vector of points L, respectively.

At the straight ends of the friction lining, the boundary conditions are accepted as

R R R
[oedr=0,  [t4dr=0, [ogrdr=0 withe=te,
Ry Ry Ry

where G,, Gg, T, are the components of the stress tensor.

Similarly, the problem of thermoelasticity is posed to determine the displacements v,,, v,,of the
contact surface of the break drum. To determine v, and v, , the kinetic equation of wear for the material of
the friction lining and break drum is used (2).

We look for temperature functions, contact pressure, stresses, and displacements in the friction lining
and break drum in the form of expansions in the small parameter €, in which, for simplicity, we leave the
terms containing degrees of € that are not higher than one. We find the stress components for r=p(0) by ex-
panding in a series the expressions for stresses in the neighborhood r=R. Using the perturbation method for
the boundary-value problem of thermoelasticity, we obtain a sequence of boundary-value problems for the
friction lining with circular boundaries for the inner and outer surfaces [43]. Each approximation satisfies the
system of differential equations of plane thermoelasticity. The solution to the boundary-value problem of the
theory of heat conductivity in each approximation is sought by the method of separation of variables. In solv-
ing the thermoelasticity problem, in each approximation, the thermoelastic displacement potential and the
power series method are used.

Based on the obtained solution to the problem of thermoelasticity and integration of the kinetic equa-

tion (2) of wear of the friction lining material in the zeroth approximation, we find the displacements v, of

its contact surface. The thermoelasticity problem for the brake drum is solved in the same way. Based on the
obtained solution of the thermoelasticity problem for the brake drum and the kinetic equation of wear of the

brake drum material, the displacement vg of its contact surface is found in the zeroth approximation. The

quantities vlo and vg found are substituted into the main contact condition (1) in the zeroth approximation.
Carrying out the algebraization of the main contact equation in a similar way [27-28], we obtain an infinite
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algebraic system with respect to ocg (k=0,1,2,...), [32 (k=1, 2, ...) and oc}(, [3}(, etc. The obtained systems

allow us to find the contact pressure in the zeroth approximation by numerical methods.
Then, in a similar way, the solution to the wear-contact problem is constructed in the first approxi-
mation. Repeating the procedure for constructing algebraic systems to find the desired coefficients, we ob-

tain an infinite algebraic system with respect to OL}C,O k=0, 1,2, ...), B}C,O (k=1, 2, ...) and 0‘}{,1’ B}{J, etc.

The right-hand sides of infinite algebraic systems include the coefficients a , b, a, , b, of expan-

sions of the functions H(8) and H,(0). With the known functions H(0) and H,(0), the resulting systems make
it possible to find the contact pressure p(0, f). The resulting algebraic system of equations is not yet closed.

Let i be the desired value of material wear for the friction lining surface. The value /4 is initially
unknown and requires determination in the process of solving the optimization problem. By solving the
wear-contact problem of the indentation of the friction lining into the break-drum inner-surface, for the wear
of the friction lining surface, we find

2
h(e.7) =K “){[p(?(e) +epb @+ [p0 )+ epf(e>]%+.-} -

The abrasive wear formula, which can be written as
h(®,t)=F(8,t,ay,a;,b),ay,a,,b)  (k=1,2, ..., m),
shows that the wear linearly depends on the desired coefficients a, b_, a, , b, of Fourier series of the func-

tions H(0) and H,(8). To construct the missing algebraic equations for finding the coefficients a,? , b,? , a,lc , b,i ,

we use the principle of least squares.

The wear h of the friction lining is a function of the independent variable 6 and (4m+2) of parame-
ters ag, ay, b}, a, a, , b,. Time is considered a free parameter. The parameters a, a, ., b_, a, a} , b,
are constant (in the general case, they depend on time), but they are unknown in advance and are be deter-
mined. To find the unknown parameters, we perform a number of calculations.

We divide the segment [0y, 8o] of the change of 0 into M parts, where M>4m+2.
0,=—0,+iA0, AB=20,/M,
p(®,,0)=F(®,,t,a),a;,b,ay,a;,b,) (i=1,2, ..., M). 3)

Let us find the values of the unknown parameters that will provide for values of the abrasive wear
function (3) a constant value in the best way

F®,.1,a0,a,b’,al,al,b))y=h  (i=1,2, ..., M).

The most probable values of the parameters will be those for which the sum of squared deviations €;
will be the smallest

M
U=Y[F@®, a0 ab,al.b)~h] —min. )
i=1
For any moment of time, we consider ag , a,? , b,? , a(l), a,lc , b,i (k=1, 2, ..., m) as independent vari-
ables. Equating to zero the partial derivatives of the left-hand side of (4) with respect to these variables and
h , we obtain (4m+3) equations with (4m+3) unknowns

Wy, Yo, Yy (el2.om) (5)
da, da; ob;

a—Ulzo, a—U1=0, a—UI=0, a—g=0.

da, da, ob, oh

ISSN 0131-2928. Ipobaemu mawunobyoysanns. 2020. T. 23. Ne 3 49



DYNAMICS AND STRENGTH OF MACHINES

The design and solution of system (5) is greatly simplified, since the function
F(0,.t,a),a;,b.,ay,a;,b,) is linear with respect to the unknown parameters. This system of equations
closes the infinite algebraic system of the wear-contact problem and must be solved together with it for fixed
values of time.

Analysis of Simulation Results

The joint solution of the obtained systems of equations allows us to find approximate values of the co-

efficients a,? , b,? , a,l( , b,i , h , 04, Br. The thermo-physical and mechanical characteristics of the friction- lining

and brake-drum materials, their geometric dimensions, and vehicle speed are free parameters of the problem.
For the numerical implementation of the proposed method, calculations were carried out as applied to the brake
mechanisms of KamAZ-5320 trucks. The following parameters were taken to be constant: R=0.19 m; friction
lining thickness 4,=0.016 m; friction lining width b,=0.14 m; Rl' =0.2 m; outer radius of the break drum

Rf' =0.25 m; f=0.35; coefficient of wear resistance of the friction lining material K"V=1.5-10" and of the break
drum K?=2-10"%; E=6.9-10° MPa; E,;=1.8:10° MPa; u=0.4; w,=0.3 for gray iron material of the break drum.

The values of control parameters (coefficients ay, a., b., a,, a, , b,) were found depending on
the physico-mechanical characteristics of the friction pair for different moments of time. In the expansion of
the desired functions H(0) and H,(0), limitations to k=5 terms were used. The calculation results for deter-

mining the microgeometry of the friction contact surface at the initial moment /=0 for different vehicle
speeds during braking are given in the table where line 1 refers to the friction-lining surface roughness.

Values of Fourier coefficients for optimal roughness (um)

Material | ap | a; | a | as | a | as | b, | b, | b | by | bs
V=50 km/h
1 0.389 | 0.303 0243 | -0.185 | 0.086 | 0.042 | 0.411 0.278 0.115 | -0.067 | 0.029
0260 | 0.182 | -0.163 | 0.154 | 0.077 | 0.035 0.228 | 0.191 0.089 | 0.039 | 0.028
V=80 km/h
1 0456 | 0.393 | -0315 | 0.228 | 0.114 | 0.050 | 0437 | -0.278 | 0.185 0.096 | 0.044
0.193 0.176 | 0.108 0.089 | 0.071 | 0.042 | 0.245 | 0.206 | 0.114 | -0.068 | 0.039

With prolonged braking, temperature stresses become important for the brake mechanism of a vehi-
cle. Our calculations show that the temperature rises when the wear of the friction lining increases.

Conclusion
The practice of operating the friction pairs of drum-lining brake mechanisms indicates that at the
stage of developing new designs of truck brake mechanisms, it is necessary to take into account cases where

uneven wear occurs. Knowing the coefficients a,? , b,? , a,lC , b,i of the functions H(0) and H,(0) allows one to

choose the roughness class of the machined outer surface of the friction lining and of the inner surface of the
break drum, which provides increased wear resistance of the friction pair of a truck brake system.
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Po3B’si3anHst 3a1a4i 3HUKEHHSI 3HOIEHHS (PpUKIiiiHOT HAKIAAKHY TaJIbMIBHOI CHCTEMH aBTOMOOLIA
E. C. Benizane

A3zepOaiiKaHChKUH TEXHIYHUA YHIBEPCUTET,
AZ1073, AzepOaitmxkan, M. baky, mip. I'. Jxasina, 25

3unowysanns naxnaoku i 6apabana 2atbMiBHO20 MEXAHIZMY ABMOMODINS 8i00Y8AECMbCS HEPIBHOMIPHO, MOMY 00Yi-
JIbHO 3MEHULY8amu 3HOC mam, O0e 8iH MA€ HAUOIble 3HAYEeHHS. SHAIYU ONMUMATLHY MIKPO2eoMempilo NOBEPXHI mepms
@DpuKryitinoi napu, yro 3a0auy MOMCHA PO38’A3Y8aAMU KOHCHPYKMOPCLKO-MEXHOI0IYHUMU MemOoOamy Ha emanax npoexmy-
6aHHA | 8U20MOBNEHHA. B pobomi meopemuuno po36’sa3yemobcs 3a0a4a 3i 3HAXOOHCEHHS MIKpO2eoMempii NOBepXHi mepms,
wo 3abesneuye pisHomiphull 31oc Gpuryitinoi Hakaiaoxu. Tlputinama moodenb wopcmkoi noeepxmi mepms. s po3g’si3anus
nocmaeneHol 3a0a4i ONMUMI3ayii CROYAMKy po3ensioacmspCsi 3HOCOKOHMAKMHA 3a0a4d Wooo 60A8II06AHHS HAKIAOKU 8 NO-
6EPXHIO 2anbMigHO20 bapabana. Temnepamyphi GyHKYIT, KOHMAKMHUL MUCK, HANPYJCEHHsL I NEPEMIWEeHH s 8 HaKIaoyi i ba-
pabani wykaiomocs y 8u2nsidi poskaadie no mMaiomy napamempy. /s cnpowjerHs uienu, o Maioms Cmyninb Maio2o napa-
Mempa euue nepuiozo, siokudaromvcs. Koojicne HabnudiceHHs 3a0080bHAE cucmemy OUQepeHyianibHUX DiHAHb NIOCKOT
mepmonpysicnocmi. Po3e’a30k kpaiioeoi 3a0aui meopii menionpogioHoCi 6 KOHCHOMY HADIUINCEHHT 3HAXOOUMbCS MEMOOOM
PO30LNEH s SMIHHUX. Y KOJCHOMY HAOIUIICEHHI OIS PO36 A3aHHS 3a0a4i MEPMONPYIHCHOCHI BUKOPUCTOBYIOMbCSL EPMONPY-
JICHULL NOMeHYIaN nepemiugerv i Memoo cmenenesux paoie. 3a JONOMO2010 Memooy HAUMEHWUX Keaopamie nodyo0oeana 3a-
MKHYmMa cucmema aneeOpaiyHux pigHaHb, Wo O00360J1A€ OMPUMAMU PO38 A30K 3a0aUi ONMUMATLHO20 NPOEKMYBAHHS Napu
mepms «0apaban-HaKIAOKa» 8 3ANeHCHOCI GI0 2COMEMPUYHUX | MEXAHTUHUX XAPAKMEPUCTHUK 2ATbMIBHO20 bapabana i Ha-
Kaoxu. 3natidena ceomempis nOGepXHi mepms 3ade3nedye niosueHHs 3HOCOCMIUKOCMI PUKYIHOT HaKIAOKU.

Knwouoei cnosa: ¢puxyitina napa, naxiaoka, bapaban, pisHOMIpHe 3HOULYBAHHS, WOPCIMKICMb, ONMUMATLHA 2€0-
Mempisi NO8epXHi mepmsL.

Jliteparypa

1. banakun B. A., Cepruenxo B. II., JIsicenok 1O. B. Ontumusanust KOHCTPpYKIHUI BEHTUIUPYEMBIX TOPMO30B aB-
tomobune. Tpenue u usnoc. 2004. T. 25. Ne 5. C. 474-584.

2. bamaxun B. A., Cepruenko B. II., YHayc B. Il., FiBanoB A. A. BamsHre u3HOCa Ha TETUIOBOM peXHUM PabOTHI
topmo3a. Tpenue u uznoc. 2005. T. 26. Ne 6. C. 571-574.

3. Gao C. H,, Huang J. M., Lin X. Z., Tang X. S. Stress analysis of thermal fatigue fracture of brake disks based on
thermomechanical coupling. J. Tribology. 2007. Vol. 129. Iss. 3. P. 536-543. https://doi.org/10.1115/1.2736437.

4. Hwang P., Wu X., Jeon Y. B. Thermal-mechanical coupled simulation of a solid brake disc in repeated braking
cycles. Proc. Institution Mech. Eng., Part J: J. Eng. Tribology. 2009. Vol. 223. Iss. 7. P. 1041-1048.
https://doi.org/10.1243/13506501JETS87.

5. Baneros B. A., UBanoB A. H0. MukporeomeTpusi HOBEpXHOCTEH JeTaieldl U MX (YHKIMOHAJIbHBIC CBOWCTBA.
U3ze. 6y306. [Ipudbopocmpoenue. 2010. T. 53. Ne 8. C. 7-11.

6. Bapanoscekuii [I. M. [TinBuIeHHs TOBroBiYHOCTI AM3EIB 13 3aCTOCYBAaHHSAM ONTHMAJILHOT MIKpOI'€OMETPIi TpH-
OocucTeMu «rinb3a-KubLe». Aemomo6. mpancn.. 2010. Bun. 26. C. 81-84.

7. Amnpapees 10. C., Meaynenkwnii B. B. VccrnenoBanne n3aMeHeHHss MUKpopebeda TOBEPXHOCTEH B TpoIlecce uX
TpEeHUs CKONbXKEeHHS. 36. 8y308. [Ipubopocmpoenue. 2012. T. 55. Ne 9. C. 30-34.

8. Cepruenko B. I1., ITexyes M. 1O., Konecuukos B. 1., CerueB A. I1., CaBounuk B. A., Snyuxosckuit B. U. Hccne-
JIOBaHUE TETJIOBOTO PEXKHMMa TIap TPEHUSI MHOTOJMCKOBOTO TopMo3a. Tpenue u uznoc. 2013. T. 34. Ne 6. C. 555-564.

9. Rashid A., Stromberg N. Sequential simulation of thermal stresses in disc brakes for repeated braking. Proc. In-
stitution Mech. Eng. Part J: J. Eng. Tribology. 2013. Vol 227. 1Iss. 8. P. 919-929.
https://doi.org/10.1177/1350650113481701.

10. Collignon M., Cristol A.-L., Dufrénoy P., Desplanques Y., Balloy D. Failure of truck brake discs: A coupled
numerical-experimental approach to identifying critical thermomechanical loadings. Tribology Intern. 2013.
Vol. 59. P. 114-120. https://doi.org/10.1016/j.triboint.2012.01.001.

11. bespsasprunslii B. @., Cyrarun A. H. K Bompocy pacueTHOro onpeaeneHus HHTEHCUBHOCTH M3HALIMBAHUSA KOH-
TaKTHPYEMBIX ITOBEPXHOCTEH C y4eTOM YNpPOYHEHHUS IMOBEPXHOCTHOTO CIIOS AeTallel. Ynpounsiowue mexnono-
euu u nokpoimus. 2014. Ne 1. C. 3-6.

12. Bonpuenko A. U., Kuagpaayk M. B., bexkum U. O., Manbik B. 5., CHypaukoB B. N. Tepmudeckne HanpsHKEHUS
B 000J1aX TOPMO3HBIX OapabaHOB aBTOTPAHCIIOPTHBIX CPeACTB. [Ipoba. mpenus u usnawusanus. 2015. Ne 4 (69).
C. 28-37. https://doi.org/10.18372/0370-2197.4(69).9992.

13. BanetoB B. A. IIpobGaemMbl ONTHMH3AIMH MHUKPOTCOMETPHUH TTOBEPXHOCTEH NeTaJIel /Ui oOecTieueHusT UX KOH-
KPETHBIX (YHKIMOHAJIBHBIX CBOWCTB. M36. 6y306. Ilpubopocmpoenue. 2015. T. 58. Ne 4. C. 250-267.
https://doi.org/10.17586/0021-3454-2015-58-4-250-267.

ISSN 0131-2928. Ipobaemu mawunobyoysanns. 2020. T. 23. Ne 3 53



DYNAMICS AND STRENGTH OF MACHINES

54

14. Ocramuyk A. K., Muxamumes A. I'., Ky3nernosa E. M. TexHosnoruueckoe obecredeHre napaMeTpoB IepoxoBa-
TOCTH TIOBEPXHOCTH KaTaHMS KOJIECHOW Mapsl IOcIe MEXaHuIecKoil obpabotku. Tpancn. Tpancn. coopyoicenus.
Oxonoeus. 2015. Ne 2. C. 73-86.

15. Yevtushenko A. A., Grzes P., Adamowicz A. Numerical analysis of thermal stresses in disk brakes and clutches
(a review). Numerical Heat Transfer, Part A: Applications. 2015. Vol. 67. Iss. 2. P. 170-188.
https://doi.org/10.1080/10407782.2014.923221.

16. Yevtushenko A., Kuciej M., Och E., Yevtushenko O. Effect of the thermal sensitivity in modeling of the frictional heat-
ing during braking. Advances in Mech. Eng. 2016. Vol. 8. Iss. 12. P. 10. https://doi.org/10.1177/1687814016681744.

17. Belhocine A., Abu Bakar A., Bouchetara M. Thermal and structural analysis of disc brake assembly during single stop
braking event. Australian J. Mech. Eng. 2016. Vol. 14. Iss. 1. P. 26-38. https://doi.org/10.1080/14484846.2015.1093213.

18. Tlonsxos I1. A., ®enotoB E. C., Ilonskosa E. A. MeTton npoeKkTUpOBaHUsI COBPEMEHHBIX TOPMO3HBIX MEXaHH3MOB
¢ cepBoycuinenueM. Becmu. Upkym. mexu. yn-ma. 2017. T. 21. Ne 7. C. 39-50. https://doi.org/10.21285/1814-3520-
2017-7-39-50.

19. Le Gigan G. Improvement in the brake disc design for heavy vehicles by parametric evaluation. Proc. Institution Mech.
Eng. Part D: J. Automobile Eng. 2017. Vol. 231. Iss. 14. P. 1989-2004. https://doi.org/10.1177/0954407016688421.

20. Djafri M., Bouchetara M., Busch C., Khatir S., Khatir T., Weber S., Shbaita K., Abdel Wahab M. Influence of
thermal fatigue on the wear behavior of brake discs sliding against organic and semimetallic friction materials.
Tribology Transactions. 2018. Vol. 61. Iss. 5. P. 861-868. https://doi.org/10.1080/10402004.2018.1437491.

21. Yevtushenko A., Kuciej M., Och E. Modeling of the temperature regime and stress state in the thermal sensitive pad-
disk brake system. Advances in Mech. Eng. 2018. Vol. 10. Iss. 6. P. 12. https://doi.org/10.1177/1687814018781285.

22. Yevtushenko A., Kuciej M., Topczewska K. Analytical model to investigate distributions of the thermal stresses in the
pad and disk for different temporal profiles of friction power. Advances in Mech. Eng. 2018. Vol. 10. Iss. 10. P. 10.
https://doi.org/10.1177/1687814018806670.

23. Bilgic Istoc S., Winner H. Heat cracks in brake discs for heavy-duty vehicles: influences, interactions and pre-
diction potential. XXXVIII Intern. p-Symposium 2019 Brake Conf.: proc. XXXVIII Intern. p-Symposium 2019
Bremsen-Fachtagung. October 25th 2019. Berlin — Heidelberg: Springer Vieweg, 2019. P. 55-69.
https://doi.org/10.1007/978-3-662-59825-2 7.

24. Afzal A., Abdul Mujeebu M. Thermo-mechanical and structural performances of automobile disc brakes: A review of
numerical and experimental studies. Archives Computational Methods in Eng. 2019. Vol. 26. P. 1489-1513.
https://doi.org/10.1007/s11831-018-9279-y.

25. Modanloo A., Talace M. R. Analytical thermal analysis of advanced disk brake in high speed vehicles. Mechanics of
Advanced Materials and Structures. 2020. Vol. 27. Iss. 3. P. 209-217. https://doi.org/10.1080/15376494.2018.1472340.

26. Subel J., Kienhofer F. W. Thermal comparison of heavy vehicle wheel assemblies under alpine braking. Proc. Institution
Mech. Eng. Part D. J. Automobile Eng. 2020. Vol. 234. Iss. 1. P. 28-38. https://doi.org/10.1177/0954407019844359.

27. MupcanumoB B. M. OntumansHoe mpoekTUpoBaHue y3na TpeHus. M3e. Tyn. eoc. yn-ma. Cep. Mamemamuxa,
Mexanuxa, Ungpopmamuxa. 2005. Bem. 2. C. 161-172.

28. MupcanumoB B. M. O6paTHas ”3HOCOKOHTAKTHAs 3a1a4a Juist GpUKIMOHHON TIaphl. [Ipoba. mawunocmpoenust u
naoexcnocmu mawun. 2008. T. 37. Ne 1. C. 62-69.

29. Mupcanmmos B. M., Axynmosa I1. 3. MuaMMU3anys KOHTAKTHOTO JAaBJICHUS [T (PPUKIIMOHHOMN Maphl «BTYJIKA-BaJD».
Tpenue u usnoc. 2015. T. 36. Ne 5. C. 529-535.

30. MupcanumoB B. M., Axynanosa I1. D. MunnMu3anus abpa3uBHOTO W3HOCA BHYTPEHHEH MOBEPXHOCTH BTYJIKH
¢pukronHoii napsl. Tpenue u usnoc. 2016. T. 37. Ne 5. C. 551-557.

31. MupcanumoB B. M., Axynnosa I1. 3. OnTumanbHOe NPOEKTHPOBaHUE (PPUKIMOHHON Hapbl BTYJIKA-TLTYHXKEP.
Tpenue u uznoc. 2017. T. 38. Ne 5. C. 454-460.

32. Mirsalimov V. M., Aknundova P. E. Inverse problems of damage mechanics for a hub of a friction pair. Intern.
J. Damage Mechanics. 2018. Vol. 27. Iss. 1. P. 82-96. https://doi.org/10.1177/1056789516662698.

33. MupcanumoB B. M., Axyrnosa I1. D. MuHHMH3AIMS TETIOBOTO COCTOSIHHS BTYJIKH (DPUKIIMOHHOHN IMaphI C IO~
MOIIBIO KPUTEPUS PABHOMEPHOTO PACIpPENENICHUSI TEMIICpaTyphl HA MOBEPXHOCTH TpPEeHUS. Ipenue u u3sHoc.
2018.T. 39. Ne 5. C. 514-522.

34. Mirsalimov V. M., Aknundova P. E. Minimization of the thermal state of the hub of a friction pair. Eng. Optimi-
zation. 2018. Vol. 50, Iss. 4. P. 651-670. https://doi.org/10.1080/0305215X.2017.1328062.

35. Mirsalimov V. M., Aknundova P. E. Minimization of stress state of a hub of friction pair. Advances in Math.
Physics. 2018. Vol. 2018. Article ID 8242614. https://doi.org/10.1155/2018/8242614.

36. Mirsalimov V. M., Aknundova P. E. Inverse wear contact problem of the friction unit. Proc. Institution Mech. Eng.
Part C: J. Mech. Eng. Sci. 2018. Vol. 232. Iss. 22. P. 4216-4226. https://doi.org/10.1177/0954406217749267.

37. MupcanumoB B. M., Axynnosa II. 3. OntumanbHOe NPOEKTUPOBAHUE y3Jla TPEHUS C PABHOMEPHBIM KOHTAKT-
HBIM AaBieHueM. ITpenue u usnoc. 2019. T. 40. Ne 6. C. 740-749.

ISSN 0131-2928. Journal of Mechanical Engineering, 2020, vol. 23, no. 3



JMHAMIKA TA MILIHICTb MAIINH

38. Mirsalimov V. M., Aknundova P. E. Inverse problem of contact fracture mechanics for a hub of friction pair tak-
ing into account thermal stresses. Mathematics and Mechanics of Solids. 2019. Vol. 24. Iss. 6. P. 1763—-1781.
https://doi.org/10.1177/1081286518805525.

39. Mirsalimov V. M., Aknundova P. E. Optimum problem on wear decrease for a hub of friction pair. Mechanics of Ad-
vanced Materials and Structures. 2020. Vol. 27. Iss. 5. P. 353-363. https://doi.org/10.1080/15376494.2018.1472827.

40. MupcanmumoB B. M., T'acanos 1. I'., T'efimapos 1. I'. MI3HOCOKOHTaKTHAs 3a/laya O BAABIWBAHWU KOJOIKH C
(PUKIIMOHHOW HAKJIAaKOH B IMMOBEPXHOCTh Oapabana. Tpubonocus — mawunocmpoenuio: Tp. XII MexayHap. Ha-
y4.-TexH. KOH(., mocsmenHoi 8§0-netuto UMAII PAH (M., 19-21 Hos6. 2018 1.). M. — MxeBck: MH-T KOMIIB-

1otep. uccnen., 2018. C. 341-344.

41.TopsiueBa U. I'., lo6sranH M. H. KonrakTHsle 3aiauu B Tpubdonoruu. M.: MammHoctpoenne, 1988. 256 c.
42.TopsiueBa U. I'. Mexanuka ¢ppukunonHoro B3anmoaeictausi. M.: Hayka, 2001. 478 c.
43. Mycxemumusunu H. M. HexoTopele ocHOBHBIE 3ajaun MaTeMaTuueckoit Teopun ynpyroctu. M.: Hayka, 1966. 707 c.

UDC 517.95+518.517+629.735.33-519

USING THE R-FUNCTIONS
THEORY APPARATUS

TO MATHEMATICALLY
MODEL THE SURFACE
OF THE SOYUZ-APPOLO
SPACECRAFT MOCK-UP
FOR 3D PRINTING

DOI: https://doi.org/10.15407/pmach2020.03.055

Creation of mathematical models of objects to be 3D printed is of
considerable interest, which is associated with the active introduction
of 3D printing in various industries. The advantages of using modern
3D printers are: lower production costs and shorter periods of time
for their appearance on the market, modeling objects of any shape
and complexity, speed and high precision of manufacturing, their
ability to use various materials. One of the methods for solving the
problem of creating a mathematical and computer model of the object
being designed is the application of the R-functions theory, with the
help of which it is possible to describe geometric objects of complex
shapes in a single analytical expression. The use of alphabetic pa-
rameters, when one specifies geometric information in analytical
form, allows one to quickly change the size and shape of the object
being designed, which helps to spend less time on building computa-
tional models. The proposed method can significantly reduce the
complexity of work in CAD systems in those cases when one needs to
view a large number of design options in search of an optimal solu-
tion. This gives a great effect on reducing labor intensity in the con-
struction of computational models to determine aero-gas-dynamic
and strength characteristics. Characterization is also often associ-
ated with the need to account for changes in aircraft shape. This
leads to the fact that the determination of aerodynamic characteris-
tics only due to the need to build a large number of computational
models increases the duration of work by months. With parametric
assignments, computational regions change almost instantly. In this
paper, on the basis of the basic apparatus of the theory of R-functions
as well as cylindrical, spherical, ellipsoidal, and conusoidal support
functions, a multiparametric equation for the surface of a Soyuz-
Apollo spacecraft model is constructed. A number of support func-
tions were normalized according to a general formula, which made it
possible to illustrate a new approach to constructing three-
dimensional equations for surfaces of a given thickness.

Keywords: R-functions, alphabetic parameters, standard primitives,
Soyuz-Apollo spacecraft model.
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