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STEPANOV M.S, GASANOV M.I., RUDNEV A.V.,KOTLYAR O.V., TITARENKO O.V.,IVANOVA M.S.,BANOV V.M.

EVALUATION OF THE EFFICIENCY OF USING SOLID LUBRICANTS IN DIAMOND GRINDING OF HARD -TO-MACHINE
ALLOYS AND STEELS

The results of research on cutting forces during diamond grinding of materials used in the manufacture and repairgugimedt: titanium
alloy Vu-22 and heatesistant dispersiehardening higkalloy stainless steel M1y 2353 t were analyzed. Grinding was carried out using solid
lubricating materials developed by the authors. The obtained results allow us to state that solid lubricating anatablsto effectively reduce
friction. Stearic acid should be considered the basis for the creation of TZM with further improvement of their composition.

Keywords:Key words: diamond grinding, hard lubricating materials, fHamhachine materials, titanium alloy, heasistant dispersien
hardening higkalloy stainless steel.
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MODELING THE IMPACT OF MAGNETIC RESONANCE PROCESSING O F MATERIALS AND ITS EXPERIMENTAL
CONFIRMATION

This article focuses on analyzing the impact of magnetic resonance processing on materials and the practical venificd&bngofesults. By
examining the complex effects of magnetic fields and resonant vibrations on the microstructure of materials, the aittislesctmtuinderstanding the
mechanisms of strengthening and enhancing material properties. The authors have developed mathematical models thHat dgearitiest of
interaction between magnetic fields and mechanical vibrations and have conducted a series of experiments to verify he3bemedelts
demonstrate an increase in hardness, wear resistance, and other key characteristics of the processed materials, eqrdteniraj 8 magnetic
resonance processing in mechanical engineering. The study also highlights the significance of this technology for dptififezieyrle of products,
from design to disposal, contributing to the sustainable development of the industry.
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STATIC ANALYSIS OF SPINDLE SHAFTS ON NONLINEAR ELASTIC SUPPORTS OF INTERRELATED STIFFNESSES

The spindle assembly of a metal cutting machine determines the accuracy and productivity of metalworking. The stiffeegsinofigh
assembly is estimated by the elastic movements of the spindle shaft under the influence of the working load. Correcohhedelimgy stiffness is
necessary for obtaining reliable results during spindle stiffness analysis. An approach is proposed for the statid apmigissbafts, in which the
elastic behavior of the supports is determined by matrices of interconnected stiffnesses. A stiffness matrix was intlodadetks the radial
deformations of the bearing in two mutually perpendicular directions as well as the longitudinal deformation with thenclimee$prces. Iterative
formation of the coefficients of this matrix is carried out by the NeviRaphson method based on the values of forces and deformations in the
supports. To solve the problem of analysis in matrix form, a system of equations was obtained|itiearitynof which is formed by the dependence
of the stiffness matrices of the bearings on the forces. A universal computer program for the static analysis of sgsndfevehiah the elastic
behavior of the supports is specified by matrices of interconnected stiffnesses, has been created using the MatLABsof$tedie analysis of a
spindle shaft on radidhrust bearings was considered. A comparison was made with the results for separate bending in two perpendicular planes wh
calculating the radial stiffness of the bearings according to the-btareés model.

Key words: stiffness of the spindle shaft, matrix of interconnected stiffnesses of the bearing, nonlinear system of equations,
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(tedhh). Hdzv ckfd ROwLOSkjtddr fjtjte' L'eo, hts odL dOyOs !
&sC Od dad R £ G teksEREd®s f eod slskz) ‘L Odzj >y deslsY dd :

V2(Z) = Voo + Qxo2% - Al Fya(z)
Qx2(z|) Qxo2- ASL yZ(Zi) (7)

Up(Z) =Upy + Qyo27 - —Al': x2(%),

Qy2(zi) Qy02 GE-FﬂZ(Zi)

/\IzszE{y'z(Z),F}z(zi),sz(zi),F;z(zi)Hde tesL tcOrn kS sots’ Mmnj B o Odzz BC

0.
vitse d M sdzyj ddz? 20 SfsEOR Wsttdkzslks: MY edRsHwyYd L
NstemsC' Mis! sk, O uf(dqls Mmiz)" Wtz dzOm fis ' 20 Gdfitste’ , " 5 zBO* G

e’ WL Ode L RO\ R YLzt ds teifls ¥ :

Klo, =R,, n=123..N, (8)

Hi  H oY b fstctelzss s § KH-Md fidzt @ udz0 sObtdle’ X ifiiisd s8] &'
Hdzv OH' Od datsdnt o3 s ey qifiaad @ Is 2P gy Votstc dglz sc@alzdgs s w S R toj H |
B. ljSkttd of'j ol OQ 15 dim Bpchiilzv L s dzizscts § ' Hh df dzd S O RO Is!

On = [UnVan]T , Ra= [RnXRnanZ:IT )

O HIEZOd@asC s
On :[unVn]T, Rq :[Ranny]T

VeBsod Lo'wiLClk tjOCkdoddn Lbfdd L §jtjd "jdedgy gq
Crsj Uty odes 0 LK KB e P e Gy L Oz 3 das ls v dsd ;
-HdzY sEfsdazses §° Hh df dzd € O
Un(Zn) =-(kg F\>nx+kn +kn Rnz);
Vn(zn) =- (kgx Rnx'l'kn Rny+kyz Rnz);

Wn(Zy) =- (kzx Raxtkzy Ryt K7z Roz) (9)
-H dzv 'O@ Hdzs G 5
Un(zn) =-(kyx Rnx"'k>r<]y Rny)a
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Vn(zn) =- (kgx Rax* kgy Rny)!

wdzh n®f) 5%y ekl Ok, kK kY WYy kY, KD KDy k) BL d2OU O f to i dzO dzj
s’ tftstd.

g 99" Hdzsh j dgdzgv (9) HiSL @ tsdzw ¥ s MW stedsz o Ols d -k dstsalafs ¢ 6
' HhdfddCO):

F(z K
Un =Up +QyoZn +$' G_)tAllF x2(2n) = - (KR + I(>r<]any+ KyRn2),
1
Fy(z) K
Vp =V + Qxozy +% - G_;llF y2(Zn) =~ (kSXRnX-’- kaRny‘*' kngnz)l (10)
1
=
Wn =Wo +% = - (kpRox* kQany+ kzRnz)

n
Vo =V10+V20, Up =Uio+Uz20, Qyo = Qyo1+Qyo2 Zn=a Lj;n=12..N.
j=0

(6 Lo ' WL G ' o HAWjtjdy Od ddr ' sdvd odcdkzlks’ &'
Edise d MlsOlsdyias” o dg” fplsaso @E dps § ots X y'' 2, kg 5 dehiflsz dallz desfn ' i
hsHEs B2 LSO 5o OdzdR dz0 YOSk CttsteHddOl ( Hdo. g

N

é. Rax* Fxe*Fxd =0,
n=1

N
é. I:‘)ny"'ch"'Fyd =0,

n=1
N
A RiztFpetFyq=0, (11)
n=1
N n k
a Rxa Lj)"'de(a Lj+|-]k)' Myc'Myd:O’
=l =1 j=1
N n k
a(Rwya. Lj)"'Fyd(a Lj +Ly) - Mye- de:O_
=l =1 j=1
o dz dzj to' hj dedzv t6° o dzv dz (10) ' (11) dze© wMmdetso’ o' hj
odL d&Z2Oyos Is! Mw tLjOCYy" ' ©fist, ftseddd O CEklkd otz
Ug, Vo, Qxo. Qyo, Wo) - [ d&z2v teBLiOREzdl o 57 Mmerd &3d o Odzkz dBN+S30 dz¥ «

Odzé j Bt O ydedr 6" 8 dg¥dg HdzW 9 d LuglzQ jQfedzaQyo fWp Y OISt jsO Y15 d of daifte:O
RRyRzA1=12.N, wC O BO' o dedvH:

Fa(z,) K
Up =Up *QyoZy +2dons . L x2(Zn) = - (KgxRox * I(>r<1any"' KiRn2):

El, GA
Fu@) K
Vo =V +QyoZn * yElln - ?;Fyz(zn):'(kngnx+k9any+kngr1z)v
—wo+r ) _ R DR KD =123..N
Wn =Wp + Eﬂl - (ZXR’]X+ zany"' zanz) n=123..N, (12)
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N N N
A RixtFxetFxa =0, @ Ry tFyc tFyg =0, Q Ryzt Fae t Fyg :O,
n=1 n=1 n=1

N n k
a Rwxa Lj)"":xd(a Lj +Lgy) - Myc- Myq =0,
=l  j=1 j=1

N n k
a (Rnya Lj)"'Fyd(a Lj + L) - Myc- Myg =0,
n=1 j=1 j=1

I d 6oL dF i «o(z0) F yi(Z0).F y2(z0) F 2(z0)o d L 2Oy 0¥ Is* v L Odzj 3 desflsw dsd L
d3dzts y dzdef© B J L dz' Y z,"hsIR2B.HN.dzO Is

{sted &30dz’ L Mmdmlsj &sd B, @ oa,ee'Qyo( U2 )Ry RWBQANF 1dzdd H 5L & Sz & s
Hsf sBsetss odtOL' ' o (6) * (7) odLdOudlsd ofms MeSky d Ml
CststeH dzdzO s d

gdz’ H LOLdOYydlsd, it fosfcdsoOdd?2 "  HR' ' H HBLotAY' B
M BOteds §jtejds hjdedey, odCckedSOdz odeddsd ' LMmkzoetsd o Odk
f ' HhdifddS o k£ ©OL' d d 2dts’ HtehsSshs’ fokyddn st
6j OCIdodedn LEMmdd ). | d&zOmd HES KigKy(@) tes2 die ikl s BOE E@ 5o
ydmj dzt desdzgze " = eodt' " jdedz' G woddzdz BRI o' dzj OtedL ts9 Odz

t " " § dedav dzj dz' dz' 2 dzts? E 02 sociz’ ydes BB Oy'ydmj dz deségts tetsL 9
ftei HMNIsQoa dzv 6 Is! MW o AXBBIstcdajlzdiDIstidtpds Ssi W' y' ‘' dals' & ftod
(BN+53(3N+5),Bio jChbiglesof j y' ftOoadnrn yYOMiEHes.d so dets’ totsL d3' todz fr

JjClismlsse gy a6k sdar )  d=|xaxded v =[6.Qu.ReRe.Ral.

X;— = Vo,on,Rw_, Ryz,..RyN], X;.;r :[Wo,Rﬂ, RZZV"RZN]7 ' 9 ¢ dzv 'LLO‘ q s 'L{_O ¢ o U Ot O d3°l Is 1
dlstcCIskEtc® dBBOIstedy’ o ¢ dz Yo 9 ' H &OLttdy: * &O’ 9odce dzw H:
CAx Ay Ac?

A=y Ay A,
& Ay Al
H Ay = Ayy.
[ Ols te dM; Ay, Ay Ay BOE 15 o5 L(M+ZRAN HRYS ' Ay, Ay - (N+2)3(N+D), Ay Ay -
(N+D3(N+2), Ay - (N+1)2 (N+1).
LV oL tfitttd & odedvhH' ts0K AuERIRE R\ |0 dish s\l ClO fipv o)
C 5B sdzj dzls O, Al ABOds' eIy’ H dzd 2 s 5 0Af JAY - 0 ' iz ERDISHEEEG) AR 8 W H 1S €
o' Hiso ' Hdz twHSE * Mmlstsoatf j y+ .
SBI Wy dals B BAKE AU Arx Ay A Az Arz - S BB Sdz] dzB s g S te @ o C

YyomiBdsg yd mdzs s Is! mMw o  Hftseo Hdzs HB L Odzjydesfisj2, Htoj HMISOs
] dzOfdz' H5C IssGE 5, s CJ W' y' ' dalsd BgObtedy! ysteMmisCsmis’

L 2md dz (HBHOIBS B), MmdMmlsj B3O tc' o dzv dz (12) dzj dz' dz' 2 dz
dzj dz' dz' 2 dzdm BOLtedy! Y otemistsmMis' "  Hh dfdds & (HBSHOISS B)
MdMmlsj &3 " eadWdzr (12), kOS ° yoOfm odte’' hjdedg? L OHOY' , 9
Hdzv lsted i3Odedzy te* h jdedzy MdMmlsj dsd " adgvde (12) LOfMbsMmtsek
tetsBsIs® [ 28] . [ dzw sBtcOdsets YOS totsets i’ ' dsso dese s

Yt smMis' Yftste, odt' hk'ls! Mwv d d2 2dz0 CLO2t590 L OHOYO,
g4t g hjdz ZO sfsttOn. 15 ShtedB3Odsdklz dOBtsttlz tj OCIdo d
ytstemis € sMmis” sf st Ldzgsoz odte" hk'Is! Mw LOHOYO shECE t
ftesyjfm tcdo O HB bkt yYyomk, §t¢d BkH] tlted BOdRO L OH OdaC

rdzv odte’ hjdedzv MW stedico Odes™ CtO2895° LOHOY , N5 9§ dzs
RO Coydsdkkz ‘'kjtOy 2dsdkkz Sttty , oadCtcdmlssoalz’ Is! MW totsL
MatLAB.
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tdLbEd sOIsd twLiOREdS &8 HAEY BOGCOIts usfREeg®Eftd B Og P
BOGOIts tsftstedzdr "t ddzH jdzt dzgdr o kL &zOR Hdzv "  Hodh jdadgv > tstof
LOB d20@ ctwlkzfd '  HhdifdedC © Hd ‘¥ LMitiHy]dstr cfctss
OOk L2 MsOdudsets MlsOdzz o Odziz. sz fted wydmd dz dets Bz
ftoydedr BYitste ftso' WL Odets’ Y Btemis s sMmlis” wCO LOBJLYTJjuyudls:
tesB IS’ f* HR"H SO ftotsetcOd3dzj LOBJ LY Jyd dadgw HitsSL 9 sdzv 8 Is!
totsL teOR &z dzS d .
c¢ ftedC dzOH MbsOldudesets OdzOdz' L 2 tesL e dzv H OZOMY  B\BsH § dz

(edm. 20). (LEGOREd o0 MR BO BOGCOIMIskzY ' dyOfmissets o O
6 H' dzvdesC ' L des’ Y ttefmisCsimis' , L OL dzO6Y] dad F 5 dizOIs tisdsy de' O - iz @46 (
YoM smis® H' dzv dets§¢ dzOoe j H j dg 9 IsOBdzdy"' 1. [ SH Edz i tol

E=2310°f 1 (s @=08310°f } 9 ' H 50 ' H dats.

I 11 i IV A\ 1 Vi
e |
==l ]|
142 mm 77 34 mm 125 mm

« > < < >
J ~

40 mm
y |

T | z
nCexze xc

t dfiple Sz f JdzH j dzr dzd?2 9 0dz WitejL jtolzo Odz! detsets 9 j to

l Oz 3BO* 6 H'  dzvdetsC o' Ldes’ Y seMsSsMmls, we' ftocsdkzdi 6t
ysteMmMisC sMis H' dzWw desC dz@o jHjdes B IsOBdzd y' 2, Cd W' y' ' dak
BHA&ZOCEIK ] ¢ dz' yj) .

1 sodz hdz dzOo Odzls Oy j dzdzv  BEIEBIHFG606N, i3] fipl EA=58NmL O @zdz%s OC t
L Zmddzdzv o FaRr300.tc 1o Ba1 @ dzB.1CRy 1§ @zde's  dzOs Is! o Odz Iz tFgetdeh cffddzts b yzds'
(tedfm. 28B) .

10 fjtejHdy sz C°' day’ hf deH j dz' ded 2z fas@alz M d v ® ‘dlf ‘ddd ¢ d dz@:
ttOH "' Cfdadzd? " Hh JfdedS B@EO®LSd 6218k, hts dagj fwOys ' o {§t5
sfste® (Hde. tdfm. 20). mOwOCIkjtedimisdsed "  HhdfddC' & dzOo j

U OB Wy 4 j tUaf GstsQSuls | toidiplid T gty 'dets ¢ o O dzO

W v rodgse, & (steflss ' f| S Y.

rso d dz@s W s tgds
I sodz N | I dzblshedz Eldzd®k | GAG:

1 130 60 15 29.4 8,32 2.0

2 100 60 27 8,07 4.02 2.0

3 100 65 174 8,59 3.63 2.0

4 100 75 83 7.06 2.75 2.0

5 90 75 57 3.51 1.55 2.0

6 80 75 45 0,053 | 0,487 2.0

7 80 75 20 0.953 | 0487 2.0

v OBy MOwOSk'itedfidedSd

MOEOCkjtedmisded

O©s O ! _ , , , , ‘O] Is
Tthq@q‘1Saarmmyz ) dellstedz’ | zdtedds s dr ¢ A ngég
D,d3d HO dsJ. d-tdgd B,de h O'[G'q'Z dO d3d
3622k 180 100 34 10 25,44
36218k 160 90 30 10 22,23
6120 150 100 24 15 14,288
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| 6118 | 140 | 90 | 22 | 14 | 14,288 |
[ dzv tesLedzv dzzlsts’ toLteOrnkzdStsots’ M jdk3d Bk oo jHJded?2
fjtejd3 hjdadey fjtejte’ L " o odzffCfAoiddzs 2 WG Lices ds@ dgde’ o Oalzdzt dzts h
fjtejd3 hjde ftojHMmlsOoadzjded?2 E IsOGBdZdy® 3 (tewHCd 1, 2 O 3
[ d&zv ftstc' adgv dzdzv Bbkdzd fteso jHjd2 tLiOREdSd ftod oMlsOd
f " HhdfdedS " @ ®BOtsC 6120 ' 6118 o' Hftse ' Hdatss , HOdz wCdn
o0dz ftod 2tcRIstfRE PHzdzz o B@dzL ¢ d dzOdzdz’ o f dzsh ddzOR yoz ° xo
lde¢stedmlsOdedzy 2 wCsMmis’ Hickzce s’ ‘ stcjls! 57 ftsted w©COH'
LB3j dzh 2° " 9 j dz -IYtej 3" " jdz@ dzO 25
U OB dzd @ 3 de do E foi@ditc’ L OR
) to oz s S5 teH Jzoz0 Isigaf3
0 12,5 25 42 59 170 299 362 424
1.1 disd dzO
yoz(y ¢ og)| 121 | 110 | 100 8,7 74 | -075 | -85 | -135 | -195
2.1 disd dzO
x0z (X, &3S d3) 57 53 49 44 3,9 13 0,41 0,97 25
3.8L HES9)
f j tehj pte 59 59 59 59 59 59 59 59 59
(28BS &)
4.1 disd dzO
yoz(y &C)is | 866 | 778 | 685 57 46 26 | -94 | -140 | -195
5.1 disd dzO
X0z (X, 43S )3 3.9 3,7 33 3,0 2,6 0,69 0,54 1,47 3,35
6. SUHBYO)
f j tchj fhite 2,8 2,8 2,8 2,8 2,8 2,8 2,8 2,8 2,8
(28BS &)

ITporunu Bany

20

[Tporuuu v, x, MKM

~— —@®— [lnowmua yoz
—O0— —3— —a :
0
] —8— [Tnowuua xoz
20 \
100 200 300 400

KOO[;),;]H[]HTH, MM

{ Mz ds&L §sH' &z flescdds o o Odzkz

I ste' adgvdadzy L tojLbzdz OISO, BGltedBOdddid ftod L tcOR zdz
[ Y Sdai@ctc” MO SO L O HBSftd@ItcesE disH | dz tesBtslsd [ 30] Hdzv tot
Hdzw odcecddzz o f dztsh ddzOR x o0z (4, 8d3¢ dB) sO yoz (6, 9 BE R
LB ' dz "kvls: w dzO0 30%. wOC wC Cwj¥W' y' ' ks xsssl)Eesdyis dHee
(k°14*10°) &0 40% B ' dz h | CdKOMO*I) W Ods R odfBmEzSEZ s L Ofis-size
mOtete' MO Hdzw hOwdSsf HhdfddS" & ° HO' LOddyJjd L dOyj ddz”

Il dmdzetse Sud y' 2 tetsBtsls’ L Oftetsf sdztso Odets kdz' 9 jtemOdz! ded?2 " H
BOCOts sftstddr Mskf' dyofldn - fhdgddadiid fdse RO df e ' dQ Gl
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[ d&zv s dfmMk )y stehisSsmis' hOodisf HhdfddS' @ o998 jHJ 2O d&OIs
Hotsmn oLO" odsdets § jtelf jAdzHd S Edzw tcdzd n dzOf teW BC On SO § SL HS9 Y dg¥
BOItedy’ YtmMisStsMmis' L H' 2fdzs ' sy Mw - GYfipORO 2 dzed d3 h dzv = s5d3 d3d

10 s’ HJWjtejdy' Od dtsets to' adgWdzdz" odedzklsts’ s
Hf e tss dBsSHW (o Odsdts BjlssHkz ftsyOlkSitsadn OO ste'
WeE' Wstkdk' ks MY L Odzjyd Misy BOkeqdy' ysehsCshls’ A dfcC
[ dz2v o dte’ M jdadaw dzj dz' dz' 2 dets’ MdMmlsj B ' adew der L Oflststse Oc
v fOCjls' Mat LAB totsL tetsBdzj dets HtetsctcOdgdzj L OB L Y j uj dedew
My dyOmisdrs o90dz & dzgO dgj dz' dz' 2 dzts ey dzdr GftttOn o' WL
cS¢ ftodS dzOH, LAV dkzlss MisOldyded?2 O0dzOdz' L b f d-Balfi 5 tiztlzdes
f " HhdfddSOR, GBLEORE®RI 90O MAjBO Yisets oS d¥ YyOdzd h ' fls:
ltotso jHjdzs Yt odgwdedzy L tojLizdz OO, tlstedBOdddB3d o

CossteHd dZOls) Ctej B HAzY odecddz o  dzsh ddzgOR xo0z yoz L
BB HJ dzdze - QUusEZMiPO. 1 tste’ o dzv dzdzv Y 5C OL Odzts LB ' ozt M dzdzv t6' o daw

1jtcio0Gc0O0 LOftwofsdso Odese s "  HRBBHE fsdzv g O 74 d315>|dzc
Mk deyOMmisds " § ddeH j dzt fagfldy dedorlz’ B OO Az dz] i B lsEs' Mils: wCdna
Miskzqf jdvdigd o' dz' desfpls™ . v JOCjIs’ Mat LAB MmMbotstej dzats bkdz' o] to
ssydz Mis! MlsOlsdydese s OOz’ Lk IsO wC' Mmis! HtosjCiskzo Odadz? o d

[ SHOIs ¢k di€. Fy(3), Fu(z), Fya(3), Fyp(z) wdzv o dedazlsts’ M yozetardsd o
odedzwH [30]:

k k

. (7 - (& L *+ L))tk (z) (7~ (& L+ L) k(z)
Fyl(zi):ch%"'chz'_"'kﬂkMx = 5 +kr¥1kFyd = 6 +

i-1
- (a-aoLthl(a) o1 { ﬂ ﬂ

e=
+|a0k miRy 6 +r-?_1(k ML~ km)< Myc + FycZm + Mgtk (zm) + (13)

’4’(4

+Fydezm (a Lj+ L:k)udk(zm)+a eRny(Z a Le)dh (Zh))
e j=1 u n=18 e=1

+ngc+Fyddk<zm>+a qudn(zm)u“ ) > n(2)
n=1
k
(- (AL} +Lu)d(z)

j=1 .

2
Fyl(zi)zchZi"'chz' +kmkde(Z| (aL +L]k))dk(z|)+kmk|:yd

j=1 2
i.-.l )
I_-_l (Z| - a. Le) (1| (Z|) M._l
+ |?.okr'll]IRIy =0 2 + a_. (k m+l ~ k )< { ct chzk +M xddk(zr'll]) + (14)
= m=1
e k-1 o gy
+ Fydezm @t;+ LJk)Udk(Zm)+a eRny(Zm a Le)oh(zh)i(z - )+
e j=1 u n=16 e=1

+ngc+Fyddk<zm>+a Rnydn(zm)u“ ) > (2,

=1
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e g i-1g
Fyo(z)= < ycZ +kmkFyd(z| (a Lj +Ly))ak(z)u+q d< IRIy(Z| a Le)d(Z.)U+
g j=1 4 1=08 e=0 g

+ a F(kwl k““)erc+ F ddk(zm)+a Rnﬂn<zm>u<a - zm>fﬂm<a>> (15)
Y

m=1 | n=1

i-1
Fo(z) = <[F +KILE ack )]+ a kIR, af (2] +

M - 1¢
+ 3 f(km1 k““)erc+Fyddk(an)+a qudn(zm)%ﬂm(a>> (16)
m=1] n=1

1 deoLd HE&F )BT, Frp(z) Fro@) HEY osdedkzist’ oz dsddLlsl ob &
slted 30dz L Fa@)XePy(%)e Fyp(@ Fup(z)h dzv Rtsds L Ods'ydeX. ' dzr j S Mk
Il dePyz)ndy WEdSy' ' ®&O' odcdvH
k i-1 i-1
Fo(2)=Fyz +kMF,a(z - (A L + L))ok (z) + 8 kiR, (z - 8 Le) d(3)
j=1 1=0 e=0

M-1 e k-1 [4] ;41
+a (kml' krwﬂ){ ch + deezm a Lj+ L]k)udk(zm)"'a ean(Zm a Le)d (Zm)LUdm(Zn)
m=1 & j=1 4 n=18 e=1

ko kM kM ctsjWw: y' “delsd ftedojHjdedg® Hdzw H' dzwdegCd, dz©@ wg*
ftodo kG &N KM.-Csjw ' y' “ dalsd ftedojHjdadzy Hdzv H' &Y S, dz@ w¢C*

i-1 i-1
d(z) = 1 gl d(z) = 0 zZugiL,
j=0 j=0

k k
a(z)= 1 ZP?@gdl+Lly, d(z) = 0 zZfegdLj+ Ly,
i=1

=1
On(z) =1 @edn dyz) =0 tedhn

k k
d(zh) = 1 Zﬂ'12@éf|-j tly, d(zh) = 0 Zh e Lj +La, (18)
=1 i=

n n
azh) = 1 dwgle, di(zh) = 0 ZeF L.

e=1 e=1

i=123..N; m=123..M, n=123,...N. Ry=0, Ly =0,
kK-desdsj 6 SYtstd, LO Wt {§ Gd SRR FH Mg Mdd ey ftdesHtE

[ SHOLBERED.d MY sdzkz yj dede" d20 sftsttOn (9) WesttdBkzsls! v o
(odezlste® h dzt mHAs), & (208 WY(2,) dzgtn-ls* 2 sftste’ , s zBO ' { Lot twia HOfdZO IsLiz

B4 SRy, Ry, R Wd 84 L BOI 6 d yk! 'y oftachyloCipdshiflo’ dzj dz' ,  dz0f§ t6d ¢ &ZOH, o &
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ek ky k@
stsj W'y dasd dgosqut@{jx kj;sukﬁ;gsﬁmmlsismmmmscs f Hh df ddC O
&l Kkl KLU
[11]:
kKl =k, co§.az[co§yr *J..(6e) +(sin’y, - cosy )Jd, (e)J,

k! = keco§a[sin2yr *J..(8)+(coSy, - sin’y )J, (e)],
ky, =kl =k, cosasiny, coy, [23,.(e)- 3..(8)].
k!, =k! =k, sinacosasiny, *J_(e), (19)
k), =k}, =k.sinacosacog/, * J (&),
Kl =k_sina* J_,(e),

H jko =kD*Z(w,sina+D,cosa)™ i T Ot OC s j tedMisdC O ¥ tstsk CHEsiifls’ Y ' dald dyf ik
ke10*10° [11], D - H' Od3jstc Z b€ & § ' fls: Ckd s5Cm=k5 [&," A1), d § dzo
(ko) =(k2) Y(w,sina+D,cosa)f ™ - O OCIjtedMisdS O f sHOlzd sk j § Y § tod e
pdzzlste hdz sEts  §° dZDwWl+dR) 0N h ifsdedig O; e OH ' Odz dzj f jtej a3 M j dzdzw
f'HhdyfdedSO;

Up,Vp -t OH' Odzt dzg' fited &3 h jdedgw o dgzlstc’ M dz' sSEXsls & ‘odz' HU WS odf H HlEts(

Ctsdzls OF lsdzq:m,s(m%ﬂmga)-gsgw Yyt dals, s adL dzOYO' odz NS § sy dzt
r

Jaa(6), 3 (8),dra(e) - dzlsj GtoOdzd H! WotdzdzO [11,31], LO HBfGERSCEESH

Ckd COB] yf &Klizls,[ 1"is] ;0 dL ZOYO' dzOftow BsS o dzgsets tOH' Odz dz

ye=actg ™), fuied, yo=acg(Mo, v, (20)

n n

Al 1g
sisch‘u"dzls}qﬂzgngélsﬁé@mdzw COH' Od desEts ' Hh df dzdC O By bkls:
x  KyyH

CjW' y' " ke zsoOsE izttt §° HA=PY &z SO ftod

k! =k |cogy, * 3. (€)+(sin’y, - cosy,)d, (e)],

kj, = ke[sinzyr *J_(e)+(cosy, - sin’y )J. (e)J, (1)
K, =k, =k,siny, coy/,[23, (€)- J..(8).,
ky, =k}, =k}, =kl,=kl,=0, k, =kzZ(D,)™*, e=05.

[OtedyY f§sKOEGEmRENE! v w¢ &OtdywW, tSBJKtp,dz(Knglo s WRO |

(ke) *= (k) H(D)* ™.
[ dzvw tBydmdzj dzdzv * dzlsj cteOdz" 9@ w! WotsdzdzO o dCstcdMmistse zo Odzd f

Astodilzo Odzgdz" BOtdy’' yttefmisCsMmis’ ° daj dz' dz' 2 dels¥ tetsB dzj o3
LOHOdtse s dzOBStclz LEfMddz? yjtejLr BOtdyr ystmMisismls', O ¢t
yde fjtejdg hjdzr . dzv odte’ hjdeder y' ' fesedzjd3d HddzW LG

Tl eOYy' 2ded? eRBOMENMS O, ¢ bEdEOh Odz dzj © o dzv dzd HEW WCmES O

1 _ m-1
On,i+1 :E(Kﬁ)i 'R, +an’i ,

27



ISSN2079004m(Print), ISSN2786 7587Online), ~2( 10) , , 2024

HiSLotsdzv ' 5 zOBtStoln-tsEOC bR stk d BOB T J dzO s s ey &K )t Ols &
- dsBjte ‘lsjtOy’

[ BHOBBEEJGL" y' * dals i\, BABBAW A Ay A Az Ay ¢ BABY s dzj dzis G Is B g £ Ip"s

fcOodn B.OMBGdE sdzj delsd EOltedy' yowhisSosmls' ssyudRELs8l: fv
HEHOKCO - 24P (L1H)SHOKSO I .

sEiW' Y ¢ daload, dsOibsd Yy BElsd Slted BOdE o' HYte Hds HE [ 3

n

an=1 ap=4Lj, n=12.N,
j=1
an+j =L J=3.N+2
an+1j =an+2j =0, ] =12,
j-2
ans2j = A L 1 =3.N+2

m=1

i A L)’ 0
v M-18 N € | RV | u
anj:m——J-l_l_ia Tl -kl & (g(zﬂw-é.l-e)*(z” Zm)” | (20~ Zm) W(m))bd (zy)-
y

6El, Ely m=1| =j-2 § o1 2 6 u
KtlF n M-1& o o ﬂlj
-_GA1I lalmta g(k m1 - Km) a (zn - m)d(Zm)dm(Zn)LUy,
[ mRj-1 m=1 g I=j-2 u&'/

n=2..N. j<n+2. j=34.N+1
ag =k N=12.N, j=n+2,
3, =0, n=12..N, j>n+2,j=n+3n+4.N+2

std W' y' ' dzls d\, dpads il ye @ +B)B(N+2), LB' €O s Mw L CEAX "u' ' o
L Od3" dgtskyy, dz@y =kyy.

uistolzC sz ts O AGBANHAT IN+2) * A, totsL o5 to@+BN+D) o L 2ZOYO' 5! fw L Od
(12), CSoj¥' y ‘dbsd @Obtedy’ aysky a2 j=ndizuazy L GOMEHE IS C
=k, N=12.N, j=n+lH dz¥ BOAsted y"

stsi W' y' ' dzlsA, tatQlsdy da@li+HEEN+1) Iy 2 1s¢ Bklsd wlstcd diz3Odz "L L0
9odce dzvw H:

ay1=1 n=12..N,
ﬂﬂ' -l:l
I a L . ~
_ M R !
anj —E—+E_ a l(km+1 k ) a (e(Zm a L )LDI (Zm))yd (Zn)

A met | 1=j-18 e @ 7

n=2.N, j<n+1 j=23.N.

ayj=kj, n=12.N, j=n+1,

an; =0, n=12.N, j>n+l,j=n+2n+3.N+1

aN+1170 aysgj =1 j=2.N+],

28



ISSN2079004m(Print), ISSN2786 7587Online), ~2( 10) , , 2024

ubEE SO 0jClsE0 (wosdr WOl 6§ dv P’ ¢ tsdstts dij Qi

XI :[blx’b2x---bN+2x]T- X-)I/- :[blyvay--bN+2y]T' X; :[b121b22---bN+1z]T o' HY tse ' Hdats (16) 1(38)
ftoej HMMlsOoa dzw s Is! Mw L Odzj y desfylsw asd [ 307 :

bny: l(zn) KtlF (Zn) n=12..N,

El, GA
X 2 X 3
5 2 (z,- (@ Lj + L))" dk(zn) (zn- (@ Lj * L)) " (zn)
_— y4 j=1 j=1
Fl(zn):chzn?'l'ch%"'krmkde ; > +kr1rT1kFyd ; 6 +
e 1 Tep o1 (& 027
+a (K- km)< {M xc + FycZm + Myqdi (zm)+ I:ydez a L+ LJJ()Udk(Zm)A 5 -~
m=1 e j=1 H {]

+ ch"":yddk(zm)](zn m) > An(zn),

______ ]e k
F 2(Zn) = <2chzn +kr1J1ﬂkFyd(Zn (a. L + L:Ik))dk(zn)u"'
e j=1 ¥

B - e+ Fyad ke - z&)}dm<zn)>.
m=1

bN+1y =- ch' I:yd’
k1

bN+2y =Myt Myq- I:yd(a Lj + L)
j=1

s 5B ts5dzj dzls dXy ks EBSEOBEISd Slted BOEX) I d2¢ Byl oz dalsyiack © tats o
X dzQy .
st sdzj dels X 8] GE®BOHS (12), (17), (18) odL dOyos s mw

__Fu=)
by, = En " 12..N,

_ K
F (%)= Fucz +kIiF2a(z - (A L) +Lu))dk(z) +
j=1

e k-1 a

-5 (- et - @ L Ly ek (2h) i),
m=1 g€ = ¥ b

bn+1z = Fze- Fzq =0.

UV dzZOo jHjdedrn MY " 929" Hdzish jdzdzv 7 fted2dzv Ists 5L dzOyj dadz :

k k
d(zo) = 1 zZag@Lj+ly), d(z) = 0 zZ{ad@ L +Ly),

j=1 j=1

On(z0) =1 @i@d'm dy(z,) =0  fzidd'm

Kk k
dk(zﬂm) = 1 Za.mté @ L] +Lgy, dk(zﬂm) = 0 Zﬂm’[@a Lj + L,
j:]_ ]:1

29



ISSN2079004m(Print), ISSN2786 7587Online), ~2( 10) , , 2024

| |
diz) = 1 At @ le. d(zh) = 0 Aied Le

=1 e=1

n
z=a Lj, n=123..N;
=1

Ry=0, Lo=0.
s MBS & ) eObkted

1. tdihibtse 1. tOMudls o90Odzse (hfddzHjdzj 2) .f) O GHWBEH ftczetsets oL Od d3fst
2. Shareef, K.J.H, Brandon, JA "On the Quitsitic Design ofMachine To&pindies, " Journal ofEngineering Manufacture, Voi. 204, 1990, pp. 91
104.

3. Lewinchai, L., "Machine Tooi Spindie Applications, " SKF Industries, Inc. Engineering and Research, SKF Norden, Feb 1983..

4. Jones A. BNew departure engineering data: analysis of stresses and deflections. New Departure Division, General Motors Corporation, Vol
1946.

5. Palmgren ABall and Roller Bearing Engineering. SKF Industries Inc., Philadelphia, 1959.

6. Harris T. ARolling Bearing Analysis. Wiley, New York, 1984

7. Gargiulo EA simple way to estimate bearing stiffness. Machine Design, Vol. 52, Issue 17, 198010107

8. Lim T. C., Singh RVibration transmission through rolling element bearings, part I: bearing stiffness formulation. Journal of Sound and,Vibratio
Vol. 139, Issue 2, 1990, p. 1-199.

9. Lim T. C., Singh RVibration transmission through rolling element bearings, part Il: system studies. Journal of Sound and Vibration, \ésu& 39, |
2,1990, p. 20225.

10. Lim T. C., Singh RVibration transmission through rolling element bearings, part V: effect of distributed contact load on roller bearirsg stiffne
matrix. Journal of Sound and Vibration, Vol. 169, Issue 4, 1994, p5537

11. Hernot X., Sartor M., Guillot. Lalculation of the stiffness matrix of angular contact ball bearings by using the analytical approach. Journal of
Mechanical Design, Vol. 122, Issue 1, 2000, p983

12. Guo Y., Parker R. Gstiffness matrix calculation of rolling element bearings using a finite element/contact mechanics model. Mechanism and
Machine Theory, Vol. 51, 2012, p.-35.

13. Cao Y and Altintas Y (2007), A general method for the modelling of speteng systemsl. Mech. Des. Transactions of the ASWIS: pp.
10891104. DOI:10.1115/1.1802311

14. Cao H, Li B and He Z (2013), Finite Element Model Updating of Machow Spindle Systems]ournal of Vibration and Acoustict35
02450310245034.

DOI: 10.1115/1.4023045 4

1 1 2
15. ANALYSIS OF LATHE SPINDLE USING ANSYSDr. S. ShivakumarDr. Anupama N Kallol ,Vishwanath Khadakbhatmternational Journal
of Scientific & Engineering Research, Volume 4, Issue 9, SepteBiie, pp. 431 440.
16. STATIC STIFFNESS ANALYSIS OF HIGH FREQUENCY MILLING SPINDLE Anandkumar Telang IJRET: International Journal of Research
in Engineering and Technology elSSN: 231153 | pISSN: 2327308 Volume: 03 Special Issue: 03 | M2314 | NCRIET2014,
17. DESIGN AND ANALYSIS OF BORING BAR USING ANSYS.Premkumarl, V.Mani Kumar2, Theenathayalan Iit8rnational Journal For
Technolgical Research In Engineering Volume 5, Issue 11-2018,pp. 45841 4587
18. Andrei GHEORGHI Hr1, DragoH AROTIRIHEI 2,*, Marius TURNEA3, Geol
SPEED SPINDLE, CURRENT PROBLEMS AND OPTIMIZATIONSA SURVEY Procedings in Manufacturing Systems, Volume 11, Issue 4,
2016, 215222
19. Yu. M. Danylchenko 6 M. G. Storchak Static cal cul adMechanicooahd t he #
Advanced Technologies #1 (79), 201 %#18
20. V.Mallikarjuna Reddyl,K .RajasekharaReddy?, V.Purushotha® Design And Analysis Of Spindle International Journal of Creative Research
Thoughts (IJCRT) Volume 6, Issue 2 April 2018 399 403
21. Ayush Anand1,2, Himel Roy 1,2 Static and Dynamic Analysis of Lathe Spindle using AN&Yi&tional Journal of Applied Engineering
Research ISSN 0978562 Volume 13, Number 9 (2018) pp. 698200
22 ChuanHai Chen Rui Wang Zi-Dong Zhouy Zi-Jia Wang Hao-Nan Cuj Nai-Kou ZhangStatic and Dynamic Characteristics Analysis of Spindle
for Turning and Milling Proces8019 International Conference on Quality, Reliability, Risk, Maintenance, and Safety Engineering (QR2BISE)
Aug. 2019: Zhangjiajie, China
23. Peng T., Lim TC. dynamics of hypoid gears with emphasis on effect of shaft rotation on vibratory response. ASME 2007 International Design
Engineering Technical Conferences and Computers and Information in Engineering Conference, American Society of Mecherécs)| ZOQy/ .
24. Peng T., Lim TC. Influence of gyroscopic effect on hypoid and bevel geared system dynamics. SAE International Journal of Passenger Cars
Mechanical Systems, Vol. 2, Issue 1, 2009, p. 1B396.
25. Yang J., Lim TC. Dynamics of coupled nonlinear hypoid gear mesh and-tianging bearing stiffness systems. Dynamics, Vol. 1, 2011, p. 1548.
26. Fawzi M.A. EiSaeidy Timevarying total stiffness matrix of a rigid machine spindigular contact ball bearings assembly: Theory and
analytical/experimental verifications Shock and Vibration 18 (2011) &A1
27. A. Bourdon, J. F. Rigal, D. PI&tatic Rolling Bearing Models in a CAD. Environment for the Study of Complex Mechanisms:dP@driplete
Assembly Model Journal of Tribology Copyright © 1999ASME APRIL 1999, Vol. 121, p. 215 223.
28. O. Kyrkach, V. Khavin, I. Khavina, "A computational technique for the static analysis ofsmpfiort spindle shafts with nonlinear elastic
bearings", Proceedings of 2020 IEEE KhPI Week on Advanced Technology Conference, Kharkiv, Bkr@itet. 2020, pp. 46206.
29.1 J .mO9 J.dzs dte§IQUs d tc DI OIs d Qde@BzO € O Is ts Y thscfedde] jm dr' O didf@ej dz' dif' tzdgttizd B OR Mdzd ¢ | v v
i ml Luﬁ T2, 240D2ltuy tsfn %4 ddzOd3' €O IsO &' ydz' mMls! dEOM d dzi .
30. 1.[. mOe"' dz, (. sdes Oy, 41.1. sdwuifOy AuelObduyudd? Odz0dz'  SBOEDIs s
]l " Mded ¢ 1 uvuv AMm) wiA55. 24 jBO2Rted de®d3' 4@ O &R ydz' Mls! BOM d dzii .
31. H. Sjovall , fBel eshtrullager gdsgivia ytieeddialic h g @ m i ia h dTekhigdibiskriir.Mgkanik,983.

Bibliography (transliterated):

1. D.N. Reshetoy"Raschevalov (shpindel€) s uchetomuprugogovzaimodejstvijah soporamf, Mashgiz 1939 75 .

2. Shareef, K.J.H, Brandon, J.A., "On the Qu@fitic Design ofMachine To&pindies, " Journal ofEngineering Manufacture, Voi. 204, 1990, pp. 91
104.

3. Lewinchai, L., "Machine Tooi Spindie Applications, " SKF Industries, Inc. Engineering and Research, SKF Norden, Feb 1983.

30


https://ieeexplore.ieee.org/author/37965514100
https://ieeexplore.ieee.org/author/37088229941
https://ieeexplore.ieee.org/author/37088233132
https://ieeexplore.ieee.org/author/37088230712
https://ieeexplore.ieee.org/author/37088233329
https://ieeexplore.ieee.org/author/37088233341
https://ieeexplore.ieee.org/xpl/conhome/9000742/proceeding

ISSN2079004m(Print), ISSN2786 7587Online), ~2( 10) , , 2024

Jones A. BNew departure engineering data: analysis of stresses and deflections. New Departure Division, General Motors Corpoatic846/ol

4. Palmgren ABall and Roller Bearing Engineering. SKF Industries Inc., Philadelphia, 1959.

6. Harris T. A Rolling Bearing Analysis. Wiley, New York, 1984

7. Gargiulo EA simple way to estimate bearing stiffness. Machine Design, Vol. 52, Issue 17, 1980140107

8. Lim T. C., Singh RVibration transmission through rolling element bearings, part I: bearing stiffness formulation. Journal of Sound and,Vibratio
Vol. 139, Issue 2, 1990, p. 1-199.

9. Lim T. C., Singh RVibration transmission through rolling element bearings, part Il: system studies. Journal of Sound and Vibration, \ésu& 39, |

2, 1990, p. 20225.

10. Lim T. C., Singh RVibration transmission through rolling element bearings, part V: effect of distributed contact load on roller bearirsg stiffne
matrix. Journal of Sound and Vibration, Vol. 169, Issue 4, 1994, p5537

11. Hernot X., Sartor M., Guillot. Lalculation of the stiffness matrix of angular contact ball bearings by using the analytical approach. Journal of
Mechanical Design, Vol. 122, Issue 1, 2000, p983

12. Guo Y., Parker R. Gstiffness matrix calculation of rolling element bearings using a finite element/contact mechanics model. Mechanism and
Machine Theory, Vol. 51, 2012, p. 35.

13. Cao Y and Altintas Y (2007), A general method for the modelling of spbeteng systemsl. Mech. Des. Transactions of the ASWIS: pp.
10891104. DOI:10.1115/1.1802311

14. Cao H, Li B and He Z (2013), Finite Element Model Updating of Machow Spindle Systems]ournal of Vibration and Acoustict35
02450310245034.

DOI: 10.1115/1.4023045 4

1 1 2
15. ANALYSIS OF LATHE SPINDLE USING ANSYSDr. S. ShivakumarDr. Anupama N Kallol ,Vishwanath Khadakbhalmternational Journal
of Scientific & Engineering Research, Volume 4, Issue 9, SepteRids?, pp. 431 440.
16. STATIC STIFFNESS ANALYSIS OF HIGH FREQUENCY MILLING SPINDLE Anandkumar Telang IJRET: International Journal of Research
in Engineering and Technology elSSN: 231153 | pISSN: 2327308 Volume: 03 Special Issue: 03 | M2314 | NCRIET2014,
17. DESIGN AND ANALYSIS OF BORING BAR USING ANSYS.Premkumarl, V.Mani Kumar2, Theenathayalan.Iit8rnational Journal For
TechnologichResearch In Engineering Volume 5, Issue 11,-2008,pp. 45841 4587
18. Andrei GHEORGHI Hr1, DragoH AROTIRIHEI 2,*, Marius TURNEA3, Geol
SPEED SPINDLE, CURRENT PROBLEMS AND OPTIMIZATIONSA SURVEY Proceedigs in Manufacturing Systems, Volume 11, Issue 4,
2016, 215222
19. Yu. M. Danylchenko 6 M. G. Storchak Static cal cul adMechanicooahd t he #
Advanced Technologies #1 (79), 20118
20. V.Mallikarjuna Reddyl,K .RajasekharaReddy?, V.Purushotha® Design And Analysis Of Spindle International Journal of Creative Research
Thoughts (IJCRT) Volume 6, Issue 2 April 2018 399 403
21. Ayush Anand1,2, Himel Roy 1,2 Static and Dynamic Analysis of Lathe Spindle using AN&Yi&tional Journal of Applied Engineering
Research ISSN 0978562 Volume 13, Number 9 (2018) pp. 698200
22 ChuanHai Chen Rui Wang Zi-Dong Zhoy Zi-Jia WangHao-Nan Cuj Nai-Kou ZhangStatic and Dynamic Characteristics Analysis of Spindle
for Turning and Milling Proces8019 International Conference on Quality, Reliability, Risk, Maintenance, and Safety Engineering (QR2BISE)
Aug. 2019: Zhangjiajie, China
23. Peng T., Lim TC. dynamics of hypoid gears with emphasis on effect of shaft rotation on vibratory response. ASME 2007 International Design
Engineering Technical Conferences and Computers and Information in Engineering Conference, American Society of Mecherécs) ZDQy/ .
24. Peng T., Lim TC. Influence of gyroscopic effect on hypoid and bevel geared system dynamics. SAE International Journal of Passenger Cars
Mechanical Systems, Vol. 2, Issue 1, 2009, p. 1B396.
25. Yang J., Lim TC. Dynamics of coupled nonlinear hypoid gear mesh and-tianging bearing stiffness systems. Dynamics, Vol. 1, 2011, p. 1548.
26. Fawzi M.A. EiSaeidy Timevarying total stiffness matrix of a rigid machine spindigular contact ball bearings assembly: Theory and
analytical/experimental verifications Shock and Vibration 18 (2011) &AL
27. A. Bourdon, J. F. Rigal, D. PI&tatic Rolling Bearing Models in a CAD. Environment for the Study of Complex Mechanisms:dP@driplete
Assembly Model Journal of Tribology Copyright © 1999ASME APRIL 1999, Vol. 121, p. 215 223.
28. O. Kyrkach, V. Khavin, I. Khavina, "A computational technique for the static analysis ofsupftort spindle shafts with nonlinear elastic
bearings", Proceedings of 2020 IEEE KhPI Week on Advanced Technology Conference, Kharkiv, BKr@itet. 2020, pp. 46206.
29.V.L. Khavin, O.B. Kirkach, B.M. Kirkach " Staychnyyanalizbahatoopornykishpyndetnykh valiv naneliniyno pruzhnykhoporakH. Visnyk NTU

"KHPI " ~ 2, -120002.1 rSer .S."9Ddy nami ka ta mitsnista mashyn".

30. V. L. Khavin, O. B. Kirkach, B. M. Kirkach "Statychnpryzhngknal i z bal
oporakh". Visnyk NTU-55KHBleT .” "Dynaim Xra. tsa. mM48 sni sta mashyn".

31. H. Sjovall, nBel eoshtrullagar gdgivra ytmeaddimlic h g e n i ia h oTeknikkd idskrifrMegaamik 1988.

1 sMlszf ddzO (recei v
] " He®ksMis® ftets Oolstste'" ©® / About the Au

mOo ' dz | Odzj tc ‘KRavinf Vakerdpeoi JSu@dgH d H Ols Isj mdz' yded s dzOkGC, ftosW
BirOdz € SO B stolkz -dEPUs ties OIS o' dzfiPle dulOts iztsC s B ¢ s tcdes e 5 B
GOl j ZOIsJ < 1 OydsdzOdzr detsc s Isj mdz' ydztsg ts Edz' o] tefmd isnails iz (
Valerij.Havin@khpi.edu.uaORCID: 00060002482 7-6474.

MmQOo ' dz | 96 j dz' Khatincoep? € @ deryd H Ols Isj ~ndz' ydzedr dzOESE emaik dtc] ¢©
ehavir@ukr.net ORCID: 00090007-35938102.

sdetOy J1ttedf [ JEsdzO2EBEE§DdH (KPIsk s8R dzBodzy 8) dzOE ¢, i tots W
B rOdz §d O s stolz -dEDEsS) tos OIS 9" deliPle duIOER TizsE s @B ¢ Isj tcdese 5 d3ts
B3O j BZOIsdEC d 1 Oyd sdzOdz? dzts G s S ndz ydztsc ts dz' o temd inails iz (
Borys.Kyrkach@khpi.edu.u®®RCID:0000600020432-1296

sdteC Oy J dzj € M RyrkachCielsi) s 6 day j-dizi] AcOdss kmistcz € stste, vl ;e[ dzaf =
mail: olky@enabl.dk., ORCIDO00G-00034594557X.

31


https://ieeexplore.ieee.org/author/37965514100
https://ieeexplore.ieee.org/author/37088229941
https://ieeexplore.ieee.org/author/37088233132
https://ieeexplore.ieee.org/author/37088230712
https://ieeexplore.ieee.org/author/37088233329
https://ieeexplore.ieee.org/author/37088233341
https://ieeexplore.ieee.org/xpl/conhome/9000742/proceeding
mailto:Valerij.Havin@khpi.edu.ua
mailto:Borys.Kyrkach@khpi.edu.ua

ISSN2079004w(Print), ISSN2786 7587Online), ~ 2 (10), , 2024

ur s 6-212 64.8 DOI: 10.20998/207904X.2024.2(10).04
tvidzso 1.1

gvwswauv? [frudffsfrevtuvshwy tofRrR I oJrur fad o] dr
{BLEdY dzlsts § dls Odzdz? Odz@tkzl B b toiphf & 2 § ©fils Is dztf D 3Mis p Bozs o . 1 Odzj Isdz'  Mls j dzC
sl & Lk L 02 BOds’ dzd 3 C stedhdas’ f dzsh ' fedds' b dzdgv, O ISOCty L'OBELY,
sl & hj dgdzw  BOS M BOd das’  C ' d Ctsfls' o OddsOy' 8 O ' d2 BOd d2 2 BHOdOH
ESLEOREZdSE WG Mmisj Oy ddi Mdhmkjd o y' d&sdkz kOC ' "7 Cij iddn heldyQH oy
© sHdddB ‘L shhseddi CsdhbtkzClsdo ddn jdjdjds o &jlsOdsS sdhstzsy"

EBLIOREZdzS 50 O Maj B3O ) s Ods Qetstalz ldidAnL 1z "dz”  hists da®', fy ldsfidsdzS 5T ls * dedz’ 5B tS dzts del 15
otORtolz* sMmtse dzd o sMis’ CodmlstezCy' W Mbss2¢, oL it & ©OHRI, dEOdY, Wiz
L' WL z¥ Is! y' 4 dzj d3j dals d . CS BjIstsH dzjp gdelsezd 2 dzdg¥ H § o {f 5 dzlis’ IsH v o SCzwdzy j
CodemistczCIsdodz e dzdeosmMis' MC EZOHBo Jr-tofsdzp Bfcdels?2 0 Cb@MEBEOYI ] tc 1 R dzs' Y ks
Bsdzssodr L' ' HdOd wsLisfMm' & L' Mis'2¢0dBd doO Mis' 2¢" Mis: v Cdzdst teff dFiElS § dy |
MisOdz' fls B sOdzs S sdemistelz ¢ y' tc Odiq . Il tiLkd sOIs’ ftetso j HJ ded » H tiefigfdz’ H Y
adCtstedMmisOdedz’ 3tsy dzd o sfis” 'n StdlstelzCIsd o detts’L BY jotdziimz otka diz' O 5 O inde O das
L' " HdzOder WO fdzes L o3 dev¥* YwmojH deSk Mls' 268¢ o' HCtedlbsets sl jtoj ydzsets ff

sdzs ytse ' iHiRjelszd 2 Milsj dzOY , L cOrdl 9 O MmMnrj RO, s 2¢" Mis* | CBiW' 'y
9 ' HCtedIlsd?2 ffjtejyded?2 fitedte’" L, LS M, " HY wWilsded¢, Bdzlstsaj L' ‘ HdzO dz

RUBASHKA V.

STABILITY OF METAL STRUCTURE OF PALLET RACKING FRAME

The issues of analyzing the stability of frames of prefabricated pallet racksresidered. Pallet racks are adapted to the minimum possible size
of the usable space they occupy, as well as to provide convenient access to stored goods. The need to place the maximtinargoeben a
minimum warehouse area places high demands on the design and calculation methods of both racking systems as a whoteigigdigheir
constituent elements. The purpose of the work is to conduct research on the stability of the frame, which is one détthetoralrelements of the
metal structure of the entire pallet rack. For this purpose, a combined design scheme for metal structures has beercdetaiopg@dimensional
solid bodies, thirwalled shell structures and beam structures. The diagram takes into account the design features of the racks, frammesbraces, t
bearings, as well as the main design features of the bolted connections connecting these elements. A finite elemeist Eoposeth as a research
method, allowing to fully take into account all the design features of the constituent elements and the nature of toganconaeprefabricated
structure. Studies have been conducted of the effect of bolted connections of braces with racks on the stability ofividinarack and the entire
frame. An analysis of various types of bracing systems for the stability of the metal frame structure was carried estltAsf the research, ways to
increase the stability of racking systems using the possibility of their structural restructuring due to the propeefidsrichped units were assessed.
It was found that the presence of bolted connections qualitatively changes the behavior of racks of epectiomsisiring loss of stability.

Key words: pallet rack, design diagram, stability, stability coefficient, finite element method, rack stand, opesectioss brace, thrust
bearing, bolted connection.
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