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B crarbe Ha OCHOBE KOHCTPYKTHUBHBIX CPEACTB Teopud R-pyHKIMH mo-
CTPOCHBI ypaBHEHHs pabodnX KoJiec HEHTPOOEKHBIX HACOCOB C IIENBIO
ux peanuzanuu Ha 3D-npunTtepe. Mcnonp3oBaHa MeTOUKa MOITAITHOTO
MIOCTPOCHUS YPaBHEHHUM TreOMETPUIECKUX O0BEKTOB U METOIMKA IIOCTPO-
€HUsl ypaBHEHHUH OOBEKTOB C TOYCYHOH CUMMETpPHEH NHMKIMYECKOTO
THMA. BO3MOXXHOCTE BBe#eHH OYKBEHHBIX IAPaMETPOB B YPaBHEHHSX
MIO3BOJISICT ONEPATHBHO W3MEHATh (POPMY HPOEKTHPYEMOTO OOBEKTa.
CBOHCTBO TOJIOKHUTENFHOCTH HOCTPOCHHON (YHKIMH BO BHYTPEHHHX
TOYKax 00BbEKTa BechbMa yI00HO Ayt peann3anuu 3D-nedatw.
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BiaueHTpoBi HacocH - 0/1HI 3 HAWNIOIIMPEHIIINX HACOCIB Y CBITI. Bifuen-
TPOBI HACOCH HACTIJIBKY YHIBEpCaIlbHI, IO IX BUKOPUCTOBYIOTH Maiike y
BCIX TaJy3sXx MPOMUCIOBOCTI (XIMiUHIHM, TipHHYOJOOYBHIH, XapdOBii,
eHepreTudHid Tomo). OCHOBHUMU TIepeBaraMy BiAIIECHTPOBHUX HACOCIB €
MpOCTa KOHCTPYKIIiS Ta BICOKa epeKTHBHICTh. Cepel HeIOMiKIB, SKi Ba-
PTO BiI3HAYHTH, € HU3bKA 3HOCOCTIHKICTh KpritbuaTKu. DopMa i po3mipu
JomaTed KPUIIbYaTKU HacoCa BU3HAYAIOTHCS TPYIOMICTKHMH PO3paxyH-
kamu. KpuiipyaTky Hacoca MOYKHa PO3JIUTUTH Ha TPH KaTeropii: BIAKPUTI,
HariB3aKpHTi, 3aKPHTI.

Binomi pi3Hi criocoOu BUTOTOBJICHHS KPWIIBYATOK BiALICHTPOBHX HACO-
ciB. O6poOKa podiIro JI0MaTeBOTo AUCKA MOXKeE 3/1iHCHIOBATHCS Ha IIPO-
TPaMHO-KEPOBaHIA KOMiOBaIbHO-(PpPE3epHid MaIliHI, KPUIIKA Ta TUCK
MPUBAPIOIOTHCS OJIMH JI0 OJJHOTO aprOHOJYTOBHM 3BapIOBAHHSIM, a KO-
JIECO MiAJAI0Th TePMidHil 0OpOoOIl AN 3HATTS HANPYT MICIs 3Bapio-
BaHHs. HemomikamMu boro croco0y € CKIaaHICTh 3a0e3meueHHs] BUCOKOT
MIIHOCTI KoJjieca. Y IbOMY BHIIAJKy 3BapHi IIBU CIIOTBOPIOIOTH POpMY
MDKJIONIATeBUX KaHAIIB.

[HONI KpHITbYATKa BUTOTOBIISIETHCS 3 IBOX YACTHH 32 JIOTIOMOTOI0 CTHKO-
BOTO 3BapHOTO 3’€JHAHHS JIBOX €JeMeHTiB. HemonikaMu mboro crnocody
€ TeXHOJIOTIYHI TPYTHOI, a B JSSIKUX BHIAJKaX HEMOXKIHUBICTH OTpH-
MaHHS CKJIaJHOI IPOCTOPOBOT (hopMU MI>KITOIIATEBUX KAHAIIIB JJISI MATHX
KOJIiC.

VY 3apyOi>KHOMY Ta BITYM3HSIHOMY HacOCOOYAYBaHHI POJIOBXKYIOTH IIPO-
BOJIMTUCH JTOCJIIJPKEHHS 3 METOIO MOIIYKY ONTUMAJIBHUX CXEM TEXHOJIO-
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TIYHOTO TMPOIIeCy AJIS MiATOTOBKU NeTanelt 3 momimepiB. OCHOBHI cITo-
o061 00pOOKH TUTACTUKOBUX BUPOOiB BKIIIOYAIOTh MMPECYBAHHS, TUTTSI i1
THCKOM, €KCTPY3il0, BaKyyM-(hOpMYBaHHSI, POYBKY, IITAMIYBaHHS.

CBiTOBHMII BUPOOHMK HACOCIB 1 KJlamaHIiB pi3HUX TUMiB, KoHNepH KSB
(HimeyunHa), cTaB HAOLTBIINM CBITOBMM HOBATOPOM Y Tally3i 3aCTOCY-
BanHs 3D-npyKky B nuBapHii ramysi. 3a gornomMoroto 3D-nipuHTEpa BUro-
TOBJIAIOTHCS OCHOBHI MOJEJI Ta 3alM4aCTHHU 10 HACOCIB, IO JO3BOJISE
3HAYHO CKOPOTHUTH YaC HAa PEMOHT YU BUTOTOBIICHHSI HOBHX MO/ICIICH.

OnHak icHye mpobuiema 3aiaHHs iH(opMauii 1 IpyKy, TOOTO CTBO-
PEHHSI MaTeMaTHYHOI Ta KOMIT FOTEPHOI MOJIENI POEKTOBAHOTO 00’ €KTa.
OpfHUM i3 METOJIB BUPINICHHS IIOTO 3aBIaHHS € 3aCTOCYBAaHHS TEOPil
R-dyHKIiii, sika 103BOJISE OMUCATH T€OMETPHYHI 00’ €KTH CKIIAAHOT (ho-
PMH €MHUM aHATITHYHUM BUPA30M.

Meroto naHoi poOoTH € po3poOka Ha OCHOBI Teopil R-pyHKIiH MeToniB
MaTEeMaTUYHOT'O Ta KOMIT IOTEPHOTO MOJICIIIOBaHHS KPHJIbYaTOK HACOCIB
I TX pearizaiii Ha 3D-npunTepi.

[Tpu moOymoBi MaTeMaTHYHUX MoJeIeH MeTo1oM R-QyHKII#H BHKOpHC-
TOBYBAaTHMYThCS SIK HalTIpocTimi R-onepartii, Tak i R-omeparii ay1s 3ri1a-
JUKYBaHHsI TOCTpUX KpaiB 1 KyTiB. [Ipu moOynoBi piBHsHB, 1110 BiAIIOBiAA-
I0Th TEOMETPUYHUM 00’ €KTaM i3 CUMETPI€I0 IUKIIYHOTO THITY, AJIS 3Me-
HIIICHHS KiJIbKOCTI R-omepaitiii 0yio po3po0iieHO METO/1, 3aCHOBaHHN Ha
JIOBEJICHIH paHille TeopeMmi.

Jnst noOynoBu 06’ €xTa 3a1aHOl TOBIMHY OYJIO BUKOPHCTaHO HOTo HOP-
MaJli30BaHe PIBHSHHS, 10 TAKOX B JCIKUX BHUIIAAKAX JI03BOJISIE 3HAYHO
3MEHILIUTH KUTBKICTh R-pyHKIiH.

Byso mobGyxoBaHo Kilbka MaTeMaTHYHUX MOJEJIEH BiIKPUTUX KpUIIbYa-
TOK Y BIAIIGHTPOBHUX HACOCAX: 3 paIialIbHAMU JIOIATSAMH, i3 IIiCThMa BHU-
THYTHMH JIONIATAMH Ta OaJaHCYIOYMMHU OTBOPAaMH Ta 3 I’ ITbMa KPHUBOJIi-
HIHHAMU JIONATSAMH PI3HOTO KyTa HaXWiIy B IEHTPaIbHIA 30HI. 3MiHFO-
104K OyKBEHHI IapaMeTpH, BBEICHI B IIPOrpaMy, B MeKax OJHI€T Ipo-
rpamMy MOXYTb OYTH OTPHUMaHi KPUIIbYATKH 3 IHIIUMU KOHCTPYKTUBHUMH
eJleMEeHTaMU (TaKUMH, SIK KUIBKICTh pallialibHUX JIoNaTeH, KiIbKicTh Oa-
JIAHCYIOUMX OTBODPIB, Pi3HI KYTH Haxmily JIONAaTi B LEHTPaJbHIN 30HI
tomo). OTpuMaHi PiBHSHHS Bi3yai30BaHO 3a IOTMIOMOIO MPOrpaMu
RFPreview, a ix peaunizauis Ha 3D-npunTepi MpoBOgUTHCS B IHCTHTYTI
npobnem mammHOOYMyBaHHA iM. A. M. Iligroproro HamionansHoi aka-
JeMil HayK YKpaiHu.

Ha ocHOBI po3po0iieHUX anropuTMiB MoOymOBaHI MaTeMaTHYHI Ta
KOMIT FOTEPHI MO/ HaliB3aKpUTUX KPHJIbYATOK BIJLEHTPOBHX HACO-
CiB.

[epeBaru Buxopuctanus 3D-n1pyKy o4eBHIHI - BAPOOHUIITBO HECTAHA-
PTHUX MoOJeJel, CKOPOUEHHsI Yacy Ha CTBOPEHHS HOBUX MPOTOTHIIB i
CKOPOYEHHS 4Yacy PEeMOHTY, IPOCTOTA Ta 3HAYHA JELICBH3HA BUTOTOB-
JICHHS, BUKOPUCTAHHS CyJacHHUX BXKHUX MarepiaiiB. Y mil poOoTi Teo-
pis R-yHKIIH BUKOPHUCTOBYETHCS TSI MAaTEMAaTHYHOTO Ta KOMII FOTEp-
HOTO MOJICTFOBaHHSI KPUJIYATOK HACOCA TP BIPOBAKSHHI TEXHOJIOTIT
3D-npyky. MeToa noOynoBH piBHSIHb T€OMETPUYHUX 00’ €KTIB THILY IH-
Ki1iyHO1 cumeTpii B 3D BuKOpHCTOBYBaBCS /171l MOOYAOBH PiBHAHHS BiJl-
KPHUTOI KpHJIBYAaTKU BIIIIEHTPOBOTO HAcoca 3 pajialbHIMU JIOTIATAMHU. A
Juist T0OyJOBM MaTeMaTHYHUX MOJIENEil KPHIbUaToOK BiJIEHTPOBUX Ha-
COCIB 31 3ITHYTHMHU JIONaTsIMHU OyB po3po0JIeHni HOBUH ITiIXiJ1, 3aCHOBA-
HUH Ha Teopil R-¢pyHKiii.

AHaNITUYHUH 3a1UC CIPOEKTOBAHUX 00’ €KTIB a€ MOXKIMBICTh BUKOPH-
CTOBYBaTH OyKBEHHI I'€OMETPHYHI NapaMeTpH, CKIaJHI CyNepo3uIil
(yHKIIIH, 1110, CBOEIO YEPTOI0, JO3BOJISIE IIBUJIKO 3MIHIOBATH X CTPYKTY-
PHi CJIEMEHTH.

Bicnuk 3anopizvko2o nauionanibHozo yrisepcumemy Ne 2,2019
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Centrifugal pumps are one of the most common pumps in the world. Cen-
trifugal pumps are so versatile that they are used in almost all industries
(chemical, mining, food, energy, etc.). The main advantages of centrifu-
gal pumps are simple design and high efficiency. Among the shortcom-
ings worth noting is the low wear resistance of the impeller. The shape
and size of the pump impeller blades are determined by time-consuming
calculations. Pump impellers can be divided into three categories: open,
semi-closed, closed.

Various manufacturing methods are known for centrifugal pumps impel-
lers. The processing of the blade disk profile can be done on a program-
controlled copy-milling machine, cover disc and blade disk are welded to
each other by argon-arc welding, and the wheel is heat-treated to relieve
stresses after welding. The disadvantages of this method are the difficulty
of ensuring high wheel strength. In this case, the welds distort the shape
of the inter-blade channels.

Sometimes the impeller is made of two parts, forming each blade by
means of a butt weld joint of two elements. The disadvantages of this
method are technological difficulty, and in some cases the impossibility
of obtaining a complex spatial shape of the inter-blade channels for small
wheels.

In foreign and local pump engineering, researches continue to be carried
out to find optimal process flow schemes for preparing parts from poly-
mers. The main methods of plastic products processing include pressing,
injection molding, extrusion, vacuum forming, blowing, stamping.

The global manufacturer of various types of pumps and valves, the KSB
concern (Germany), has become the world’s largest innovator in the field
of 3D printing applications in the foundry industry. With the help of a 3D
printer, master models and spare parts for pumps are manufactured, which
can significantly reduce the time to repair or manufacture new models.

However, there is the problem of setting information for printing, i.e. cre-
ating a mathematical and computer model of the designed object. One of
the methods for solving this problem is the application of the R-functions
theory, which allows one to describe geometric objects of complex shape
with a single analytical expression.

The aim of this work is to develop, on the basis of the theory of R-func-
tions, methods of mathematical and computer simulation of pump impel-
lers for their implementation on a 3D-printer.

When constructing mathematical models using the R-functions method,
both the simplest R-operations as x Ay y; x V, vy and R-operations for
smoothing sharp edges and corners x A, y;x V, y will be used. When
constructing equations corresponding to geometrical objects with cyclic-
type point symmetry, to reduce the number of R-operations a method
based on the theorem proved earlier was developed.

To construct an object of a given thickness, its normalized equation was

used, which also in some cases allows to significantly reduce the num-
ber of R-functions.

Several mathematical models of open impellers in centrifugal pumps
were built: with radial blades, with six curved blades and balancing holes
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and with five curvilinear blades of different inclination angles in the cen-
tral zone. By varying the alphabetic parameters entered into the program,
impellers with other structural elements (such as number of radial blades,
number of balancing holes, various blade inclination angles in the central
zone, etc.) may be obtained within the same program. The obtained equa-
tions are visualized using RFPreview program, and their 3D-printer im-
plementation is made in the Institute of Mechanical Engineering Prob-
lems of the National Academy of Sciences of Ukraine.

On the basis of the developed algorithms, mathematical and computer
models of semi-closed impellers of centrifugal pumps were built.

The advantages of using 3D printing are obvious — the production of non-
standard models, the reduction of time for the creation of new prototypes
and the reduction of repair time, the simplicity and considerable cheap-
ness of production, the use of modern heavy-duty materials. In this paper,
the theory of R-functions is used for mathematical and computer simula-
tion of pump impellers in the implementation of 3D printing technology.
The method of constructing equations of geometrical objects with cyclic
symmetry type in 3D was used to construct the equation of an open cen-
trifugal pump impeller with radial blades. And to build mathematical
models of the centrifugal pumps impellers with curved blades, a new ap-
proach was developed based on the theory of R-functions.

Analytical recording of the designed objects makes it possible to use al-
phabetic geometric parameters, complex superpositions of functions,

which, in turn, allows to change their structural elements quickly.

1. Beegenue

LleHTpoOEKHBIE HACOCHI SBISIOTCS  OJ-
HUMH U3 CaMbIX PacCIpOCTPaHEHHBIX HACOCOB B
mupe. bmaromaps CcBOMM KOHCTPYKLMOHHBIM
pelieHusM U cTaOuibHON paboTe, 3TOT THI
HAaCOCOB HallleNl ITUPOKOE IPUMEHEHUE KaK JUIs
perieHns OBITOBBIX 3a/1a4, TaK U JIJIsl OCHOBHBIX
TEXHOJIOTMYECKUX MTPOLIECCOB B PA3JIMYHBIX OT-
pacisx HpoMbliieHHOCTH. LleHTpobOexHbie
HAaCOChI HACTOJIBKO YHUBEPCAJIbHBI B UCIIOIb30-
BAHWM, 4YTO TNPHUMEHSIOTCA IPAKTUYECKH BO
BCEX OTpacisiX IMPOMBIIUIEHHOCTH (XMMHYe-
CKas, TOpHOJO0OBIBatoOIIasi, MUIIEBasi, dHEpre-
TUKa U 1p.). LleHTpoOexxHble HacoChl MpuMe-
HAIOT JUIS MIEPEKaYMBaHUs PA3JIUYHBIX JKHJIKO-
CTEeH, HaYMHas C BOJABI U 3aKaHYUBAsl BBICOKO-
arpecCUBHBIMU M a0pa3MBHBIMU CYCIIEH3USMHU.
Br16op MaTepuasioB A1 OCHOBHBIX 3JIEMEHTOB
LEHTPOOEKHBIX HACOCOB OYEHb UIMPOKUN, U
4alue BCEro OH OCHOBBIBAETCS HA CTOMKOCTH
JTAaHHOTO Marepuaia K CBOWCTBaM NEepeKaynuBa-
€MOH JKUAKOCTH U YCIOBHSIM PabOThI CamMoro
Hacoca.

OCHOBHBIMM TIPEUMYILECTBAMU ILIEHTPO-
OEKHBIX HAcOCOB SIBIISIIOTCS MPOCTas KOH-
crpykuus, Beicokuit KIIJ{ u T.1. Cpenn Heno-
CTaTKOB CTOUT OTMETUTh HU3KYIO H3HOCOCTOM-
KOCTb pabouero kojueca, KOTOPOE SIBISETCS OC-
HOBHBIM 3JIEMEHTOM LIEHTPOOEKHOI0 Hacoca.
®opma, pazMepsl JIONAaTKU pabodero Koseca

Bicnuxk 3anopizbkozo HauionaibHozo yHieepcumeny

Hacoca OIpeIeNsoTCs 01aroaaps TPyI0eMKUM
pacu€éram. PabGoume konéca HACOCOB MOXKHO
pa3lienuTh Ha TPU KAaTErOPUHU: OTKPBITHIE, I10-
Jy3aKpbIThIE, 3aKPBITHIE.

Ceituac B HAcocoCTpoeHMM pabouue Ko-
néca OTKPBITOTO THIA IPAKTUYECKU HE MPUMe-
HA0TCA n3-3a HU3Koro KII/I, koropslit cocras-
nsier menee 40%. Hecmotpsi Ha 3TOT cCyiie-
CTBEHHBIM HEJOCTAaTOK, OTKPBITHIA THUII pabo-
YUX KOJIEC UMEET U PsAJl HEOCIIOPUMBIX J10CTO-
MHCTB: PEMOHT UX OYE€Hb IIPOCT, HACOCHI C pa-
00YMM KOJIECOM OTKpBITOIO THIIA TOpPa3io
MEHBIIIE 3aCOPAIOTCS, MOXHO CYLIECTBEHHO
MPOJUIUTh UX CPOK CITY>KOBI C TOMOUIbIO HAKJIA-
JIOK U3 U3HOCOCTOMKOM cranu. Ilomy3akpsITbie
paboune Kojéca HE MPUMEHSIOTCS B OOJBIINX
I'PYHTOBBIX Hacocax. TeM He MeHee, 4acTb IIpo-
U3BOJUTENIeH HEOOJBIINX HACOCOB, ISl KOTO-
PBIX TEMA 3aCOPEHNUS BECbMa aKTyaJllbHA, CTapa-
I0TCS MPUMEHSATh UMEHHO MOJIy3aKpBIThIE KO-
néca. 3akpbIThle paboune Kojéca Hacoca Mo3-
BOJITIOT A00MThCs MakcumanbHOTro KII, 9ro
BBI3bIBAET HAUOOJIBLINI MHTEPEC CO CTOPOHBI
KaK TMpOM3BOAUTENEH, TaKk M MOTpeOuTenei.
[Tpenmy1iiecTBOM Takoro THMa padOYMX KOJIEC
aBIiseTcsl 6osee BbIcOKasi mpouHocTh. Ho ecTh
Y HEJIOCTaTKH, a UMEHHO — 0o0Jiee CI0XKHBIHN pe-
MOHT U 3aIIuTa oT u3Hoca. Ha pabounx koné-
cax pacrojOoXeHbI JONATKU, KOJINYECTBO KOTO-
pPBIX HAaXOIWUTCS B mpenenax 2-5, u3penka — 6.
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Ha BHemHel MOBEPXHOCTU AMCKOB 3aKPBITOTO
pabouero Koieca 4acto AeNalT paauaibHbIe
BBICTYINBI. VX HMHOTOa JenaloT He paauaib-
HBIMHU, a TIOBTOPSIFOIIIMMHU OYEPTAHUE JIOMATOK.

IIo TEXHOIOrMYECKOM CXEME H3TrOTOBIIE-
HUS pabovnXx Koyiec 00paboTKy Mpoduis TucKa
C JIOMAaTKaMU MPOHM3BOJAT Ha KOMUPOBAIBHO-
¢bpe3epHOM CTaHKe ¢ IPOrpaMMHBIM yIpaBlie-
HUEM, TTOKPBIBHOW JMCK W JTUCK C JIOMATKAMU
CBapHBAaIOT MeXJAy cOo0Ol aproHOAYroBOil
CBApKOM, [UI CHATHUS HAIpsSOHKEHUN I10CTe
CBapKu MPOU3BOJAAT TEPMOOOPabOTKY KoJieca.
Henocrarkamu 3Toro crioco0a sIBISIOTCS TPY-
HOCTb 00€cleyYeHHs] BBICOKOM MPOYHOCTH KO-
Jeca ¢ TIOMOIIBIO T€X CBApHBIX COCAMHEHUI,
KOTOpBIE BO3MOXKHBI IIPU YKa3aHHOM pasfelie-
HUM KOJjieca Ha YacTH, HAlpuMep, TaBPOBOTO
WM B BUJI€ TPOPE3HBIX LIBOB, a TAK)KE HEOOXO0-
JTMMOCTh TEPMOOOPAOOTKH BCEro KoJjieca Mociie
cBapku. [Ipu sTOM cBapHbIE HIBBI, BOOOIIIE TO-
BOpSI, HICKaXKAIOT ()OPMY MEXKIIOTIACTHBIX KaHa-
JIOB.

N3BecteH crmocob u3roToBiieHUsT pabovero
KoJieca [EHTPOOEKHOT0 Hacoca, COrfacHO KO-
TOpoMy pabodee KOJIECO BBIMTOJHSIOT U3 ABYX
yacTteld, o0pa3ys KaXOylo IIOMacTb MOCPEe.-
CTBOM CTBIKOBOTO CBAapHOTO COCIMHEHUS JIBYX
9JIEMEHTOB, OJIMH W3 KOTOPHIX BBIMNOJHSIOT B
BUJIC BBICTYIIa Ha OCHOBHOM JHCKE KaK OJJHO
1eJI0€ C TMOCIEIHUM, a IPYroil — Ha MOKPhIBa-
IOIIEM JIFCKEe KaK OJHO IIeJIO€ C TIOCIETHHM.
Henocrartkamu 3Toro crnoco0a sBISIOTCS TeX-
HOJIOTHYECKasi TPYTHOCTh, a B HEKOTOPBIX CITy-
YasX U HEBO3MOXKHOCTb TMOJyYEHUS CIIOKHOMN
POCTPAHCTBEHHOW (OPMBI  MEKIIOMACTHBIX
KaHaJIOB Ul KoJiec HeOOJbIIUX pa3mepos. B
3apy0e’KHOM W OTE€YECTBEHHOM HACOCOCTpOE-
HUU MPOJIOJDKAIOT TPOBOJAUTHCS UCCIIETOBAHUS
10 M3BICKAHUIO ONTUMAIBHBIX CXEM TEXHOJIO-
THYECKOTO Mpoliecca U3rOTOBICHUS IeTaneil u3
MIOJTMMEPOB, OTBEYAIOIINX HEOOXOIMMBIM TEX-
HUKO-?KOHOMHUYECKUM TpeboBaHusM. K 0CHOB-
HBIM croco0aM MepepaboTKu U3JeNui U3
IUIACTMACC OTHOCSTCS IPECCOBAHUE, JIUTHE MO
JaBIIEHUEM, DKCTPY3Hs, BaKyyM-(OpMHUpOBa-
HUE, BBIYBaHHE, IITaMIIOBKAa. B HEKOTOPBIX
CIydasix MPUMEHSETCS] 1 MeXaHuveckass o0pa-
60TKa u3 610K0B Marepuaia. [Ipumenenue mo-
JMMEPHBIX KOMITO3UIIIH JJIs1 H3TOTOBJICHUS pa-
00YMX KOJIEC MIAXTHBIX IEHTPOOEKHBIX HACO-
COB CBSI3aHO CO 3HAYUTENbHBIMHU TEXHOJIOTHYE-
CKUMH TpynHocTsMHU. Koseco neHTpobexHoro

Dizuko-mamemamuyni HayKu

Hacoca TMpeAcTaBisieT co0o0i MPOCTPaHCTBEH-
HYI0 KOHCTPYKLIHIO 3aKPBITOTO THUIIA. 3aKPHITOE
pabouee KOJIECO MOKHO M3rOTaBIMBATh U3 I10-
JUMEPHBIX MaTepUaloB JBYMS MNYTIMH —
IIPECCOBAHUEM U JINTHEM I10]1 JaBjieHHEM. Pe-
3yJbTaThl UCCIIEIOBAHUS W3HOCOCTOMKOCTH M
TEXHOJIOTUYHOCTH M3IOTOBJIEHHS IOKa3allu
MIPEUMYIIECTBA MOJUMEPHBIX MAaTEpPUANIOB Iie-
pea TpaAUIMOHHO MPUMEHSEMBIMHU CTaJIbHBIM
U YYT'YHHBIM JIUTbeM. B mpon3BoacTBEHHOM
OTHOILICHUH U3TOTOBJICHHE pabouux KoJec u
JIPYTHUX JeTajeill U3 TepMOIUIaCTUYECKUX MaTe-
pPHAJIOB 3HAYUTEIHHO IPOIE, YeM U3 OpPOH3HI,
YyryHa WM TEPMOPEAKTUBHBIX IJ1aCTMACC.
Hanpumep, aeranu U3 MOJMAMUIHBIX CMOJ
OUeHb JIETKO OTJIMBaTh B METANIMYECKUE
(dopMbI Ha OOBIYHBIX JTUTHEBBIX MammHax. Co-
XpaHEeHUE HEOOXOAMMBIX TI'E€OMETPHUYECKHUX
(GbopM, TOUHOCTh Pa3MEpPOB U YUCTOTA ITOBEPX-
HOCTEW MpU ITOM O0ECIEUUBAIOTCS B HYKHBIX
npenenax 6e3 O0IBIIOro Tpy/a.

Jliis ObICTpOI 3aMEeHBI M3HOIICHHBIX JIeTa-
Jeil B COBPEMEHHOM NPOMBIIUIEHHOCTH MC-
nonb3ytoT 3D-nedats. MupoBoli mpou3BoaU-
T€Jb Pa3IMYHBIX BHJIOB HACOCOB M apMaTyphl,
koHuepH KSB (I'epmanus), cTan KpynmHeHmm
B MHpE HOBATOPOM B 00JIacTH puMeHeHus 3D-
ne4yaTtu B JUTEHHOM mpousBoacTBe. C momo-
mpio 3D-puHTEpa M3rOTaBIMBAIOTCS MacTep-
MOJIEJIA U 3aITYacTH K HAaCOCaM, YTO MO3BOJISIET
CYILLIECTBEHHO COKpPAaTUTh BPEMsI PEMOHTA WIIU
MOSIBJIEHUS HOBBIX MOJIEJIE Ha PhIHKE.

OnHako BO3HHKAET IIpoliiema 3aaHust UH-
dbopmaruu Ui neyaTH, T.€. CO3/IaHus MaTeMa-
THYECKOW Y KOMIIBIOTEPHON MOJIEIN MPOEKTH-
pyemoro oobvekra. OHUM U3 METOJIOB pelle-
HUSL 3TOH MpoOJeMbl SBISETCS NPUMEHEHUE
Teopun R-pyHKIHMH, KOTOpas MO3BOJSET OMU-
ChIBaThb TE€OMETPUYECKHE OOBEKTHI CIIOKHOMN
(GOpMBI €TUHBIM AHAIUTUYECKUM BBIPAKEHU-
em [1-3].

ILeaslo padoTsl sBisieTcss pa3paboTka Ha
OCHOBE Teopuu R-QyHKIIUIA METOJ0B MaTeMa-
TUYECKOTO U KOMIIBIOTEPHOIO MOJEIUPOBAHUS
paboumx KoJieC HaCOCOB JJIs MX pealn3aliy Ha
3D-npunTepe.

2. OCHOBHAA YACTh

[Tpu mocTpoeHNH MaTeMaTHYECKUX MOjIe-
neil meronoMm R-pyHkumii OyayT HCHONB30-
BaHbI Kak mpocreire R-omepanuu [1-3]

fkn fl=fk+ fl—fk?+fl?
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fkVo fl = fk + fl+ +/fk? + fI2,

Tak ¥ R-omepauuu is CriiakuBaHUS OCTPBIX
KPOMOK U yrJioB [3, 4]:

fk A, fl = fk+ fl—

FR
— [fk? 12+ — (FR + |FR)),
Jf +fI2 + g5 (FR+ |FRI)

fkv, fl = fk + fL +

FR
k? 12+ — (FR + |FR)),
+\/f +fI2+ g5 (FR+ |FRI)

rie
FR = p? — fk? — fI2.

[Ipy 1OCTPOCHUU ypaBHEHHIl, COOTBET-
CTBYIOIIUX I'€OMETPUYECKUM OOBEKTaM C TO-
YEYHON CHMMETpPHUEH [UKIMYECKOrO THIIA, LIS
COKpaleHus: konudectBa R-omepanuii Oyayt
UCIIOJIb30BaHbl PE3YJbTATHI CICIYIOIICH Teo-
pemsi [3].

Teopema. IlycTb TpaHCIALMOHHAS 00JIACTh
Xy = [oog(x,y,2z) = 0] cumMMeTpu4Ha OTHOCH-

TEJIBHO ocH abcrucc, a o0JacTe
2y = log(x —19,y,2) = 0] moxer ObITh pas-
MeIIeHa BHYTpH cekTopa —a <6 < «,

0<a< % Obnactn X} = [ao(r cos(6 —
_an/n) — 19,7 sin(0 — 2”k/n,z)) > O]

TONyYEHbl B pe3ylbTarTe IOBOPOTa OOJIACTH
2, = [og(x —19,y,2) = 0] B umockoct x0y

2mk
BOKPYT' Haajla KOOP/IMHAT Ha YIIIbl — . Torpa

ypaBHeHue rpanuiis 012 obmactu 2 = URZ5 2y
UMeeT BHL

w(x,y) = oy(rcosu(6,n) —
—1y, rsinu(6,n),z) =0,

rmer =./x2+y? 0 = arctg%.
sin [(Zk - 1)%
(2k —1)?

8
k) = — 3 (1)
k

(B mporiecce yHcIEHHON peanu3anuy ISl Mo-
CTPOSHHS YpaBHEHHUS TpaHuIbl 0f) ¢ pamuo-
HaJIbHOM TOYHOCTBIO JOCTATOYHO KOJHYECTBO
4JIeHoB psina k = 5).

Kpowme Toro, s mocrpoenus: o0bekra 3a-
JTAHHOU TOJIIMHBI O MCHOJIB30BAIOCH €T0 HOP-

Malu30BaHHOEe ypaBHeHHe w(x,y,z) =0,
w

anlyg
w(x,y,2) B OKpECTHOCTH TpaHHIbI 0f) BEIET

= 1. Xopomo H3BECTHO, YTO (PYHKIUSI

Bicnuxk 3anopizbkozo HauionaibHozo yHieepcumeny

ce0st kak paccrosiaue 10 d42. Torna GyHKIUS
5

wl(x,y,z) = i |lw(x,y,z)| =0 Oymer mo-
JIO)KUTEJIbHA TOJIBKO B MOSICKE IUpUHOM §. Mc-
M0JIb30BAaHKE 3TOTO TOJXOJa B Psje CIydacB
MO3BOJISICT CYHIECTBEHHO COKPATHTh KOJIMYE-
cTBO R-omeparuii, a, ciie10BaTeIbHO, U COKpa-
THUTb BBI‘-II/ICHI/ITGJIBHBII\/'I HpOL[eCC.

1. ITocTponM MaTeMaTHYECKYIO MOJICIIb OT-
KpbITOrO pabouero Koiieca IEHTPOOEKHOTO
HAcoca ¢ paauaIbHBIMU JIONIATKAMHU.

f1=(10%—x% —y2?) Ay (0.5 — 2z) X

X (01+2)=0;f2=(62—x2—y?) A,
/\0 (2 - Z)Z = 0,

12 = (F1 Vo £2) Ag
N (x2+y?2—4.52)=>0
f123 = f12 Vv, f3 = 0; (puc. 1, a)

p=+x2+y% 0= arctg%;no = 24;

no
ff:97;

41 Sinl(2k - Dff]
4 (=D 2k—1)?%

8
nom

H:

x1=pcosu;yl =psinu;

fr=(((0.25 = |y1]) Ag 2(1.9 — —2)) A
Ao (102 — x12 — y12)) A
Ao (x1%2 + +y12 — 52) > 0; (puc. 1, 6)
f4=(4.52—x%2—y2) A
Ao (X2 +y? ——=32)>0;
f5=(1-x) Vo (1—¥H) Ao
Ao 2(1.93 — 2) = 0;
f6=f4N, f52=0;
£7=(0.32 —x2 — (y —3.7)2) v,
Vo (0.32 —x2 = (y+3.7)%) = 0;
fv=f6AN—f7 = 0; (puc. 1, B)
r2 =0.4;sr2 =122 — fr? — f123%;
for =fr+ f123 +

+ |fr?+ 1232 + T2
8r22

W = fvv, fpor =2 0; (puc. 1, 1)
fpras = (035% —y2) Ag x(2 — x) = 0;

(sr2 + |sr2]|) = 0;

T ¢ T ¢
¢ 2,nd 8; th nd't 7] 2+2,
t—(tl th)n.
ft= 2/ th’
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4thz( 1kt sin[(2k — 1) ft]

2k—12 '
th th
Wl—05(t1——+q,’)—t1—7—

th
—abs(tl — bttt )) > 0;
pz = 0.5(p0 + wl — abs(u0 — wl)) = 0;

_ 0.8x1k

{x1k=pcosuz, Xk = — 7—0.8’
ylk = psinuz; 1 = 0.8ylk
Y =T 08’

fk = (0.3%2 — xkk? — ykk?) A,
WKOL = (w Ay k) Ay fpas = 0. (puc. 1, 1)

MeHsis 3HaueHUs1 OyKBEHHBIX NapaMeTpOB
no,nd u Apyrux, MOXKHO B paMKax STOH Ke
IpOrpaMMBbI TTOJTy4YaTh Kojeca ¢ IPYruMH KOH-
CTPYKTUBHBIMHU I1apAMETPAMU.

2. [TocTpouM MaTeMaTU4YECKYHO MOJENb OT-
KpbITOrO pabouero Koiieca IEHTPOOEKHOTO
Hacoca C IIECThIO KPUBOJMHEHHBIMH JIOMAT-
KaMu 1 6aJIaHCI/IpOBO‘-IHLIMI/I OTBCPCTUAMU

f01 =((2.22 = x2 —y?) A,
N (X2 +y2—=1) Ay (2—2)z=0;
f0 = ((10* —x* —y*) Ao
N (2+2)(0.2—-2))Vy f01 = 0; (puc. 2, a)

f11 = (0.5 _|&E=0 ;05)2 =) >/\0

Puc. 1. anyanmaunﬂ MO3TAIHOT'O NOCTPOCHU S YPABHCHUA OTKPBITOI'O pa60qer O KOJIeCa
I.leHTpO6e)KHOl"O Hacoca € pauaJIbHbIMU JIOIATKaMU

s 4
x1=xcos§+ySln§;
. s
y1=—xsm§+ycos§;
(52 = (y1 —5)* —x1?)
1= (05— [E01= a0
Nox1 > 0;

Di3uxo-mamemamuyni HaAyKu

2m o 2m
x2 = xcos?+ysm?;
o 2m 21
y2 = —xsm?+ycos?;
(52 — (y2 — 5)% — x22)
f2=<0.5— 10 )/\0
Ao X2 = 0;
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3= 37'L'+ 3
X3 = xcos—+ysin—;
_ 3w 3
y3=—xsm?+ycos?;
52— (y3 —5)% —x3?
f3=(0.5— Gt € 10) ))AO
4 4
Ao X3 = 0; x4=xcos?+ysin?;
CA4Arm 4r
y4=—xsm?+ycos?;
52—(y4—5)%—x4°
fa= (05— [E2ET )y
x5=xcoss?n+ysin5?n;
y5=—xsin5?n+ycoss?n;
52 — (y5—5)? — x52
f5=(0.5—( (y 10) )>/\o
Ao X5 = 0;

1112345 = ((((((f11 Vo £1) Vg
Vo f2) Vo f3) Vo f4) Vo f5) Ao
N (2—=2)2) Ag (x? +y2 —32)) > 0;
fv = f1112345 Ay (9.72 — x%2 — y2) > 0;
(puc. 2,0) fi0 = fO VvV, fv = 0; (puc. 2, B)

=T —ath=2.p_— x.
¢—2,nd—6,th—nd,9—arctgy,

t1=9—§+%;p=\/x2+y2;

thy
(-,
v ( 2 [%h )ff]
_Ath o g1 S[@K-Dff]
="z Zi(=1) (2k-12 '

th th
el—tl—;,eZ—qﬁ—tl—?,

S=05(el+e2—|el—e2|) =0;
uS =05u+S—|u—S|) =0;
yll =psinus;
fb=((0.8% - (z+ 1)? — y11%) A,
/\0 (xz +y2 - 32)) /\0 X = 0,
WKOL = fi0 A fb = 0. (puc. 2, 1)

Mensisi mapamerp nd, MOXXHO PEryJIHpO-
BaTh KOJHMYECTBOM OajJaHCHPOBOYHBIX OTBEpP-
CTHIA.

3. IlocTpouM MaTeMaTH4ECKyr MOJEIb OT-
KpBITOTO pabouero Koiyieca IEHTPOOEKHOTO
HAacoca C MATHI0 KPUBOJIMHEHHBIMU JIOTIATKAMHU.

f01 = ((2.22 = x2 = y?) A
N (X2 +y2=1.72)) Ny 2 —2)z = 0;
f02 = ((1.7%2 = x2 —y%) A
/\0 (xz + yz - 1. 22)) /\0 (1.5 - Z)Z 2 0;
f001 = f01v, f02 = 0;
f00 = ((12.52 — x%2 —y?) A,
N 3+ 2)(0.5—2)) Vv, f001 = 0;
(puc. 3, a)

Puc. 2. Buzyanu3amust o3TamHoOro NOCTPOSHHsT YPaBHEHUS! Kojieca

Bicnuk 3anopizbkozo nauionansnozo ynisepcumemy
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B

Puc. 3. Bisyanuzamus mo3TanHoTo MOCTPOSHHUS YpaBHEHHS Koyeca

p=+x*>+y?% 0= arctg%;no = 10;

no
ff=97;

U= izk(_l)kﬂ sin[(2k-1)ff] |

nom (2k-1)2
x1=pcosu;yl =psinu;
fnl = ((1.22 = y12) Ay (=2 — 2)) A,
Ao (x* +y?—8%) = 0;

)

(72_x2_(y_5)2)
fll = (0.5 - )/\0
N X = 0;
x1 = xcosz?n + ysinz?n;
yl = —xsinz?n+ycosz?n;
(7% = x1* — (y1 - 5)?)
fl= (0.5 — 12 Ao
x2 = xcos%ﬂ + ysin%n;
y2 = —xsin%”+ycos4?n;
_ _ (72-x2%2—-(y2-5)?)
f2=(05 — ) Ao
x3 = xcoss?n + ysing?n;
8w 8w
y3 = —xsin?+ycos?;
2_ 2_ _e)\2
£3 = (05 - |20

lé6m .
x4 = xcosT+ysm

Di3uxo-mamemamuyni HaAyKu

167
)

5

4= ~lén 4 167T_
y4 = —x sin z y cos T
_ (72 -x4%-(y4-5)?)
f4=(05- = 14]) Ag
Ao x4 = 0;
xk = =25y = - 2Y.
T z-zy’ T z-z’

fk=xk?+yk? —12>0; x5 = 0;y, = 0;
Zog=—2;1r=2.2.

111234 = (((((11 vq f1) Vo f2) Vo
Vo f3) Vo f4) Ng (2.5 —2)2) Ny fk = 0;
(puc. 3,8)

WKOL = £111234 V4 0 = 0. (Puc. 3,r)

MeHsis 3Ha4€HUA Zg, T 17151 KOHHYECKOM 10~
BEPXHOCTH, MOKEM T10OJTY4aTh PA3JIUYHBIE YIJIbI
HAKJIOHA JIONIATKH B LIEHTPAJIbHON 30HE.

[lonydyeHHbBIE ypaBHEHHs MOJEJEN KOJec
BU3YAJIM3UPOBAaHbl C TIOMOIIBI IMPOrPaMMBbl
RFPreview [5], a ux peanusanus Ha 3D-npuH-
tepe (puc. 4) BeimonHeHa B UlIMam um. A H.
ITonropnoro HAH Ykpaunsl.

Ha ocHoBe pa3pa0oTaHHBIX aJIrOPUTMOB
IIOCTPOEHBl MaTEMAaTUYECKUE U KOMIIBIOTEP-
HbI€ MOJIENIU IOJIY3aKpBITBIX pabounx Koiec
HEHTPOOESKHBIX HACOCOB, TNPUBEACHHBIX Ha
puc. 5.

3. BuiBoabI

Co3manne MaTeMaTHYECKUX MOJAEIeH It
peanuzanuu 3D-nieyaTy NpeACTaBIAIOT 3HAYU-
TEJbHBI MHTEPEC, KOTOPBIA CBSI3aH C AKTUB-
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HBbIM BHeJpeHueM 3D-neuatu B pa3iuyHbIe OT-
paciau mpOMBIIUICHHOCTH. J[oCTOMHCTBA TIpH-
MCHCHUA 3D-HC‘IaTI/I OUYCBUAHBI — DTO H3I0-
TOBJICHUE HECTAHJIAPTHBIX MOJIENICH, COKpaIle-
HHC BpeMeHI/I Ha CO31aHHUC HOBBIX HpOTOTI/IHOB
Y COKpAIllCHHEe BPEMEHH PEMOHTA, ITPOCTOTa U
3HAUMTEJIbHAS JICIIEBU3HA MPOU3BOJICTBA, HC-
MOJIb30BaHUE COBPEMEHHBIX CBEPXIPOYHBIX
MaTepuaioB. B maHHOIN paboTe mpuMeHsieTcs
Teopusi R-GyHKIMI 1511 MareMaTu4eckoro u
KOMITBIOTEPHOT'O MOJCITUPOBaHUS pabovmX KO-
JIeC HaCOCOB MPH peain3aluu TeXHOoJIoruu 3D-
IevaTu.

Meroa nocTpoeHusi ypaBHEHUN F€OMETPHU-
YeCKUX 00BEKTOB, 00/1aJaI0IINX [UKINYESCKUM
TUTIOM CUMMETpuH B 3D, ObUT HCTIONB30BaH AJIs
MOCTPOCHHUS YPaBHEHHUS OTKPBITOrO pabodero
KoJieca ILIEHTPOOEKHOr0 Hacoca C paaualib-

HBIMH JIOTIATKaMH. A JIJIsl HOCTPOCHUSI MaTeMa-
THYECKMX MOJIEIeH KOJeC IIEHTPOOSKHBIX
HACOCOB C KPUBOJIMHEHHBIMHU JIOMIATKAMH OBLIT
pa3paboTaH HOBBIW MOIXO/ Ha OCHOBE TEOPUH
R-pynkmuii.

JIOCTOBEPHOCTh TOJYYEHHBIX pe3yJIbTa-
TOB, UX aJICKBATHOCTh MPOCKTUPYEMBIM O0OBEK-
TaM TIOATBEPXKIACTCS BU3yalHM3alueil Kak B
YCIIOBHSX IKCIUTyaTalluH POrpaMMBbI
RFPreview, tak u peanuszanueii Ha 3D-mpuH-
Tepe. AHATUTHYECKAS 3alKHCh TPOSKTUPYEMBIX
00BEKTOB [aeT BO3MOXKHOCTH HCITIOJIb30BAThH
OyKBEHHbIC ~ T'€OMETPHYCCKUE  IapaMeTphl,
CIIOKHBIC CYNMEPIO3UIUU (DYHKIUH, YTO, B
CBOIO OYepelb, MO3BOJISICT OMEPATHBHO H3ME-
HSTh UX KOHCTPYKTHBHBIC JICMEHTBHI.

Puc. 5. TTomy3akpeiTeie paboune Koeca HeHTPOOEKHBIX HACOCOB

Bicnuk 3anopizbkozo nauionansnozo ynisepcumemy
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