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OB’€EKTHO-OPIEHTOBAHA PEAJIIBAIIIAA METOAY 'PAHUYHUX EJIEMEHTIB
TPUBUMIPHOI TEPMOMAT HITOEJEKTPOIIPYKHOCTI

IMacrepnak B.B., IlactepHak S1.M. OO0’e€KTHO-OpicHTOBaHAa peaJi3amiss MeTOAY TIPAHHYHUX eJeMEHTIB TPUBUMipHOI
TepMOMATHITOeJIeKTPONpPYKHOCTi. Po3rstHyTO npHHIMIH 00YI0BH 00’ €KTHO-OPI€EHTOBAHOTO CHPIIEBOTO KOy PO3pOOICHOro paHime
METOIy I'pPaHMYHHUX €IEMEHTIB TPHUBHMIPHOI TEPMOMATHITOEIEKTPONPYKHOCTI. Bka3zaHo Ha mepeBarm Takoi peamizarii MOpiBHSHO i3
MIPOLETyPHOI0. 3aIIPONOHOBAHO Mi’ €AHYBAaTH PO3POOJICHI MPOrpaMH K MOIYJI IHTEPIPETOBAHNX MOB BHCOKOT'O PiBHS JUISl CTBOPCHHS
MOTY)KHUX KOMIIJIEKCIB iHXKEHEPHOTO PO3PAXYHKY.
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IMactepnak B.B., IlacreprHak SI.M. O0beKTHO-OPHEHTHPOBAHHAS peaju3alMsl MeToJa TIPAHHYHBIX 3J€MEHTOB
TpexXMepHOii TePMOMATHHMTO3JEeKTPOYNPYrocTH. PacCMOTPEHBI NMPUHIMUIBI TTOCTPOCHUS OOBEKTHO-OPHEHTHPOBAHHOTO HCXORHOTO
KoJa pa3pabOTaHHOrO paHee METOa TPAHIIHBIX HJIEMEHTOB TPEXMEPHOH TEPMOMAarHUTORIEKTPOYIIPYTOCTH. Y Ka3aHO HA IPEHMYIIIECTBA
TakOH pealu3alii II0 CPABHEHHIO C TIPOHEAYpHOH. IIpemnokeHO mOACOeqWHSTH pa3pabOTaHHBIE IPOTPAMMBI KaK MOIYIH
HMHTEPIPETUPOBAHHBIX S3bIKOB BBICOKOI'O YPOBHS JJIS CO31aHMSI MOLIHBIX KOMILICKCOB HH)KCHEPHBIX PACUCTOB.
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Pasternak V.V., Pasternak laM. Object-oriented programming of boundary element method for 3D
thermomagnetoelectroelasticity. The paper considers principles for development of object-oriented source code for 3D boundary
element approach obtained earlier for 3D thermomagnetoelectroelasticity. It shows the advantages of the proposed approach comparing
to the procedural one. It proposes to link the developed programs as modules for high-level interpreted programming languages for
development of powerful computer aided engineering systems.
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Beryn. Ha meit wac y po3poOui mporpamHOro 3abe3rneueHHs, 30KpeMa W KOMIUIEKCIB 1H)KEHEPHHX
PO3paxyHKiB, HapajelbHO BHKOPHUCTOBYETHCS ACKUIbKA MapaJurM MporpaMyBaHHS. HpOLEAypHE, 00 €KTHO-
opieHTOBaHe, mabnoHHe Tomo. Lle crocyeTbes 1 mporpaMHoi peanizauii Merony rpanuuHux eixementiB (MIE).
TpaguuiiHO TyT BUKOPHCTOBYETHCS mpouenypHe nmporpamyBanHs MoBolo FORTRAN, amxe pozpodka MI'E
posnouanacs me y 60-x pokax XX cromirrs [1], konu Taki KOHUeNuii Oyau MPaKTUYHO €IMHUMHU. 3 THX IIip
onyOJIiKOBaHO BEIUKY KUTBKICTh MOHOrpadiii Ta minpyyHukis (Hamp., [2—4]), ne momaHo cUpIEBUI KO HU3KU
porpaM aHaji3y IBOBUMIpPHUX Ta TPUBHUMIPHHUX 3a/1a4 TEIUIONPOBITHOCTI, MPY>KHOCTI Ta TEPMONPYKHOCTI Till
13 OTBOpaMH, TJIO0YISPHUMH BKJIIOUEHHSMH Ta TPILIHHAMH.

I[Ipore B paBa oOCTaHHI JOECATWITTA Tpu peanizamii HoBux koHuenmin MIE Bce wacrime
BUKOPHUCTOBYETHCS 00’ €KTHO-OPIEHTOBAHUHN MiAXim [5—7], 1110 1a€ MOXKITUBICTD IHKATICYJTIOBATH JaHi, a 3aBIAKH
MexaHi3MaM YCIaJKOBYBaHHS Ta MOJNIMOP(]i3My € MOTY)KHUM 3acOo00M IOBTOPHOI'O BHUKOPHCTAHHS KOAY Ta
CTBOpEHHS 0107i0oTeK JUIsl iHTEPIPETOBAaHMX MOB BHCOKOro piBHsA. OIHAK MOAaHI HA JaHWH Yac KOHIIEMIIii
nporpamHuoi peanizanii MI'E € paamie nprkiazaMu BUKOPUCTaHHS 00’ €KTHOTO MiAX0Ay Oe3 opieHTalii Ha Horo
NPUKIAJIHE 3aCTOCYBAaHHS Yy CHCTeMaX iHKEHepHHX po3paxyHkiB Ta mpoekryBanHs (CAE — Computer Aided
Engineering).

Tomy y wiii poOOTi 37iliCHEHO OIMMC OCHOBHHUX €TaliB MPOrpaMHOl peajizamii paHime po3poOieHoro
METO/ly TPAaHUYHHX EJIEMEHTIB TPUBHMIPHOI TEPMOMATHITOENEKTPONPYKHOCTI CTPYKTYPHO-HEOJHOPITHUX Till
[8], mo nmae MOXIHMBICTH THYYKOi PO3IIMPIOBAHOCTI KOIY Ta MOrO MOETHAHHS 13 TOTOBUMHU MOIYJISIMH JUIS
CTBOPEHHSI CUCTEMH 1HXEHEPHUX PO3PAXyHKIB.

OcHoBHi cniBBiTHOmEeHHs] Ta ofuuciaBadbHa cxema MI'E [8]. V3zaranpheni y [8] Bu3HauanbHi
CHIBBiIHOIICHHS JTIHIHHUX CTalliOHAPHUX TEPMOMATrHITOEIEKTPOIIPYKHOCTI Ta TEIUIONPOBITHOCTI MAlOTh TaKHH
BUTJIS
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Tyr 0} — KOMIIOHGHTH TCH30pa HAIPYXKXCHb; N — KoMmOHeHTH BekTOpa I'yCTHHH TEIUIOBOrO IOTOKY; D, —
enekTpuuHe 3MimenHs; B, — immykuis marnitHoro mons; f, — 06’emui cuim; ( — rycTHHa BUIBHHX 3apsiiiB;
f, — rycruna posmominennx mkepen (cTokiB) Temta; D, — 06’eMHa rycTHHA MOCTIHHOTO EIEKTPUYHOIO
CTpyMy, sIKa JUISl JTieJIeKTPHKA € Hy/IbOBOI; U, — MEpeMillleHHs TOYOK Tina; ¢ — eNeKTpHYHHMIT IOTeHLian; ¥ —
MOTEHIIIA CTAlIOHAPHOI0 MArHITHOTO 1oJist; O — 3MiHA TeMIepaTypH MOPIBHSHO 3 BiUTIKOBOKO; Cijkm — IpYXHi

crani; K. — xoedinienTn TemonpoBinHocTi; [ — MOLYJi TEIOBOrO po3UpeHHs (KoeilieHTH TErIoBUX

ij ij

HAIPY)KEHb); € — II'€30eNEKTPUYHI CTalli; K;; — AieNeKTPUYHI CTali Marepiaiy, hijk — I’€30MarHiTHi craini;

M, ¥ij — MarHiTHa Ta CICKTPOMArHiTHa HPOHUKHOCTI Marepiainy; X; — MPOCNCKTPUYHI KOCILIEHTH; V; —
Ky
CUMETpUYHUMH. Y ¢opMmynax MOpuUHHITE MNpaBuwio AWHIITaliHA MiACYMOBYBaHHS 3a 1HIEKCOM, IO
noBTOpIoeThCsl. Koma B iHIeKcax o3Havae omepariio JuQepeHLiloBaHHS 3a KOOPAWHATOIO, 1HIEKC AKOi CTOITh

mipomarHitHi koedinientn. TeHsopu 3 kommnoHeHtamu C Kij, My, 7; Ta ,Bij BBAXKAIOTHCS
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BignoBigni iM KkpaiioBi iHTerpanbHi PIBHAHHS TEIUIONPOBIAHOCTI Ta TEPMOMArHITOJIEKTPONPYKHOCTI
oTpuMaHi y gopmi
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JIi1st po3B’si3yBaHHs iHTErpaibHUX piBHSHB (4), (5) y [8] 3ampononoBano Takuii anroputm MI'E:

1. ™exa Tina po30MBaETHCS HA PO3PUBHI KBaAPaTHUHI YOTUPHUCTOPOHHI EIEMEHTH;

2. Ui KOXKHOTO eJIEMEHTa 3aJaroTbesl QyHKOil gopmu ans iHTepmossmii kpaioBux (yHKOid 3a
BY3JIOBUMH 3HA4YEHHIMH, 30KpeMa, IJIsl KpalOBHX €IEMEHTIB TPILIMH YU KIWHIB OCTaHHI BPaXOBYIOTh
CTEIIEHEBY OCOOIMBICTH PO3B’S3KY;

3. 3AIHCHIOETHCS YHCIOBE IHTETPYBaHHS OTPUMAHMX TicAS TEpIIMX JBOX KPOKIB O3HAaYEHUX
MOBEPXHEBHX IHTErpasliB i3 3aCTOCYBaHHIM HENiHIMHUX BimoOpakeHb Ta CHelialbHUX KBagpaTyp s
noOYyZOBM CHUCTEMH JIHIHHUX aireOpUYHUX PIBHAHb CTOCOBHO HEBIJOMHUX BY3JIOBUX 3Ha4YeHb
KpailoBuX QyHKIIH;
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4. pO3B’A3YETHCS OTPUMAaHa CUCTEMA PIBHSHB Ta BU3HAYAETHCS TEPMOMATHITOCIEKTPOHANIPYKEHUH CTaH

y OakaHUX TOYKaxX Tila, a TAKOX KOe(Ii€EHTH IHTEHCHBHOCTI ()i3MKO-MEXaHIYHUX TOJIB y TOYKAX
0co0MMBOI TeOMETpii.

[lepmi nBa KpoKM MOB’S3aHiI 3 TEOMETPi€l0 3a4adi Ta KPaloOBUMH YMOBaMH, TOMY iX JOLUIBHO

IHKarCyaIoBaTH B OAWH aOCTPaKTHUHU THI JAaHUX, IO ONMUCYBAaTUME I'PDAaHUYHI elIeMeHTH. [Hmi aBa Kpoku

OB’ s13aH1 0e3MoCcepeIHbO i3 PO3B’S3yBaHHAM 3ajladi, TOMy B 00 €KTHiId MO BOHU BiJHECEHI JO IHIIOTO

KJIacy.

O0’exTHO-opicHTOBaHa peanizauis MI'E tepmomarnitoenexkTponpyxHocTi. {15 4OTHPHUCTOPOHHIX
TPaHUYHHX €JIEMEHTIB CTBOPEHO KJac, AeKIapaTHUBHY YaCTUHY SIKOTO MOJAHO HIDKYE.

class BoundaryElement

{

private:

//Bysnu Tonosorii ejileMeHTa 3BMYAH1, HEPO3PUBHI

double NodesX[3][3],

NodesY[3][3],
NodesZ[3][3];

double LagriDTopol(int p, double t);
double DiffLagriDTopol(int p, double t);

public:

//By3nu 3amaHHA KpaoBUX yMOB PO3PUBHI

double tP[51[31[31,

t[51[31[3],
uP[5][31[3],
uMEs1 31131,
thetaP[3][3],
thetaM[3][3],
hnP[3][3],

hnM[3]1[3];

BEType ElementType;
HTType ElementHTType;

BoundaryElement(void);
BoundaryElement(double X[3][3], double Y[3][3], double Z[3]1[3]D);

void
void

void
void
void
void
void

void

double ShapeFunctionDisp(const int n, const double x
double ShapeFunctionTrac(const int n, const double x
double ShapeFunctionTemp(const int n, const double x
double ShapeFunctionHeat(const int n, const double x

};

SetDefaul tShapeFunctions(void);
SetShapeFunctions(int DispShFn, int TracShFn,
int TempShFn, int HeatShFn);

SetElement(double X[3][3], double Y[3][3], double Z[3]1[3D):;
Position(double xi, double eta, double X[3]);
DiffR(double xi, double eta, double dr_dxi[3], double dr_deta[3]);
Normal (double xi, double eta, double n[3], double &J);
RotateElement(double xC[3], double phi_x,

double phi_y, double phi_z);
TranslateElement(double x, double y, double z);

, const double eta);
, const double eta);
, const double eta);
i, const double eta);

Sx BUAHO 3 INCTUHTY, TPUBaTHA YaCTHHA KJIACYy MICTUTh TPH 3X3-MaCHUBH, IO MICTATh aOCITHCH,
OpJMHATH Ta aruTikatu 9 By3JIiB TpaHUYHOrO eneMeHTa. Takoxk kiac Mae mpuBaTHiI Meroau LagriDTopol Tta
DiffLagr1DTopol mo 3amaroTh OJHOBHMIpHI iHTeprioNsmidHI momiHomu Jlarpamka Ta iX moXimHi, sKi
BUKOPHCTOBYIOTHCS ISl alPOKCUMAIlIT €IIEMEHTa MOBEPXHEIO APYTOro MOPSIKY

© IacrepHak B.B., ITacrepnak .M.



110 Hayxosuil srcypuan "Komir 1oTepHO-iHTErpoBaHi TEXHOJIOT1: 0cBiTa, HayKa, BUPOOHULITBO"
JIyyvk, 2016. Bunyck Ne 24-25

X(&:m) =2 %L (£)L; (m)- 6)

Binkpura yacTuHa Ki1acy MICTHTh MAacWBH JUIsl 30epiraHHs KpailOBMX YMOB Y By3iax iHTeproisuii (€P,
t™M, uP, uM, thetaP, thetaM, hnP, hnM), a Takox 3MiHHIi, 10 BiTOOPaXKalOTh SAKi 3 YMOB € 3aJaHUMH
(ElementType, ElementHTType). BigHeceHHs 1MX 3MIHHUX IO BIJIKPHTOI YaCTHHH KJIACy XO4Y 1 MOPYIIyeE
«XOPOILIHNI TOH» 00’ €KTHOI'0 IPOrpaMyBaHHS, IPOTE € 3PYYHUM Ta 3MEHIIYE KO MPOrpaMHu.

OxpiM CTBOpEeHMX METOHIB 3aJaHHSA By31IiB enemeHTa (SetElement) ta Qyskuiii dopmu
(SetShapeFunctions) 3py4HuMH y KOpUCTyBaHHI € Mmeromu RotateElement, TranslateElement, mo
JAl0Th MOXIIMBICTH TOBEPTAaHHS Ta NapajelbHOro IMEpEeHEcCeHHS TPaHUYHOTO eNeMEHTa. 3O0Kpema, Ul
CTBOpEHHS 300paxkeHoi Ha puc. 1 ciTku TucKonoAiOHOI TPIIMHU AOCTATHBO 3aaTH By31u 1 BHyTpimHboro ta 1
30BHILIHBOTO €IEMEHTA, a MMOTIM IILISIXOM KOIiIOBaHHS 1 TOBEPTaHHS CTBOPUTH PELUTY €JIEMEHTIB.

i 0.5 0 0.5 x/R 1

Puc. 1. Citka po30HUTTS 111 AMCKOMOIIOHOT TPIIIMHA

I'paHUYHOETIEMEHTHI METOJM PO3B’sI3yBaHHs IHTerpaibHUX piBHsAHB (4), (5) iHKamcyiaboOBaHI B Kiaci
ThermoSol 1d3D, JicTHHT SKOr0 MOAAHO HUXKYE (U1 KOMIIAKTHOCTI BUKIIAIy HE MOAAHO 3aXHIICHUX METOJIB
OOYHCIICHHS si/Iep PIBHSIHD Ta IXHBOTO IHTErPYBaHHS).

class ThermoSolid3D

protected:
double CC[5][3]1[5]1[31.
beta[5][3],
Kk[3]1[3];

double SS[5]1[31[51[31,
alpha[5][3];

BoundaryElement *Elements;
int NElements;

WinklerInclusion3D *WinklerlInclusions;
int N\WinklerInclusions;

int NForces;
ConcFactor *Forces;

int NHeatSources;
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HeatSource *HeatSources;

double ThetalnT;
double Sigmalnf[5][3], Ul_j_Inf[5][3];

public:
ThermoSolid3D(double C1[5][31I[51I31,
double betal[5][3],
double K1[3][3D);
~ThermoSolid3D();
void AllocateElements(const int Number);
void SetBEGeometry(const int Elem, double X[3][3],
double Y[3][3], double Z[3][3D);
void RotateBE(const int Elem, double xC[3],
double phi_x, double phi_y, double phi_z);
void TranslateBE(const int Elem, double x, double y, double z);
void SetBEType(const int Elem, const int type=1, const int HTtype=1);
void SetBEConditions(const int Elem,
double HT _BCp[3][3]., double HT_BCm[3][3],
double MEE_BCp[5]1[3]1[3]1.
double MEE_BCm[5][3]1[3D);

void BEMSolver(void);
void HTTemperature(double x0[3], double &theta);
void HTHeatFlux(double x0[3], double h[3]);
void Displacement(double x0[3], double u[5]);
void Stress(double x0[3], double sigma[5]1[3]);
void FIF(int Element, int flag, double x,
double x0[3], double KK[5], double Kt[2]);
void SetShapeFunctions(int Element, int DispShFn,
int TracShFn, int TempShFn, int HeatShFn);
void SetSigmalnf(double sigma[5][3]);
void SetThetalnf(const double theta);
void AddCForce(ConcFactor Force);
void DeleteCForces(void);
void AddHeatSource(HeatSource Source);
void DeleteHeatSources(void);

};

3aKpuTa YacTHHA KJIacy MICTUTh AaHi mpo (i3WuHi BIACTHBOCTI MaTepialy Tijla, BKa3iBHUK HAa MacuB
TPaHUYHHUX €JIEeMEHTIB, TaM’sITh M AKui BUALIAETECS nuHamivHo meromoMm AllocateElements. Takox
3axMILIeHa YacTHHA KJIACy MICTHTh AWHAMIYHI MacHBH, LIO 3aJal0Th pPO3TalllyBaHHS Ta IHTEHCHUBHICTb
30cepeKEHNX IKeper TeIla Ta PO3LUIMPEHUX CHII, HABAHTAKCHHS Ha OE3MEXHOCTI TOILO.

Meroqu  SetBEGeometry, RotateBE, TranslateBE, SetBEType, SetBEConditions,
SetShapeFunctions kiacy y CBOIO Yepry BUKIMKAIOTh BiIMOBiJHI METOIH KJlacy TPaHMYHHUX EIEMEHTIB Ui
MaHIMyJSIi 3 OCTAaHHIMHU.

Meton BEMSolver e peanizauieto 3anpornoHoBaHoi y [8] cxeMu rpaHUYHOCIEMEHTHOTO PO3B’SI3yBaHHS
inrerpagbaux piBHsHb (4), (5). Ilicms mporo Mmeroau HTTemperature, HTHeatFlux, Displacement,
Stress [aloTh MOXJIHMBICTE OOYMCIUTH TeMIeparypy, TEIJIOBHHA IOTIK, PO3MIMPEHI IEpeMilleHHS Ta
Hampy)XeHHs y NOBUIBHIA Toumi Tima. Kpim 1mporo, meron FIF mae MOXIMBICTH BH3HA4YaTH KOEillieHTH
IHTEHCHBHOCTI (Di3MKO-MEXaHIYHUX TIONiB Ha (POHTI TPIMH Ta TOHKUX MOJATHUX CJA00 TMPOHUKHHX
BKITIOYEHb.

3a gomomororo mporpamu SWIG [9] orpumanmii 06’€KTHHH KOJ IHTETPOBAHO 10 CEpeIOBHINA
IHTEpIPETOBaHOI MOBH BHUCOKOr0 piBHs Python. 3aB/sku 1iboMy CTBOPEHO KOMIUIEKC 1HKEHEPHHX PO3PaxXyHKiB
Ha OCHOBI moOyaoBaHoi 6i6mioTexkn Ta qoxaTkie NUmMPy, SciPy, matplotlib.

BucHoBku. 3aBasku 00’ €KTHO-OPIEHTOBAHIM CTPYKTYpi CTBOPEHUH CHUPLEBHI KOA METOIy TPaHMYHHX
€IIEMEHTIB TPUBUMIPHOI TEPMOMATHITOIIEKTPOIIPYKHOCTI CTPYKTYPHO HEOTHOPITHUX Tl JA€ MOXIIUBICTH HOTO
MOEAHAHHS 3 PO3BUHEHUMH 0araTOMOAYJIbHUMHU MPOrPAMHUMH KOMIIJIEKCAMH iHTEPIPETOBAHUX MOB BHCOKOTO
piBHS, 3aBISKM YOMY MOXKHA CTBOPIOBATH IOTY)KHI KOMIUIEKCH IH)KEHEPHHX po3paxyHKiB. OkpiM 1bOro, i3
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BHUKOPUCTAHHSM MEXaHi3My YCIaJIKOBYBAaHHS PO3POOJICHMH KOJ MOKHA JIETKO TOIIMPIOBATH 1 Ha IHII KJIACH
3ajad, a came Il MIBIPOCTOPY 4 Oimartepiany, mio 3ade3neuye eekTUBHE TOBTOPHE BUKOPHUCTAHHS KOAY Ta
THYYKiCTh MOJEII.
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