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AHHoTauus. McciaenoBaHel MHOIOMOJOBBIE CTATUCTUYECKHE PACHPENEICHMS IUIOTHOCTH
JIOKAJIbHBIX TEIUIOBBIX IIOTOKOB, ITOJIY4EHHBIE IIYTEM YMCIECHHOIO MOJEIMPOBAHMS IIpoLecca
TEIUIONEPEHOCA B IBYXKOMIIOHEHTHBIX KOMIIO3UTHBIX MaTepUanax ¢ TEILIONPOBOIALICH MaTpHLIeH
U CIIy4aliHO PAaCIIOJIOKEHHBIMU TEILIOU30JIMPYIOLIMMHY BKIIIOYeHUAMU. [Ipons3Benena npussska Moj
pacripesieieHus] IUIOTHOCTU JIOKAJbHBIX TEIUIOBBIX IMOTOKOB K XapaKTepHbIM OOJIACTAM BHYTPH
KOMIIO3UTHOro  Marepuana. OrmpeneneHbl 3aBUCUMOCTH — XapaKTEPUCTHK  CTATUCTHYECKOIO
pacupeneineHrs IUIOTHOCTH JIOKAAbHBIX TEIUIOBBIX IIOTOKOB OT IIapaMETpOB pa3MeELICHUs
BKJIFOYEHUM: KOHLIEHTPAUH, Pa3MEPOB U MUHUMAJIbHOM IUCTAaHIIMA MEKy HUMH.

KiroueBble ci10Ba: 4YHMCIEHHOE MOJCIMPOBAHME, CTAaTUCTHYECKOE  PpaCHpElEICHUE,
KOMITO3UTHBIN MaTepHal, JOKaIbHBII TEIIOBON MOTOK, () (EeKTUBHAS TEIUIOTPOBOIHOCTD.

Beenenne. [l onvcaHus TEIUIOM30IMPYIOLINX CBOMCTB KOMIIO3UIMOHHBIX MaTepraioB (KM)
TPAJUIIMOHHO HCIOJb3yeTcss Teopusi oboOmienHoi mposoaumoctd (TOIT) Makcsemia [1] u ee
MHOTOYHCIICHHBIC MOAN(DHUKAIMHI, UCTIONB3YIOLIHE KOHIICIIUIO (PPEKTHBHOMN TEIIONPOBOAHOCTH [2].
B paMkax [aHHOM KOHLENUMH pEalbHbI CTPYKTYPHO-HEOJHOPOAHBIM MaTepuall 3aMEHSETCA
SKBUBAJIEHTHBIM I10 TEIUIONEPEaue CTPYKTYPHO-OAHOPOAHBIM MaTepuaioM. Takoil noaxon, Oyay4u B
NEpBOM MNpPHUONMKEHUH BIOJHE IPUEMIEMbIM JJIsl BBIUUCIEHUS IepeHocuMoro uepe3 KM
MHTETPAIBHOTO TEIUIOBOI'O MPOTOKA MPYU PA3HBIX KOHLEHTPALMAX TEIJIOW30JIMPYIOIIEH KOMIIOHEHTHI,
HE YYUTBHIBAET BIMSHUE IPYIHX MapaMeTpoB pa3MELICHUs! BKIIIOYEHHH B MaTpuie Ha 3()(EeKTUBHYIO
teronpoogHocTb KM. Kpome Toro, B citydae OTCYTCTBHS ITPOCTPAHCTBEHHON YIIOPSIIOYEHHOCTH B
pacrnosoxeHuu (a3bl HAMOIHUTENS, YTO XapaKTEepHO AJIs IHpoKoro kiacca KM, npu aHaIMTHUeCKOM
OIMCAHWUU UX TEIUIOPU3NUECKUX CBOWCTB BO3HUKAIOT JIOMOJHUTENbHbIE TPYAHOCTH. JleCTBUTENBHO,
3 QeKTUBHAS TEIIONPOBOJHOCTh B ATOM CJydae JOJDKHA OBITh IpEJCTaBlIeHa B BHJE TEH30pa
BTOporo panra [3]. KoMIOHEHTHI 3TOro TeH30pa 3aBUCAT OT psAla MapaMeTpPoB, KOTOPbIE BXOIAT B
MaTEMaTHYECKUE MOZEIH TEIUIOBOIO B3aMMOJIEHCTBHS BKJIFOUEHUI U MaTpUIlbl B KoMIio3ure. OnHako
OOJIBLIIMHCTBO YIIOMSIHYTBIX MOJIeNel [2] yuuThIBAIOT JUILIL 00bEMHOE coJiepkaHue U (popMy 100aBOK
B KOMIIO3UTE U HE PACCMATPUBAIOT Pa3MEPOB BKIIFOUEHHUM U UX BO3ZMOYKHOE B3aMMHOE PACIIOIOKEHUE.

Jlyisg yrpoleHus: aHaJIUTHYECKOro OMUCaHus cilydyaiiHo-HeoAgHOpoaHblx KM mpuberator k
paccMOTpeHHI0 (parmMeHTa o0beMa KOMIIO3UTa C OJHHUM MM HECKOJBKUMH BKJIIOUEHHUSIMH,
KOTOpBIM Ha3bpIBalOT IpeiacTaBUTeNbHON sueiikoil (Representative Volume Element, RVE). Ilpu
BBIUUCIIEHUHM COINpPOTHBIEHUS Teruionepenaue RVE 0O0BMHO HMCXOAT U3 ONpeleNeHHbIX
JIOTMYIIEHUH 00 M30TEepMUYECKUX U anadaTHUeCKUX YCIOBUSAX Ha pa3nuuHbIX rpanHunax RVE u o
HampaBJICHUsAX JTuHHUIA Toka Teria BHyTpu RVE [4]. B [5] BeimosnHeHsl pacueTsl 3G (EKTUBHOM
TEIJIONPOBOJHOCTH U paclpezeseHns temneparypsl B KM, MoiaydyeHHOM IByMEpHOM TpaHCIsIuen
RVE xBagpaTHOi (GOpMBI ¢ IATHIO CIy4alHO PACHOJOKEHHBIMHM BKIIIOYEHUSMHU, TPH TOM He
HCIIOJIB30BAJIOCh IIPENBAPUTENBHBIX JIOMYIIEHUN O JIMHMSAX TOKAa TEIUId, a JOKAaJIbHBIE TEIUIOBBIE
notoku (JITIT) 8 RVE Obutn paccunTanbl aHATUTHYECKH.

ATNbTEpHAaTHBON AHAINTUYECKOIO PacCMOTpeHusl TemonpoBogHoctt KM ¢ xaoTudeckum
pa3MELICHUEM BKIIIOYEHHUM SBISETCS MMHUTALMOHHOE MOJCIUPOBAHUE C HCIIOIB30BAHUEM METOJA
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Moure-Kapno. TpaauimioHHO TpUMEHEHHWE MaHHOTO MeToAa OOYCIOBIICHO aHAJIOTHEH MEXIy
YHCJICHHBIMU PEIICHUSMHU YpaBHEHHUS TEIUIONEpPEeHOca U 3aaud O CIy4alHOM OJy)KJaHUHM YacCTHLIBI
[6]. Pemenue mnocnemneit 3agaum TpeOyeT MEHBIIMX BBIYMCIUTEIBHBIX PECYPCOB, a PE3YJIbTATHI
pelieHrsi MOTyT OBbIThb MPOUMHTEPIPETUPOBAHBI B TepMHHAX 3((EKTUBHON TEIIONPOBOAHOCTH.
[Tpumepsl YUCIICHHOTO MOJIETMPOBAHUS TEIUIOPU3UIECKUX XaPAKTEPUCTUK KOMIIO3UTOB TIPUBE/ICHEI B
[7-11]. Onmnako Ttakoit momxox He maet uHpopmaiwmu o JITII, u3ydeHHe KOTOPBIX MPEACTABISIET
MHTEPEC Ul aHAJIM3a MpoLeccoB crapeHus U aerpagauyu KM. HykHO Takke OTMETUTB, YTO aBTOPBI
[10, 11] me oOOHAapYXKWIM CYIIECTBCHHBIX OTJIMYMN IOJIYYCHHBIX BeMWYUH 3PPEKTHBHOM
TEIUIONpoBOIHOCTH Mozienupyemoro KM ot 3Hauenuil, npeackassiBaeMbix TOIl Makcemia.

B namewm cinydae Moute-Kapino ucnosnb3yercs aisi ciydailHOro pasMenieHusi OOJbIIOro
yycina BKIOYeHHH B marpuie KM, a Bbluucienue temuneparypHoro nosss v minotHocrtu JITII
BBIIIOJIHSIETCS IIyTEM HENOCPEICTBEHHOIO PEIICHMS YpaBHEHUs TerulonepeHoca. JlaHHbIM moxon
MO3BOJISIET PAcCCUUTATh HE TOJBKO IPPEKTUBHYIO TEIUIONPOBOAHOCTE KM W ee cTaTucTUdecKuit
paz0poc BCIIEACTBUE CydyallHOTO pasMmenieHus BkimrodeHud [10], Ho u anamusuposats JITII. B [11]
npu moxaenupoBanud RVE ¢ 10 — 30 BxmoueHussMH ObIIO 0OOHApY)KEHO, YTO CTATUCTHYECKOE
pacnpenenenue miotHoctyu JITII B mmeer 3 xapaktepusle Moabl. B [12] Obulo mokazaHo, 4TO B
6onee kpymHeix RVE, cogepxammx 100 — 400 BKiIrOYEHHWH, TPEXMOIOBBIH XapakTep
craructuyeckoro pacmnpenenenus miaotHoctu JITII coxpansiercs, ObLIO Takke YCTaHOBJIEHO, B
kakux oobnactsax KM dopmupyrores JITII, npunaanexamiye pa3auyHbIM MOJAM UX paclpeaeacHus.

Leab HacTosAEH pad0ThI — UCCIIEIOBAHUE XapaKTEPUCTUK MHOIOMOJIOBBIX CTaTUCTUYECKUX
pacupenenennii miotHocty JITII B mmpokoM nquanazoHe mapameTpoB pasMELICHUS BKIFOYECHHM.

Meroa ucciaenopanusi. Bexrop miornoctu JITII fo B mamoii obmact Q, T.€. KOJHYECTBO
TEIUIOThI, IEPEHOCUMOE 3a E€AUHMILY BPEMEHU 4Yepe3 €AMHMYHYI0 M30TEPMHUYECKYIO IUIOUIA/IKY,
NpUHAAIKANIYl0 obiactu (), BIOJF HOPMAJIM K 3TOH IUIOMIAJIKE, MMPOMOPIMOHANICH TPaIHEHTY
TEMIIEpaTypbl B OKPECTHOCTH 3TOM IIONIAAKU:

fo=-2qVT, 1)

rae Ao — TEIUIONPOBOAHOCTh MaTepuana B obOmactu Q. CrauuoHapHOE ypaBHEHHUE

TeronpoBogHocTH Pyphe i obnactu €2, HE colepiKallel MCTOYHUKOB TETUIOBBILACIICHUS WIIH
CTOKOB TEIUIa, MOKET OBITh BBIpaXKEHO uepe3 BeKTop miotHoctu JITIL:

Vfa =0. (2)

B Hacrosmeit pabore MopgenupoBaiics JAByXKoMmoHeHTHbIH KM, cocrosumit w3
TEIUIONPOBOSAMIEH MaTpULbl € TEIJIONPOBOJHOCTBIO Am M CIy4allHO pa3MELIEeHHbIX B Hel
TEIUIOM3OJIMPYIONIUX ~ BKIIOYEHUH € TEIJIOMPOBOJHOCTBIO  Aj << Apn. Takum  oOpazom,
TEIUIONPOBOJAHOCTh Aqg MOMKET TNPUHUMATh 3HAYeHHs Ai WIM An B 3aBHUCUMOCTH  OT
MIPOCTPAHCTBEHHBIX KOOPAMHAT.

B pabore ananusupoBanuch KBazujaBymepHble wmojenun KM, korga TtemonmepeHoc
OCYILECTBISIETCS. TOJIBKO IO JBYM KOOpJIMHAaTaMm, a BIOJIb TPETE — OTCYICTBYET, U
TEIUIONPOBOJHOCTh BJOJIb TPETEN KOOPAUHATHI HE MEHseTCs. Y paBHEHUE (2) 1715 KBa3HABYMEPHOIO
cilydas IpUHUMAET BU!

VA(X, yVT(x,y)=0. 3)

UucnenHoe pemieHre ypaBHeHUsI (3) NpU 3alaHHBIX TPAHUYHBIX YCIOBUAX IO3BOJISET

paccuuTath mojie Temneparyp T(X,y), u 3aTeM mo dopmyie (1) — KOMIOHEHTBI BEKTOpa TUIOTHOCTH

JITII Boonb koOpAMHATHBIX Oceit X Uy — fox u foy cooTBeTcTBeHHO. MOIYy/h BEKTOpA IUIOTHOCTH
JITII 5terko onpenenuTs 1Mo €ero KOMIIOHEHTaM:

Ifol =+ fg%, X + fé,v : (4)

Jna ¢dopmupoBanust pacueTHoil obnactu reHepupoBaiack RVE kBaapatHoil dopmbl co
CTOpoHOM KBajpara a = 128 maroB npsmoyroibpHoit cetku h. IToxg JITIT 8 RVE wmbl monumaem
TEIUIOBOW TOTOK uepe3 00JIaCTh, MPEACTABIAIONIYI0 COOOH OKPECTHOCTh y3Jla CUYETHOW CETKU
BennunHON +h/2 mo koopaunatam X m y. B RVE ¢ momorpio reHeparopa ClydailHBIX YHCET C
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BYJIIBEJILHI MATEPIAJIM TA TEXHOJIOI'II
PaBHOBEPOSATHBIM 3aKOHOM PpACIpPEICICHHs pa3MEaliCh OAMHAKOBBIC BKJIIOYCHHUS KBaIPaTHOM
bopMBI co cTopoHOI KBajapaTa b (MuHuMansHOe 3HadeHue b cocraBimsio 4h, makcumansaoe — 20h).
ILJ’IH BCCX UHUCIICHHBIX SKCIICPUMCHTOB GBIHO BLI6paHO OTHOLICHUC TeHHOHpOBOHHOCTeﬁ MaTpulbl U

. A y
BKJIIIOUCHHH m _ 21, (HpI/IMepHO PaBHO OTHOHICHHUIO TEIIJIOIMPOBOAHOCTEH HEMCHTHO-IIECOYHOI'O

KaMHsl U TIEHONOJUCTHpoIia). B anroputme pasMenieHus: BKIOUYEHUH KPOME pa3MEpPOB BKIFOUEHUN
u ux kommyectBa N B 1rabiioHe OBUIO MPEIyCMOTPEHO 3aJaHUEe MUHMMAJIbHON auctaHiuu d, Ha
KOTOPYIO pa3pelanoch cOMMKaThCs BKItoUeHuUsIM; O 3agaBanachk B auamnasone ot 0 (BKIOYEHHUSIM
pasperieHo conpukacarbes) 10 b — 1 1m1aroB ceTkH.

Konnenrpanuss BrmodeHuin B RVE mpexacraBmsier coOoii OTHOIIEHWE IUIOMIAAM BCEX

2
. o Nb
BKJIFOUEeHUH K 0o01eit mowmaau RVE: ¢ = — -
a

C uenpl0 MUHMMH3ALUU PACUETHBIX MOIPEIIHOCTEH, CBS3aHHBIX C TEIUIONEPEHOCOM Ha
rpaHuIaxX, cYeTHas 00JacTb MOJEIMPYEMOro KOMIIO3MTa cOCTaBiisjach u3 3 maeHTHYHbIX RVE:
LEHTPAJIBHOr0 (MPEACTaBUTEILCKOI0) U ABYX mpuieraromux. Llentpel 3tux RVE pacnonaranuce
B/10J1b ocH Y. [To mepumeTpy pacyeTHO# 00JacTH 100aBIISIIOCH 110 OJHOMY CJIOKO siueeK pasmepom h,
KOTOpPBIM IPUIMCHIBAJIACH TEIUIONPOBOJHOCTh MaTpullbl. Takum oOpa3om, pa3Mep pacdeTHOMN
obsactu 1Mo ocu X cocraBisul (& + 2)h, mo ocu y cocrarisin (3a+ 2)h, U Ha BHEIIHMX TpaHHUIAX
pacueTHOM 00JaCTH BKIIOYEHUN HE OKA3bIBAIOCH.

Ha pacuerHyto 006yiacTh HakJIaJbIBaJIUCh KpaeBble YCIIOBUS mepBoro pona. [[ns nesoro u
MIPABOrO MOTPAHUYHBIX CIIOEB 3aJaBalKCh MOCTOSIHHBIE TEMIEpaTypbl 1| U Tr COOTBETCTBEHHO.
ITpu stom T > Tr. Takum oOpa3om, TpaJleHT TeMIepaTypbl MPHUKIAIbIBAICA BAOAL ocu X. s
BEPXHEr0 U HUKHETO MOIPAaHUYHBIX CJIOEB 337aBaJIOCh JIMHEHHOE MU3MEHEHHME TeMIIepaTypbl OT T
1o Tr BIONb KOOpAMHATHL X. Bce BeIMUYMHBI JIOKATbHBIX TEIUIOBBIX MOTOKOB B JIaHHOW pabote
MPEACTABJICHbl B YCIOBHBIX €AMHMIAX, T.K. JJI1 MPEACTABICHUS MX B CHCTEMHBIX €JIMHHIAX
HEOOXOAUMO 3a1aThCsl ONPEICIICHHON BETMYHHOM h.

[Ipouenypy renepanuu RVE co ciayuyaliHbIM pa3MenieHueM BKIHOYEHUN TP ONpPEAEIICHHBIX
3HAUCHHSX I[apaMeTpoB pa3MelieHus @, D, C u d Mbl Ha3bpIBaeM HUCHbITaHUEM. s Kaxmoro
UCIBITAaHUS HAMM COXpPaHsJach KapTa pa3MelleHHsl BKIroueHuid. [lanee MeTogoM KOHEUYHBIX
pasHoCTel pemanocs ypaBHeHHE (3); peleHrue CYUTAIOCh MOTYYeHHBIM, KOT/Ia I KaKIO0ro y3ia
PacUYEeTHOM CETKU COOTHOIICHHE (2) BBIMOIHAIOCH C TOYHOCTBIO HE XYKE 107 Cepueii UCTIBITAaHUIA
MBI Ha3bIBa€M MCHBITAHHUS C OJIMHAKOBBIMM IapaMeTpamMHu pa3MElIeHHs BKIOUeHUW. B kaxmoi
CepuH UCIIBITaHUM nX yncio coctasisiio 400.

PesyabTaTsl uccaenosanuii. Ha puc. 1 nokasano pacnpenenenue mioroctu JITII B RVE
CO CIIyYaiiHO PacroJIOKEHHBIMU BKITIOYeHUsMUA pa3mepa b = 5h B xomuuectee N = 160 (¢ = 0,24)
npu MUHUMaNbHOH auctaniuu d = h. Oo6miee uncio yurenusix JITII B kakaoi cepuu MCIBITAHHUMA
cocTaBisier HeMHOrmM 6osee:6,5x10°. Kak Gblo HaMu MOKa3aHO B [13], Takoro poja
MOJMMOJANIBHOE paclpe/ielieHne MOXKET OBbITh NMPEICTaBICHO B BHJIE CYMMBbI TPeX OIHOMOJOBBIX
Jorapu(pMUUecKU-HOpPMaJbHBIX pacnpezeneHuil. Boiaenenue oTenbHbIX MO Mbl OCYILIECTBIISUIN C
noMoipto  mporpamMmbl  PeakFit™ v4.  Ilppy 3TOM B @OporpaMMe  HCHOJb3YeTCs
penapaMeTpu3oBaHHas (popMa JTOTHOPMATBHOTO paclpeaeeHus:

1(Inx—InMo )’
X)=Aexp - =| ———8 | |,
y(X) 2[ - ]

()
riae Mo — mona pacripeaenenus (T0JI0KeHUE BEPITUHBI MHKa), 4 — aMITUTY/1a MOJIbI, 0 — ITapaMeTp
pacrmpesienieHns, KOTOPBIH CBsi3aH ¢ MmUpWHOM mmka. Ha puc. 1 Taxke mMokasaH pe3yabTaT
pa3aeneHus HCXOHOIO PaclpeIeICHNUs HA OTACIbHBIE MOBI.
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Puc. 1. Pacnpeneneuue wiornoctu JITIT 8 RVE ¢ a = 128h, b =5h, ¢~ 0,24, d = h.
B BepxHeit yacTu TOYKaMK IOKa3aHO MCXOIHOE IMOJIMMOIAIbHOE pacipeaeienue miotaocta JITII,
B HIDKHEH YaCTH MOKa3aHbI BBIICICHHBIC JIOTHOPMAIBHBIC MOJIBI C YKa3aHHUEM ILIOIIA ! MO/
[TUKOM; B BEpXHEW YacTH JIMHUEH MMOKa3aH pe3ysIbTaT CI0KEHHS OTACTbHBIX MO/

Kak 6bu10 mokaszano Hamu panee [13, 14], moma «I» dopmupyercs JITII, npoxoasiumu depe3
Teron3oiupyromue BiimodeHus. Moma «C» ¢opmupyercs JITII B Tex obmactsx KM, rme
BKJIFOUEHHSI HE MPEMATCTBYIOT TEIUIONEPHOCY (HEBO3MYIIEHHas Marpuia) u riae GopmMupyroTcs
VMHIYLMPOBAaHHBIE TEILIONPOBOAAIME KaHabl. Moga «D» cBs3aHa ¢ y4acTKaMH TEILIONPOBOSAIIEH
MaTpuLpl, KOTOpble ciabo ywacTByOT B TerutonepeHoce, T.K. JITII BeHyXzaeHbl orubathb
TEIUIOU30JIUPYIOLINE BKIIFOUEHUS, U MOSABIAIOTCA o0sacTu MaTtpuilbl, B kotopbie JITII e 3axonsr. B
IPOTUBOIIOJIOKHOCTh HMHAYLIMPOBAHHBIM KaHalaM, 3TH OOJacTH TEIJIONPOBOIAIIEH MaTpPHLIbI MBI
Ha3BaIl «TEeMHON Mmarpuuei». Takum o0pa3oM, B JBYXKOMIIOHEHTHOM KOMITO3UTHOM MaTepHae
dbopmupyroTcss 3 XapakTepHbIX 00JIaCTH TeIuIoNepeHoca, Mo3ToMy pacnpenenenue miotHoctu JITII
OKa3bIBAECTCS TPEXMOOBBIM.

Pacnpenenenne mnortHoct JITII B KakIoM HCHBITAHMM AHAIM3MPOBAIOCH HAaMHU  BO
B3auMOCBs3M ¢ KapTod miotHocty JITIIL Ilnomane mox KakaplM MUKOM IUIOTHOCTH PaCIpPEAEIICHUS
nokassiBaer jomo JIIIT, cocraBmsromumx onpeneneHHyro Moay. Kak mokaszano usydeHMs KapT
mwiotHoct JITII (mpumep Takoi KapThl MOKa3aH Ha puUC. 2), OTAMYME TUIomaad Moabl «l» or
BEJIMUYMHBI KOHIIEHTpALMK BKJIIOUEHUH oObsicHsercss TeM, uro JITII, moxonsmme dvepes yribl
KBaJpaTHBIX BKIIIOYEHUH, 00a1at0T 0oJjiee BHICOKMMHU 3HAUYEHHMSIMU IUIOTHOCTU M HE y4YacTBYIOT B
(bopMUpOBaHUH ITOM MOJBI.

B xozne HacTosimiero uccieaoBaHrs HaMH OOHapY’>KEHO, UYTO MPH ONPEJECIIEHHBIX MapaMeTpax
pasMelleHus BKIIOYEHUH cTaTucTuueckoe pacnpenenenue miotnoctu JITII moxer umers u 6omee
cnoxubiii Bun. Ha puc. 3 mpuBeneno pacnpenenenue miotHoctu JITIT B RVE co cmywaitno
pacnojOKEeHHBIMH BKIIOUYEHHsIMH pazmepa b =6h B kommuectBe N =89 (c~=0,20) mnpu
muHuManbHON auctannuu 0 = 3h. Pacmpenenenne mrornoctd JITIT B cioydasix HEBBICOKOM
KOHIICHTpanuu BriroueHui (C < 0,25) u otHomenuu d/b ~ 0,5 umeer BeipaskeHHbIE 4 MOJIBI.

Jlnia naeHTuduKanuy MoJ B 9TOM cllydae TakKe MoTpeOoBaJiCs X aHaJUu3 BO B3aMMOCBSI3H C
kaptoit otHoctu JITIL. Ha puc. 4 npuBenen ¢parment kaptol iotHoctd JITII mist ogHoro
ucnelTanus u3 odcyxnaemoi cepuu. O6nactu ¢ JITII pa3nuyHON MIOTHOCTH 3aKpalleHbl pa3HbIMU
nseramu. Kapra mokaspIBaeT, 4TO MPOU30LUIO PACHIETNIEHUE MOl TEMHOW MaTpHIbl HA 2 MOJBIL:
«ONMKHAS M0 OTHOIICHUIO K BKIIIOYEHHIO TEMHAsl MaTpulia (3a Heil coxpaHeHO 0003HaYeHHE MOJIbI
«D») u «ganbHss» TEMHAs MaTpHIla, 0003HaYeHHas Kak Moaa «Gy» — «cepasy.
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Puc. 2. ®parment kaptsl minotHoctu JITII B RVE; Ha kapTe 0603HadeHb! o0sactu KM, naromme
BKJIaJ] B Pa3JIMYHbIE MOJIbI pacnpeaeneHus miotnoctu JITII
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Puc. 3. Pactipenenenue mioraoctu JITIT 8 RVE ¢ a = 128h, b = 6h, ¢ = 0,20, d = 3h.
B BepxHeit yacTi TouKaMM TIOKa3aHO MCXOIHOE TOMMOIaIbHOE pactpeaenenue miotHoctu JITTI,
B HIDKHEN YaCTH TOKa3aHbl BBIICICHHBIE JIOTHOPMAJIbHBIE MOJIBI C YKA3aHHEM ILIOIIAIN O]
MTUKOM; B BEpXHEH YacTH JIMHHUEH MMOKa3aH pe3yabTaT CJI0KEHHUS OTACIbHBIX MO/

HNuTepecHo orMerutrh, 4YTO pacuwermieHne «D»-Moabl  pacnpencsieHuss IPOUCXOIUT
OJIHOBPEMEHHO C HM3MEHEHHMEM XapakTepa KOHIICHTPAIMOHHOW 3aBUCHUMOCTH TOJIOKEHHUS THKa
«C»moapl. Ha puc. 5 mokaszaHbl 3aBUCUMOCTH TOJIOKEHUSI MHUKAa «C»-MOJIbI OT KOHIIEHTPALUU
BKIIIOYEHHUH IS Pa3IMYHBIX MUHHMAIbHBIX AMCTAHIMHA MEKIY BKIIOYEHHSIMH pasMepom O6h.
Bunno, uro npu d = 3 xapakTep KOHIEHTPAIIMOHHOW 3aBHCUMOCTHU IMOJIOKCHHS MHKa ATOM MOJIBI
CTAHOBUTCS BO3PACTAIOIINM.
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Puc.4. ®parment katel JITIT 8 RVE ¢ a = 128h, b = 6h, ¢~ 0,20,d = 3h;
Ha KapTe LBeTaMu 0003HaueHbl: yepHbli — 001acTh ¢ JITII moabr «I»,
cepsliii — o0acTh ¢ JITIT Mmoasr «D», cBeTiio-cepbiii — o6macts ¢ JITIT moasr «Gy,
6enbrit — obmacts ¢ JITII moasr «Cx; cTpenkamu noka3zansl HanpasieHus JITII

Pasmep BkAtoYeHUn b = 6h
0,3
A d=1
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KOHUEHTpaLmA BKAOYEHUN, OTH. e,

Puc. 5. 3aBucumoctu nonoxenus nuka «C»-mopl pacnpenenenus miotHoctu JITII B RVE
c a=128h, b = 6h npu pa3znuuneix d OT KOHIIEHTPALUH BKIFOUYECHHH C.

Ha puc. 6 mpuseneHo pacnpenenenue tiotHocty JITII B RVE co ciywaitHo
pacmojoKEeHHBIMH ~ BKIFOUeHHsIMH  pasmepa b =20h B xommuectBe N =8 (c=0,20) mnpu
MuHUMaIbHOU nuctaniuu d = 16h. Pactipenenenue miotHoctu JITII B ciiyyasix 60ibIIuX pa3mMepoB
BriroueHuit (b/a ~ 0,2) u otnomenuun d/b ~ 0,75 Taxke umeeT 4 BU3yallbHO OMPEEIIAEMbIC MOJIBI.
OpHako aHaNM3 C IOMOLIBIO TPOTPAMMBI pa3JIENeHHs MO ITOKa3bIBAET, UTO JAaHHOE PACIpEAEIECHUE
COCTaBJICHO M3 MSATH JIOTHOPMalbHbIX MoA. AHanu3 kapT miuotHocTH JITII moxasbiBaer, 4uTto B
JAHHOM cllydae MMeeT MecTO paciieruieHne u «C»-mMofpl: Ha coOCTBEeHHO Moy «Cy», B KOTOpO
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cocpenoroueHsl Hambonee wuHTeHcuBHble JITII, mpoxonsdmme MO WHAYLIMPOBAHHBIM KaHajlaM
MEXJy TEIUIOU30JUPYIOIIMMHU BKIIOUEHUAMH, U Ha Mony «U», dpopmupyemyro obnactamu KM ¢
HEBO3MYIIEHHOW MAaTpHIel, KOTOpasi COXPAaHAETCsl BBUIY OOJIBIIOI0 MHUHUMAIBHOTO PAacCTOSHUS
MEXy BKIIOYCHHUSIMHU.

125 (h 125

,,\

|

A

7.5 +—— 7.5
[
-
\ A T —
212512011 125 2
% 10 ’/\ | _mode 10 %
o ‘ \‘/ G - mode U - mode o
275 { \ 75 2
= || D.— mode / C — mode >
© 5 | / 5 ©
o | T / o
o) } \ / \ 0.35283 K o
x 25 e ‘ 013936 25 o
0 ){)704*93/ 1 * 9‘?9,69'4 : T f ; 0
0 0.12 0.24 0.36 0.48 0.6
LHF Density, arb. units

Puc. 6. Pacnpenenenue mroraoctu JITIT B RVE ¢ a = 128h, b = 20h, ¢ = 0,20, d = 16h.
B BepxHel 4acTH TOYKaMM MOKa3aHO UCXOJHOE MOJIUMOAANIBHOE pacnpenenenue wiotoct JITII;
B HIDKHEH 4acTH MOKa3aHbl BbI/IEJICHHBIE JIOTHOPMAJIbHbBIE MOJIbI C YKa3aHUEM IIJIOLIAIH 110/
IIMKOM; B BEpXHEH 4acTH JINHUEH NOKa3aH Pe3yNbTaT CI0KEHUS OTAEIbHBIX MO

BrIBOaBI.

1. B OBYXKOMIIOHEHTHOM KOMIIO3UTHOM MaTepuaje ¢ TeIJIONPOBOAIICH MaTpuleld u
TETUTON30JIMPYIONTUMHU BKIIFOUSHUSIMH TIPH MTPOTEKAHUHU TEIUIOBOTO MOTOKa opmMupyercst ot 3 10 5
XapaKTepHBIX 005acTeil, B KOTOPBIX MPUXOIAT JIOKAIbHBIE TEIUIOBBIE MOTOKH C Pa3TUYHBIMU
CTaTUCTUYECKUMU  XapakTepuctukamu. Yuciao »>Tux obnacTtedt  ompenensercss YuCIOM
TEIUIOU30JIMPYIOIINX BKIIFOUEHUN, UX Pa3MEPAMU U B3aUMHBIM PACIIOJIOKEHUEM.

2. TlomyueHHble pe3yabTaThl BaXHBI JUIS  PAa3BUTUS  CTATUCTUYECKOW  TEOPUH
TEIJIONPOBOJHOCTH KOMITO3UTHBIX MaTepUaioB M B TEPCIEKTUBE JOJDKHBI OBITh JOMOJIHEHBI
HCCJIEIOBAHUSIMHU CTaTUCTHYECKOTO PACIIPEICTICHHS HAIIPABICHUH JTOKAJbHBIX TEIJIOBBIX MOTOKOB.

3. ®opMmupoBaHHE B MaTpUIle KOMIIOBUTHOTO MaTepuaiga CJIOEB C pa3IU4YHbIM
pacIoJIOKEHUEM BKJIFOUEHUM, B KOTOPBIX OyayT mpeodiajgaTh pa3dyHbie MOJBI JIOKAJIbHBIX
TEIUIOBBIX MMOTOKOB, 1a€T B NEPCIIEKTUBE BO3MOKHOCTh CO3JaBaTh CIOUCTBIE TEIUIONPOBOIAIINE U
TEIUIOU30JIMPYIOIINE KOMIIO3UTHBIE MaTepuaibl. B Takux Marepuanax TEIJIOBBIE MMOTOKH, HIAYIIUE
MapaJuIeNbHO TPAHULIAM PA3IEIOB B PA3JIMYHBIX CIOSX, MOI'YT HaIPaBIITBCA OT UCTOYHHUKOB K
CTOKaM TI0 3aJJaHHBIM MYTAM, 0OecrieunBasi HEOOXOAMMBIE CBOMCTBA KOHCTPYKIIHH.

Jlureparypa

1. Maxwell J.C. Treatise on Electricity and Magnetism / J.C. Maxwell, Clarendon press,
Oxford, vol. 1, Third edition, 1904, 506 p.

2. Karol Pietrak. A review of models for effective thermal conductivity of composite
materials / Karol Pietrak, Tomasz S. Wi’'sniewski // Journal of Power Technologies, 2015. — Vol.
95, no.1. — P. 14-24.

3. Zarubin V.S. Two-sided estimates for thermal resistance of an inhomogeneous solid body /
V.S. Zarubin, G.N. Kuvyrkin // High Temperature, 2013. — Vol. 51, no. 4. — P. 519-525.

Bicauk Onechkoi aepkaBHOT akaaeMii OyaiBHHIITBA Ta apXiTekTypu, 2018, — Bum. Ne 72

113



BYAIBEJIbHI MATEPIAJIUA TA TEXHOJIOT'TI

4. Gori F. Effective thermal conductivity of composites / F. Gori, S. Corasaniti // International
Journal of Heat and Mass Transfer, 2014. — Vol. 77. — P. 653-661.

5. D. Kapanadze. Improved algorithm for analytical solution of the heat conduction problem
in doubly periodic 2D composite materials / D. Kapanadze, G. Mishuris, E. Pesetskaya // Complex
Variables and Elliptic Equations, 2015. — Vol. 60, no. 1. — P. 1-23.

6. [lyraues O.B. HccienoBanue TEMIONPOBOAHOCTU BOJOKHUCTBIX KOMIIO3UTOB METOIOM
Momnte-Kapno / O.B. Ilyraues, K.H. Sluynenko // Hayka u o6pazoBanue. MI'TY um H.D. baymana.
DnexktponHbIi xypHai, 2012, — Ne 12. — C. 226 — 239. DOI: 10.7463/1215.0828601

7. Gusev A.A. Representative volume element size for elastic composites: a numerical study /
A.A. Gusev // Journal of Mechanics and Physics of Solids, 1997. — Vol. 45. — P. 1449-1459.

8. Hui P.M. Thermal conductivity of graded composites: Numerical simulations and an
effective medium approximation / P.M. Hui, X. Zhang, A.J. Markworth, D. Stroud // Journal of
Materials Science, 1999. — Vol. 34. — P. 5497-5503.

9. Graham S. Numerical analysis of the transverse thermal conductivity of composites with
imperfect interfaces / S. Graham, D. McDowell // Journal of Heat Transfer, 2003. — Vol. 125. —
P. 389-393.

10. Fiedler T. Calculations of the Thermal Conductivity of Porous Materials / T. Fiedler, E.
Pesetskaya, A. Ochsner and J. Gracio // Materials Science Forum, 2006. — Vol. 514-516. —
P. 754-758.

11. Fiedler T. Calculation of the Effective Thermal Conductivity in Composites Using Finite
Element and Monte Carlo Methods / T. Fiedler, A. Ochsner, N. Muthubandara, 1.V. Belova,
G.E. Murch // Materials Science Forum, 2007. — Vol. 553. — P. 51-56.

12. Igor Zaginaylo. Two-dimensional numerical simulation study of the effective thermal
conductivity statistics for binary composite materials / lgor Zaginaylo, Yakov Maksimeniuk,
Alexander Pysarenko // International Journal of Heat and Technology, 2017. — Vol. 35, no. 2. —
P. 364-370.

13. 3arunaiino W.B. Crartuctuka JOKaJIbHBIX TEIUIOBBIX MOTOKOB B JIBYMEPHBIX MOJIENISX
nByx(ha3HbIX KOMIIO3UIIMOHHBIX MaTepuanos / W.B. 3arunaiino, A.H. Ilucapenko, A.A. bpomieBan
// CTpouTEeNnsCTBO, MaTepuaioBeaeHue, Mammuocrpoenue. CO. nayun. tpynos [II'ACA. — [uemp,
2017. — Bem. 100. — C. 81-89.

14 3arunaitno M.B. Ponp MHAYIMPOBaHHBIX TEIUIONPOBOJAIIMX KaHAIOB B (DOPMHUPOBAHUU
TEIUIOM30JIMPYIOIIUX CBOMCTB JIBYXKOMIIOHEHTHBIX KOMIO3UIIMOHHBIX MarepuasioB / W.B.
3arunaiino, S.A. Maxkcumentok, A.H. Ilucapenko // CrpoutenscTBo, MaTepHallOBeJIEHUE,
mammHocTpoerue. Co. HayuH. Tpynos [II'ACA. — Inenp, 2016. — Beim. 92. — C. 56-61.

References

1. J.C. Maxwell. Treatise on Electricity and Magnetism. Clarendon press, Oxford, vol. 1,
Third edition, 1904, 506 p.

2. Karol Pietrak and Tomasz S. Wi’sniewski. A review of models for effective thermal
conductivity of composite materials. Journal of Power Technologies, Vol. 95, no.1, pp.14-24, 2015.

3. V.S. Zarubin and G.N. Kuvyrkin. Two-sided estimates for thermal resistance of an
inhomogeneous solid body. High Temperature, Vol. 51, no. 4, pp. 519-525, 2013.

4. F. Gori and S. Corasaniti. Effective thermal conductivity of composites. International
Journal of Heat and Mass Transfer, Vol. 77, pp. 653-661, 2014.

5. D. Kapanadze, G. Mishuris and E. Pesetskaya. Improved algorithm for analytical solution
of the heat conduction problem in doubly periodic 2D composite materials. Complex Variables and
Elliptic Equations, Vol. 60, no. 1, pp. 1-23, 2015. DOI:10.1080/17476933.2013.876418.

6. Pugachev O.V. and Yatsunenko K. N. Issledovanie teploprovodnosti voloknistyh
kompozitov metodom Monte-Karlo [Research of Fiber Composite Heat Conductivity by Monte-
Carlo Method]. Science and Education of the Bauman MSTU, no. 12, pp. 226-239, 2012. DOI:
10.7463/1215.0828601.

114 Bicauk Onechkoi aepkaBHOT akaaeMii OyaiBHHIITBA Ta apXiTekTypu, 2018, — Bum. Ne 72



BYAIBEJbHI MATEPIAJIU TA TEXHOJIOT'II

7. Gusev A.A. Representative volume element size for elastic composites: a numerical study.
Journal of Mechanics and Physics of Solids, Vol. 45, pp. 1449-1459, 1997.

8. P.M. Hui, X. Zhang, A.J. Markworth and D. Stroud. Thermal conductivity of graded
composites: Numerical simulations and an effective medium approximation. Journal of Materials
Science, Vol. 34, pp. 5497-5503, 1999.

9. S. Graham D and McDowell. Numerical analysis of the transverse thermal conductivity of
composites with imperfect interfaces. Journal of Heat Transfer, VVol. 125, pp. 389-393, 2003.

10. Fiedler T., Pesetskaya E., Ochsner A. and GracioJ. Calculations of the Thermal
Conductivity of Porous Materials. Materials Science Forum, Vol. 514 — 516, pp. 754758, 2006.

11. Fiedler T., Ochsner A., Muthubandara N., Belova 1.V. and Murch G.E. Calculation of the
Effective Thermal Conductivity in Composites Using Finite Element and Monte Carlo Methods.
Materials Science Forum, Vol. 553, pp. 51-56, 2007.

12. Igor Zaginaylo, Yakov Maksimeniuk and Alexander Pysarenko. Two-dimensional
numerical simulation study of the effective thermal conductivity statistics for binary composite
materials. International Journal of Heat and Technology, Vol. 35, No. 2, pp. 364-370, 2017.

13. Zaginaylo LV., Maksimeniuk Ya.A., Pysarenko A.N. Rol indutsirovannyh
teploprovodyashchih kanalov v formirovanii teploizoliruyushchih svoistv dvuhkomponentnyh
kompositsionnyh materialov [Induced thermally conductive channel influence on the formation of
the insulating properties of binary composite materials]. Construction, Material Science,
Mechanical Engineering. Scientific works collection, Issue 92, Series: Energy, ecology, computer
technologies in building, pp. 56-61, 2016.

14. Zaginaylo 1.V., Pysarenko A.N., Broshevan A.A. Statistika lokalnyh teplovyh potokov v
dvumernyh modelyah dvuhfaznyh kompositsionnyh materialov [Local heat fluxes statistics in two-
dimensional models of two-phase composite materials]. Construction, Material Science, Mechanical
Engineering. Scientific works collection, Issue 100, Series: Energy, ecology, computer technologies
in building, pp. 81-89, 2017.

KOMII'IOTEPHE MOJEJTIOBAHHS INIVIBHOCTI
JIOKAJIBHUX TEIVIOBUX NIOTOKIB B IBOKOMIIOHEHTHUX KOMIIO3UTAX

Makcumenwok 51.0., K.T.H., JOIICHT,
yakovmaksimenuk@gmail.com; ORCID: 0000-0003-2434-9904
3arunaiijo I.B., k.¢.-M.H., 7011€HT,

ORCID: 0000-0002-4022-9120

Ilerkuna I'.C., cTryneHT,

Ko3auenko K.O., cTyneHT,

Ooecvka depacasna akademis 6YOiBHUYMBA MA apXimeKmypu

AHoTania. JlocmiKyBanucss CTaTUCTHUYHI PO3MOAUIM IIUIBHOCTI JIOKAJIBHUX TEIIOBUX
MOTOKIB, OTpUMaHi B pE3yJbTaTli YHCICHHOTO MOJENIOBaHHS NpOIECY TEIUIONEPeHOoCY B
JBOBUMIPHHUX MOJEJISAX TBOKOMIIOHEHTHUX KOMITO3UTHHX MaTepiaiiB 3 BUIAJKOBUM PO3MIIIEHHSIM
TEIUIOI30JII0I0YMX  BKIIIOYEeHb. I[lapameTrpu po3MillleHHS BKIIOYEHb BIUIMBAIOTh HA MUIAXH
MPOTIKAHHS JIOKAJIBHUX TEIUIOBUX IOTOKIB B KOMIIO3UTHOMY MaTepiail 1, sIK HAcliJI0K, Ha Horo
e(eKTHUBHY TEIUIONPOBiAHICT. [IpeMeToM BUBUEHHS OyB BIUIMB PO3MIpiB BKIIOUEHB 1 HIUIBHOCTI
iX yIMakoBKH, TPEACTABICHOI MIHIMAJIBHOIO TUCTAHINIEI0 MK HUMH, Ha XapaKTEPUCTUKH MOJ
PO3MOILTY MIUTEHOCTI TOKAIBHUX TETIOBUX MOTOKIB.

Jis ¢dopMyBaHHS [IBOBUMIPHUX MoOJiele KOMIO3UTHOIO MaTepiadly BUKOPHCTOBYBAaBCS
metoa Monre-Kapio. Po3paxyHOK IIIJIBHOCTI JIOKaJbHHMX TEIUIOBUX MOTOKIB OYyJIO BHKOHAHO
LUIIXOM YHCJIEHHOTO DIIIEHHS PIBHSHHS TEIUIONEPEHOCY METOJOM KiHIIEBUX pi3HMIL. OTpuMmaHi
PO3MOAITN IIITBHOCTI JIOKAJBHUX TEMJIOBUX IMOTOKIB aHAII3YBAIMCSA y B3a€MO3B'A3KY 3 KapTaMmu
PO3MIIIIEHHS BKITIOUYEHb.

BusiBneHo, 1110 B 3aJI€KHOCTI BiJl KOHLIEHTpAIlil BKJIIOUEHb, IX PO3MIpIB 1 IIUIBHOCTI YIIaKOBKU
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B CTaTUCTUYHOMY PO3IOJLII MIITFHOCTI JIOKAIBHUX TEIUIOBUX MOTOKIB MOKE BU3HAYATHCS BiJ 3 10
5 Mox, TOB'S3aHMX 3 TPOXO/KCHHSIM TEIJIOBUX IIOTOKIB PI3HUMH XapakTEPHUMHU OO0JIacTIMH
JBOKOMIIOHEHTHOTO KOMITO3UTY. [1eHTn(ikoBaHo 001acTi Marepiainy, B SKHX IPOTIKAIOTh JTOKAJIbHI
TEIUIOBI TIOTOKH, IO HajJeXaTh pi3HUM MojaaM posnofiny. [lokazaHo, mo 4ducio Mox
CTATHUCTUYHOTO PO3MOJUTY WIUIBHOCTI JIOKaJbHUX TEIUIOBUX TIOTOKIB [UIsl PI3HUX 3HAYEHBb
napaMeTpiB PO3MIIICHHS BKJIIOYEHb OOYMOBJIEHO BIUIMBOM OJHUX BKJIIOYEHb HAa YMOBHU
MIPOXO/KEHHS JIOKATBHUX TEIUIOBHX IMOTOKIB MOOIM3Y 1HIIMX BKJIIOYEHB MPH MEBHOI IIUIBHOCTI iX
YIIaKOBKH.

OTpumani pe3yiabTaTH BAXIMBI JUIS PO3BHTKY CTATUCTHYHOI TeOpii TEMIONPOBITHOCTI
KOMITO3UTHUX MaTepiajiiB 1 B MEPCIEKTHRI MMOBUHHI OyTH JOMOBHEHI JTOCTIPKEHHIM CTaTUCTUYHOTO
PO3MOALTY HANPSAMKIB JOKaIbHUX TEIUIOBUX IOTOKIB.

KniouoBi cioBa: uynciieHHE MOJENIOBaHHS, CTaTHCTHYHE PO3MOIUICHHS, KOMIO3HLINHUN
Marepial; JIOKalbHi TEIJIOBI MOTOKH; €(EeKTHBHA TEIIONPOBIAHICTS;

LOCAL HEAT FLOWS DENSITY NUMERICAL SIMULATION
IN TWO-PHASE COMPOSITE MATERIALS

Maksimeniuk Ya.A., PhD., Associate Professor,
yakovmaksimenuk@gmail.com; ORCID: 0000-0003-2434-9904
Zaginaylo 1.V., PhD., Associated Professor,

ORCID: 0000-0002-4022-9120

Shchyotkina A.S., student,

Kozachenko K.A., student,

Odessa State Academy of Civil Engineering and Architecture

Abstract. The local heat flows density statistical distributions obtained as a result of heat
transfer process numerical modeling in two-dimensional models of two-component composite
materials with occasional placement of heat-insulating inclusions were studied. The inclusions
placement parameters influence the way of local heat flows in the composite material and, as a
consequence, its effective thermal conductivity. The subject of the study was the influence of the
inclusions size and the packing density represented by the minimum distance between them on the
local heat flows density distribution modes characteristics.

To form two-dimensional models of a composite material, the Monte Carlo method was used.
Calculation of local heat flows density was carried out by numerical solution of the heat transfer
equation by the finite difference method. The obtained local heat flows density distributions were
analyzed in connection with inclusions placement maps.

It was found that depending on the concentration of inclusions, their dimensions and packing
density, in local heat flows density statistical distributions from 3 to 5 modes associated with the
passage of heat flows through different characteristic areas of a two-component composite can be
determined. Material areas in which local heat flows occur, belonging to different distribution
modes, were identified. It is shown that modes number of the local heat flows density statistical
distribution for different values of inclusions placement parameters is conditioned by the influence
of some inclusions on the conditions for the passage of local heat flows nearby other inclusions at
certain packing densities.

The obtained results are important for the development of the statistical theory of composite
materials thermal conductivity and should be supplemented by a study of local heat flows directions
statistical distribution in the future.

Keywords: numerical simulation, statistical distribution, composite material, local heat flow,
effective thermal conductivity.
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