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YUCNEHHbIAN PACYET TENJIOOEMEHA B MHOOCJIOUHOW
KOMMNO3UTHOWN KOHCTPYKLIMM C COTOBbIM 3AMNOJTHATEJIEM
NPU ABTOKITABHOM ®OPMOBAHUU HA 3TATE HAITPEBA

Mpoun3BoacTBo Nt06OV MHOMOCIIONHOWM KOHCTPYKLIMM HAaUMHAETCS C pa3paboTKu TEXHONOMMYECKON A0-
KyMEHTaLmK, KoTopas OMMCbIBaeT B TOM YWCNE U TeMnepaTypHble PeXVMbl NPy UX U3rOTOBEHU METOAOM
nonumMepr3auim. YCrnoBHO TemnepaTypHbIi NPOLIECC MNONMMepU3aLmmn AeNUTCS Ha TpY aTana: npeasapurernb-
HbI HarpeB, cTabunusaums TemnepaTtypbl U ocTbiBaHne. B paboTe npuBegeHbl pesynbTaTbl YNCTIEHHOMO
pacyeTa TemnepaTypHbIX NOMNew B MHOrOCMONHOM KOMMO3NTHOWM KOHCTPYKLMKX C COTOBBLIM 3anofnH1TENnem
npv aBTOKNaBHOM (hOPMOBaHUM Ha aTane npegBapuTenbHOro Harpesa. [aHHbIi MeToA U3roToBneHNs
KOMMO3UTHbIX KOHCTPYKLMIA AaeT BO3MOXHOCTb (hOpMUpOBaThL AeTany pasnnyHon CIoXHOCTU 1 rabapu-
TOB, BOCTPeOOBAaTENbHOCTb KOTOPbIX PACTET B TAKMX OTPACHSX, KaK MaLLMHOCTPOEHNE, CaMorneTocTpoe-
HWe, cypocTpoeHue. MoBbiwaloTcs TpeboBaHWS K Ka4ecTBY Takux M3AENUIA, Ha KOTOPOe Oka3blBaeT 6omb-
Loe BNusiHWe cobrniofeHne TemnepaTypHbIX PEXUMOB Npu Ux npoussoacTee. lNpoBeaeHve Henocpea-
CTBEHHbIX 3KCMEePMMEHTOB TpebyeT BoMbLUMX 3HEPreTMHECKUX 3aTpaT, NOSTOMY ANS peLlueHns npobnembl
KOHTpOMs TennoobmeHa BHYTPU KOMMO3UTHOW KOHCTPYKUMK Obinn paspaboTaHbl Matematuyeckue mo-
Aenu, onuckiBatoLLme AaHHble npouecckl. CchopMynMpoBaHa HecTaumoHapHas 3adada TennonpoBoOAHO-
CTV ANSt MHOrOCMOWHOWM HEeorpaHWYeHHOM NacTUHbI C MOCTOSAHHLIM HavanbHbIM pacrnpeaeneHnem, rpa-
HWYHBIMU YCIIOBUAMYW TPETLETO POAA HA BHELLHWX rPaHULIAX U rPaHNYHbIMU YCIIOBUSMU YETBEPTOro PoAa
Ha MOBEPXHOCTAX KOHTakTa crnoeB. MeToAOM KOHEYHbIX 3MIEMEHTOB 3aaya CBefdeHa K TPeXTO4eYHbIM
Pa3HOCTHbIM YPaBHEHWUAM, peLleHVe KOTOPbIX HaxoAsaTCA MeTOAOM MPOroHkW. okasaHo HaxoxpeHve
MPOrOHOYHBIX KOINLIMEHTOB C yHETOM Tennodmn3N4ecknx XxapakTepucTuk cnoes. NpeacTasneHsl pe-
3ynbTaThl YACMEHHOTO pacyeTa pacnpefeneHus TemnepaTyp Ans AEBATUCNONHOW KOMMO3UTHON KOH-
CTPYKLMM C COTOBbIM 3anonHuTenem. YnCrneHHbI pacyeT NponsseneH ¢ NoMOLLbI0 pa3paboTaHHoNm npo-
rpammbl B 06BbEKTHO-OPUEHTUPOBaHHOW cpeae nporpammupoBaHus BorlandDelphi 7.0. Mony4yeHHble pe-
3ynbTaThl NpeAcTaBneHbl B Buae rpadmyeckmx 3aBUCMMOCTEW TemnepaTypbl No TonwuHe obpasua B
pas3nuyHble MOMEHTbI BPEMEHM, a TaKkke 3aBUCMMOCTU TeMNepaTypbl OT BPEMEHW B PasfnuyHbIX y3nax
obpasLa B CpaBHEHUM C TEOPETMYECKON KpMBOW. MNpoBeaAeH aHanmns 3TMx 3aBUCUMOCTEN, KOTOPbIV NoKa-
3arn, 4To HarpeBaHue obpasLa NPONCXOAUT HEPaBHOMEPHO Mo ero TonimHe. OTKNOHEHWe OT TeopeTunye-
CKVX 3Ha4yeHWln TemnepaTypbl HabnoaaeTcs B CNosiX, pacnonoXeHHbIX Brvxe K COTOBOMY Crot. JTo
MOXeT HeraTMBHO BNUATb Ha MPOTeKaHye dTana nonuMmepu3auum, KOTopbI XxapakTepuayeTcs npeobpa-
30BaHMEM CBA3YHOLLEro Matepuarna B nonmmep, U MPOUCXOAUT NpU ONpeAeneHHbIX 3HaYeHUsX Temnepa-
Typbl. [103TOMY AOCTWKEHWE HYXHbIX 3HAYEHWI TemnepaTypbl Ha 3Tane HarpeBa KOHCTPYKLMW umeeT
ocoboe 3HaueHue AN U3roToBIeHNst HaOEeXHbIX U JONTOBEYHbIX KOHCTPYKLIMIA, CMIOCOBHbBIX BbIAEPXKMBATb
3KCTpemarbHble YCroBus aKcnnyaTtauun. MNonyyeHHble pacnpegeneHns TemnepaTypbl NO3BOMSOT KOp-
PeKTMpOBaTb TEXHOMOTMYECKUA MPOLIECC W3rOTOBMEHMS PasfYHbIX MHOTFOCMOMHBIX KOHCTPYKLMA Ha
aTane ero pa3paboTku, 4TO NO3BOMUT CHU3WUTL IKOHOMUYECKWE 3aTpaTbl MPON3BOACTBA.

KniouyeBble crnoBa: MHOrocrnoHas KOMMo3uTHasi KOHCTPYKLMS, COTOBBIV 3anonHuUTenb, 3ajada
TennoobmeHa, nonMmepu3aumnsi, METof, KOHEYHbIX Pa3HOCTEW, HesBHas CXeMa, MeToZ MPOroHKW, aBTo-
knaBHoe (hOpPMOBaHWe, TEMNepaTypHbI PEXUM, Harpes, MOAeNMpoBaHue, NPOU3BOACTBO, AnddepeH-
LpanbHble ypaBHEHUs, NporpamMMa, Moaernb, Temneparypa, CKOpoCTb.
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NUMERICAL CALCULATION OF HEAT TRANSFER
IN A MULTILAYER COMPOSITE STRUCTURE
WITH HONEYCOMB FILLER DURING AUTOCLAVE MOLDING
AT THE HEATING STAGE

The production of any multilayer structure begins with the development of technological
documentation, which describes, among other things, the temperature regimes during their manufacture.
Conventionally, the temperature process of polymerization can be divided into three stages: preheating,
temperature stabilization and cooling. The paper presents the results of a numerical calculation of
temperature fields in a multilayer composite structure with a honeycomb filler during its manufacture by
autoclave molding at the preheating stage. This method of manufacturing composite structures makes it
possible to mold parts of varying complexity and dimensions, the demand for which is growing in such
industries as mechanical engineering, aircraft building, and shipbuilding. The requirements for the quality
of such products are increasing, which is greatly influenced by compliance with the temperature regime
during molding. Conducting direct experiments requires large energy costs, therefore, to solve the
problem of controlling heat exchange processes inside the structure, mathematical models were
developed that describe these processes. A non-stationary heat conduction problem is formulated for a
multilayer unbounded plate with a constant initial distribution, boundary conditions of the third kind on the
outer boundaries, and boundary conditions of the fourth kind on the contact surfaces of the layers. Using
the finite element method, the problem is reduced to three-point difference equations, the solution of which
is found by the sweep method. The determination of the sweep coefficients is shown taking into account
the thermal characteristics of the layers. The results of a numerical calculation of the temperature
distribution for a nine-layer composite structure with a honeycomb core are presented. The numerical
calculation was carried out using the developed program in the BorlandDelphi 7.0 object-oriented
programming environment. The results obtained are presented in the form of graphic dependences of the
temperature over the thickness of the sample at different points in time, as well as the dependence of
temperature on time at various nodes of the sample in comparison with the theoretical curve. An analysis
of these dependences was carried out, which showed that the heating of the sample occurs unevenly
over its thickness. The deviation from the theoretical temperature values is observed in the layers located
closer to the honeycomb layer. This can adversely affect the course of the polymerization step, which is
characterized by the conversion of the binder into a polymer, and occurs at certain temperatures.
Therefore, achieving the desired temperature values at the stage of heating the structure is important for
the manufacture of reliable and durable structures that can withstand extreme operating conditions. The
obtained temperature distributions make it possible to correct the technological process of manufacturing
various multilayer structures at the stage of its development, which will reduce the economic costs of
production.

Keywords: multilayer composite structure, honeycomb core, heat transfer problem, polymerization,
finite difference method, implicit scheme, sweep method, autoclave molding, temperature regime, heating,
modeling, production, differential equations, program, model, temperature, speed.

BBenenune

Jlnst penieHus ypaBHEHHM MaTeMaTH4ecKoi (PU3UKH, KOTOPbIE OIHCHI-
BaIOT, B YaCTHOCTH, SIBJICHUS TIepeHOca TeMIiepaTypsl [ 1], Haubosee mmpoko
UCIOJIb3YIOT METOJ KOHEYHBIX pa3HocTed. BpiOOp naHHOrO 4YHMCIEHHOTrO
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UucneHHBIH pacueT TemI000MeHa B MHOTOCIIONHOW KOMITO3UTHON KOHCTPYKITHH. ..

MeTojla 00YCIJIOBJICH OTHOCHUTENIBHOM IPOCTOTON €ro peaau3alid Ha 3JeK-
TPOHHBIX BBIYUCIIUTEIBHBIX MAIIMHAX. TakXke OH IO03BOJSET JOCTATOYHO
TOYHO MOJIEIMPOBATH MIPOLIECCH TEIUIO0OMEHA B MHOTOCIOWHBIX KOMITO3UT-
HBIX KOHCTPYKIUSX, KOTOPbIE UMEIOT HIMPOKOE MPUMEHEHHE BO MHOTHX OT-
paciisix MpOMBILIUIEHHOCTH [2; 3].

[Tpu pemieHnu 3a1a4 TEMJIONPOBOJHOCTH METOJOM KOHEUYHBIX pa3HO-
CTel uccieyeMoe TeJo MPEACTaBIAI0T B BUI€ COBOKYITHOCTH Y3JI0B. 3Haye-
HUE TEMIIEPATYPhI B KaXI0M Yy3JI€ CeTKHU ONPENEISIOT U3 CUCTEMBbI JINHEHHBIX
anreOpanyecKnX ypaBHEHHH, KOTOpas IMOJydYeHa IyTeM anIpOKCHMALUU
YaCTHBIX MPOU3BOJHBIX UCXOAHOIO MU (EepeHIINaIbHOTO YPABHEHUS U €r0
I'PAaHUYHBIX YCIOBUI KOHEUHBIMU PAa3HOCTSAMHU.

KoHEeuHO-pa3HOCTHBIN aHANIOr AJIsl IPOU3BOIHBIX B OKPECTHOCTH I-T0
BHYTPEHHETO y3Ja CETKH KaKJOW OOJAacTH, COTJIACHO HESIBHOH cXxeme
(puc. 1), umeer Bua [4; 5]

@ B Uin+l _Uin aZU B U”lnﬂ _2Uin+1 +Ui71n+l
ot At ox h? ’

(1

Ha puc. 1 nokasana uyeTelpexTodyeyHas pa3HOCTHas cxema. Tpu TOuku
JTAHHOH cXeMbl OepyTcs Ha HOBOM BPEMEHHOM CJIO€, 4 O/IHA TOUKa CO CTaApOro
BPEMEHHOT0 ¢j104. JlaHHBIN cr10co0 anmnpoKCUMaIi MPOU3BOAHBIX Ha3bIBa-
€TCs HESIBHBIM, TaK Kak I10JI€ TEMIIEpaTypbl HA HOBOM BPEMEHHOM CJI0€ Npe-
CTaBJICHO HESIBHO, TO €CTh IS €r0 ONpeeseHUs He00X0AUMO PEIIUuTh CH-
CTeMy ypaBHeHu# [5].

n+1

i=1 i-1 i i+1
Puc. 1. [I1a6i0H HESIBHOW Pa3HOCTHOM CXEMBI
[lenp paboTHl — omucaTh MPUMEHEHHE METOAa KOHEYHBIX Pa3sHOCTEH
JUTSL pelleHus] 3a7aud TeruiooOMeHa B MHOTOCIOWHOW KOMITO3UTHOM KOH-

CTPYKIIMU C COTOBBIM 3alOJHUTENIEM Ha dTare MpeIBapuTeIbHOTO pa3orpeBna
U3JIENHsSl IPU €0 aBTOKJIaBHOM (DOpMOBaHUU.
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Moneanb

PaccmoTpuM 3agady HarpeBa MHOTOCIONHON KOMIIO3UTHOM KOHCTPYK-
LMY C COTOBBIM 3aIOJIHUTENIEM, IIOMEIICHHYIO B TEPMETUYHYIO KaMmepy (aB-
TOKJIaB). Bysem cunrtate, 4To pacnpenencHue TeMIepaTypsl B KaXa10M Cl10€
M30TPONHO U B HAYAJIbHBI MOMEHT BPEMEHH MPUHUMAETCA PaBHOM TeMIle-
parype cpensl. [logaercs Temneparypa Ha rpaHHIIaXx 00paslia U U3MEHSeTCs
TOJIBKO B HAIlPaBJICHUSX, MEPIICHIUKYJISIPHBIX TPAHUIIE, YTO MO3BOJISIET MPO-
BECTH aHaJIM3 TEIUI000MEeHa yepe3 INIOCKYI0 OeCKOHEeuHYIo miacTuHy. Hecta-
LHMOHAPHBIA MPOLIECC TEIUIONPOBOJHOCTHU I MHOT'OCJIOWHOW KOMITO3UTHOM
KOHCTPYKIIUU C COTOBBIM 3aMOJIHUTENIEM OIUCHIBAECTCSA ccTeMOi nuddepen-
LUAJIbHBIX YpaBHEHUH [6; 7]:

oU; (x,7) 22 o, (%,7)

8 - 'T_'-Wk’i:1927"'9N7OSXiSbI’T>O’ (2)
T X;

C HaA4YaJIbHBIMH YCJIOBUSMUA

U, (%,0)=U,; €)
FpaHI/I‘IHBIMI/I yCJ'IOBI/ISIMI/I

oU. (0,1

xl%—al(ul(og)—um)zo, (4)
X1
ouU, (0,7)

}\’N T‘FGN (UN(bN’T)_UCN):O (5)

N

n FpaHI/ILIHBIMI/I YCJ'IOBI/U[MI/I 4-r0 pOI[a Ha HOBerHOCTfIX KOHTAKTa CJIOCB
U; (bi’T) =Uj, (bi’T);

U, (b, ou, (b;,
M%ka%’ i=12,..,N-1, (6)

j j+l
rae U (X,T) — TEMIIEpaTypa T€jia Ha rny61/1He X B MOMCHT BPEMECHH T,
2 _ M .
ai =— — KOB(I)(I)I/ILII/ICHT TEMIICPATYPOIIPOBOAHOCTU CJIOCB; Ci — yACJIbHad
C.
i
TCIIIIOEMKOCTD, >\‘i — TCILIOIIPOBOAHOCTL CJIOCB W TCIIJIOMPOBOAHOCTL COOT-

BETCTBYIOUIMX CIOEB, O, O, — K03(pUuueHTbI KOHBEKTUBHON
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UucneHHBIH pacueT TemI000MeHa B MHOTOCIIONHOW KOMITO3UTHON KOHCTPYKITHH. ..

TEILIO0TAauN OT BHEIIHMX IOBEPXHOCTeil B Okpyskaroutyio cpeny, U, (1),
U,y (t) — Temneparyper oxpyskaromeii cpenst, by_, b — koopaunatsi rpann

qk (X: T)
cp

I -it obmactu, W, = , O (Xi,r) — (pyHKLUSA UCTOYHMKA TEIUIOTHI, P; —

IUIOTHOCTh MaTepHalia CJIO€B.
ANIPOKCUMUPYS YaCTHBIE IPOU3BOJHBIE KOHEUHBIMU pa3HOCTIMH (1),
[I0JIy4YM ypaBHEHUS BUIa

n+l .n ) n+l 'n+1 ) n+l
Ui UI :aiU|+l 2U|2 +U|—1 +\Nin,
At h
i=2,..,N,N,+1.,N,....,N,,....N—1

(7)

5

rae 1 =2,...,N, —Touku pa36uenus nepsoro cnost, N, +1...,N, —touku pas-
6uenunst Broporo ciosi, ..., N, +1,...,N—1 — touku pazouenuns (k +1) -TO

CJ10s1.

AHaJIUTHYECKOE pellleHre MMOCTaBICHHON KpaeBol 3a/1aul MPUBEACHO
B pabore [8].

Annpokcumanusi TOCTaBICHHON uddepeHnaIbHON 3a1aul KO-
HEYHO-pa3HOCTHOM (7) MMeeT nmepBblil MOPSAJOK TOUHOCTH 10 BPEMEHU T U
BTOPOU 1O MPOCTPaHCTBEeHHOU KoopauHate N. HesBHas pa3sHOCTHas cxema
IPU 3TOM SIBJISIETCS A0COFOTHO YCTOMYUBOM, MOITOMY MHTETPUPOBAHUE Kpae-
BOH 3aJ]a4 MO>KHO IPOBOJIUTH C JFOOBIM Pa3HOCTHBIM ILIAroM 10 BpeMeHH [9].

[Tepenumiem (7) B ciemyroneM BUIE:

Uin+l _Uin _ﬁUiHI’H-l _2Uin+1 +Ui_]n+1

At C h? W
HniIn
z_i(uiml _Uin): %(U”lm—l _2Uin+1 _|_Ui71n-¢—1)_'_V\/inci ,
T

1 1 1
W, rpynmupys cinaraempie otnocutensao U, ", U™ U, ™ monyunm

)\’_;Uiﬂn-%—l_ 2_};’|+i Uin+1+)\’_;ui_ln+l :_iuin +Vvlncl
h h At h At
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Takum oOpa3om, ToNydeHHAass CUCTEMa JMHEHHBIX alreOpamdecKux
ypaBHEHHUIA ObLIa cBe/leHa K TPEXTOUYEUHBIM PA3HOCTHBIM YPaBHEHUSIM

A-U'-B-U™+C U =F, (®)
A 2L, ¢ C
me A=C =21, B =215 po_Suriwpg,.
A=C h? h> At At P

Cucrema (8) peraercsi METOI0M MTPOTOHKH.

Metoa NpOroHKH SIBISETCS OJHUM M3 BapuaHToB Mmeroaa [aycca,
Han0oJIee MOHO YYUTHIBAIOIIUM CIIEHU(PHUKY CTPYKTYPBI CETOUHBIX YpaBHE-
Huil. [IpenmyniecTBa MeTo/1a MPOTrOHKH, 110 CPABHEHUIO C JAPYTUMHU METO-
JlaMU pEIIEHUs] CUCTEM JIMHEHHBIX aireOpanuecKux ypaBHEHUH, 3aKiroya-
I0TCS B CIIETYIOIIEM:

* IOCTATOYHO MaJloe YUCII0 apu(PMeTHUECKUX IeHCTBUI NpU peLIeHuU
CHCTEMBI;

* c1abast YyBCTBUTEIBHOCTD K BRIYMCIUTEIBHBIM morpemmHocTsiM [10].

[Ipeanonaras B (8), 4ro

UirHl =Q; 'Uin:l1 +B; w Uin—+|1 =0 'Uin+1 +Bis )
MOJTY UM
A 'Uin++11 -B ‘UinH +C;-ay 'Uin+l +C B, =F,
OTKyJ1a
(Ci o, — B )'Uin+l =-A-Ul'-C B, +F

u

U = A Ui+ SN St - (10)

B—-Ci-a;, B -Ci-a,

PasenctBo (10) mns Becex i =2,3,...,N—1 coBmagaer c (9), mostomy

A 4 _GPB.-F
% B-Ci-a, (ah

Bi= B -Ci-a, .

JI7ist HAX 03K ICHUSI TIPOTOHOYHBIX KOA(DDHUIIMEHTOB O, U 3, HCIOIB3yeM

TpaHUYHBIE YCITOBUSA (4), KOTOPHIE 3aIKIIEM B BUJIC
n+l1 n+l1
U 2 U1

A, +6, (U -Ug, ) =0,
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UucneHHBIH pacueT TemI000MeHa B MHOTOCIIONHOW KOMITO3UTHON KOHCTPYKITHH. ..

OTKYyZa
n+ n+ hd’ n+
UM —u! 1=>L—11(UC1—U1 =0
u
U1n+1 — }\‘1 _ U2n+1+ ~ha‘1 UC1
A, —ha, ha, —2,
Takum oOpaszom,
A ha
o=, f=. (12)
A, —ha, ha, — 2,

1
Jlnst Beramcnenns U™ Bocmonmbdyemes yciosuem (5), KoTopoe

3alIMIIIEeM B BUC

Un+1 _U n+l1 .
kN%+aN (Un"=Ugy)=0
U BBIpa3uM
hG
UR =U =203 U ).
N
OTKYyJa
n+l1 — 7\’N n+1 h(?x"N
" ag+ha, U A +ha,
VYuursiBas (9), noayunm
A ha
Ui'=—"(a,_ U+ +—N U, .
N }\’N +h&,N ( N-1 N BN—I) }\,N +h&,N CN

BeimonHuB snemMeHTapHble IpeoOpa3oBaHUs, 3allUIIEM IOCIEIHEe
BBIpa)KEHUE B BUJIE

(X‘N—IKN _ KNBN—I + h&’N

Ut 1- — |= ~ -
Ay +hay ) Ay+ha, Ay +ha,

CN »

13 KOTOPOro HaiAEM rpaHUYHOE 3HAYCHHE

n+1: KNBN—1+thUCN .
"k (I-ay )+ héy

(13)
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B Toukax KOHTaKTa CJIOEB MaTepuaja MPOTOHOYHBIE KOA(PPHUIIMEHTHI
HaW1EM, HCTIOB3YS YCIOBHUS CONPsDKEHUH (6). ANIITPOKCHMAIIHS TIEPBOTO 110~
psKa yciuoBHit (6) ©MEeT BUT

u.-u. u. -U. (14)

rjie A; — TEIIONPOBOJHOCTE | -TO CIIOS.

[ToxcraBuM BO BTOpOE paBEHCTBO ycioBus (14) mporoHOYHOE COOTHO-
HICHUE

U. =oa. -‘U.+B. :
ij—1 ij—1 i ij—1

A (Ui]f ~% 'Ui]-‘ _Bi}‘—l):}”JH (Ui}‘+1 _Ui}‘)
Win

u. (7*; (1—ai,;_])+xj+l) S IRUNE N

i
J

13 nocnensero paseHcTsa Bbpasum U .

i

2B,

U.= att U. + Pi
i ij+1 )
B PR WY (T F O

] ]

B Toukax KOHTaKTa pa3lUYHBIX CIOEB MPOTOHOYHBIE KOAPDUIIUEHTHI
HMEIOT BU

A }‘J'Bi}—l

j+l

, j=Lk. (15)

i > My T

(e Jer T (1me e
Takum o06pa3oM, HMPOroHOYHbIE KOAPPHUIMEHTHl MPU PELICHUU CH-

cTeMbl (8) B Y3JIOBBIX TOUKaX BHYTPH CJIO€B KOHCTPYKIIMH HAX0IUM 10 (pop-

mynam (11), yautsiBast Ternaouzndeckre XapakTepUCTHKH CIIOEB, a B TOYKaX

KOHTAKTa MCIOJIb3yeM cooTHomieHus (15). Mcnons3ys HaiiieHHBIE MPOro-

HOYHBIE KO3(DPULMEHTHI MOCIEI0BaTEIbHO, HAlAEM 3HAYEHUs TEeMIIeparyp

U n+1N—l ’ U n+1N—2 LI U n+12 1o d)OpMyJ'IaM (9)
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UucneHHBIH pacueT TemI000MeHa B MHOTOCIIONHOW KOMITO3UTHON KOHCTPYKITHH. ..

[Iporonky Ha3bIBalOT KOPPEKTHOM, €CIIM 3HAMEHATENU MPOTOHOYHBIX
K03 (UIIMEHTOB HE 00palatOTCs B HYJIb, U YCTOWYUBOI, €CIIU BO BCEX Y3II0-

BBIX TOYKaXx BBIIMIOJIHACTCA YCIOBHEC |Oti | <. HOCTaTOLIHBIC YCIIOBUS KOPPEKT-

HOCTH U YCTOMYMBOCTH NMPOTOHKHU ypaBHEHU (9):

JIoKa3aHbl B [12].

2,N-1: |B|>|A|+|C] u |a,| <1 =|oy| <1

Pe3yabTarsl

YucneHHbI METOJI pean3oBaH pa3pabOoTaHHOW MporpaMMol B 00b-
eKTHO-OPHUEHTUPOBAHHOH cpene nmporpammupoBanus BorlandDelphi 7.0, xo-
TOpasi 1aeT BO3MOXKHOCTb ONPEAEIUTh TEMIIEPATypHOE 110JIe BHYTPU MHOTO-
CIIOHON KOHCTPYKLIMHU B JIOOOH MOMEHT BpeMmeHH. Pa3paboraHHas mpo-
rpamMMa MO3BOJIIET BU3YaIN3UPOBATh FEOMETPUIECKYIO MOJIENIb paccMaTpH-
BAaeMOM KOHCTPYKIMH, PELIATh OCTABJICHHYIO 33/1a4y IPU pa3IMYHbIX Kpae-
BBIX YCJIOBHSAX JISi MAaTEPUAIIOB C PA3IUYHBIMH TEIUIO(PUIUIESCKUMHU CBOMA-
CTBaMH M TIPENICTABIIATH MOJyYEHHBIE PE3yJIbTaThl B BUJE TPaPUUECKOi HH-

teprperaiuu. Ha puc. 2 npencrasineH uatepdeiic nporpaMmmsl.

Puc. 2. UnTepodeiic mporpaMMbl U BU3yaIH3alns MOJCITH H3IEIHS

3= jo3s B 7 = o0z
pefine  wiw’ pwfm

C =m0 Jefxr-*C)  C =100

Toxarams cxenry wozem |
Sromrcmtoadenn Mot

- e *C v= Nz

Tapastopus rema st opmass Naparvepucrion coranies came  Lapiacoepmcras siee o nsbma

Chrao

Brim*c 2=pa ha Briu'c
wriv’ p= e fize wM

JixAxr*Cy € =000 baol JLkiKr -°C)

Pacwer

-
d

JlnanoroBoe OKHO MPOTpaMMbl COJEPKUT MATH OJOKOB, B KOTOPBIX HC-
HOJIB3YIOTCS ClieAytolue 0003HaUCHUS: Ky — KOJMYECTBO HIKHHX CJIOCB
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CTEKJIOTKaHU; Keor — KOJIMYECTBO CIIOEB COTOBOTO 3alOJHUTENS; Ky — KOJIHYe-
CTBO BEPXHHUX CJIOEB CTCKJIOTKAHH; | — TOIIMHA OJHOTO CJIOSI CTEKIOTKAHH;
h — TosMHA COTOBOTO CJI0ST; M — KOJMYECTBO IIAroB 10 BpEMEHH; To — TeM-
nepaTypa B Ha4aJIbHBIA MOMEHT BPEMEHHU; | max — TEMIIEpATYpa MOIUMEPHU3a-
uuu; T — Temneparypa Ha rpanuue; tp — Bpems noaumepusaiuu; t — pacuer-
HOE BpeMsi; V — CKOPOCTh U3MEHEHHUS TEMITePAaTyPhl A — TETUIOMPOBOIHOCTS;
p — IWIOTHOCTh; C — TENI0EMKOCTb.

B kauecTBe mprmepa nokaxeMm pe3ysabTaThl YMCIEHHOIO pacyeTa pac-
MpEeJEICHUs] TEMIIEPATYP B AEBITUCIONHON KOMIIO3UTHOM KOHCTPYKLHUHU C
COTOBBIM 3aMOJHUTENEM (CM. pucC. 2). COTOBBIN 3aMOJHUTEIb HA JAHHOM PH-
CYHKE OY€pYEH KPacHbIM KOHTYPOM.

CornacHo TEXHOJIOIMYECKOMY IPOLIECCY, HarpeB KOHCTPYKLUU J0BO-
aaT 110 (125 £ 5)° C co ckopocthio He 6onee 1-2° C/muH.

Ha puc. 3 mokazano pazbuenue ocu Ox Ha N = 50 y310B.

XA

50-i# y3en

46-it y3en

CoToBBIH clIOH

13-i1 y3en

1-it y3en

Puc. 3. Pacnonoxenue y3510B pa3duenus odpasia

PacuetHble pactipeieneHus TeMIiepaTypsl o TONIINHE 00pasia B pas-
JIMYHBIE MOMEHTHI BPEMEHHU IIPE/ICTABIICHBI HAa PUC. 4. AHaTU3HUPYS MOTyYEH-
HBIC 3aBUCUMOCTHU, MOXXHO CJCJIaThb BbBIBOJ, YTO BO3pACTAHUEC TEMIICPATYPhI
0 TOJIIIMHE o0pa3la MpoTeKaeT HepaBHOMEpHO. Pa3Hulla TeMiieparypsl Ha
rpaHuIle oOpasiia U B TOUKE COCTMHEHUS CTEKIIOTKAHU C COTOBBIM CIIOeM 00-
nee 5° C, 4To ABIAETCS HAPYIICHHEM TEXHOJOTHYECKHUX TPeOOBaHMIA HU3TO-
TOBJICHUSI MHOT'OCJIOMHBIX KOHCTpYKIIMi. HarpeBanue coToro ciios uzaenus
MIPOMCXOJUT HAMHOTO MEJJICHHEE CJIOEB CTEKJIOTKaHU, YTO B JajbHEHIIEeM
NPpUBCACT K 3aMCIJICHUTIO IBUIKCHUSA (I)pOHTa MOJIMMCPpHU3allH.
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Puc. 4. Pacnipenencaue TeMIepaTypsl 10 TONIIHHE 00pasiia,

ABTOPCKHE PE3yIbTaThI

Ha puc. 5 noka3ansl 3aBUCHMOCTH TEMIIEPATYPBI OT BPEMEHU B PA3JIMY-
HBIX y3J1aX 00pa3ia B CONOCTaBICHUH C TeopeTuieckuM rpaduxom. CoBma-
JIEHUE C TEOPETHUYECKUM 3HAUCHHUEM TEeMIIepaTyp MPOUCXOAUT TOJIBKO B 1-M
y3J1e, KOTOPBI HAaXOAUTCS Ha TpaHuIle MaTepuana. HecymectBeHHOE OTIH-
4yue Ha0JIF0IaeTCs B CIIOSX M3 CTEKJIIOTKaHU (Ha puc. 5 310 3-i1 y3en). B y3max
13 u 46, HaXOIAIIMXCS HA TPAHUIIE CTEKJIIOTKAHU, C TECYCHHEM BPEMEHH OT-
KJIOHEHUE 3HAaUeHU I TeMIIepaTypbl OT TEOPETUYECKOI0 yBeInunuBaercs. B y3-
JaX, PacloNOKEHHBIX B COTOBOM cJioe (Hampumep, B 25-M y3iie), 3T0 OTKIIO-
HeHue OoJiee 3HaUMTENbHOE. TakuM 00pa3om, pacrpeeieHHe TEMIIEPATYPhI
Ha rpaHMIle MaTepraia U €€ OKPECTHOCTSIX HE3HAUUTENILHO OTJIMYAETCS OT TEO-
pPETUYECKUX 3HaUYeHH. BOMM3M ke KOHTaKTa C COTOBBIM CIIOEM U B CAMOM CO-
TOBOM CJIO€ 3Ta 3aKOHOMEPHOCTh HAPYILIAETCH.
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Puc. 5. 3aBucumMocTs TEMIIEPaTYPHI OT BPEMEHH, aBTOPCKUE PE3yIIBTaThI
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3akjaoueHue

[Ipu aBTOKIaBHOM (HOPMOBAHUU H3ZEIUS HEOOXOAMMO OOECIEeYUuTh
CTpOro€ BBINOJIHEHUE TEXHOJIOTMUYECKUX TpeOOBaHUU BeIEHHS Mpoliecca.
OpHrM W3 MapaMeTpoB TEXHOJIOTUYECKOTO TpOoIecca SIBISIETCS CKOPOCTD,
moJbeMa TEMIIEpaTyphl B aBTOKJIABE, a TAK)KE BEIUYMHA U CTAOMIBLHOCTH
temmneparypsl ¢popmoBanus [14; 15]. HeBo3aMoXXHOCTh ydeTa TemIiiepaTyp-
HBIX IPOLIECCOB, TPOUCXOSAIINX BHYTPH KOHCTPYKIIUHU, OCIIOKHSET U3TOTOB-
JICHUE KaueCTBEHHOTO n3ienusi. B qaHHO# paboTe c/ienana MombITKa PelInTh
3Ty MpoOJIeMy IyTeM MOJICITHPOBAHMS TETUIOOOMEHHBIX ITPOIECCOB M pPellie-
HUS 331a4d YUCJIEHHBIM MeTOJoM. [loiydeHbl 3aBUCUMOCTH TeMIIepaTyphl
BHYTPHU KOHCTPYKLIMH, aHATTN3 KOTOPBIX MOKA3bIBAET, YTO HATMYHE COTOBOTO
CJIOSI OKa3bIBACT BIUSHUE HA TETNIOOOMEHHBIE MPOIIECCHI. DTO CBA3AHO C TEM,
9TO TETUIOPUZNIECKUE XaPAKTEPUCTUKH ITOTO CIIO0ST OTINIAOTCS OT CBOWMCTB
CTEKJIOTKAaHU, ¥ HarpeBaHUE U3/IENUS 0 HY>KHOU TeMIepaTypbl MPOUCXOIUT
JOJIbIIIe, YeM mpeAnoiaraiock. [lomydeHHble pe3ynbTaThl JArOT BO3MOXK-
HOCTh ONIEPATUBHO PETYIUPOBATH TEMIIEPATYPy MPHU U3TOTOBJICHUN U3JICITAN
METOJIOM aBTOKJIABHOTO ()OPMOBAHHSI.

Takum 006pazom, B TaHHOU pabOTe MPEACTABICHBI Pe3yJIbTATHI YNCIICH-
HOTO pacyeTa TemI000MeHa B MHOTOCIOMHON KOMITO3UTHOW KOHCTPYKIIUHU C
COTOBBIM 3aIIOJTHUTENIEM Ha dTare MpeABapUTEIHHOTO pa3orpeBa MpH UX U3-
TOTOBJICHUM.
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