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Abstract
This work is devoted to the construction of a mathematical model and
corresponding computational models that describe the deformation processes of
isotropic bodies in parabolic-hyperbolic states, accounting for thermal effects
(temperature). Computational algorithms were developed based on discrete analysis
of the mathematical models, and specialized software was implemented in the C#
programming language. Using the developed software, specific practical problems
were numerically solved.
Keywords: parabolic, hyperbolic, isotropic, deformation, thermoplastic,
explicit and implicit schemes, dynamic.
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Kaaur cy31ap: mapabGommk, TH

TEPMOILIACTHK, OIIIKOP Ba OLIKOpMAC cXemMajap, AMHAMUK.

Kupum. MabayMkuy, Q:{a x bty t T'} coxaza

KYPUHUIIUAATH KATTUK OSKACMJIAp YyYyH TEPMOIUIACTUK JHHAMUK
Macajaapy OMprajluKIard YU3UKCH3 TUTIEPOOINK TypJaru Xapakar TeHriaamMacu[4|

o’u 0 Ou Ou oT
?Z 215(1('22 a)_'_KB 5+K24u+K25 §+P (1)

Ba napa60JmK TypAaaru NCCUKIINK S'ITKaBYB‘IaHJ'II/IK TCHITIaMaCHu

oT 0 oT oT 0u
— =K, —(K,—)+K,.—+K, T+K,.—+ 2
8t 11 ax( 12 ax) 13 ax 14 15 6x8t Q ( )

époamma ymyMmuid Kypunmiga udonananumm MyMkuH. By epma K., P Ba Q
Xaajmap yMyMmaH oirasaa x,/,7 Ba u JAPHUHT YU3UKCcHU3 (pyHKUMsAmapu Oynuo,
XyCycuil Xosurapaa yi3rapmaciap cudartuaa aHuK KypuHUIUIapaa oepwramu [1-2].
Macana moxustura kypa (1)-(2) xypunHummara rumnepooao-napaboyiiK Typaaru
TEHIJIaMaJlap CUCTEMAaCHHU YOy OOIUIaHFUY

ul_, =e(), ul, =y, 7|, =n() 3)

BA YETApABUI MIAPTIIAP

=0, ul_, =150 (4)

=520 (5)

u

T

X=a = gl (t ) ’ T
épIaMuia COHJIM €YUI AITOPUTMH Ba MPOTPaMMACHHU SpaTHIl OniaH Oup Katopaa

0an3u 6I/Ip HUTCPAIMOH COHJIMN CYHUI YCYJUIAPpUHHU TaxXJIWJI KWW Ka61/map Ky3ﬂa

TyTWiIaad. by epma Macama koppekt kyuwiaran ae6 ¢dapas kwimHamd. Macaa
OMp YM3WKCU3IUKIAPHUA XaM XHCOOTa OJTaH XOJJa yMyMHUH KYpUHUIIIA
TaHJIUTH OoWC, TYp yCylduaa WTEpAIMOH €UYHWIl YCYJUIApUHH KyJUTaIra
nagu. byHuHr yuyH pactimab Oepmiran Q coxa Ox Vku Oyiinua

(m—1) Ba Ot yKu Oy¥nya ¢ = (7" -¢,)/(n—1) Kazamyiap OWIaH x,=a+(i—1)h Ba

t,=t,+ (i~ Oz (i=Lm; j=1n) 4n3uKIAp EpAaMuIa AUCKPETIATUPUO onuHany [3].

- Macananga kartHamraH Oapuya XajJlapHU YEKJIM alupMalld KYpUHHUIITA YTKa3uo

OJIMlIga TCHIJIaMaliapaa KaTHaHIaéTFaH Ba YHN3UKCHU3 65'7J'II/IIHI/I KS"?)I[& TYTI/IJ'IaéTFaH
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Oapua (QyHKIUSATAPHW YH3UKJIAIITHPHIIL
¢oiinananu0 anMalITUPHUII Ky3Aa TyTWiIagud. MabiymKHu,
JKapaéHJApHUHI AHHWK €YMMIa KaH4YaJuK Te€3 €KUM CEKUH

TaHJIaHAa€TraH OONUIaHFUY SKUHIamuIapra[6], KyinaHunaérra
yCyJura Ba OLIKOp €KUM OIIKOpMAac cXeMajapJaH Kailicu OupH KYyJJIaHWII

Oornuk Oynmamu[7-9]. Oparma, Tenrmamanapaaru K, kod(purmeHTIIapHN

YU3UKCU3IAIITUPHILA BaKT OYiinua OUTTa OJIMHIU KaTJlaMAard Xucooamniapaan
¢ku Ilukap ycynuman ¢oigananum MymkuH. Q Ba P Qynkumsmapam sca
YU3UKJIAIITUPUIIHUHT OeBocuta HplOTOH ycynmupaan ¢oiganaHuil Makcaara
MyBouKAMp. MaHa mrymapra Kypa CTEepKEHbJArd TeMIlepaTrypa TapKaTHIIUHU

AHUKJIAITHU KyHUJaru omKop Ba OIIKOpMac cxemaiap épaamuaa udoiaaaHrad

y+ 7 J Vi Ui Ui ) Ul
]; _7; K K ];+1 _7; _K 7: _7;—1 +K 7;+1 _7;—1 n
8 12i+1 2 12i 2 13i
T h h 2h (6)
uj+1 _ uj _ uj+1 + J
J J J i+1 i+1 i i J J Jj+l J
+K' T+ K, +Q) +u O (T -T7)
ht
Tj+1 _T] Tj+1 _Tj+1 Tj+1 _Tj+1 Tj+1 _Tj+1
i i Kj Kj i+l i _ Kj i i—1 + Kj i+l i—1 +
- 11 12i+ 2 12i 2 13i
T h h 2h (7)
Jj+l J Jj+1 J
. pad] S, —uL —ul U . ) o .
"'K114z'TijJr +K115i = = hr l l +Qz’j + HQjTi (7-;,+ _Tij )

TCHINIaMaJIap CUCTCMAacCUra Bad YHHHI' TabCHUPpHUAA KS"‘-II/IIIIHI/IHF 5'731"apPIIHI/IHI/I
AHUKJIAIDHAU 3Ca YY1 KaTjJlaMJM OHIIKOp Ba OHIIKOpMacC cCXeMajap épHaMI/II[a

ndonamanran[10-11]

J J J J J J

Jj+2 J+l J
u" =2u'" +u —K. K U, —U _K U —u, +K Un — Uy +
2 - 21i 22i+1 D) 22i 2 23i
T h h 2h
J+l o j+l
J J J i+l i—1 J J j+2 j+l
+K i Y; +K 25i 2 +Pi + :uzP ui (ui —U; ) (8)
j+2 j+1 j +2 +2 +2 +2 +2 +2
uij _21'[1/ +ut] _Kj Kj i+l _ulj _Kj ul] _ui/—l +Kj uz]+1 _uzj—l +
- 21i 2i+ 2 Ni 2 23;
v h h 2h
Tj+1 _jtl
J Jj+2 J i+l i—1 J J Jj+2 j+l
+K o "+ K, 2 +F + P, @ = —u/") (9)
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KYPUHHILIMAArA TEHIJIaMajap CHCTeMacu
u, Ba u, mapamerpuap Q Ba P napuu [lukap (4 = u, =0) €ku H
ycylulapu €pJaMuja YU3UKJIAMITAPUIN YYyH KUPUTHITAH (j

Bynaphu copnanamruprad, MOC paBuIlia

j j ; y ; ;
Kjl” Kju"“ 7;+1_27; _KjlziLzTH +Kj13iM+
. h h " M |
T — ¢ y " '
i Wyt ) 7 (=T @0, ); o
] / A i+1 i+1 i g . X X
+K’, T +K = i = : L Q-0 T
j+1 j+1 j+1 .
‘41];_1 +C1]: +BIJZ'+1 _l)l , (1 1)
j+1 j+1 i+l it . »
szli Kj22i+1M_Kj22iu +KQ3,-M+
J+2 i+1 ; 2 h h 2h /a 2Pj (12)
u.+ = 2u]+ _u~j+‘[ » |
| o DT i S (1-m*P,),
+K124iu,-] +K125iu+Pij _%Bju “,-ﬁl
2h
J+2 J+2 j+2
Azui—l +Bzul. +C2ui+1 — D2 (13)

KypuHHIIIaru  xucoOnam  Qopmynanapura osra  Oynmamus.  HatwkaBuit

xucooOnanuiapuu (10)-(13) renrnamanapHUHT {Zj u/ +2} KyPTIUK KYpUHUITUAATH

KOMOWHAIASJIAPUIaH XOCHI OVyianguraH KyWHaard TypTTa BapuaHTIa amalira
omupuil MyMKkuH[12-14]. BynapHuHr opacuaaH camapalliCUHU TaHJIa0 OJIMII 3Ca,
¢dakatriuHa OMpOp MyaiisiH, KoJaBepca aHUK €YMMHU MabiyM OYJraH TECT MacajacH
épAaaMuJaruHa aMajira OIMPUIIAIIA MyMKHH:

(10) (10) 11) (11)
(12) (13) (12) (13)

j+1 j+2 o
bapua {7;’ Tiul” } KyPTIUKIap CUCTEMacu KYPUHUIIMAATK BapuaHTIAp FOKOpHUJA

1-Bapuanr: 2-BapuaHr: 3-Bapuanr: 4-BapuaHnr:

H (3)-(5) waprmap: 7' =n,(x), T/ =&@¢), T)=&@), u=9(x) ,
w = x,(t,), ul=yz(,) épramuna ednnanu. By epna 4, B,,C,,D, -

ventiap (7) Ba (9) TenrnmamanapaaH — aHukigaHaau - (s=1,2);

b opd Joo— I ol J — J ond
('xi’tj’Tz" U, )’ K 12i_K12(xi’tj’T;' U, )’ ’K ZSiH_KZS(xiH’tj’]:'-H’ui-H)’

"

x0T/ u)), O)=0(x.t,, T/ u)), PP=P(x,t,T/u'), 0. =0, (x.t, T u’) -Geprnaim.

i2% ot ist ot is ot is" ot
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Tect w™macadacu. Tect Mac

OepunrannapHudr ymoy K, =K, =1, K,=K,=0, K,=T",

K,,=T", O=T(T"u-2), Q=nT"u2, P=T"", P =0, ()=

—(x+t)

E(t)=e """ xuhMaTIapuaa aHuUK cunmMiapu 7T'(x,7)=e Ba u(x,f)=

KYPUHUIIIa MabllyM OYJIraH XOJ Y4yH XHUCOOJIalll SKCIEPUMEHTIAPH YTKAZWIIH.
bynma Q coxanu y3rapmac KagamiM TUCKpET coxara kentupuin yayH a=0, b=1,
t,=0,T"=1, m=n=10, n,=4 , n,=2 Ba BaKT Oyiinya KaTiamyap Opacuiaru
YU3UKJIAIITAPUIN  yCyJUIapuaad  QoianaHuIa  UTEPAllMOH  >KapaéHHUHT
sKaHIammmy  yayH aHukiaukan €=0.001 ne6 ommaam. Xymmaman, 3-BapuaHT
Epmamuma o6 OGopwiaraH xpcoOJjamnuiapaa WTEPAlloH JKapaéHIaru WTepanusuiap
COHM 3 TamaH ommMagd. P Ba O  ¢yHkuusimapau HeroToH ycynuaa
YM3UKIATUpIraiaa ( 4 = u, =1 ) HACOMI XaTOMUKIAPHUHT MaKCHUMall KHAMaTh
1.58 nman, [Muxap ycynuna (g, = 4, =0) 3ca 2.08 gan ommaiiau. Ynusukcus xaajiapHu

OeBocuTa BakT OyiiMya OJAMHTY KaTjam/1a XUCOoOIall OpKaIu XaM YU3UKJIAIITHPU LI
MyMKHH. by ycynna ommHran Hatwxanap Ilukap ycynmaa onuHraH HaTwxKajiap
Ounan 6up xun 0ynuO, HploTOH yCcynuaa oJuMHIaH HaTWXKAJIApHUHT 3ca SXIIUPOK
SKAHJIUTUHU aTHO YTUII J03uM. XHMCOOJIAIl SKCIEPUMEHTIAPUHUHT HATHXKATapU
Kyhnnaru 1-2 sxkaaBamiapaa Q coxanuHr x= 0.222, 0.556, 0.889; t=0.222, 0.556
KUMaTiapuja MacaJlaHMHI aHMK €YMMM OWjaH YM3UKJIAIITUPHUILIHUHT Xap XMW
ycyJuiapu €paMua OJIMHTaH TaKpUOUi ednmiiap, XaMmaa yjiap opacuaard abCcooT

Ba HUCOUH XaTOJIMKIIap KCITUPUIIAIN.

1->xanBai.
t/x U(x,t) 0.222 | 0.556 | 0.889
Anuk eunm (U) 0.4300 | 0.7017 | 0.8962
Takp.eunm: Hetoron ycymu | 0.4331 | 0.7085 | 0.9007

(Un)
Takp.eunm: ITukap ycynu 0.4330 | 0.7085 | 0.9007
0.222 | (Un)
Taxp.eunm: Bakrt 6yiinga 0.4330 { 0.7085 | 0.9007

(Us)
AUy =| U- Uy | HeroToH 0.0031 | 0.0068 | 0.0045
yCyauaa
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AUn =| U- U | [Tukap
ycynuaa

AUsg =| U- Ug | BakT 6yiinga

|AUn /U | (%) Hsroton 0.7279

ycynuaa

| AUR/U | (%) Tlukap 0.7010

ycyauaa

| AUs/U | (%) Bakr 6Vitmaa | 0.7010 | 0.9756 | 0.5039

Anuk eunm (U) 0.7017 | 0.8962 |0.9920

Takp.euum: Hetoton ycymu | 0.7085 | 0.9073 | 0.9949

(Un)

Takp.eunm: [Tukap ycynu 0.7080 | 0.9071 | 0.9949

(Un)

Takp.eunm: Bakr Gyitnua 0.7080 | 0.9071 | 0.9949

(Us)

AUp =| U- Un | HetoTon 0.0068 [ 0.0111 | 0.0045
0.556 | ycynuma

AUn =| U- Un | Iukap 0.0063 [ 0.0109 | 0.0045

ycynuaa

AUg =| U- Ug | Bakr 6y#inya | 0.0063 | 0.0109 | 0.0045

| AUn /U | (%) HproToH 0.9737 | 1.5763 | 0.2877

ycyauaa

| AUn /U | (%) Tluxap 0.8994 | 1.5510 |0.2919

ycyauaa

| AU /U | (%) Baxkr 6yitnua | 0.8994 | 1.5510 | 0.2919

2-KaBall.
t/x T(x,t) 0.222 | 0.556 | 0.889
Anuk eunm (T) 0.4594 |0.3292
0.6412

Takp.euum: Hetoton ycymu | 0.6409 | 0.4595 | 0.3293

(Tn)

Takp.eunm: [Tukap ycynu 0.6343 | 0.4512 | 0.3262

(Tn)

Takp.ecunm: Bakr Gyitnaa 0.6343 | 0.4512 | 0.3262
0.222 [(I8)

ATh =| T-Tu | HeroTon 0.0003 | 0.0001 | 0.0001

ycynuaa

ATn =| T- Tn | [lukap 0.0069 | 0.0082 |0.0030

ycyauaa

ATg =| T- Tg | Bakr 6yitnua | 0.0069 | 0.0082 | 0.0030

| ATu /T | (%) Hproton 0.0441 | 0.0146 |0.0416

ycyauaa

| ATw/T |(%) Tlukap 1.0731 | 1.7916 | 0.9161
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ycynuaa

| ATs/T |[(%) Bakr 6y .

Anuk eunm (T) 0.4594

Takp.euum: Hetoton ycymu | 0.4598

(Tn)

Takp.eunm: [Iukap ycynu 0.4539

(Tn)

Takp.ecunm: Bakr Gyitnaa 0.4539 (0.3222 |0.2334

(Ts)

ATy =| T- Tu | HetoToH 0.0004 | 0.0008 | 0.0001
0.556 | ycynupa

ATn =| T- Tn | [lukap 0.0056 | 0.0069 |0.0030

ycynuaa

ATg =| T- Tg | Bakr 6¥inua | 0.0056 | 0.0069 | 0.0030

| ATu /T |(%) Hproton 0.0907 | 0.1651 | 0.1621

ycynuaa

| ATn /T |(%) Ilukap 1.2098 | 1.5122 | 1.0515

ycynuaa

| AT /T |(%) Bakr 6yiinya | 1.2098 | 1.5122 | 1.0515

Kyitnparu pacmiapaa (1)-(5) Macaiianu 4YM3UKCU3 TECT MacajlacHja CuuIll
yuyH HbIOTOH yCynu KyJJaHWITaHlard, BapuaHTIIapaH 2HT camapaiucu OynaraH 3-
BapuaHT &pJamMua OJIMHTAH COHJM Ba aHUK CEYUMJIAPHUHT rpaduKiapu
TacBUpJaHTaH. [ padUKIapHUHT yCTMa-yCcT TYMAETTaHINTH KyJIaHWIaETraH
YCYJHUHT SIXIIAJIUTHHYM, IIyHTa MOC QIrOpuTM Ba MPOrpaMMaHHHT 3ca

TYFPWINTUHU TaCIUKIANUIN.

T 06 u

05 4+

04 = 08 +

06 1

03 1

02 1 0.4 +

= aHMK B4HM
== TaKD SYnm

01 7 - 0.3 1 S
T{x, 1=0,56) g Ui, t=0,56)

a) @ TAKD BuMM B)
o4 T - . - - - " . . - o —
0 011 022 0,33 044 056 067 0,78 0,89 1 , 6 611 022 033 044 056 067 078 089 1 x

1-pacm. @ukcupnanran t=0.56 BakTaaru: a) TeMnepaTypaHuHr. 0)
Hr OX YKy OYiirya aHWK Ba TAKPUOUM €UUMIIAPHUHT Y3rapuiil rpaguKiapu.

Mana mynapra acociaHuO, IOKOpUJa KEJNTHPHITaH TECT Macajach y4yH

UK MaHOacu cudaruaa karHamaérran @ QyHKUUSHUHT Q=0 Ba Q=¢
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Oyiran xoyapuja TeHIJIaMajaapaa », Ba

gm3ukcn3 Koapdurumentiap( K, =7" T
TAbCUPUHU YpraHum Oyiinmya XucoOnam 3KCHEepUMEHTIap

Kymnanan, n,=2 ¥y3rapmac ne6, n HuHr 0 gan Oouuiad, To
KUMaTiapuaa OJIMHTaH COHJIM HAaTHKAJIAPHUHT Y3rapuluiapu 2- Ba 3-pac
rpaduK KypHHHIIApAa KEITHPWITaH. XyCycaH, Q=0 OyiraHga TemIieparypa
byHKIUICHHUHT Xap Xwi BakTiaapaard (t=0; 0.22; 0.44; 0.56; 0.89; 1) rpaduxnapu
(3) - OomaHFuy WAPTAATH 7,(x) QYHKIUSACUHUHT Ipa(UruaaH nacTaa >KOMIaNIIy,
n,(x) HUHT TEMIIepaTypa y4yH FOKOPH €4uM cudartuaa Kapaluild MyMKHHIUTHHA

kypcaragu. Kyuni QyHkuuscu ydyH 3ca akCMHYA, S’bHU KY4MII (DYHKIMSICUHUHT
rpaduknapu (3)-Oomanrud maptaard  @(x)  GYHKUMSICHHUHT Tpaduruaaxn
IOKOpH/Ia KOWIAIHIIK Ky3aTuian. by sca ¢(x) HHMHT Kyuyuml (QyHKOUACH yY9yH
Kyiin eunM cudatuga OJMHUIIA MYMKHHJIMTHHH HamMo€H Kwiagun. Manb6a
(YHKIUACUHUHT Y3rapuiim Q=¢  KYypUHHIIHIA OVyiraHga 3ca, TeMIeparypa
y3rapuimm Oyiinda ¥y3ura XoC XOJATIapHU Ky3aTUII MYMKHH, JI€KHH KY9HII
dyHKuMsAcHAa OyHaall KECKUH y3rapuiuiap Ky3atuiamaau (3-pacum).

) i e —=—t-080 ——t-056 12 === =W=T0EF  —==1=0,56

=—=1=0,44 —1=0,22 —a—1=0 —a—1=0,44 —1=0,22 —t—1=0

1 1

s 0,8

0.6 0.6

0,4 : 0,4
"2 7 02 +
a) 6)

1

0 02 os 06 o8 X o 022 o044 067 om0 *
13 ——1=1 —W=1=088  ——1=055 132 —t—t=1 = t=0,80  ———1=0,56
T ——=(),44 —re), 2 ——1=0 I ——t=044  ——t=0,22 ——t=0
1 1
0.8
0.6
0,4
0,2 +
B

o X

t] 0,22 044 0,67 089
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2-pacM. Tenrnamaga Q=0 X0JI y4yH T

Volume

nl=126 Ba xyuuHuHr T) nl

17 =izl —B-1=0,30 o [,56 10,89
I —a— =048 — 0,22 ——t =gl w0
1 =
T .2
08 - 1
05 -+ y o
06
04 |
04
02 - 02
a) Bl
o R
X
I 0n oM 08 08 x 0 0,22 0,44 0,67 0,49
——1=1 —i=1=0,80 ——t=0,56 ——t=1 —W—t=0E0 ——t=056
—f—120,44 —t=0,22 —4=1=0
=044 —1=0,22 ——t=0

o 0322 044 067 080

3-pacm. Tenrnamaga Q=€ X011 yuyH Temreparypasusr a) n1=0; 6) n1=10; B)

nl=16 Ba kyuumHuHr r) n1=16 y3rapumu rpaduxiapu.

Xynoca kunuO antranga, (1)-(5) kypuHMIIZaru mMacajlajapHU COHJIM €YMII

Y4yH TaBCHs KWIMHAETraH aJIrOPUTM BapUaHTH, LIy AacoCHUla SpaTUIraH
[IporpaMmanap MaKxMyacy Ba OJIMHTaH HaTHXKajlap MyalssH KYpUHHILIATH YU3UKCH3

MacajJlaJapHd €YMII YYyH METOJUK Kypcarma OYnaud Xu3MaT KUJIMIIU
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