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Annotatsiya. Maqgoladaizotrop sterjenning temperatura maydonibilan bog‘lig dinamik deformatsiyalanish masalasi
garaladi. Masala giperbolik turdagi harakat tenglamasi va parabolik turdagi issiqlik o‘tkazuvchanlik tenglamasidan
iborat chizigsiz sistemaga keltiriladi. Sistema to‘r usulida yechiladi: temperatura uchun ikki gatlamli, ko‘chish uchun
uch qatlamli oshkor va oshkormas sxemalar tuzilib, chizigsiz hadlar Pikar hamda Nyuton usullari, shuningdek, oldingi
vaqgt qatlami bo‘yicha chiziglashtiriladi. Ishning asosiy magsadi — sxemalar va chiziglashtirish usullarining to‘rtta
kombinatsiyasini aniq yechimi ma’lum bo‘lgan test masalasida taqqoslash hamda amaliy hisoblashlar uchun eng
qulayini ajratib olishdir. Hisoblash eksperimentlari Nyuton usuli bilan birlashtiriigan oshkormas sxema temperatura
bo‘yicha eng kichik xatolikni berishini, iteratsiyalar soni esa uchtadan oshmasligini ko‘rsatdi. Shuningdek, chizigsiz
koeffitsiyentlar darajasining yechimga ta’siri o‘rganildi.

Kalit so‘zlar: bog'liq termoplastik masala, izotrop sterjen, giperbolo-parabolik sistema, to‘r usuli, oshkor va oshkormas
sxemalar, Pikar usuli, Nyuton usuli, test masalasi, chizigsiz koeffitsiyentlar.

AHHOTaumsA. B craTbe paccmaTtpuBaeTcs 3ajava AMHaMUYeckoro AedOopMUPOBAHUSI M3OTPOMHONO CTEPXKHS,
CBsi3aHHas C ero TemnepaTypHbIM noneM. 3agaya CBOAUTCS K HEMUHENHOW CUCTEME, COCTOSILLIEN U3 YPaBHEHWUS ABVKEHUS
rMnepbonnyeckoro TUna v ypaBHEHWUS TENIONPOBOAHOCTU Napabornuyeckoro Tmna. Cuctema pellaeTcs MeToaoM CETOK:
Ana TemMnepaTtypbl CTPOATCA ABYXCIONHbIE, AN NEPEMELLEHNIN — TPEXCMOWHbIE ABHbIE N HESIBHBIE CXEMbI, @ HENMHENHbIE
uneHbl NMHeapuaytTca meTogamu MNukapa, HetoToHa NMMB0o No 3Ha4YeHUsAM Ha npeablayLieM BpeMeHHOM croe. OCHoBHasi
Lenb paboTbl — CpaBHUTL YETbIPE KOMBUHAaLMK CXeEM M CNOcoBOB NMHeapu3aLMmn Ha TECTOBOW 3a4aye C U3BECTHLIM TOYHbLIM
peLueHveM u Bblibpatb Hanbonee yaobHy AN NPaKTUYECKMX pacyeToB. BbluMcnnTenbHbIE SKCNEPUMEHThI NoKasanu, YTo
HesiBHasi Cxema B COYETaHMN ¢ MeTOAOM HblOTOHa JaeT HaMMEHbLLYH MOrpPeLLHOCTb Mo TeMMepaType, a YUCo UTepaLmn
He MpeBbIWaeT Tpex. MiccnegoBaHo Takke BNUSHUE CTENEHU HEJNTMHENHbIX KO3(MMULIMEHTOB HA PELLEHME.

KntoyeBble cnoBa: CBsi3aHHasi TepMomnnacTMieckas 3afgada, M30TPOMHbIA CTEPXKEHb, rmnepbono-napabdonuyeckas
cucTemMa, MeTof CETOK, SIBHasi U HesiBHAas cxembl, meTod [lukapa, meton HbloToHa, TecToBas 3afava, HENMHENHbIe
KO3(hPULNEHTDI.

Abstract. The paper considers the dynamic deformation problem of an isotropic rod coupled with its temperature field.
The problem reduces to a nonlinear system consisting of a hyperbolic motion equation and a parabolic heat conduction
equation. The system is solved by the finite difference method: two-layer schemes are constructed for temperature and
three-layer schemes for displacement, both in explicit and implicit forms, while the nonlinear terms are linearized using the
Picard method, Newton’s method, or values from the previous time layer. The main objective of the work is to compare
four combinations of schemes and linearization methods on a test problem with a known exact solution and to select the
most suitable one for practical computations. Numerical experiments demonstrate that the implicit scheme combined with
Newton’s method yields the smallest temperature error, with the number of iterations not exceeding three. The effect of the
exponent of the nonlinear coefficients on the solution is also investigated.

Keywords: coupled thermoplastic problem, isotropic rod, hyperbolic—parabolic system, finite difference method,
explicit and implicit schemes, Picard method, Newton’s method, test problem, nonlinear coefficients.
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KIRISH

Sterjensimon elementlar gizdirilganda ularda ko‘chish va temperatura maydonlari bir-biriga o‘zaro ta’sir
giladi: temperatura gradienti kuchlanish hosil gilsa, tez deformatsiya oz navbatida issiqlik ajralishiga olib
keladi. Shu sababli bunday jarayonlar bog'liq (svyazannaya) masala sifatida qaralishi lozim [1-3]. Izotrop
sterjen uchun bu masala Q:{agxsb, f, StST"} sohada chizigsiz giperbolik turdagi harakat tenglamasi [4]

o’u 0 ou ou oT (1)
PYE Kzla(Kzz g)+K23a+Kz4”+K25 g"'P

hamda parabolik turdagi issiqlik o‘tkazuvchanlik tenglamasi

oT 0 oT oT ou
—=K,—(K,,—)+K,—+K,T+K,——+ (2)
8t 11 ax( 12 ax) 13 ax 14 15 8x81 Q

ko'rinishida yoziladi. Bu yerda Kij koeffitsiyentlar, P va O hadlar umumiy holda x,¢,7 hamda u ga

chizigsiz bog'liq funksiyalardir; amaliy masalalarda ular ko‘pincha o‘zgarmas yoki aniq funksional ko‘rinishda
beriladi [1-2]. Ushbu ishda (1)-(2) giperbolo-parabolik sistemani quyidagi boshlang‘ich

u, =e@ ul, =y T, =)

3)
hamda chegaraviy shartlar

U, =xn0 oy, =50 @
7., =60, T|,=&0 )

bilan birgalikda sonli yechish algoritmi quriladi, shu asosda dastur yaratiladi va turli iteratsion usullar o‘zaro
taqgoslanadi. Masala korrekt qo‘yilgan deb hisoblanadi.

MAVZUGA OID ADABIYOTLAR SHARHI

Bog'lig termoelastiklik nazariyasining asoslari M. Bio [17] va V. Novaskiy [18] ishlarida yaratilgan
bo'lib, termik kuchlanishlar nazariyasi R. Xetnarski va M. Eslami monografiyasida [19] tizimlashtirilgan.
Chekli deformatsiyalarda bog‘liq termoplastiklik masalalarini sonli yechish algoritmlari va ularning
turg‘unligi J. Simo, K. Miye hamda F. Armero ishlarida [20, 21] tadqiq etilgan, ayirmali sxemalarning
turg‘unligi va yaginlashishi nazariyasi esa A.A. Samarskiy monografiyasida [22] bayon qilingan. Mahalliy
olimlardan A.A. Xaldjigitov va uning shogirdlari ishlarida termoelastiklik hamda termoplastiklikning bog‘liq
masalalari, shuningdek, izotrop va transversal-izotrop materiallar uchun aniglovchi munosabatlar batafsil
ishlab chiqilgan [1, 3]. Deformatsion nazariyaga asoslangan bir, ikki va uch olchovli bog‘lig dinamik
termoplastik masalalarning matematik modellari hamda sonli yechish algoritmlari [4-8, 12, 15, 16]
ishlarda qurilgan. lzotrop jismlar uchun bir va ikki o‘lchovli masalalarni chekli ayirmalar usulida yechish
tajribasi [9, 10] da, deformatsion va oqish nazariyalari asosidagi yondashuvlar esa [11] da keltirilgan. Ikki
o‘lchovli bog‘lig masalalarning sonli yechimlari [2, 13, 14] ishlarda o‘rganilgan. Mazkur matnni tahrirlash
jarayonida sun’iy intellekt imkoniyatlaridan ham foydalanildi. Avvalgi tadqigotlarni to‘ldirgan holda, ushbu
magqolada chiziglashtirish usullari hamda oshkor va oshkormas sxemalarning to‘rtta varianti aniq yechimi
ma’lum bo‘lgan bitta test masalasida o‘zaro solishtirilib, amaliy hisoblashlar uchun eng samaralisi asoslab
beriladi.
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TADQIQOT METODOLOGIYASI

Tenglamalar chizigsiz bo‘lgani uchun yechimni to‘g‘ridan-to‘g‘ri topib bo‘lmaydi — to‘r usulini iteratsion
jarayon bilan birlashtirishga to‘g'ri keladi. Dastlab Q soha Ox o‘gi bo'yicha #=(b-a)/(m-1) va Ot o'‘qi
bo'yicha 7 =(T"—t,)/(n—-1) qadamlar bilan x,=a+@G-1h va ¢, =t,+(j=D7 (i=1,m; j=1,n) chiziglar orgali
diskretlashtiriladi [3]. Hosilalar chekli ayirmalar bilan almashtirilganda chizigsiz funksiyalar Pikar yoki Nyuton
usulida chiziglashtiriladi. Iteratsion jarayonning yaqinlashish tezligi uchta omilga bog‘liq: boshlang‘ich
yaqginlashishning tanlanishi [6], chiziglashtirish usuli va sxemaning oshkor yoki oshkormas ekani [7-9].
Tajriba ko‘rsatishicha, tenglamalardagi Kij koeffitsiyentlarni oldingi vaqt gatlamidagi giymatlar orqali
yoki Pikar usulida chiziglashtirish yetarli; Q va P manba funksiyalarini esa Nyuton usulida chiziglashtirish
maqgsadga muvofig. Shu mulohazalardan kelib chiqgib, sterjenda temperatura targalishini oshkor va
oshkormas sxemalar bilan ifodalangan

J+l J J J J J J J
T T =K 1K/ ];+ _7; K’ 7: _];-1 j 7;+1_7;—1 (6)
11i 12i+1 2 12i 2 +K 13§ +
T h h 2h
W —ul —u v S
J +1 +1 J J J+l J
+K’ 14171 + K75, — : P : —+ Q0 + 1 Q' (T =T7)
J+l Jj Jj+l J+l J+l J+l J+l Jj+l
(A SR ISR G KPR Ny KAl IR P o
K i K i 2 K, +Kyy, t (7)
T h % 2h
W —u —u ! . . . .
+K’ 14,ZJ+I+K115, - thz_ l —+0/ +/”1QJT:‘(];J+1 -T)

tenglamalar sistemasi orqgali, temperatura ta’sirida ko‘chishning o‘zgarishini esa uch qatlamli oshkor va
oshkormas sxemalar bilan ifodalangan [10-11]

j+2 J+l Jo_ ) J_ 4,0 j )
zu + u _ K K] ui+1 ui Kj ui ui—l Kj l+1 ui—l
P - 21i 22i+ 2 T 2 23i +
T h h 2h
1yl
J J J i+l J J 2 _ J+1
+K7 u + K s, 2 + B+, P (u; ) (8)
j+2 J+l Jj+2 j+2 j+2 Jj+2 Jj+2 Jj+2
- 2u; "'” j i U T ioW TUy oW Tl
SR EEY €0 R S S € SR € S
Tz 21i 2+l h2 2i h2 23i 0
Tj+1 _ o+l
Jj+2 J i+1 i1 J J J2 gl 9
+K’ 2 UK s, 2 + B+, P uj(ui u™) ©)

tenglamalar sistemasi orqgali aniglash mumkin. Bu yerda 4, va K, parametrlar Q va P funksiyalarni
Pikar (4 = #, =0) yoki Nyuton (4, = x#, =1) usulida chiziglashtirishni bir xil yozuvda ifodalash uchun kiritilgan

(j=LN-Li=1m-1). Soddalashtirishlardan so‘ng mos ravishda

K’ | K L -1 K’ I’ -1, LK/ I -T +
11i 12i+1 h2 12i h2 134 2h
= + T (-7 1,0’ 10
al Wt =, 4 | Q). 00
K 14i Tj + KleI = thT : l Q luleTi -T;J
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j+l j+l Jj+l (11)
AIT;—I +Csz" +BITZ'+1 _D19
J+ j+ Jj+ J+ Azl Jj+l
; u., —u Cooult —u u', —u;
J +1 J -1 J +1 -1
K 21i {K 22i+1 t i —-K 2i : i t }"’K 23i l " :
j+2 j+1 j 2 2P
w'? =2 —ul +1 I | (1-wr?P ), (12)
J J J it il J J o,
+K7 ) +K 251'T+R - B u;
Jj+2 J+2 Jj+2 _
Au!" +Bu!"+Cu! " =D, (13)

ko‘rinishdagi hisoblash formulalari hosil bo‘ladi. Amaliy hisoblashlarni (10)-(13) formulalarning {T,-’”;u,.f”}
juftlik ko‘rinishidagi kombinatsiyalaridan tuziladigan to‘rtta variantda olib borish mumkin [12-14]. Ularning qaysi biri
samarali ekanini fagat aniq yechimi ma’lum bo‘lgan test masalasida tekshirib aniglash mumkin:

{(10) {(10) {(11) {(ll)
1-Variant: <12) 2-Variant: (13) 3-Variant: (12) 4-Variant: (13)

i+, j+2
Har bir {T]+ ;U-J+ } juftlik uchun tuzilgan variant yuqoridagi (3)-(5) shartlarning diskret ko‘rinishi:

. . 2_ 1 . .
7;1 =17,(x,), I/ :é:l(tj)a T, :é:z(tj)’ uzl =o(x;) A =w(x,) u =x() i, :Zz(tj) bilan
, T i/, i’

birgalikda yechiladi. Bu yerda A, B ,C,D, - koeffitsiyentlar (7) va (9) tenglamalardan aniglanadi (s=1,2);

J o _ J 4,7 J J 4,7 J _ J J
K lli_Kll(xi’tj’T;’ ul), K 12i_K12(xi’tj’]; ul), o, K 25i+1_K25(xi+l’tj’7:'+l’ui+l)5

]_)ijzp(xi:tjaj;j:uij)5 Qij =Q(xi>tj5];’j:uij)7 B,é:R,(xj’tjaz-;jaujj)a Q]{i=QT(xi’tj97;‘jauij) - berilgan
funksiyalar.

TAHLIL VA NATIJALAR

Test masalasi. Variantlarni taqqoslash uchun (1)-(5) masalaning berilganlari K, =K, =1,
n n— o -1 n
K13 :K14:0’ K15:Tn1’ K21 :K22:17 K23:K24:05 KZSZTZ, QZT(TIIM—2),QT_n1T1 u_zs P:T2+l,

L —qi o 1+
£ =0 , L) =sin(+1), g () =€, &(1)=e deb tanlandi: bunda aniq yechim T(x,t) =e ™ va

u(x, 1) =sin(x +7) ko‘rinishida ma’lum bo‘ladi. Q soha o‘zgarmas qadamli to‘'rga a=0, b=1, #, = 0,7" =1,

m=n=10, n =4, n, =2 giymatlarida keltirildi, vaqt qatlamlari orasidagi iteratsion jarayonning to‘xtash
sharti sifatida €=0.001 aniqglik olindi. 3-variant bilan hisoblaganda iteratsiyalar soni birorta gatlamda ham 3
tadan oshmadi. P va QO funksiyalarni Nyuton usulida chiziglashtirilganda ( = 4, =1) nisbiy xatolikning
maksimal giymati 1.58 % dan, Pikar usulida (# =4, =0) esa 2.08 % dan oshmadi. Chizigsiz hadlarni
oldingi vaqt qatlamidagi giymatlar orgali ham chiziglashtirish mumkin. Bu usul Pikar usuli bilan amalda
bir xil natija beradi, Nyuton usuli esa ikkalasidan ham anigroq chiqgadi. Buning sababi oddiy: Nyuton usuli
manba funksiyasining hosilasini ham hisobga oladi, shuning uchun har bir gatlamda chizigsizlik to‘laroq
aks etadi. 1-2 jadvallarda Q sohaning x= 0.222, 0.556, 0.889; t=0.222, 0.556 nuqtalarida aniq yechim,
uch xil chiziglashtirish usulida olingan taqgribiy yechimlar, hamda absolyut va nisbiy xatoliklar keltirilgan
(1-jadval).
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1-jadval
U(x,t) ko'chish funksiyasi uchun aniq va taqribiy yechimlarning chiziglashtirish
usullari bo‘yicha taqqoslanishi va nisbiy xatoliklari (%)

t/x u(x,t) 0.222 0.556 0.889
Aniqg yechim (U) 0.4300 0.7017 0.8962 o
Tagr.yechim: Nyuton usuli (U,) 0.4331 0.7085 0.9007
Tagr.yechim: Pikar usuli (U,) 0.4330 0.7085 0.9007 Z
Tagr.yechim: Vagt bo‘yicha (U, ) 0.4330 0.7085 0.9007
0.922 AU, =| U- U, | Nyuton usulida 0.0031 0.0068 0.0045 O
' AU, =| U- U, | Pikar usulida 0.0030 0.0068 0.0045
AU, =| U- U, | Vagt bo'yicha 0.0030 0.0068 0.0045 ( ’
IAU, /U | (%) Nyuton usulida 0.7279 0.9763 0.5008
| AU/U | (%) Pikar usulida 0.7010 0.9756 0.5039 I I |
| AU /U | (%) Vagqt bo'yicha 0.7010 0.9756 0.5039
Aniq yechim (U) 0.7017 0.8962 0.9920
Tagr.yechim: Nyuton usuli (U,) 0.7085 0.9073 0.9949
Tagr.yechim: Pikar usuli (U,) 0.7080 0.9071 0.9949 <
Tagr.yechim: Vaqgt boyicha (U,) 0.7080 0.9071 0.9949
0.556 AU, =| U- U, | Nyuton usulida 0.0068 0.0111 0.0045 z
' AU, =| U- U, | Pikar usulida 0.0063 0.0109 0.0045
AU, =| U- U, | Vagt bo'yicha 0.0063 0.0109 0.0045 E
| AU, /U | (%) Nyuton usulida 0.9737 1.5763 0.2877
| AU, /U | (%) Pikar usulida 0.8994 1.5510 0.2919
| AU, /U | (%) Vagt bo'yicha 0.8994 1.5510 0.2919 2
2-jadval o
T(x,t) temperatura maydoni uchun aniq va taqribiy yechimlarning chiziglashtirish
usullari bo‘yicha taqqoslanishi va nisbiy xatoliklari (%) i—l—i
tix T(xt) 0.222 0.556 0.889 S
Aniq yechim (T) 0.6412 0.4594 0.3292 O
Tagr.yechim: Nyuton usuli (T,) 0.6409 0.4595 0.3293 : :
Tagr.yechim: Pikar usuli (T,) 0.6343 0.4512 0.3262
Tagr.yechim: Vagt bo'yicha (T,) 0.6343 0.4512 0.3262 ( I )
AT, =| T-T, | Nyuton usulida 0.0003 0.0001 0.0001
0.222 AT, =| T-T, | Pikar usulida 0.0069 0.0082 0.0030
AT, =| T- T, | Vaqt bo‘yicha 0.0069 0.0082 0.0030 F
| AT, /T | (%) Nyuton usulida 0.0441 0.0146 0.0416 O
|ATJT |(%) Pikar usulida 1.0731 1.7916 0.9161
| AT,/T (%) Vaqt bo'yicha 1.0731 1.7916 0.9161 >-‘
Aniq yechim (T) 0.4594 0.3292 0.2359 Py
Tagr.yechim: Nyuton usuli (T,) 0.4598 0.3300 0.2363 D
Taqr.yechim: Pikar usuli (T,,) 0.4539 0.3222 0.2334
Tagr.yechim: Vagt bo‘yicha (T,) 0.4539 0.3222 0.2334 O
AT, =| T- T, | Nyuton usulida 0.0004 0.0008 0.0001 m
0.556 AT, =| T- T, | Pikar usulida 0.0056 0.0069 0.0030 N )
AT, =|T-T, | Vaqt bo'yicha 0.0056 0.0069 0.0030
| AT, /T (%) Nyuton usulida 0.0907 0.1651 0.1621 E
| AT, /T |(%) Pikar usulida 1.2098 1.5122 1.0515 O)
| AT, /T |(%) Vaqt bo‘yicha 1.2098 1.5122 1.0515 N
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1-rasmda test masalasini Nyuton usuli va eng samarali 3-variant bilan yechishda olingan sonli va aniq
yechimlar ko‘rsatilgan. lkkala grafik amalda ustma-ust tushadi — bu tanlangan sxemaning anigligini ham,
algoritm va dasturning to‘g‘ri ishlashini ham tasdiglaydi (1-rasm).

12 7

. . U

0s + - i
- 08
03 1 . 05 1
02 1 0.4 4

—
[=]
o

—r—

T —_— 0.2 1 AHHE ENHM

o Tix, t=0,56) i a s =8e0) == TaKp eYHM
a} a Tam EHMM } |:| + = e s - . = = Kp... sy
0 011 0,22 0,33 044 056 067 078 08 1 0 011 0,22 0,33 044 05 067 078 089 1 x

1-rasm. Fiksirlangan t=0.56 vaqtda: a) temperaturaning,
b) ko‘chishning Ox o‘qi bo‘yicha aniq va taqribiy yechimlari

Dastur to‘g'ri ishlashiga ishonch hosil gilingach, test masalasida issiqlik manbasi vazifasini bajaruvchi
funksiyaning 90=0 va Q=¢" hollari uchun tenglamalardagi ”, va 1, darajali chizigsiz koeffitsiyentlar (
K =T" va K,; =T") ning sonli yechimga ta’siri o‘rganildi. Buning uchun n,=2 o‘zgarmas deb olinib, 7; 0
dan 126 gacha o‘zgartirildi; natijalar 2- va 3-rasmlarda keltiriigan. Q =0 bo‘lganda temperatura funksiyasining
turli vagtlardagi (t=0; 0.22; 0.44; 0.56; 0.89; 1) grafiklari (3) boshlang‘ich shartdagi 77,(x) funksiyasi grafigidan
pastda joylashadi. Demak, 77,(x) ni temperatura uchun yuqori yechim sifatida garash mumkin. Ko‘chish
funksiyasi esa aksincha: uning grafiklari (3) boshlang‘ich shartdagi (D(X) funksiyasi grafigidan yuqorida yotadi,
ya'ni @(x) ko‘chish uchun quyi yechim bo‘lib xizmat giladi. Manba funksiyasi Q = ¢’ ko'rinishida berilganda
temperatura o‘zgarishida o‘ziga xos holatlar kuzatiladi, ko‘chish funksiyasida esa bunday keskin o‘zgarishlar
yo'‘q. Bu kuzatuv chizigsiz koeffitsiyentlar darajasining temperatura maydoniga ko‘chishga qaraganda sezgirroq
ta’sir qilishini ko‘rsatadi(2-rasm, 3-rasm).

T *= —e—t=1 —a— t-0,89 =0, 56 1.2 —.——t=1 ———1=0, B

T t=0_515
z ——re0,aa =0, 2 ——t=0 —— =0, 44 =022 ——t=Q
1
0.8 o8
0,6 o6
o4 o,
(-] : o, T
a) 5]
o = ]
o w22 o, 067 o589 - o o2 O,aa Q67 0,50 "
1.2 ——=1 ——r=0,E9 =0, 1.2 —p—t=1 ——t=10 8309 T=0 55
T —— =, -4 t=0,2> — =0 () —— =, =D, 2 2 ——t =D

1 1
LR
s
g
L

)
o . - - 2 - ——
o o2 o233 067 o889 (=] o222 o34 067 LR
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Tr T —e—w=1 —=—t-0.89 =056 1.2 ——t=1 ——— 0BT

LB =0 56
=1 —eO,a T,z — =0 i —— =0, t=n, 2 —— =10
o= o.s
L=t [ =3
oA 0.4
2 ‘:‘:!:‘::‘:h*-__ B |
=] =3
0 — - — o
o o2z o,a 067 .89 sl o o2 O, a4 0,67 osa X
1.2 —— =1 —— =0, B — DS & 1,2 i =1 el i 8 [ = L5 | =0 56
h — =0, t=0, 22 — =0 (W] —— =, a3 —_—t 22 ——t=0
1 - |
oL A
L= =) A
.49 '
[= = B
&)
o o,x2 o 0,67 o889 x
2-rasm. Tenglamada 0 =0 hol uchun temperaturaning a) n1=0; b)
n1=10; v) n1=126 va ko‘chishning g) n1=126 o‘zgarishi grafiklari
1,2 ==i=d —B=1=05 — ), 56 ==1=1 =B=1=0.89 =—1=0,56
T —a—1=0,48 —t:022 i ——1t=0,44 —tu, 32 —— )
1
T L
048 - 1
0
06 - =
0.6
04 -
0.4
2 - 0z
a) B)
0 ol
' X
o n'rlr 0 -H ﬂ,E-lr m x ﬂ uﬁ?i D.IM ﬂ.ﬁ? Dﬂ“
e 1= +t=|:|.3‘3 _t=ﬂ.5’5 —1=1 = |=D.Eg t=ﬂ,56
—@—1t=0,44 —tel, 22 =t=1=0
—8—1=0,44 — =022 —4—t=0
T Ui
1 12 -
1 B
08
04
06
06
4
. 04
0,2 1
d 0,2
8)
o ; 2 % ] f—g—t . : 7
o 02 0,44 0,67 0,89 0 0,22 0,44 067 0,89

3-rasm. Tenglamada Q =¢" hol uchun temperaturaning
a) n1=0; b) n1=10; v) n1=16 va ko‘chishning g) n1=16 o‘zgarishi grafiklari
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XULOSA VA TAKLIFLAR

Izotrop sterjen uchun bog‘liq dinamik termoplastik masala to‘r usulida yechildi hamda ayirmali sxemalarning

to'rtta kombinatsiyasi test masalasida taggoslandi. Olingan natijalar quyidagilarni ko‘rsatdi:

e Temperatura uchun oshkormas, ko‘chish uchun oshkor sxemani (3-variant) Nyuton usuli bilan

birlashtirish eng kichik xatolikni ta’minlaydi;

e Pikar usuli va oldingi vaqt gatlami bo‘yicha chiziglashtirish bir xil natijani beradi;
e Barcha hollarda iteratsiyalar soni uchtadan oshmaydi.
Shuningdek, chizigsiz koeffitsiyentlar darajasi ortib borishi bilan temperatura maydoni sezilarli darajada

o'zgarishi, ko‘chish maydoni esa bargaror saglanib golishi aniglandi. Taklif etilgan algoritm va dasturlar majmuasi
ushbu turdagi chizigsiz amaliy masalalarni yechishda metodik asos sifatida foydalanish uchun tavsiya etiladi.
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