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Ãëàâà 1

Ââåäåíèå â ìåòîä êîíå÷íûõ
ýëåìåíòîâ

Ìåòîä êîíå÷íûõ ýëåìåíòîâ ïðåäñòàâëÿåò ñîáîé ýôôåêòèâíûé ÷èñëåííûé ìå-
òîä ðåøåíèÿ èíæåíåðíûõ è ôèçè÷åñêèõ çàäà÷. Îñíîâíàÿ èäåÿ ìåòîäà êîíå÷íûõ
ýëåìåíòîâ ñîñòîèò â òîì, ÷òî ëþáóþ íåïðåðûâíóþ âåëè÷èíó, òàêóþ êàê òåìïåðà-
òóðà, äàâëåíèå, ïåðåìåùåíèå, ìîæíî àïïðîêñèìèðîâàòü äèñêðåòíîé ìîäåëüþ, êî-
òîðàÿ ñòðîèòñÿ íà ìíîæåñòâå êóñî÷íî-íåïðåðûâíûõ ôóíêöèé, îïðåäåëåííûõ íà
êîíå÷íîì ÷èñëå ïîäîáëàñòåé. Ýòè êóñî÷íî-íåïðåðûâíûå ôóíêöèè îïðåäåëÿþòñÿ
ñ ïîìîùüþ çíà÷åíèé íåïðåðûâíîé âåëè÷èíû â êîíå÷íîì ÷èñëå òî÷åê ðàññìàò-
ðèâàåìîé îáëàñòè. Â îáùåì ñëó÷àå íåïðåðûâíàÿ âåëè÷èíà çàðàíåå íåèçâåñòíà,
è íóæíî îïðåäåëèòü çíà÷åíèå ýòîé âåëè÷èíû â íåêîòîðûõ âíóòðåííèõ òî÷êàõ
îáëàñòè. Ïðè ïîñòðîåíèè äèñêðåòíîé ìîäåëè íåïðåðûâíîé âåëè÷èíû ïîñòóïàþò
ñëåäóþùèì îáðàçîì:

• Â ðàññìàòðèâàåìîé îáëàñòè ôèêñèðóåòñÿ êîíå÷íîå ÷èñëî òî÷åê. Ýòè òî÷êè
íàçûâàþòñÿ óçëîâûìè òî÷êàìè èëè ïðîñòî óçëàìè.

• Çíà÷åíèå íåïðåðûâíîé âåëè÷èíû â êàæäîé óçëîâîé òî÷êå ñ÷èòàåòñÿ ïåðå-
ìåííîé, êîòîðàÿ äîëæíà áûòü îïðåäåëåíà.

• Îáëàñòü îïðåäåëåíèÿ íåïðåðûâíîé âåëè÷èíû ðàçáèâàåòñÿ íà êîíå÷íîå ÷èñ-
ëî ïîäîáëàñòåé, íàçûâàåìûõ ýëåìåíòàìè. Ýòè ýëåìåíòû èìåþò îáùèå óç-
ëîâûå òî÷êè è â ñîâîêóïíîñòè àïïðîêñèìèðóþò ôîðìó îáëàñòè.

• Íåïðåðûâíàÿ âåëè÷èíà àïïðîêñèìèðóåòñÿ íà êàæäîì ýëåìåíòå ïîëèíîìîì
(1, 2, 3 ñòåïåíè), êîòîðûé îïðåäåëÿåòñÿ ñ ïîìîùüþ óçëîâûõ çíà÷åíèé ýòîé
âåëè÷èíû.

Äëÿ êàæäîãî ýëåìåíòà îïðåäåëÿåòñÿ ñâîé ïîëèíîì, íî ïîëèíîìû ïîäáèðàþòñÿ òà-
êèì îáðàçîì, ÷òîáû ñîõðàíÿëàñü íåïðåðûâíîñòü âåëè÷èíû âäîëü ãðàíèö ýëåìåí-
òà. Åñëè â êà÷åñòâå íåèçâåñòíîé íåïðåðûâíîé âåëè÷èíû âçÿòü, íàïðèìåð, íåêî-
òîðîå ðàñïðåäåëåíèå òåìïåðàòóðû T (x) â ñòåðæíå çàäàííîé äëèíû, òî óçëîâûå
çíà÷åíèÿ T (x) äîëæíû áûòü ïîäîáðàíû òàêèì îáðàçîì, ÷òîáû îáåñïå÷èâàëîñü
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íàèëó÷øåå ïðèáëèæåíèå ê èñòèííîìó ðàñïðåäåëåíèþ òåìïåðàòóðû. Ýòî îáåñ-
ïå÷èâàåòñÿ ïóòåì ìèíèìèçàöèè íåêîòîðîé âåëè÷èíû, ñâÿçàííîé ñ ôèçè÷åñêîé
ñóùíîñòüþ çàäà÷è. Åñëè ðàññìàòðèâàåòñÿ çàäà÷à ðàñïðîñòðàíåíèÿ òåïëà, òî ìè-
íèìèçèðóåòñÿ ôóíêöèîíàë, ñâÿçàííûé ñ ñîîòâåòñòâóþùèì äèôôåðåíöèàëüíûì
óðàâíåíèåì. Ïðîöåññ ìèíèìèçàöèè ñâîäèòñÿ ê ðåøåíèþ ñèñòåì ëèíåéíûõ àëãåá-
ðàè÷åñêèõ óðàâíåíèé îòíîñèòåëüíî óçëîâûõ çíà÷åíèé T (x).

1.1. Ïðèìåð àíàëèòè÷åñêîãî ðàñ÷åòà íàïðÿæåíèé
è äåôîðìàöèé â ñòóïåí÷àòîì ñòåðæíå

Ðàññìîòðèì êîíêðåòíûé ïðèìåð ïî èññëåäîâàíèþ íàïðÿæåíèé è äåôîðìàöèé
â ñòóïåí÷àòîì ñòåðæíå ïðè îñåâîé íàãðóçêå ìåòîäîì êîíå÷íûõ ýëåìåíòîâ. Ïðîäå-
ëàåì âñå îïåðàöèè ïî ñîñòàâëåíèþ âåêòîðîâ íàïðÿæåíèé, äåôîðìàöèé è ìàòðèöû
æåñòêîñòè, êîòîðûå ñîçäàþòñÿ â ïàêåòe ANSYS ïðè îáðàáîòêå íàøèõ ïðîãðàìì.
Íà ðèñ. 1.1 ïîêàçàí ñòóïåí÷àòûé ñòåðæåíü, ñîñòàâëåííûé èç ñòåðæíÿ 1 äëèíîé
l(1), ïëîùàäüþ ïîïåðå÷íîãî ñå÷åíèÿ A(1) è ìîäóëåì Þíãà E(1) è ñòåðæíÿ 2 äëè-
íîé l(2), ïëîùàäüþ ïîïåðå÷íîãî ñå÷åíèÿ A(2) è ìîäóëåì Þíãà E(2). Íà ëåâîì
êîíöå ñòåðæíÿ 1 (òî÷êà 1) - æåñòêàÿ çàäåëêà. Íà ëèíèè ñîïðÿæåíèÿ ñòåðæíåé
(òî÷êà 2) ñòåðæíè æåñòêî ñîåäèíåíû, à íà ïðàâîì ñâîáîäíîì êîíöå ñòåðæíÿ 2
(òî÷êà 3) ïðèëîæåíà ðàñòÿãèâàþùàÿ ñèëà P3. Â äàëüíåéøèõ ÷èñëåííûõ ðàñ÷åòàõ
çíà÷åíèÿ l(e), A(e), E(e) áûëè ñëåäóþùèìè: l(1) = l(2) = 10 ñì, A(1) = 2 ñì2, A(2)

= 1 ñì2, E(1) = E(2) = 2·106 êã/ñì2, P3 = 1 Í. Ðàçîáüåì äàííóþ êîíñòðóêöèþ íà
äâà ýëåìåíòà, êàê ïîêàçàíî íà ðèñ. 1. Ýëåìåíò ñ íîìåðîì 1 áóäåò ñîîòâåòñòâîâàòü
ñòåðæíþ 1, à ýëåìåíò ñ íîìåðîì 2 áóäåò ñîîòâåòñòâîâàòü ñòåðæíþ 2. Ïóñòü â ëþ-
áîé òî÷êå ýëåìåíòîâ ïðèñóòñòâóþò òîëüêî îñåâûå ïåðåìåùåíèÿ. Ââåäåì âñåãî òðè
óçëà è îñåâûå ïåðåìåùåíèÿ óçëîâ îáîçíà÷èì Φ1, Φ2, Φ3. Ýòî áóäóò íåèçâåñòíûå
âåëè÷èíû, êîòîðûå íàì ïðåäñòîèò îïðåäåëèòü.

EA
(1)

A
(2) (2)

E
(1) (1)

ll ,, , ,

P
3(2)21 3

. .
.

ÖÖÖ

x

1 2 3

Ðèñ. 1.1. Âèä ñòóïåí÷àòîãî ñòåðæíÿ ñáîêó. Íàïðàâëåíèå ñìåùåíèé Φ1, Φ2, Φ3 äëÿ óçëîâ

ñ ñîîòâåòñòâóþùèìè íîìåðàìè.

Ïðåäïîëîæèì, ÷òî îñåâîå ïåðåìåùåíèå ÿâëÿåòñÿ ëèíåéíîé ôóíêöèåé x, ò. å.
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Φ(x) = a + b · x. Åñëè ïåðåìåùåíèÿ êîíöîâ ïðè x = 0 è x = l(e) ðàâíû ñîîò-

âåòñòâåííî Φ
(e)
i è Φ

(e)
i+1, òî a = Φ

(e)
i , à b =

(
Φ

(e)
i+1 − Φ

(e)
i

)
/l(e), ñëåäîâàòåëüíî,

Φ(x) = Φ
(e)
i +x ·

(
Φ

(e)
i+1 − Φ

(e)
i

)
/l(e). Âåðõíèé èíäåêñ (e) îáîçíà÷àåò íîìåð ýëåìåí-

òà, íèæíèé èíäåêñ i � íîìåð ñîîòâåòñòâóþùåãî óçëà.
Ïîòåíöèàëüíàÿ ýíåðãèÿ ñòåðæíÿ ïðè îñåâîé äåôîðìàöèè ðàâíà Π = Π(1) +

Π(2) − W . Çäåñü Π(e) � ýíåðãèÿ äåôîðìàöèè (e) � ãî ýëåìåíòà, à W � ðàáîòà
âíåøíèõ ñèë. Ýíåðãèÿ äåôîðìàöèè Π(e) ìîæåò áûòü âûðàæåíà ÷åðåç íàïðÿæåíèÿ
σ(e) è äåôîðìàöèè ε(e) ñîîòâåòñòâóþùåãî ýëåìåíòà

Π(e) = A(e) ·
l(e)∫
0

1

2
σ(e)ε(e)dx =

A(e)E(e)

2
·

l(e)∫
0

(
ε(e)
)2

dx.

Äåôîðìàöèè ε(e), â ñâîþ î÷åðåäü, ìîãóò áûòü âûðàæåíû ÷åðåç ôóíêöèþ Φ(x):

ε(e) =
∂Φ

∂x
=

Φ
(e)
i+1 − Φ

(e)
i

l(e)
.

È ïîòåíöèàëüíàÿ ýíåðãèÿ ýëåìåíòà ïîñëå âñåõ ïîäñòàíîâîê ïðèìåò âèä

Π(e) =
A(e)E(e)

2l(e)

(
Φ

(e)2

1 +Φ
(e)2

2 − 2 · Φ(e)
1 · Φ(e)

2

)
.

Èëè â ìàòðè÷íîé ôîðìå, êîòîðàÿ èñïîëüçóåòñÿ â ïàêåòe ANSYS,

Π(e) =
1

2
Φ(e)

[
K(e)

]
Φ(e).

Çäåñü Φ(e) � âåêòîð óçëîâûõ ïåðåìåùåíèé ýëåìåíòà (e). Åñëè e = 1 (ïåðâûé
ýëåìåíò), òî Φ(1) = (Φ1, Φ2) . Åñëè e = 2 (âòîðîé ýëåìåíò), òî Φ(2) = (Φ2, Φ3) .

Ìàòðèöó
[
K(e)

]
íàçûâàþò ìàòðèöåé æåñòêîñòè ýëåìåíòà, â äàííîì ïðèìåðå

îíà èìååò ñëåäóþùèé âèä:[
K(e)

]
=

A(e)E(e)

l(e)

(
1 −1
−1 1

)
.

Ðàáîòà âíåøíèõ ñèë â îáùåì ñëó÷àå ìîæåò áûòü ïðåäñòàâëåíà â âèäå

W = Φ1 · P1 +Φ2 · P2 +Φ3 · P3,

ãäå Pi � ñèëà, ïðèëîæåííàÿ â íàïðàâëåíèè ïåðåìåùåíèÿ Φi. Â íàøåì ïðèìåðå
P1 � íåèçâåñòíàÿ ðåàêöèÿ â óçëå 1, P2 � ðåàêöèÿ â óçëå 2 (P2 = 0), P3 = 1.

Åñëè ñòåðæåíü íàõîäèòñÿ â ðàâíîâåñèè ïîä äåéñòâèåì íàãðóçêè P = (P1, P2, P3) ,
òî ñîãëàñíî ïðèíöèïó ìèíèìóìà ïîòåíöèàëüíîé ýíåðãèè

∂Π

∂Φi
= 0, i = 1, 2, 3.
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Ýòî óðàâíåíèå ìîæåò áûòü çàïèñàíî
3∑

e=1

([
K(e)

]
·Φ(e)−P (e)

)
= 0 èëè â ìàòðè÷íîì

âèäå [K] ·Φ−P , ãäå K � ãëîáàëüíàÿ ìàòðèöà æåñòêîñòè, Φ � ãëîáàëüíûé âåêòîð
ïåðåìåùåíèé, P � ãëîáàëüíûé âåêòîð íàãðóçîê. Â äàííîì ïðèìåðå

[K] = 2 · 105
 2 −2 0
−2 3 −1
0 −1 1

 , Φ =

 0
Φ2

Φ3

 ,

P1

0
1

 .

Ðåøàÿ ýòó àëãåáðàè÷åñêóþ ñèñòåìó, ïîëó÷èì, ÷òî ïåðåìåùåíèå óçëà 2: Φ2 =
0.25 · 10−5 ñì, à ïåðåìåùåíèå óçëà 3: Φ3 = 0.75 · 10−5 ñì. Òåïåðü ìîãóò áûòü
íàéäåíû äåôîðìàöèè è íàïðÿæåíèÿ äëÿ êàæäîãî ýëåìåíòà ñòåðæíÿ:

ε(1) =
∂Φ

∂x
=

Φ2 − Φ1

l(1)
= 0.25 · 10−6, σ(1) = E(1) · ε(1) = 0.5 êã/ñì

2
,

ε(2) =
∂Φ

∂x
=

Φ3 − Φ2

l(2)
= 0.50 · 10−6, σ(2) = E(2) · ε(2) = 1 êã/ñì

2
.

Ïðåäñòàâëåííûé âûøå ïðèìåð ñòóïåí÷àòîãî ñòåðæíÿ è ðàñ÷åòû ìåòîäîì êî-
íå÷íûõ ýëåìåíòîâ ïî îïðåäåëåíèþ äåôîðìàöèé è íàïðÿæåíèé, âîçíèêàþùèõ â
ñòåðæíå ïðè äåéñòâèè ïðîäîëüíîé ðàñòÿãèâàþùåé ñèëû, íàãëÿäíî äåìîíñòðèðó-
þò ïðèìåíåíèå îïðåäåëåííîãî íàáîðà äîñòàòî÷íî ãðîìîçäêèõ ôîðìóë, îáúåì êî-
òîðûõ âîçðàñòàåò ñ óâåëè÷åíèåì êîëè÷åñòâà ýëåìåíòîâ èññëåäóåìîé êîíñòðóêöèè.
Â ñâÿçè ñ ýòèì îáñòîÿòåëüñòâîì, öåëåñîîáðàçíî èñïîëüçîâàòü ïàêåòû ïðèêëàäíûõ
ïðîãðàìì ñ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ, êîòîðûå íå òîëüêî çíà÷èòåëüíî îáëåã-
÷àþò ðàáîòó, íî è óìåíüøàþò ïðîöåíò àðèôìåòè÷åñêèõ îøèáîê.

1.2. Âûâîä óðàâíåíèé ìåòîäà êîíå÷íûõ ýëåìåíòîâ

Ìåòîä êîíå÷íûõ ýëåìåíòîâ (ÌÊÝ) ÿâëÿåòñÿ îäíèì èç ÷èñëåííûõ ìåòîäîâ, êî-
òîðûé óäîáíî ðåàëèçîâûâàòü íà ñîâðåìåííûõ ÝÂÌ ñ ïîìîùüþ ñïåöèàëüíûõ ïà-
êåòîâ ïðèêëàäíûõ ïðîãðàìì. Íà êàôåäðå òåîðåòè÷åñêîé è ïðèêëàäíîé ìåõàíèêè
ìàòåìàòèêî-ìåõàíè÷åñêîãî ôàêóëüòåòà ÑÏáÃÓ ïðåäïî÷òåíèå îòäàåòñÿ èçó÷åíèþ
ïàêåòà ANSYS, ïîýòîìó äàëüíåéøåå èçëîæåíèå ìàòåðèàëà êàñàåòñÿ èìåííî ýòî-
ãî ïðîãðàììíîãî êîìïëåêñà. Â ïàêåòåANSYS ðàññìàòðèâàåìàÿ êîíñòðóêöèÿ ìî-
äåëèðóåòñÿ áëèçêèì ïî ôîðìå òåëîì ñî ñâîéñòâàìè ìàòåðèàëà ïðèñóùèìè èñõîä-
íîìó òåëó. Äàëåå ìîäåëü ðàçáèâàåòñÿ íà ìàëûå, íî êîíå÷íûå ýëåìåíòû, êîòîðûå,
â ñâîþ î÷åðåäü, çàäàþòñÿ óçëàìè. Êàæäûé ýëåìåíò îáëàäàåò êîíå÷íûì ÷èñëîì
ñòåïåíåé ñâîáîäû è îïðåäåëåííûìè ôèçè÷åñêèìè è ãåîìåòðè÷åñêèìè ñâîéñòâàìè
(íàïðèìåð, Ìîäóëü Þíãà è òîëùèíà). Íàáîð ñâîéñòâ êàæäîãî ýëåìåíòà ñîâïàäà-
åò ñî ñâîéñòâàìè èññëåäóåìîãî òåëà èëè åãî äåòàëè. Â êàæäîì ýëåìåíòå àïïðîê-
ñèìèðóþòñÿ îïðåäåëåííûå ôóíêöèè, õàðàêòåðíûå äëÿ äàííîé çàäà÷è. Â ÷àñòíîì
ñëó÷àå ýòî ìîãóò áûòü ñìåùåíèÿ. Äëÿ àïïðîêñèìàöèè âåëè÷èíû âíóòðè ìàëîé
îáëàñòè óäîáíî èñïîëüçîâàòü ïðîñòåéøèå ôóíêöèè (ïîëèíîìû 1, 2, 3 ñòåïåíè).
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Êîýôôèöèåíòû ïîëèíîìîâ îïðåäåëÿþòñÿ èç çíà÷åíèé ôóíêöèé â óçëàõ, òàêèì
îáðàçîì, ÷òîáû ñîõðàíÿëàñü íåïðåðûâíîñòü âåëè÷èíû âäîëü ãðàíèö ýëåìåíòà è
îáåñïå÷èâàëîñü íàèëó÷øåå ïðèáëèæåíèå ê èñòèííîìó ðàñïðåäåëåíèþ ýòîé âå-
ëè÷èíû. Åñëè ðàññìàòðèâàåòñÿ çàäà÷à ðàñïðîñòðàíåíèÿ òåïëà, òî ìèíèìèçèðó-
åòñÿ ôóíêöèîíàë, ñâÿçàííûé ñ ñîîòâåòñòâóþùèì äèôôåðåíöèàëüíûì óðàâíåíè-
åì. Ïðîöåññ ìèíèìèçàöèè ñâîäèòñÿ ê ðåøåíèþ ñèñòåì ëèíåéíûõ àëãåáðàè÷åñêèõ
óðàâíåíèé îòíîñèòåëüíî óçëîâûõ çíà÷åíèé òåìïåðàòóðû.

Ïðåèìóùåñòâî ìåòîäà êîíå÷íûõ ýëåìåíòîâ çàêëþ÷àåòñÿ â òîì, ÷òî ñ ïîìîùüþ
íåãî ìîæíî ðåøèòü øèðîêèé êëàññ çàäà÷, â òîì ÷èñëå òå, êîòîðûå íå ðåøàþòñÿ
àíàëèòè÷åñêè.

Ðàññìîòðèì ìåòîä êîíå÷íûõ ýëåìåíòîâ íà ïðèìåðå ïëîñêîãî òðåóãîëüíîãî
ýëåìåíòà. Ââåäåì äåêàðòîâó ñèñòåìó êîîðäèíàò OXY (ðèñ. 1.2). Âñå ïåðåìåùåíèÿ
áóäåì ñ÷èòàòü ëèíåéíûìè ôóíêöèÿìè êîîðäèíàò

u(x, y) = α1 + α2x+ α3y, (I.1)

v(x, y) = α4 + α5x+ α6y, (I.2)

ãäå u è v ñìåùåíèÿ ïî îñÿì OX è OY ñîîòâåòñòâåííî.

Ðèñ. 1.2. Òðåóãîëüíûé êîíå÷íûé ýëåìåíò ïðè ðåøåíèè ïëîñêîé çàäà÷è.

Íåèçâåñòíûå êîýôôèöèåíòû α1, α2, . . . , α6 ìîãóò áûòü âûðàæåíû ÷åðåç ñìå-
ùåíèÿ óçëîâ ñ íîìåðàìè i, j,m. Ïðèìåíÿÿ ðàâåíñòâî (I.1) äëÿ óçëîâ ñ íîìåðàìè
i, j,m, ïîëó÷àåì ñèñòåìó óðàâíåíèé äëÿ α1, α2, α3, êîòîðóþ âûïèøåì â ìàòðè÷-
íîé ôîðìå:  1 xi yi

1 xj yj
1 xm ym

 α1

α2

α3

 =

 ui

uj

um

 . (I.3)
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Ïîäñòàâëÿÿ íàéäåííûå ïàðàìåòðû αi â (I.1), ïîëó÷àåì äëÿ u(x, y) ñëåäóþùåå
âûðàæåíèå:

u =
1

2F
[(yjm(x− xm)− xjm(y − ym))ui + (ymi(x− xi)− (I.4)

xmi(y − yi))uj + (−yji(x− xj)− xji(y − yj))um].

Àíàëîãè÷íî îïðåäåëÿåòñÿ v(x, y):

v =
1

2F
[(yjm(x− xm)− xjm(y − ym))vi + (ymi(x− xi)− (I.5)

xmi(y − yj))vj + (−yji(x− xj)− xji(y − yj))vm],

ãäå 2F = xjmymi − xmiyjm, xij = xi − xj yij = yi − yj .
Â ìàòðè÷íîé ôîðìå óðàâíåíèÿ (I.4) è (I.5) áóäóò èìåòü òàêîé âèä:

{un} =

{
u
v

}
= {[Ôi] , [Ôj ] , [Ôm]}

 Ui

Uj

Um

 , (I.6)

ãäå [Ôi] = fi(x, y)

[
1 0
0 1

]
, Ui =

{
ui

vi

}
, à

fi =
1
2F [(yjm(x− xm)− xjm(y − ym)].

(I.7)

Â áîëåå êîìïàêòíîé ôîðìå çàâèñèìîñòü (I.6) ìîæíî çàïèñàòü ñëåäóþùèì îá-
ðàçîì:

{un} = [Ô] {Uýn}, ãäå Uýn =

 Ui

Uj

Um

 . (I.8)

Âåðõíèé èíäåêñ "Ý"ïîêàçûâàåò, ÷òî äàííîå îáîçíà÷åíèå ââåäåíî äëÿ îäíîãî ýëå-
ìåíòà. Èñïîëüçóÿ ðàâåíñòâà (I.4) è (I.5), íàõîäèì, ñîãëàñíî [1] è [4], êîìïîíåíòû
äåôîðìàöèé è ïåðåìåùåíèé:

εx = du
dx

= 1
2F (yjmui + ymiuj − yjium),

εy = dv
dy

= 1
2F (−xjmvi + xmivj − xjivm),

γxy = du
dy

+ dv
dx

= 1
2F (−xjmui − xmiuj+

+xjium + yjmvi + ymivj − yjiv3)

(I.9)

Â ìàòðè÷íîé ôîðìå ðàâåíñòâà (I.9) ìîãóò áûòü çàïèñàíû â ñëåäóþùåì âèäå:

{εn} = D{Un}, (I.10)

ãäå {ε} = {εx, εy, γxy}T , Un = {ui, vi, uj , vj , um, vm}T ,
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[D] = 1
2F

 yjm 0 ymi 0 −yji 0
0 −xjm 0 −xmi 0 xji

−xjm yjm −xmi ymi xji −yji

 . (I.11)

Äëÿ äàëüíåéøèõ ðàñ÷åòîâ ìàòðèöó D óäîáíî ïðåäñòàâèòü â âèäå

[D] = [Di, Dj , Dm] . (I.12)

Äàëåå íàì ïîíàäîáÿòñÿ ñîîòíîøåíèÿ òåîðèè óïðóãîñòè [1] äëÿ ïëîñêîé çàäà÷è,
ñâÿçûâàþùèå íàïðÿæåíèÿ è äåôîðìàöèè:

σx = E
1−µ2 (εx + µεy)− E

1−µαT,

σy = E
1−µ2 (εy + µεx)− E

1−µαT,

τxy = E
2(1+ν)γxy.

(I.13)

Óðàâíåíèÿ (I.13 ) òàêæå âûïèøåì â ìàòðè÷íîé ôîðìå:

{σ} = [A] ({ε} − {αT}), (I.14)

ãäå ìàòðèöà

[A] = E
1− µ2


1 µ 0
µ 1 0

0 0 1−µ
2

 , {σ} =

 σx

σy

τxy

 , (I.15)

à âåêòîð òåìïåðàòóðíîé äåôîðìàöèè

{αT} = αT

 1
1
0

 . (I.16)

Ïîäñòàâëÿÿ (I.10) â (I.14), ïîëó÷àåì

{σ} = [A]
(
[D] {Uýn} − {αT}

)
. (I.17)

Âñå âûøåïðèâåäåííûå âûêëàäêè áûëè âûïèñàíû äëÿ îäíîãî ýëåìåíòà. ×òîáû
íàéòè ìàòðèöó æåñòêîñòè äëÿ âñåãî òåëà, ñîñòàâëåííîãî èç N ýëåìåíòîâ, íåîáõî-
äèìî ïðèìåíèòü ïðèíöèï âîçìîæíûõ ïåðåìåùåíèé, èç êîòîðîãî ñëåäóåò δÏ = 0.
Çäåñü Ï � ïîòåíöèàëüíàÿ ýíåðãèÿ âñåãî òåëà, ñîñòàâëåííîãî èç N ýëåìåíòîâ:

Ï =
N∑

k=1

Ïk −W,

ãäå Ïk � ýíåðãèÿ äåôîðìàöèè k-ãî ýëåìåíòà:

Ïk =
∫∫
V

{εk}T {σk} dV, (I.18)
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W =
∫∫∫
Vk

{uk}T {F} dV +
∫∫
Sk

{uk}T {pk} dS. (I.19)

Â âûðàæåíèè (I.19) ïåðâîå ñëàãàåìîå ïðåäñòàâëÿåò ñîáîé ðàáîòó îáúåìíûõ
(ìàññîâûõ) ñèë, à âòîðîå ðàáîòó âíåøíèõ ñèë íà âîçìîæíûõ ïåðåìåùåíèÿõ.

1.3. Ôîðìèðîâàíèå ìàòðèöû æåñòêîñòè äëÿ äâóõ
ñîïðÿæåííûõ òðåóãîëüíûõ ýëåìåíòîâ

Ïðåäïîëîæèì, ÷òî îáúåìíûå ñèëû îòñóòñòâóþò, à òåìïåðàòóðíûé êîýôôèöè-
åíò α = 0. Òîãäà èç ôîðìóë (I.9) è (I.10) ñëåäóåò

{δεk} = [Dk] {δUýk },
{δuk} = [Ôk] {δUýk },

{δεk}T = {δUýk }T [Dk]
T
,

{δuk}T = {δUýk }T [Ôk]
T
.

(I.20)

Ðèñ. 1.3. Ñîïðÿæåííûå òðåóãîëüíûå ýëåìåíòû.

Ðàâåíñòâà (I.18), (I.19), ñ ó÷åòîì (I.20), äàþò íàì

2∑
k=1

{δUk}T
(∫∫∫

Vk

[Dk] [A] [Dk] dV )Uk −
∫∫
Sk

[ôk]
T {p}dS

)
= 0. (I.21)

Â îñíîâíîì âàðèàöèîííîì óðàâíåíèè (I.21) òðåóãîëüíûé ýëåìåíò (ðèñ. 1.3) ïðåä-
ñòàâëåí ìàòðèöåé æåñòêîñòè

[K]
k
=
∫∫∫
V

[Dk]
T
[A] [Dk] dV. (I.22)

Â ðàçâåðíóòîé ôîðìå ïîëó÷èì

[K]
k
=

 [Kii] [Kij ] [Kij ]
[Kji] [Kjj ] [Kjm]
[Kmi] [Kmj ] [Kmm]

 , (I.23)
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ãäå êâàäðàòíûå ìàòðèöû [Kij ] è ò.ä. � áëîêè k-ãî ýëåìåíòà èìåþò âèä

[Kij ] =
∫∫∫
V

[Di]
T
[A] [Dj ] dV. (I.24)

Åñëè ýëåìåíò ïðèìûêàåò ê âíåøíåé ïîâåðõíîñòè òåëà (Sk ∈ S), òî ðàñïðåäåëåí-
íàÿ íàãðóçêà äàåò ñëåäóþùèé âåêòîð ñòàòè÷åñêè ýêâèâàëåíòíûõ óçëîâûõ óñèëèé:

{Q(k)} =
∫∫
S

[ôk]
T {p}dS. (I.25)

Ñ ó÷åòîì (I.23) è (I.24 ) óðàâíåíèå (I.25) ïðèìåò âèä

2∑
k=1

{δUýTk }
([
K(k)

]
{Uýk } −Q(k)

)
= 0, (I.26)

èëè â ðàçâåðíóòîì âèäå

δU1
T
([
K

(1)
11

]
{U1}+

[
K

(1)
12

]
{U2}+

[
K

(1)
13

]
{U3} − {Q(1)

1 }
)
+

δU2
T
([
K

(1)
21

]
{U1}+

[
K

(1)
22

]
{U2}+

[
K

(1)
23

]
{U3} − {Q(1)

2 }
)
+

δU3
T
([
K

(1)
31

]
{U1}+

[
K

(1)
32

]
{U2}+

[
K

(1)
33

]
{U3} − {Q(1)

3 })+

δU2
T
([
K

(2)
22

]
{U2}+

[
K

(2)
23

]
{U3}+

[
K

(2)
24

]
{U4} − {Q(2)

2 })+

δU3
T
([
K

(2)
32

]
{U2}+

[
K

(2)
33

]
{U3}+

[
K

(2)
34

]
{U4} − {Q(2)

3 })+

δU4
T
([
K

(2)
42

]
{U2}+

[
K

(2)
43

]
{U3}+

[
K

(2)
44

]
{U4} − {Q(2)

4 }) = 0.

(I.27)

Ñãðóïïèðóåì ñëàãàåìûå ïðè âàðèàöèè ñìåùåíèÿ êàæäîãî óçëà è, ó÷èòûâàÿ òî,
÷òî âàðèàöèè ìîãóò áûòü ñîâåðøåííî ïðîèçâîëüíûìè, ïîëó÷èì ñèñòåìó àëãåá-
ðàè÷åñêèõ óðàâíåíèé äëÿ îïðåäåëåíèÿ U1, U2, U3, U4 :

[K11]
(1) {U1}+

[
K

(1)
12

]
{U2}+

[
K

(1)
13

]
{U3} − {Q1} = 0,[

K
(1)
21

]
{U1}+

([
K

(1)
22

]
+
[
K

(2)
22

])
{U2}+

([
K

(1)
23

]
+
[
K

(2)
23

]
){U3}+

+
[
K

(2)
24

]
{U4} − {Q2} = 0,[

K
(1)
31

]
{U1}+

([
K

(1)
32

]
+
[
K

(2)
32

])
{U2}+

([
K

(1)
33

]
+
[
K

(2)
33

])
{U3}+

+ [K34]
(2) {U4} − {Q3} = 0,[

K
(2)
42

]
{U2}+

[
K

(2)
43

]
{U3}+

[
K

(2)
44

]
{U4} − {Q4} = 0,

(I.28)

ãäå {Qi} � âåêòîð óñèëèé, äåéñòâóþùèõ íà óçåë i ñî ñòîðîíû âñåõ ïðèìûêàþùèõ
ê íåìó óçëîâ.

11



Óðàâíåíèÿ (I.28) ìîæíî çàïèñàòü â ìàòðè÷íîé ôîðìå:

[K] {U} = {Q}, (I.29)

ãäå âåêòîðû óçëîâûõ ñìåùåíèé {U} è óñèëèé {Q} ðàâíû

{U} =


U1

U2

U3

U4

 , {Q} =


Q1

Q2

Q3

Q4

 . (I.30)

Çàïèñàííîå â îáùåì âèäå óðàâíåíèå (I.29) ÿâëÿåòñÿ îñíîâíûì ðàçðåøàþùèì
óðàâíåíèåì ìåòîäà êîíå÷íûõ ýëåìåíòîâ. Ìàòðèöà K íàçûâàåòñÿ ìàòðèöåé æåñò-
êîñòè êîíñòðóêöèè.

Òàêèå ïàêåòû ïðèêëàäíûõ ïðîãðàìì êàê ANSYS ïîçâîëÿþò àâòîìàòèçèðî-
âàòü ïðîâåäåííóþ âûøå ðàáîòó, òåì áîëåå, ÷òî ñ ðîñòîì ÷èñëà ýëåìåíòîâ, ïî-
ðÿäîê ñèñòåìû (I.29) òàêæå ðàñòåò. Ïîëüçîâàòåëþ ãîòîâûõ ïàêåòîâ ïðèêëàäíûõ
ïðîãðàìì îñòàåòñÿ ëèøü çàäàòü òèï ðàçáèåíèÿ êîíñòðóêöèè íà ýëåìåíòû, à òàê-
æå åå ïàðàìåòðû. Â ðàñ÷åòíîì êîìïëåêñå ANSYS ðåàëèçîâàíî áîëåå 200 òèïîâ
êîíå÷íûõ ýëåìåíòîâ. Êàæäûé òèï êîíå÷íîãî ýëåìåíòà ïðåäíàçíà÷åí äëÿ îïðå-
äåëåííîãî âèäà ðàñ÷åòà. Êàæäûé òèï ýëåìåíòà èìååò íàáîð ñòåïåíåé ñâîáîäû,
ñîñòàâëÿþùèõ ïåðâè÷íûå óçëîâûå íåèçâåñòíûå, îïðåäåëÿåìûå â õîäå ðàñ÷åòà.
Òàêîâûìè ìîãóò ÿâëÿòüñÿ ïåðåìåùåíèÿ, ïîâîðîòû, òåìïåðàòóðû, äàâëåíèÿ è ò. ä.
Âòîðè÷íûå (ïðîèçâîäíûå) ðåçóëüòàòû, òàêèå êàê íàïðÿæåíèÿ, ïîòîê òåïëà è ò. ä.,
âû÷èñëÿþòñÿ íà îñíîâå ýòèõ ðàñ÷åòíûõ ñòåïåíåé ñâîáîäû. Ñòåïåíè ñâîáîäû íå
óêàçûâàþòñÿ â óçëàõ ïîëüçîâàòåëåì â ÿâíîì âèäå, à ïîäðàçóìåâàþòñÿ òèïîì ýëå-
ìåíòà, ñâÿçàííîãî ñ óçëàìè. Ïîýòîìó ïðè ëþáîì ðàñ÷åòå â êîìïëåêñå ANSYS
âûáîð òèïîâ ýëåìåíòîâ ÿâëÿåòñÿ îïåðàöèåé âûñøåãî ïðèîðèòåòà.

1.4. Ñïîñîáû ðåøåíèÿ çàäà÷ â ïàêåòå ANSYS

Çàäà÷è â ïàêåòå ANSYS ìîæíî ðåøàòü êàê â èíòåðàêòèâíîì ðåæèìå, òàê
è ñîçäàâàòü ñîáñòâåííûå ïðîãðàììû. Ïåðâûé ñïîñîá çàêëþ÷àåòñÿ â òîì, ÷òî ìû
èñïîëüçóåì ðàçëè÷íûå ñðåäñòâà èíòåðôåéñà äëÿ ââîäà äàííûõ è ñîçäàíèÿ ðàñ-
ñìàòðèâàåìîé ìîäåëè, ïîñëå ÷åãî çàïóñêàåì ðåøåíèå çàäà÷è. Âî âòîðîì ñïîñîáå
ïîëüçîâàòåëü ñàì ïèøåò ïðîãðàììó. Ýòîò ñïîñîá ÿâëåòñÿ áîëåå óäîáíûì, òåì
áîëåå, ÷òî íå âñå êîìàíäû, êîòîðûå ìîæíî çàäàòü â ïðîãðàììå, âñòðå÷àþòñÿ â
ìåíþ, íàïðèìåð, îïåðàòîð öèêëà. Â ïðîöåññå ðàáîòû ñ ANSYS ìîæíî êîìáèíè-
ðîâàòü ýòè äâà ñïîñîáà. Ïðè ðàáîòå ñ Help â êîíöå îïèñàíèÿ ñèíòàêñèñà êàæäîé
êîìàíäû óêàçàíû òàêæå ïóòè ïîëó÷åíèÿ åå èç ìåíþ. Îäíà è òà æå êîìàíäà ìî-
æåò áûòü ðàñïîëîæåíà â ðàçíûõ ìåíþ â çàâèñèìîñòè îò ðàññìàòðèâàåìîé çàäà÷è.
Äàííîå ïîñîáèå ïðåäïîëàãàåò èñïîëüçîâàíèå ïàêåòàANSYS 13.0, íî ìîãóò áûòü
èñïîëüçîâàíû è äðóãèå âåðñèè ýòîãî ïàêåòà.
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Ãëàâà 2

Ñòðóêòóðà ïðîãðàììíûõ ìîäóëåé
ANSYS

Ïðîãðàììíûé êîìïëåêñ ANSYS ÿâëÿåòñÿ íàèáîëåå óíèâåðñàëüíûì è äîñòóï-
íûì èíæåíåðíûì ðåøåíèåì, îáåñïå÷èâàþùèì áûñòðóþ ðàçðàáîòêó èçäåëèÿ â
âèðòóàëüíîé ñðåäå ñ ó÷åòîì êîìïëåêñíûõ è ñâÿçàííûõ ðåøåíèé � ñ âûñîêîé
ñòåïåíüþ íàäåæíîñòè ïðîåêòîâ. Íîâûå âîçìîæíîñòè ANSYS ïîçâîëÿþò ñîêðà-
òèòü ïðîöåññ ïðîåêòèðîâàíèÿ, ñîçäàâàòü èííîâàöèîííûå ïðîäóêòû ñ ýêîíîìèåé
ôèíàíñîâûõ è âðåìåííûõ ðåñóðñîâ, óìåíüøèòü ðàñõîäû íà ïðîâåäåíèå ýêñïåðè-
ìåíòîâ.

Ïðîãðàììíûé êîìïëåêñ ANSYS îáåñïå÷èâàåò øèðîêèå âîçìîæíîñòè àíàëèçà,
ïîçâîëÿþùèå êëèåíòàì ïîëó÷àòü ïîëíûå äèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîåêòà:
îò ÷àñòîòíûõ õàðàêòåðèñòèê äî ïîâåäåíèÿ íåëèíåéíûõ ñëîæíûõ ñèñòåì. Ñïåêòð
ðåøåíèé ANSYS ÷ðåçâû÷àéíî øèðîê, ïðîãðàììíûå ïðîäóêòû îõâàòûâàþò ðàñ-
÷åò íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ, àíàëèç ãèäðîäèíàìè÷åñêèõ ïðî-
öåññîâ, òåïëîîáìåíà, ýëåêòðîìàãíåòèçìà.

2.1. ANSYS Workbench

Â îñíîâå ANSYS íàõîäèòñÿ ðàñ÷åòíàÿ ïëàòôîðìà ANSYS Workbench, ãèáêàÿ
è óíèâåðñàëüíàÿ ñðåäà äëÿ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ, ïîçâîëÿþùàÿ ïîëü-
çîâàòåëÿì ëåãêî íàñòðàèâàòü, âèçóàëèçèðîâàòü è êîíòðîëèðîâàòü ïðîöåññ ðàñ-
÷åòîâ. Â ANSYS Workbench èíæåíåðû ìîãóò ëåãêî àíàëèçèðîâàòü ìíîæåñòâî
âàðèàíòîâ, îïòèìèçèðîâàòü ïðîåêòû ñ ó÷åòîì ðàçëè÷íûõ ôèçè÷åñêèõ ÿâëåíèé.
ANSYS Workbench âêëþ÷àåò íåñêîëüêî ñïåöèàëèçèðîâàííûõ ìîäóëåé äëÿ ðàáî-
òû ñ ãåîìåòðèåé, ãåíåðàöèè ðàñ÷åòíîé ñåòêè, ðåøåíèÿ çàäà÷ îïòèìèçàöèè, òàêèå
êàê ANSYS DesignModeler, ANSYS Meshing è ANSYS DesignXplorer.

• ANSYS DesignModeler � ñïåöèàëèçèðîâàííûé ìîäóëü ANSYSWorkbench
äëÿ ðàáîòû ñ èìïîðòèðîâàííîé ãåîìåòðèåé èç ñòîðîííèõ CAD � êîìïëåê-
ñîâ. Ïîçâîëÿåò èñïðàâëÿòü äåôåêòû â ãåîìåòðèè, óïðîùàòü ãåîìåòðè÷å-
ñêóþ ìîäåëü èëè ñîçäàâàòü ðàñ÷åòíóþ ìîäåëü ñ íóëÿ.
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• ANSYS Meshing ïðåäñòàâëÿåò ñîáîé ìíîãîôóíêöèîíàëüíûé ñåòî÷íûé
ïðîöåññîð íà îñíîâå ïëàòôîðìû ANSYS Workbench. Ìîäóëü ïîçâîëÿåò ãå-
íåðèðîâàòü âûñîêîêà÷åñòâåííûå ðàñ÷åòíûå ñåòêè â àâòîìàòè÷åñêîì ðåæè-
ìå äëÿ ðàçëè÷íûõ ïðèëîæåíèé (ðàñ÷åòîâ íàïðÿæåííî-äåôîðìèðîâàííîãî
ñîñòîÿíèÿ, ãèäðîãàçîäèíàìè÷åñêîãî àíàëèçà è ïð.)

• ANSYS DesignXplorer ÿâëÿåòñÿ ìîäóëåì ïàðàìåòðè÷åñêîé îïòèìèçàöèè,
èíòåãðèðîâàííûì â ðàñ÷åòíóþ ïëàòôîðìó ANSYS Workbench.

2.2. Ìåõàíèêà äåôîðìèðóåìîãî òâåðäîãî òåëà

Îäíîé èç îñíîâíûõ çàäà÷ ïðè ïðîåêòèðîâàíèè èçäåëèé ÿâëÿåòñÿ îáåñïå÷åíèå
ïðî÷íîñòè è íàäåæíîñòè èçäåëèÿ ïðè ýêñïëóàòàöèîííûõ íàãðóçêàõ. Êîìïàíèÿ
ANSYS ïðåäñòàâëÿåò øèðîêèé ñïåêòð ðåøåíèé äëÿ ðàñ÷åòà íàïðÿæåííî-äåôîð-
ìèðîâàííîãî ñîñòîÿíèÿ êîíñòðóêöèé, äèíàìè÷åñêîãî àíàëèçà, îöåíêè òåìïåðà-
òóðíîãî ñîñòîÿíèÿ óçëîâ è âûïîëíåíèÿ ñâÿçàííûõ ðàñ÷åòîâ. Ýòè âîçìîæíîñòè â
ðàçíîé ìåðå ïðåäñòàâëåíû â ñëåäóþùèõ êîìïëåêñàõ:

• ANSYS Multiphysics

Ìíîãîäèñöèïëèíàðíîå ìîäåëèðîâàíèå âñòðå÷àåòñÿ âî ìíîãèõ ïðèëîæåíèÿõ, íà-
ïðèìåð, â áèîìåäèöèíå (âîëíîîáðàçíûå êîëåáàíèÿ ýëàñòè÷íûõ ñòåíîê àðòåðèé),
â àâèàñòðîåíèè (ôëàòòåð), ñòðîèòåëüñòâå (âåòðîâûå è âîëíîâûå íàãðóçêè íà
ñîîðóæåíèÿ), òðóáîïðîâîäíîì òðàíñïîðòå (ãèäðàâëè÷åñêèé óäàð è âèáðàöèè),
ýëåêòðîíèêå (ýëåêòðîóïðóãîñòü, òåðìîýëåêòðè÷åñòâî è ïüåçî-ýôôåêòû). ANSYS
Multiphysics � ýòî íàèáîëåå ïîëíàÿ êîìïëåêòàöèÿ ðàñ÷åòíîãî êîìïëåêñà ANSYS,
ïîçâîëÿþùàÿ îáúåäèíèòü çàäà÷è òåïëîîáìåíà, ãèäðîãàçîäèíàìèêè, ýëåêòðîìàã-
íåòèçìà è ìåõàíèêè äåôîðìèðóåìîãî òâåðäîãî òåëà â îäíó êîìïëåêñíóþ ìíîãî-
äèñöèïëèíàðíóþ çàäà÷ó.

• ANSYS Mechanical

ANSYS Mechanical ïîçâîëÿåò ðåøàòü øèðîêèé ñïåêòð çàäà÷ ìåõàíèêè äåôîðìè-
ðóåìîãî òâåðäîãî òåëà ñ ó÷åòîì íåëèíåéíûõ ñâîéñòâ ìàòåðèàëîâ, ïëàñòè÷íîñòè
è êîíòàêòíîãî âçàèìîäåéñòâèÿ. Êðîìå òîãî, êîìïëåêñ ïîçâîëÿåò ðåøàòü çàäà÷è
ëèíåéíîé è íåëèíåéíîé äèíàìèêè, òåïëîîáìåíà, àêóñòèêè, à òàêæå âûïîëíÿòü
ñâÿçàííûé àíàëèç.

• ANSYS Structural

Êîìïëåêñ ANSYS Structural ñîäåðæèòü âñå âîçìîæíîñòè ANSYS Mechanical, çà
èñêëþ÷åíèåì òåõ, êîòîðûå îòíîñÿòñÿ ê ðåøåíèþ çàäà÷ òåïëîîáìåíà.

• ANSYS Professional

Êîìïëåêñ ANSYS Professional ñîäåðæèò áîëüøèíñòâî âîçìîæíîñòåé ANSYS Me-
chanical, íî îáëàäàåò îãðàíè÷åííûìè ôóíêöèÿìè ïðè ðåøåíèè çàäà÷ ñ íåëèíåé-
íîñòÿìè.
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2.3. Âû÷èñëèòåëüíàÿ ãèäðîäèíàìèêà

Äëÿ ðåøåíèÿ çàäà÷ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè (Computational Fluid Dy-
namic � CFD) êîìïàíèÿ ANSYS ïðåäëàãàåò äâà ïàêåòàANSYS CFX èANSYS
FLUENT. Îáà ïàêåòà ñîäåðæàò ðàñøèðåííûé íàáîð ìîäåëåé òóðáóëåíòíîñòè,
ðåøàòåëåé, áèáëèîòåêó ìàòåðèàëîâ (æèäêîñòü, ãàç). Êîìïëåêñû ïîçâîëÿþò ìî-
äåëèðîâàòü òå÷åíèÿ æèäêîñòè â îáúåêòàõ ñ ïîäâèæíûìè ãðàíèöàìè (êëàïàíû,
ïîðøíè), à òàêæå â ñâÿçêå ñ ANSYS Mechanical/Structural ðåøàòü çàäà÷è âçàè-
ìîäåéñòâèÿ æèäêîñòè è òâåðäîãî òåëà.

2.4. Ýëåêòðîìàãíåòèçì è ïðîåêòèðîâàíèå
ýëåêòðîííûõ óñòðîéñòâ

Ýëåêòðîìàãíèòíûå ðåøåíèÿ ïðåäñòàâëåíû ÷åòûðüìÿ ïðäóêòàìè: ANSYS Emag,
ANSYS Multiphysics, Maxwell è HFSS. Êàæäûé èç ïðîäóêòîâ îðèåíòèðîâàí íà
òîò èëè èíîé ñåãìåíò ðûíêà ýëåêòðîííûõ óñòðîéñòâ è ýëåêòðîííûõ èçäåëèé, îò
ìîùíûõ ñèëîâûõ òðàíñôîðìàòîðîâ äî óñòðîéñòâ òèïà ÌÝÌÑ.

• ANSYS Emag îðèåíòèðîâàí íà ðåøåíèå çàäà÷ íèçêî÷àñòîòíûõ ýëåêòðîí-
íûõ ïðèëîæåíèé, íàïðèìåð, ðàñ÷åò ìèêðîýëåêòðîìåõàíè÷åñêèõ óñòðîéñòâ
(ÌÝÌÑ), ýëåêòðîäâèãàòåëåé, ðåëå è ñîëåíîèäîâ. Ðàñ÷åòíûå âîçìîæíîñòè
êîìïëåêñà ìîãóò áûòü îáúåäèíåíû ñ ANSYS Mechanical äëÿ ðåøåíèÿ ñâÿ-
çàííûõ çàäà÷.

• Maxwell � ñïåöèàëèçèðîâàííûé ïðãðàììíûé êîìïëåêñ äëÿ ìîäåëèðîâà-
íèÿ ýëåêòðîìàãíèòíûõ ïîëåé. Èñïîëüçóåòñÿ ïðè ïðîåêòèðîâàíèè òàêèõ
óñòðîéñòâ, êàê ýëåêòðîìîòîðû, ïåðåêëþ÷àòåëè, òðàíñôîðìàòîðû è äð.

• HFSS ïðåäíàçíà÷åí äëÿ ðàñ÷åòà òðåõìåðíûõ ýëåêòðîìàãíèòíûõ ïîëåé,
àíàëèçà ýëåêòðîìàãíèòíîé ñîâìåñòèìîñòè óñòðîéñòâ, ïîñòðîåíèÿ ÷àñòîòíî-
çàâèñèìîé ìîäåëè ñõåì ðàñïðåäåëåíèÿ ïèòàíèÿ è äð.

2.5. Áûñòðîïðîòåêàþùèå âûñîêîíåëèíåéíûå
äèíàìè÷åñêèå ïðîöåññû

Äëÿ ìîäåëèðîâàíèÿ áûñòðîïðîòåêàþùèõ ïðîöåññîâ è ðåøåíèÿ çàäà÷ ñ áîëü-
øèìè äåôîðìàöèÿìè è íàïðÿæåíèÿìè ñ èñïîëüçîâàíèåì ÿâíûõ ìåòîäîâ, êîìïà-
íèÿ ANSYS ïðåäëàãàåò ïðîãðàììíûå ïðîäóêòû ANSYS AUTODYN è ANSYS LS�
DYNA.

• ANSYS AUTODYN � îäèí èç ëó÷øèõ ïðîãðàììíûõ êîìïëåêñîâ äëÿ
ðàñ÷åòîâ çàäà÷ äèíàìèêè êîíñòðóêöèé, íåñòàöèîíàðíûõ òå÷åíèé, ìîäåëè-
ðîâàíèÿ ïîâåäåíèÿ ìàòåðèàëîâ è äð. Êîìïëåêñ ïîëó÷èë áîëüøóþ ïîïóëÿð-
íîñòü ïðè ðàñ÷åòå çàäà÷ èç îáëàñòè ôèçèêè âçðûâîâ, à òàêæå îïðåäåëåíèè
îòêëèêà êîíñòðóêöèé íà óäàðíî-âîëíîâîå âîçäåéñòâèå.
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• ANSYS LS�DYNA � ïðîãðàììíûé êîìïëåêñ äëÿ àíàëèçà âûñîêîíå-
ëèíåéíûõ äèíàìè÷åñêèõ ïðîöåññîâ. Òèïè÷íûå ïðèëîæåíèÿ ANSYS LS�
DYNA: çàäà÷è óäàðîñòîéêîñòè êîíñòðóêöèé ïðè áîëüøèõ äåôîðìàöèÿõ,
ñêîðîñòÿõ äåôîðìàöèé è ðàçðóøåíèè ìàòåðèàëîâ (ïðè ñòîëêíîâåíèè àâ-
òîìîáèëåé, ïðè îáðàáîòêå ìåòàëëîâ äàâëåíèåì è äð.), çàäà÷è âçðûâà è
óäàðíî-âîëíîâîãî íàãðóæåíèÿ êîíñòðóêöèé, çàäà÷è ãåîìåõàíèêè è äåôîð-
ìèðîâàíèÿ ìàòåðèàëîâ ñî ñëîæíûì ôèçèêî-õèìè÷åñêèì ïîâåäåíèåì.

Â ïðîãðàììíûõ ïðîäóêòàõ ANSYS ðåàëèçîâàí ñïåöèàëèçèðîâàííûé ÿçûê
APDL (ANSYS Parametric Design Language) � ÿçûê íàïèñàíèÿ êîìàíäíûõ ñöå-
íàðèåâ, êîòîðûé ìîæåò èñïîëüçîâàòüñÿ äëÿ àâòîìàòèçàöèè òèïîâûõ çàäà÷ èëè
ïîñòðîåíèÿ ìîäåëåé íà îñíîâå ïàðàìåòðîâ (ïåðåìåííûõ). APDL òàêæå îõâàòûâà-
åò øèðîêèé äèàïàçîí âîçìîæíîñòåé, òàêèõ êàê ïîâòîðåíèå êîìàíä, âûçîâ ìàêðî-
ñîâ, ïðèìåíåíèå ëîãè÷åñêèõ âåòâëåíèé, öèêëîâ, à òàêæå îïåðàöèé ñî ñêàëÿðíûìè
äàííûìè, âåêòîðàìè è ìàòðèöàìè.

APDL � ñêðèïòîâûé (ïîäîáíûé FORTRAN) ÿçûê ïðîãðàììèðîâàíèÿ â òðà-
äèöèîííîì ãðàôè÷åñêîì èíòåðôåéñå ANSYSMechanical APDL (ðàíåå � PREP7).

ßçûê APDL ïîçâîëÿåò ïîëíîñòüþ ñîçäàòü ðàñ÷åòíóþ ìîäåëü (âêëþ÷àÿ ñîçäà-
íèå ïàðàìåòðè÷åñêîé ãåîìåòðè÷åñêîé ìîäåëè) â âèäå èñïîëíÿåìîé ïðîãðàììû
èëè ìàêðîñà.

Òðàäèöèîííàÿ ñõåìà ðàñ÷åòà çàäà÷ ìåõàíèêè äåôîðìèðóåìîãî òâåðäîãî òåëà
èìååò âèä: "âõîäíîé ôàéë � ðåøàòåëü �- ïîñòïðîöåññîð"

Âõîäíîé ôàéë ìîæíî ñîçäàòü òðåìÿ ñïîñîáàìè:

1. Â òðàäèöèîííîì ãðàôè÷åñêîì èíòåðôåéñå ANSYS Mechanical APDL â ðå-
çóëüòàòå èñïîëüçîâàíèÿ GUI (Gra�cal Users Interface) ñîçäàåòñÿ âõîäíîé
ôàéë (*.log).

2. Â ãðàôè÷åñêîì èíòåðôåéñå ðàñ÷åòíîãî ìîäóëÿ Workbench Mechanical â ðå-
çóëüòàòå èñïîëüçîâàíèÿ GUI òàêæå ñîçäàåòñÿ âõîäíîé ôàéë äëÿ ðåøàòåëÿ,
è äàëåå â ïàêåòíîì ðåæèìå batch çàïóñêàåòñÿ ðåøàòåëü ANSYS

3. Èñïîëüçîâàíèå ëþáîãî òåêñòîâîãî ðåäàêòîðà, â êîòîðîì íà ÿçûêå ANSYS
Parametric Design Language (APDL) ìîæíî íàïèñàòü âñå äåéñòâèÿ è çà-
ïóñòèòü ýòîò ôàéë èç ãðàôè÷åñêîãî èíòåðôåéñà èëè â ïàêåòíîì ðåæèìå
ðåøàòåëÿ batch.

Ïîëüçîâàòåëü òàêæå ìîæåò êîìáèíèðîâàòü âñå óêàçàííûå äåéñòâèÿ: çàãðóæàòü
òåêñòîâûå ìàêðîñû íà APDL â òðàäèöèîííîì ãðàôè÷åñêîì èíòåðôåéñå ANSYS
Mechanical APDL ñ ïîìîùüþ êîìàíäû read input �le, ëèáî êîïèðîâàíèÿ òåêñòà â
êîìàíäíóþ ñòðîêó èç áóôåðà îáìåíà.

Ìîæíî èñïîëüçîâàòü îáúåêòû Commands, ñîäåðæàùèå êîìàíäû íà ÿçûêå
APDL. Äëÿ ýòîãî èõ íåîáõîäèìî âñòàâèòü â äåðåâî ïðîåêòà ðàñ÷åòíîãî ìîäóëÿ
Workbench Mechanical.
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Ãëàâà 3

Ðàáîòà â èíòåðàêòèâíîì ðåæèìå
Gra�cal Users Interface (GUI
method)

3.1. Èçãèá ñòåðæíÿ ïîä äåéñòâèåì òî÷å÷íîé íàãðóçêè

Â ýòîé ðàáîòå íåîáõîäèìî íàéòè ïðîãèá ñòåðæíÿ ïîä äåéñòâèåì òî÷å÷íîé íà-
ãðóçêè, ïðèëîæåííîé ê îäíîìó èç êîíöîâ ñòåðæíÿ. Âòîðîé êîíåö ñòåðæíÿ æåñòêî
çàêðåïëåí.

Âåëè÷èíà òî÷å÷íîé ïîïåðå÷íîé ñèëû 300 Í. Äëèíà ñòåðæíÿ 1 ì, à ïîïåðå÷íîå
ñå÷åíèå ïðåäñòàâëÿåò ñîáîé êâàäðàò ñ ðàçìåðàìè 0.02 × 0.02 ì. Ìîäóëü Þíãà
2.07 · 1011 Í/ì2, êîýôôèöèåíò Ïóàññîíà 0.3.

Ñíà÷àëà çàäàþòñÿ äâà óçëà ñ íîìåðàìè 1 è 11 (òåì ñàìûì ñòåðæåíü ðàçáèâà-
åòñÿ íà 10 ýëåìåíòîâ), ïî íèì ñòðîèòñÿ ïðÿìàÿ ëèíèÿ, çàäàþùàÿ îñü ñòåðæíÿ.

Çàäàíèå èñõîäíîãî íàáîðà ïàðàìåòðîâ

Utility Menu > Parameters > Scalar Parameters.
Â ïîÿâèâøåìñÿ îêíå ââåñòè èìåíà è çíà÷åíèÿ ïàðàìåòðîâ (ïîñëå íàáîðà êàæäîãî
ïàðàìåòðà íàæèìàåòñÿ Accept):

Young=2.07e11 Ìîäóëü Þíãà

h=0.02 Còîðîíà ïîïåðå÷íîãî ñå÷åíèÿ

S=h*h Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ

J=S*h*h/12 Ìîìåíò èíåðöèè ïîïåðå÷íîãî ñå÷åíèÿ
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Òèï ýëåìåíòà è çàäàíèå êîíñòàíò∗

Main Menu > Preprocessor > Element Type > Add > Structural Beam
> 2D Elastic 3 > Ok > Close
Main Menu > Preprocessor > Real Constants > Add

Real Constant Set No. > 1
Cross Section Area > S
Area moment of inertia > J
Total beam height > h
Ok , Close

Çàäàíèå ñâîéñòâ ìàòåðèàëà

Main Menu > Preprocessor > Material Props > Material Models >
Structural > Linear > Elastic > Isotropic

EX > Young (ìîäóëü Þíãà )
PRXY > 0.3 (êîýôôèöèåíò Ïóàññîíà)
Ok > çàêðûâàåì îêíî De�ne Material Model Behavior.

Îïðåäåëåíèå êîîðäèíàò óçëîâ

Main Menu > Preprocessor > Modeling > Create>Nodes > In Active CS
NODE Node Number > 1 > Apply
(Ïî óìîë÷àíèþ êîîäèíàòû óçëà áóäóò: 0,0,0)
NODE Node Number > 11
X,Y,Z, Location in active CS > 0, 1, 0, Ok

Main Menu > Preprocessor > Modeling > Create > Nodes > Fill between
Nds

Ùåë÷êîì ìûøè âûäåëÿåì ïåðâûé è îäèíàäöàòûé óçëû, Ok. Ïîÿâëÿåòñÿ äèà-
ëîãîâîå îêíî, â êîòîðîì ïî óìîë÷àíèþ ñîäåðæèòñÿ ñëåäóþùàÿ èíôîðìàöèÿ:

NODE1, NODE2 Fill between nodes>1 11
NFILL Number of nodes to �ll > 9
SPACE > 1
ITIME No. of �ll operations > 1
INC Node number increment > 1, Ok

∗Ê ñîæàëåíèþ, â ANSYS 13 â äàííîì ðàçäåëå ó ïîëüçîâàòåëÿ íåò âîçìîæíîñòè âûïîëíèòü
ýòîò ïóíêò òàê, êàê çäåñü íàïèñàíî, ïîýòîìó çàìåíèì îïèñàííûå âûøå äåéñòâèÿ èõ êîìàíäíûì
àíàëîãîì, à èìåííî, ââåäåì â êîìàíäíóþ ñòðîêó ñëåäóþùèå êîìàíäû è íàæìåì enter:
ET, 1, beam3
R, 1, S, J, h
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Îïðåäåëåíèå òèïà ýëåìåíòîâ

Main Menu > Preprocessor > Modeling > Create > Elements > Auto
Numbered > Thru Nodes

Âûäåëÿåì ïåðâûé è âòîðîé óçëû, Ok
Main Menu > Preprocessor > Modeling > Copy > Elements > Auto
Numbered > Pick All

ITIME Total number of copies > 10, Ok

Çàäàíèå òèïà àíàëèçà è óñëîâèé çàêðåïëåíèÿ

Main Menu > Solution > Unabridged Menu > Analysis Type > New
Analysis > Ok

Ñîãëàøàåìñÿ ñî ñòàòè÷åñêèì àíàëèçîì Static
Main Menu > Solution > Analysis Type > Analysis Options

Stress sti�ness or prestress > Prestress ON > Ok
Main Menu > Solution > De�ne Loads > Apply > Structural >
Displañement > On Nodes

Âûäåëÿåì ïåðâûé óçåë, Ok
Lab2 DOFs to be constrained > All DOF
VALUE Displañement value > 0 > Ok

Main Menu > Solution > De�ne Loads > Apply > Structural > Force /
Moment > On Nodes

Âûäåëÿåì îäèíàäöàòûé óçåë, Ok
Lab Direction of Forse/mom > FX
VALUE Of Forse/Moment > 300

Main Menu > Solution > Solve > Current LS > Ok.
Ïîñëå çàâåðøåíèÿ âû÷èñëåíèé ïîÿâëÿåòñÿ íàäïèñü Solution is done è íóæíî

çàêðûòü âñå äèàëîãîâûå îêíà STATUS command è Solve Current Load Step.

Ïðîñìîòð ðåçóëüòàòîâ

Ïîä äåéñòâèåì ïðèëîæåííîé ïîïeðå÷íîé ñèëû ñâîáîäíûé êîíåö ñòåðæíÿ îò-
êëîíèòñÿ íà 0.036 ì (ñì. ðèñ. 3.1). Äëÿ òîãî ÷òîáû âûâåñòè íà ýêðàí âåëè÷èíó è
ôîðìó ïðîãèáà, íåîáõîäèìî ïðîäåëàòü ñëåäóþùèå äåéñòâèÿ:
Main Menu > General PostProc > Plot Resuts > Contour Plot > Nodal
Solution > DOF Solution > X � component of displañement> Ok.
Utility Menu > List > Results > Nodal Solution > DOF Solution > X �
component of displañement > Ok.
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1

X

Y

Z

                                                                                

FEB 27 2013
14:27:38

PLOT NO.   1

DISPLACEMENT

STEP=1
SUB =1
TIME=1
DMX =.036232

Ðèñ. 3.1. Èçãèá ñòåðæíÿ ïîä äåéñòâèåì ãîðèçîíòàëüíîé òî÷å÷íîé íàãðóçêè.

3.2. Íàïðÿæåíèÿ â öèëèíäðè÷åñêîì ñòåðæíå

Ðàññìîòðèì ñïëîøíîé öèëèíäðè÷åñêèé ñòåðæåíü, æåñòêî çàêðåïëåííûé íà
îäíîì êîíöå. Íà âòîðîì êîíöå ñòåðæíÿ ïðèêëàäûâàåòñÿ òî÷å÷íàÿ ïîïåðå÷íàÿ
ñèëà è èññëåäóþòñÿ íàïðÿæåíèÿ, âîçíèêàþùèå â äàííîì ñòåðæíå ïîä äåéñòâèåì
óêàçàííîé ñèëû. Â ýòîé ðàáîòå èñïîëüçóåòñÿ ñîâåðøåííî äðóãîé ñïîñîá çàäàíèÿ
ñòåðæíÿ â âèäå ñïëîøíîãî öèëèíäðà. Ñâîéñòâà ìàòåðèàëà ñòåðæíÿ îñòàþòñÿ òà-
êèìè æå, êàê è â ïðåäûäóùåé çàäà÷å:

Young=2.07e11 (ìîäóëü Þíãà);
nu=0.3 (êîýôôèöèåíò Ïóàññîíà);
r=0.05 (ðàäèóñ ïîïåðå÷íîãî ñå÷åíèÿ ñòåðæíÿ);
el=8*r*atan(1)/10 (íàèìåíüøèé ðàçìåð ýëåìåíòà).

Main Menu > Preprocessor > Element Type > Add > Structural Solid >
solid 95 (ââîäèòñÿ âðó÷íóþ).
Main Menu > Preprocessor > Material Props > Material Models >
Structural (äâîéíîé ùåë÷îê ìûøè) > Linear > Elastic > Isotropic

EX > Young
PRXY > nu

Ôîðìèðîâàíèå öèëèíäðà

Main Menu > Preprocessor > Modeling > Create > Volumes > Cylinder
> Solid Cylinder

WP X > 0
WP Y > 0
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Radius > r
Depth > 1, Ok

Äàëåå íåîáõîäèìî îïðåäåëèòü òî÷êó íà îäíîì èç òîðöîâ öèëèíäðà, ê êîòîðîé
áóäåò ïðèëîæåíà ñèëà.
Main Menu > Preprocessor > Modeling > Create > Keypoints > Hard
PT on area > Hard PT by coordinates

Âûäåëÿåì òîðåö â ïëîñêîñòè z = 1 è íàæèìàåì Ok
X,Y,Z coordinates > 0,0,1

Ðàçáèåíèå íà ýëåìåíòû

Main Menu > Preprocessor > Meshing > Mesh Tool > Size Control >
Lines > Set > Pick All

SIZE Element edge length > el
Main Menu > Preprocessor > Meshing > Mesh Tool > Mesh > Volumes
> Shape > Tet > Free > Pick All

Ïåðåíóìåðàöèÿ óçëîâ è ýëåìåíòîâ

Main Menu > Preprocessor > Numbering Ctrls > Merge Items
Label Type of item to be merge > Nodes

Main Menu > Preprocessor > Numbering Ctrls > Merge Items
Label Type of item to be merge > Elements

Ãðàíè÷íûå óñëîâèÿ

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Displacement > On Areas

Âûäåëÿåì òîðåö â ïëîñêîñòè z = 0 è íàæèìàåì Ok.
Lab2 DOFs to be constrained > All DOF
VALUE Displañement value > 0 > Ok

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Force/Moment > On Keypoints

Óêàçàòü ìûøêîé, ê êàêîé òî÷êå ñëåäóåò ïðèëîæèòü ñèëó, è íàæàòü Ok
Lab Direction of Force/Moment on Keypoints > FX
Apply as > Constant value
VALUE Force/Moment value > 1000

Òèï àíàëèçà è ðåøåíèå

Main Menu > Solution > Analysis Type > New Analysis
Âûáèðàåì Static.

Main Menu > Solution > Solve > Current LS > Ok.
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Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Äåôîðìèðîâàíûé è íåäåôîðìèðîâàííûé ñòåðæíè ïîêàçàíû íà ðèñ. 3.2. Òàêæå
ìîæíî èñïîëüçîâàòü äðóãèå âîçìîæíîñòè âèçóàëèçàöèè, íàïðèìåð:
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Front > Close.

Çàïèñü log-ôàéëà áàçû äàííûõ

Utility Menu > File > Write DB Log File > Write Database Log to >
cyl_sterjen.log, Ok.

Ðèñ. 3.2. Íåäåôîðìèðîâàííûé è äåôîðìèðîâàíûé ñòåðæíè ïîä äåéñòâèåì òî÷å÷íîé

ïîïåðå÷íîé ñèëû.

3.3. Èññëåäîâàíèå ÷àñòîò è ôîðì ïîïåðå÷íûõ
êîëåáàíèé áàëêè

Â ýòîì ïóíêòå ðàññìàòðèâàþòñÿ ñâîáîäíûå ïîïåðå÷íûå êîëåáàíèÿ áàëêè [15],
ñ óñëîâèÿìè æåñòêîé çàäåëêè íà îáîèõ êîíöàõ. Ïðîèçâîäèòñÿ ðàñ÷åò ÷àñòîò è
âûâîä íà ýêðàí ôîðì êîëåáàíèé. Çàäàíèå ñêàëÿðíûõ ïàðàìåòðîâ è òèï êîíå÷íûõ
ýëåìåíòîâ îñóùåñòâëÿåòñÿ àíàëîãè÷íî çàäà÷å 3.1. Íåáîëüøèå èçìåíåíèÿ íóæíî
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ïðîèçâåñòè â áëîêå ñâîéñòâ ìàòåðèàëà, çäåñü äîáàâëÿåòñÿ ïëîòíîñòü ìàòåðèàëà
DENS = 7.8e3.

Çàäàíèå òèïà àíàëèçà è óñëîâèé çàêðåïëåíèÿ

Main Menu > Solution > Unabridged Menu > Analysis Type > New
Analysis > Ok

Âûáèðàåì Modal.
Main Menu > Solution > Analysis Type > Analysis Options

Âûáèðàåì Block Lanczos.
No. of modes to extact > 6
NMODE No. of modes to expand > 6, Ok, Ok.

Main Menu > Solution > De�ne Loads > Apply > Structural > Displañement
> On Nodes

Âûäåëÿåì ïåðâûé è îäèííàäöàòûé óçëû, Ok.
Lab2 DOFs to be constrained > All DOF
VALUE Displañement value > 0 > Ok

Ðåøåíèå

Main Menu > Solution > Solve > Current LS > Ok

Ïðîñìîòð ðåçóëüòàòîâ

• Âûâîä íà ýêðàí çíà÷åíèé ñîáñòâåííûõ ÷àñòîò:

Main Menu > General Postproc > Results Summary.
Òî÷íîå çíà÷åíèå äëÿ îïðåäåëåíèÿ íèçøåé ÷àñòîòû êîëåáàíèé æåñòêî çàäåëàííîé
ïî êðàÿì áàëêè ëåãêî ïîëó÷àåòñÿ èç ðàáîòû [4] è èìååò âèä

ω = 22.37
l2

2π

√
EJ

ρS
,

ãäå l � äëèíà áàëêè, E � ìîäóëü Þíãà, I � ìîìåíò èíåðöèè, S � ïëîùàäü ïîïå-
ðå÷íîãî ñå÷åíèÿ, ρ � ïëîòíîñòü ìàòåðèàëà. Íèçøàÿ ÷àñòîòà êîëåáàíèé ðàññìàò-
ðèâàåìîé áàëêè, ïîëó÷àåìàÿ â ïàêåòå Ansys ðàâíà 105.887 Ãö, ÷òî îòëè÷àåòñÿ
îò òî÷íîãî çíà÷åíèÿ íà 0.015%.

• Âûâåñòè íà ýêðàí ïåðâóþ ñîáñòâåííóþ ôîðìó ìîæíî ñëåäóþùèì îáðàçîì:

Main Menu > General Postproc > Read Results > First Set.
Äëÿ òîãî ÷òîáû ïðîñìîòðåòü ñëåäóþùóþ (èëè ïðåäûäóùóþ ) ôîðìó êîëåáàíèé,
íàäî âûáðàòü
Main Menu > General Postproc > Read Resulst > Next Set (Previous
Set).
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Ìîæíî ñðàçó ïåðåéòè íà íóæíóþ ôîðìó êîëåáàíèé:
Main Menu > General Postproc > Read Resulst > By Pick, à çàòåì
Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Íà ðèñ. 3.3 ïðåäñòàâëåíû ïåðâûå ÷åòûðå ôîðìû êîëåáàíèé æåñòêî çàêðåïëåííîé
íà êîíöàõ áàëêè.

Ðèñ. 3.3. Ïåðâûå ÷åòûðå ôîðìû êîëåáàíèé æåñòêî çàêðåïëåííîé íà êîíöàõ áàëêè.

3.4. Êâàäðàòíàÿ ïëàñòèíà ïîä äåéñòâèåì
íîðìàëüíîãî âíåøíåãî äàâëåíèÿ.
Ñâîáîäíûå êîëåáàíèÿ êâàäðàòíîé ïëàñòèíû

Ðàññìàòðèâàåòñÿ êâàäðàòíàÿ ïëàñòèíà ñ ðàçìåðàìè 1 × 1 ì. Èñõîäíûå ïàðà-
ìåòðû ïëàñòèíû, ñâîéñòâà ìàòåðèàëîâ îïðåäåëÿþòñÿ â íà÷àëå ðàáîòå.

Çàäàíèå èñõîäíîãî íàáîðà ïàðàìåòðîâ

Utility Menu > Parameters > Scalar Parameters.
Â ïîÿâèâøåìñÿ îêíå ââåñòè èìåíà è çíà÷åíèÿ ïàðàìåòðîâ (ïîñëå íàáîðà êàæäîãî
ïàðàìåòðà íàæèìàåòñÿ Accept):
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YOUNG=2.07E11
THICK=0.02
DENSITY=7800, Close.

Çàäàíèå òèïà è ñâîéñòâ ýëåìåíòîâ

Main Menu > Preprocessor > Element Type > Add > Structural Shell >
63 > Ok > Close.
Main Menu > Preprocessor > Real Constants > Add

Shell Thickness at node I TK (I) > THICK
Shell Thickness at node J TK (J) > THICK
Shell Thickness at node K TK (K) > THICK
Shell Thickness at node L TK (L) > THICK, Ok , Close.

Çàäàíèå ñâîéñòâ ìàòåðèàëà

Main Menu > Preprocessor > Material Props > Material Models >
Structural (äâîéíîé ùåë÷îê ìûøè) > Linear > Elastic > Isotropic

EX > YOUNG (ìîäóëü Þíãà )
PRXY > 0.3 (êîýôôèöèåíò Ïóàññîíà)

Main Menu > Preprocessor > Material Props > Material Models >
Structural > Nonlinear >

DENS > DENSITY (ïëîòíîñòü ìàòåðèàëà), Ok
Çàêðûâàåì îêíî De�ne Material Model Behavior.

Ïîñòðîåíèå êâàäðàòíîé îáëàñòè

Main Menu > Preprocessor > Modeling > Create > Areas > Rectangle
> By Dimensions

X1 , X2 > 0, 1
Y1, Y2 > 0, 1, Ok

Ðàçáèåíèå íà ýëåìåíòû

Main Menu > Preprocessor > Meshing > Mesh Tool > Size Controls >
Lines > Set > Pick All

NDIV No. Of element divisions > 40, Ok
Main Menu > Preprocessor > Meshing > Mesh Tool > Mesh > Areas >
Shape > Quad > Free > Mesh > Pick All

Óñëîâèÿ çàêðåïëåíèÿ è ïðèëîæåíèå âíåøíåãî äàâëåíèÿ

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Dispacement > On Lines
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Âûäåëÿåì ìûøêîé âñå ïîãðàíè÷íûå ñòîðîíû, Ok
Lab2 DOFs to be constrained > All DOF
VALUE Displañement value > 0 > Ok

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Pressure > On Areas > Pick All

Apply PRES on areas as a > constant value
VALUE Load PRES value, > -100
LKEY Load key, usually face no. > 1

Ðåøåíèå

Solution > Analysis Type > New Analysis > Static
Main Menu > Solution > Solve > Current LS > Ok

Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Ðåçóëüòàòîì âûïîëíåíèÿ ýòîãî ïóíêòà ÿâëÿåòñÿ ðèñ. 3.4.

Â òàáë. 1 ïðèâîäÿòñÿ ìàêñèìàëüíûå çíà÷åíèÿ ïðîãèáà äàííîé ïëàñòèíû, ðàç-
áèòîé íà ðàçëè÷íîå êîëè÷åñòâî ýëåìåíòîâ. Òî÷íîå çíà÷åíèå âåëè÷èíû ïðîãèáà,
ïðåäñòàâëåííîå â òðåòüåì ñòîëáöå òàáëèöû, ïîëó÷åíî â ðàáîòå [1]:

wmax = 0.00126
qa4

D
, D =

Eh3

12(1− ν2)
,

ãäå q � âåëè÷èíà íàãðóçêè, a � ñòîðîíà ïëàñòèíû, ν � êîýôôèöèåíò Ïóàññîíà,
E � ìîäóëü óïðóãîñòè, h � òîëùèíà ïëàñòèíû.

Ìîæíî çàìåòèòü, ÷òî ñ óâåëè÷åíèåì ðàçáèåíèÿ êâàäðàòíîé ïëàñòèíû íà áîëü-
øåå êîëè÷åñòâî ýëåìåíòîâ, òî÷íîñòü ïîëó÷åííîãî ðåçóëüòàòà âîçðàñòàåò. Îäíàêî
ïðè äîñòàòî÷íî ìåëêîé ñåòêå, ò.å. ïðè î÷åíü áîëüøîì êîëè÷åñòâå ýëåìåíòîâ, ïðî-
èñõîäèò ðîñò îòíîñèòåëüíîé ïîãðåøíîñòè. Ýòî ñâÿçàíî ñ óâåëè÷åíèåì ðàçìåðîâ
ðàñ÷åòíûõ ìàòðèö, ÷òî ïðèâîäèò ê íàêîïëåíèþ îøèáîê íà êàæäîì âû÷èñëèòåëü-
íîì ýòàïå.

Èññëåäîâàíèå ñâîáîäíûõ êîëåáàíèé ïëàñòèíû

Äëÿ òîãî ÷òîáû ïîëó÷èòü ÷àñòîòû è ôîðìû êîëåáàíèé, íåîáõîäèìî óáðàòü âíåø-
íåå äàâëåíèå, ïðèëîæåííîå ðàíåå, è çàïóñòèòü íîâûé òèï àíàëèçà.
Solution > De�ne Loads > Delete > Structural > Pressure > On Areas

LKEY Load, usually face no. > 1
Solution > Analysis Type > New Analysis
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Òàáëèöà 1

×èñëî Ìàêñ. ïðîãèá, ì Òî÷íîå Îòíîñèò.
ýëåìåíòîâ (Ansys) ðåøåíèå, ì ïîãð., %
16(4× 4) 0.90054e-06 7.7365
25(5× 5) 0.7637e-06 8.7953
36(6× 6) 0.8660e-06 4.0577
49(7× 7) 0.85225e-06 2.5087
81(9× 9) 0.81268e-06 0.83087e-06 2.2382

100(10× 10) 0.84579e-06 1.7641
121(11× 11) 0.81982e-06 1.3478
144(12× 12) 0.84229e-06 1.3559
169(13× 13) 0.81544e-06 0.8410
400(20× 20) 0.83721e-06 0.7573
1600(40× 40) 0.83509e-06 0.5054

Âûáèðàåì ìîäàëüíûé àíàëèç � "Modal".
Solution > Analysis Type > Analysis Options

Âûáèðàåì "Block Lanczos".
No. of modes to extarct > 6
No. of modes to expand > 6 Ok
Â ïîÿâèâøåìñÿ îêíå Lanczos Modal Analysis òîæå íàæèìàåì Ok.

Main Menu > Solution > Solve > Current LS > Ok
Äàëåå ìû ïðèâîäèì òàáë. 2, èëëþñòðèðóþùóþ âëèÿíèå êîëè÷åñòâà ðàçáèå-

íèé êâàäðàòíîé ïëàñòèíû íà ñîáñòâåííûå ÷àñòîòû êîëåáàíèé. Â ðàáîòå [6] áûëà
ïîëó÷åíà òî÷íàÿ ôîðìóëà äëÿ îïðåäåëåíèÿ çíà÷åíèÿ íèçøåé ÷àñòîòû êîëåáàíèé
êâàäðàòíîé ïëàñòèíû

ω =
35.6

2π

√
Eh2

12 a4ρ (1− ν2)
,

ãäå a � ñòîðîíà ïëàñòèíû, ν � êîýôôèöèåíò Ïóàññîíà, E � ìîäóëü óïðóãîñòè,
ρ � ïëîòíîñòü ìàòåðèàëà, h � òîëùèíà ïëàñòèíû.

Êàê óæå îòìå÷àëîñü âûøå, ñ óâåëè÷åíèåì ðàçáèåíèÿ êâàäðàòíîé ïëàñòèíû
íà áîëüøåå êîëè÷åñòâî ýëåìåíòîâ òî÷íîñòü ïîëó÷åííûõ ðåçóëüòàòîâ âîçðàñòàåò.
Èçîáðàæåíèå äåôîðìèðîâàííîé ïëàñòèíû

Main Menu > General Postproc > Read Resulst > By Pick, âûáðàòü íåîá-
õîäèìûé äëÿ ïðîñìîòðà ðåçóëüòàò, à çàòåì
Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Front/Iso > Close.

Çàïèñü log-ôàéëà áàçû äàííûõ
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Ðèñ. 3.4. Ïðîãèá êâàäðàòíîé ïëàñòèíû ïîä äåéñòâèåì íîðìàëüíîãî äàâëåíèÿ.

Utility Menu > File > Write DB Log File > Write Database Log to >
square.log, Ok.

3.5. Êðóãëàÿ ïëàñòèíà ïîä äåéñòâèåì ðàñïðåäåëåííîãî âíåøíåãî
äàâëåíèÿ

Â ýòîé ðàáîòå ïîâåðõíîñòü êðóãëîé ïëàñòèíû ñîçäàåòñÿ êîìàíäîé Circle ñ
çàäàíèåì êîîðäèíàò öåíòðà îêðóæíîñòè è åå ðàäèóñà. Ïëàñòèíà æåñòêî çàäåëû-
âàåòñÿ ïî îêðóæíîñòè. Ðàäèóñ ïëàñòèíû 1 ì, à ñâîéñòâà ìàòåðèàëà è âåëè÷èíà
âíåøíåãî äàâëåíèÿ, ïðèêëàäûâàåìîãî ê ïîâåðõíîñòè ïëàñòèíû, óêàçàíû â ñîîò-
âåòñòâóþùèõ ðàçäåëàõ ýòîé ðàáîòû.

Çàäàíèå ñêàëÿðíûõ ïàðàìåòðîâ, ñâîéñòâ ìàòåðèàëà è òèï ýëåìåíòîâ îñóùåñòâ-
ëÿåòñÿ òàêæå, êàê è â ïðåäûäóùèõ ïðèìåðàõ.

Ïîñòðîåíèå êðóãîâîé îáëàñòè è ðàçáèåíèå íà ýëåìåíòû

Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Annulus

WP X > 0
WP Y > 0
Rad�1 > r, Ok
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Òàáëèöà 2

×èñëî Ìèí. ÷àñòîòà, Ãö Òî÷íîå Îòíîñèò.
ýëåìåíòîâ (Ansys) ðåøåíèå, Ãö ïîãð., %
16(4× 4) 172.32 1.995
25(5× 5) 174.15 1.439
36(6× 6) 175.35 0.744
49(7× 7) 176.14 0.293
64(8× 8) 176.68 0.014
81(9× 9) 177.06 176.66 0.229

100(10× 10) 177.34 0.386
121(11× 11) 177.54 0.498
144(12× 12) 177.70 0.588
169(13× 13) 177.83 0.660
400(20× 20) 178.25 1.044
1600(40× 40) 178.49 1.028

Main Menu > Preprocessor > Meshing > Size Cntrl > Manual Size >
Global > Size

SIZE Element edge length > r/20
Main Menu > Preprocessor > Meshing > Mesh > Areas > Free > Pick
All

Çàäàíèå ãðàíè÷íûõ óñëîâèé

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Dispacement > On Lines

Âûäåëÿåì ìûøêîé ÷åòûðå äóãè, îáðàçóþùèå îêðóæíîñòü, íàæèìàåì Ok è
â ïîÿâèâøåìñÿ îêíå âûáèðàåì ñòðîêó ALL DOF (All degrees of freedom), ÷òî
îçíà÷àåò çàêðåïëåíèå âñåõ ñòåïåíåé ñâîáîäû.

Lab2 DOFs to be constrained > All DOF
VALUE Displañement value > 0 > Ok

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Structural
> Pressure > On Areas

Apply PRES on areas as a > constant value
VALUE Load PRES value, > 1000

Òèï àíàëèçà è ðåøåíèå

Solution > Analysis Type > New Analysis > �Static�
Main Menu > Solution > Solve > Current LS > Ok.

Ïðîñìîòð ðåçóëüòàòîâ
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Ðèñ. 3.5. Ïðîãèá êðóãëîé ïëàñòèíû ïîä äåéñòâèåì íîðìàëüíîãî äàâëåíèÿ.

Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Íà ðèñ. 3.5 ïîêàçàíà äåôîðìàöèÿ æåñòêî çàêðåïëåííîé ïî êðàþ êðóãëîé ïëàñòè-
íû, íàõîäÿùåéñÿ ïîä äåéñòâèåì ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ.

3.6. Ñâîáîäíûå êîëåáàíèÿ êðóãëîé ïëàñòèíû

Ïîâåðõíîñòü ïëàñòèíû è ðàçáèåíèå íà ýëåìåíòû çàäàþòñÿ òàê æå, êàê è â
ïðåäûäóùåì ðàçäåëå. Ïàðàìåòðû ïëàñòèíû, ñâîéñòâà ìàòåðèàëà îñòàþòñÿ ïðåæ-
íèìè. Â ýòîé ðàáîòå îïðåäåëÿþòñÿ ÷àñòîòû è ôîðìû ñîáñòâåííûõ êîëåáàíèé.

Çàäàíèå òèïà àíàëèçà è çàïóñê ðåøåíèÿ

Solution > Analysis Type > New Analysis
Âûáèðàåì ìîäàëüíûé àíàëèç � "Modal".

Solution > Analysis Type > Analysis Options
Âûáèðàåì "Block Lanczos".
No. of modes to extarct > 6
No. of modes to expand > 6 Ok

Â ïîÿâèâøåìñÿ îêíå "Lanczos Modal Analysis" íàæèìàåì Ok
Main Menu > Solution > Solve > Current LS > Ok
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Ðèñ. 3.6. Ôîðìû ñîáñòâåííûõ êîëåáàíèé êðóãëîé ïëàñòèíû.

Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General Postproc > Read Resulst > By Pick, âûáðàòü íåîá-
õîäèìûé äëÿ ïðîñìîòðà ðåçóëüòàò, à çàòåì
Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Íà ðèñ. 3.6 ïîêàçàíû ÷åòûðå ôîðìû ñîáñòâåííûõ êîëåáàíèé êðóãëîé ïëàñòèíû
æåñòêî çàêðåïëåííîé ïî êðàþ. Ìîæíî âûâåñòè íà ýêðàí âåëè÷èíó ïðîãèáà êàæ-
äîãî óçëà:
Utility Menu > List > Results > Nodal Solution.

3.7. Êîëåáàíèÿ ïðÿìîóãîëüíîé ïëàñòèíû ñ êðóãëûì îòâåðñòèåì â
öåíòðå

Â ýòîé ðàáîòå ñîçäàåòñÿ êâàäðàòíàÿ ïëàñòèíà ðàçìåðàìè 1 x 1 ì. Èñõîäíûå
ïàðàìåòðû ïëàñòèíû, ñâîéñòâà ìàòåðèàëîâ îïðåäåëÿþòñÿ â íà÷àëå ðàáîòå. Æåñò-
êîå çàêðåïëåíèå çàäàåòñÿ òîëüêî íà äâóõ ïðîòèâîïîëîæíûõ ñòîðîíàõ êâàäðàòà.

Çàäàíèå èñõîäíîãî íàáîðà ïàðàìåòðîâ äëÿ ïîñòðîåíèÿ ìîäåëè

Utility Menu > Parameters > Scalar Parameters >
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Â ïîÿâèâøåìñÿ îêíå ââåñòè èìåíà è çíà÷åíèÿ ïàðàìåòðîâ (ïîñëå íàáîðà êàæäîãî
ïàðàìåòðà íàæèìàåòñÿ Accept ):

YOUNG=70E9 (70 ÃÏà èëè 70 · 109 Í/ì2)
THICKN=0.0001 (1 ìèëëèìåòð)
DENSITY=2.7Å3 (2700 êã/ì3), Close.

Çàäàíèå òèïà è ñâîéñòâ ýëåìåíòîâ

Main Menu > Preprocessor > Element Type > Add > Structural Shell >
shell63 > Ok > Close.
Main Menu > Preprocessor > Real Constants > Add

Shell Thickness at node I TK (I) > THICKN
Shell Thickness at node J TK (J) > THICKN
Shell Thickness at node K TK (K) > THICKN
Shell Thickness at node L TK (L) > THICKN, Ok, Close.

Çàäàíèå ñâîéñòâ ìàòåðèàëà

Main Menu > Preprocessor > Material Props > Material Models >
Structural > Linear > Elastic > Isotropic

EX > YOUNG (ìîäóëü Þíãà)
PRXY > 0.3 (êîýôôèöèåíò Ïóàññîíà)

Main Menu > Preprocessor > Material Props > Material Models >
Structural > Nonlinear > DENSITY

DENS > DENSITY (ïëîòíîñòü ìàòåðèàëà), Ok.
Çàêðûâàåì îêíî De�ne Material Model Behavior.

Ïîñòðîåíèå êâàäðàòíîé îáëàñòè

Main Menu > Preprocessor > Modeling > Create > Areas > Rectangle
> By Dimensions

X1, X2 > -0.5 0.5
Y1, Y2 > -0.5 0.5, Ok.

Ïîñòðîåíèå êðóãëîãî îòâåðñòèÿ

Main Menu > Preprocessor > Modeling > Create > Areas > Circle > By
Dimensions >

Radius > 0.2, Ok.

Óäàëåíèå èç êâàäðàòíîé îáëàñòè êðóãëîé. Ñîçäàíèå êðóãëîãî îòâåðñòèÿ

Main Menu > Preprocessor >Modeling > Operate > Booleans > Subtract
> Areas >
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Ùåëêíóòü íà êâàäðàò, çàòåì - íà Ok â ëåâîì íèæíåì îêíå. Ùåëêíóòü íà êðóã,
çàòåì - íà Next â âåðõíåì îêíå. È, íàêîíåö, - íà Ok â ëåâîì íèæíåì îêíå.

Ðàçáèåíèå íà ýëåìåíòû

Main Menu > Preprocessor > Mesh Tool > Size Control > Lines > Set
> Pick All > NDIV No. Of element divisions -> 40, Ok.
Main Menu > Preprocessor > Mesh Tool > Mesh >Areas < Shape >Quad
> Mesher > Mapped > Mesh > Pick all > Close.

Çàäàíèå óñëîâèé çàêðåïëåíèÿ

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Displacement
> On Lines >
Ùåëêíèòå íà âåðõíèé è íèæíèé êîíöû ïëàñòèíû > Ok.

Ðåøåíèå

Main Menu > Solution > New Analysis > Modal > Ok.
Main Menu > Solution > Analysis Options >

Method > Block Lanczos
No. Of modes to extract > 5
No. Of modes to expand > 5, Ok.

Âî âñåõ ïîñëåäóþùèõ âîçíèêàþùèõ îêíàõ íàæèìàòü Ok.
Main Menu > Solution > Solve > Current LS > Ok.

Èçîáðàæåíèå äåôîðìèðîâàííîé ïëàñòèíû

Main Menu > General Postproc > Read Resulst > By Pick, âûáðàòü íåîá-
õîäèìûé äëÿ ïðîñìîòðà ðåçóëüòàò, à çàòåì
Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Front/Iso > Close.

Çàïèñü log-ôàéëà áàçû äàííûõ

Utility Menu > File > Write DB Log File > Write Database Log to >
square-circle.log, Ok.
Íà ðèñ. 3.7 ïîêàçàíî ðàñïðåäåëåíèå äåôîðìàöèé íà ýëåìåíòàõ ïëàñòèíû â ïðî-
öåññå êîëåáàíèé ïðè óñëîâèè, ÷òî âåðõíèé è íèæíèé êðàÿ ïëàñòèíû áûëè æåñòêî
çàêðåïëåíû.

33



Ðèñ. 3.7. Ðàñïðåäåëåíèå äåôîðìàöèé íà ýëåìåíòàõ ïëàñòèíû â ïðîöåññå êîëåáàíèé.

3.8. Èçãèá ïðóæèíû ïîä äåéñòâèåì ñèëû òÿæåñòè

Â ýòîé ðàáîòå∗ ñîçäàåòñÿ áàëî÷íàÿ ìîäåëü ïðóæèíû è èññëåäóþòñÿ äåôîðìàöèè
ïîñòðîåííîé ìîäåëè ïîä äåéñòâèåì ñèëû òÿæåñòè (ðèñ. 3.9).

Ñîçäàíèå äâóõ âñïîìîãàòåëüíûõ êëþ÷åâûõ òî÷åê

Main Menu > Preprocessor > Modeling > Create > Keypoints > In
Active CS.
Â ïîëÿõ ââîäà ïîÿâèâøåãîñÿ äèàëîãîâîãî îêíà ââîäèì íîìåð êëþ÷åâîé òî÷êè
(ïîëå NPT) è çíà÷åíèÿ ñîîòâåòñòâóþùèõ äàííîé òî÷êå êîîðäèíàò∗ (ïîëÿ X, Y,
Z).

Keypoint > 1 > x = 0, y = 0 z = 0 > Apply,
Keypoint > 2 > x = 1, y = 1.5 z = 0.03 > Ok.

Ñîçäàíèå îêðóæíîñòè

Íà ïåðâîì ýòàïå ñîçäàþòñÿ äâå âñïîìîãàòåëüíûå îêðóæíîñòè � îñíîâàíèÿ ïðó-
æèíû. Ñíà÷àëà ñòðîèì îêðóæíîñòü ñ öåíòðîì â íà÷àëå êîîðäèíàò (ïåðâàÿ êëþ-

∗Äàííàÿ ðàáîòà ïðåäñòàâëåíà â êíèãå [19]×èãàðåâ À.Â., Êðàâ÷óê À.Ñ., Ñìàëþê À.Ô. ANSYS
äëÿ èíæåíåðîâ. Ì., 2004. 511 ñ.

∗Êîìàíäà K, 1, x, y, z
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÷åâàÿ òî÷êà) è ðàäèóñîì 0.003∗.
Main Menu > Preprocessor > Modeling > Create > Lines > Arcs > By
Cent & Radius.
Â ïîÿâèâøåìñÿ îêíåArc By Center & Radius ââîäèì 0,0,0, íàæèìàåì Apply, à
çàòåì ââîäèì çíà÷åíèå ðàäèóñà îêðóæíîñòè 0.003. Îêðóæíîñòü äîëæíà äåëèòüñÿ
íà ÷åòûðå ñåêòîðà. Ïîýòîìó íóæíî óêàçàòü, ÷òî óãëîâàÿ ìåðà äóãè ðàâíà 360◦

è ïðîðèñîâàòü 4 äóãè.

Âêëþ÷åíèå íóìåðàöèè è îòîáðàæåíèå êëþ÷åâûõ òî÷åê∗

Utility Menu > Plot Ctrls > Numbering > Keypoints number,
Utility Menu > Plot > Keypoints.

Êîïèðîâàíèå îêðóæíîñòè

Ñàìûì ïðîñòûì ñïîñîáîì ñîçäàíèÿ âòîðîé îêðóæíîñòè ÿâëÿåòñÿ êîïèðîâàíèå
ñîçäàííîé íà ïðåäûäóùåì øàãå îêðóæíîñòè ñî ñìåùåíèåì ïî îñè OZ íà ðàññòî-
ÿíèå DZ = 0.03 m.
Main Menu > Preprocessor > Modeling > Copy > Lines.
Âûäåëÿåì îêðóæíîñòü, íàæèìàåì OK, â ïîÿâèâøåìñÿ îêíå â ïåðâîé ñòðîêå
(Number of copies) óêàçûâàåì êîëè÷åñòâî êîïèé, âêëþ÷àÿ èñõîäíóþ îêðóæ-
íîñòü � 2. Â ñòðîêå Z-o�set in active CS � 0.03.
Ïîñëå âûïîëíåíèÿ ýòîé êîìàíäû óäîáíî ïîñìîòðåòü ðåçóëüòàòû ïîñòðîåíèé â
èçîìåòðèè èëè ïîäêëþ÷èòü äèíàìè÷åñêóþ ìîäó:
Utility Menu > PlotCtrls > Pan, Zoom, Rotate > Iso.

Ðèñîâàíèå âñïîìîãàòåëüíûõ ïðÿìûõ ëèíèé

Îòîáðàæàåì íà ýêðàíå êëþ÷åâûå òî÷êè. Ïîïàðíî ñîåäèíÿåì ïðÿìûìè ëèíèÿìè
ïðîòèâîëåæàùèå êëþ÷åâûå òî÷êè, ïðèíàäëåæàùèå îêðóæíîñòÿì.
Main Menu > Preprocessor > Modeling > Create > Lines > Straight
Line.
Ëåâîé êíîïêîé ìûøè ïîñëåäîâàòåëüíî îòìå÷àåì ïî äâå òî÷êè (íà÷àëî è êîíåö
ñîçäàâàåìîé ïðÿìîé ëèíèè):

Line 9 Keypoints > 3 > 7,
Line 10 Keypoints > 4 > 8,
Line 11 Keypoints > 5 > 9,
Line 12 Keypoints > 6 > 10, Ok.

Çàêðûâàåì îêíî Create Straight Lines.

Äåëåíèå ïîñòðîåííûõ ïðÿìûõ ëèíèé

∗Êîìàíäà CIRCLE, 1, 0.003, , , 360,4
∗KPLOT, ALL
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Îòêëþ÷àåì íóìåðàöèþ òî÷åê. Îòîáðàæàåì íîìåðà ëèíèé. Äåëèì ïðÿìóþ ëèíèþ
Line 9 íà 5 îòðåçêîâ∗, à îñòàëüíûå ïîñòðîåííûå ëèíèè L10, L11, L12 ðàçáèâàåì
íà 20 ðàâíûõ îòðåçêîâ.
Main Menu > Preprocessor > Modeling > Operate > Booleans > Divide
> Line into N Ln's.
Ïðè èñïîëüçîâàíèè óêàçàííîãî ïóíêòà ìåíþ ïîÿâëÿåòñÿ îêíî âûáîðà Divide
Line into N Lines. Â ýòîì ñëó÷àå:

• Óêàçûâàåì ëèíèþ, êîòîðàÿ äîëæíà áûòü ðàçäåëåíà íà N îòðåçêîâ.

• Íàæèìàåì êíîïêó Ok èëè Apply.

• Â ïîÿâèâøåìñÿ îêíå Divide Line into N Lines óêàçûâàåì êîëè÷åñòâî äå-
ëåíèé, íà êîòîðûå äîëæíà áûòü ðàçäåëåíà âûáðàííàÿ ëèíèÿ (ïîëå NDIV).

• Â âûïàäàþùåì ìåíþ (ñïèñîêKEEP) óêàçûâàåì ïàðàìåòð, îïðåäåëÿþùèé,
÷òî èñõîäíàÿ ëèíèÿ äîëæíà áûòü ïðåîáðàçîâàíà â äàííîå êîëè÷åñòâî ëè-
íèé.

Ïåðåõîä â ãëîáàëüíóþ öèëèíäðè÷åñêóþ ñèñòåìó êîîðäèíàò

Ïðóæèíà ïðåäñòàâëÿåò ñîáîé ñïèðàëü, ïîýòîìó íàèáîëåå óäîáíî ñîçäàâàòü ëèíèè
ïîäîáíîé ôîðìû ñ èñïîëüçîâàíèåì íå äåêàðòîâîé, à öèëèíäðè÷åñêîé ñèñòåìû
êîîðäèíàò. Ïåðåõîäèì â ãëîáàëüíóþ öèëèíäðè÷åñêóþ ñèñòåìó êîîðäèíàò. Äëÿ
ýòîãî èñïîëüçóåì ïîñëåäîâàòåëüíî äâà ïóíêòà ìåíþ:
Utility Menu > WorkPlane > Change Display Cs to > Global Cylindrical,
Utility Menu > Plot > Replot.
Ïîñëå âûïîëíåíèÿ ýòîé êîìàíäû óäîáíî ïîñìîòðåòü ðåçóëüòàòû ïîñòðîåíèé â
ñëåäóþùåì âèäå:
Utility Menu > PlotCtrls > Pan, Zoom, Rotate > Right.
Äëÿ óäîáñòâà äàëüíåéøåé ðàáîòû íåîáõîäèìî óâåëè÷èòü êàðòèíêó.

Ïîñòðîåíèå âèòêîâ ïðóæèíû ïðè ïîìîùè ñïëàéíà

Îòîáðàæàåì íà ýêðàíå êëþ÷åâûå òî÷êè. Ïðóæèíó áóäåì ðèñîâàòü êàê ñïëàéí,
ïðîõîäÿùèé ÷åðåç íåñêîëüêî êëþ÷åâûõ òî÷åê, çàäàííûõ íà âñïîìîãàòåëüíûõ ëè-
íèÿõ ìåæäó îêðóæíîñòÿìè. Ñïëàéí íà÷èíàåòñÿ â êëþ÷åâûõ òî÷êàõ 3 èëè 7 è
îòêëîíÿåòñÿ îò íà÷àëüíîé îêðóæíîñòè â íàïðàâëåíèè îñè OZ êàæäûé ðàç íà
îäíî äåëåíèå (â íàøåì ñëó÷àå 1/20). Íàïðèìåð, åñëè ñïëàéí íà÷èíàåòñÿ â òî÷êå
3, òî ñëåäóþùèå êëþ÷åâûå òî÷êè áóäóò: 15, 35, 55, 11, 19, 39, 59, 12, 23, 43,
63, 13, 27, 47, 67, 14, 31, 51, 71, 7.
Main Menu > Preprocessor > Modeling > Create > Lines > Splines >
Spline thru KPs.

∗Êîìàíäà LDIV, 9, , , 5, 0
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Ïðè èñïîëüçîâàíèè óêàçàííîãî ïóíêòà ìåíþ ïîÿâëÿåòñÿ îêíî âûáîðàB-Spline. Â
ýòîì ñëó÷àå ñëåäóåò âûáðàòü â ñòðîãîì ïîðÿäêå èõ ñîåäèíåíèÿ êëþ÷åâûå òî÷êè,
÷åðåç êîòîðûå äîëæåí ïðîõîäèòü ñïëàéí∗ è íàæàòü Ok.

Óäàëåíèå âñïîìîãàòåëüíûõ ëèíèé

Ñíà÷àëà îòêëþ÷àåì íåìåðàöèþ êëþ÷åâûõ òî÷åê è îòîáðàæàåì íà ýêðàíå íîìåðà
ëèíèé:
Utility Menu > Plot Ctrls > Numbering > Lines number,
Utility Menu > Plot Lines, à çàòåì óäàëÿåì âñïîìîãàòåëüíûå ëèíèè:
Main Menu > Preprocessor > Modeling > Delete > Lines Only.
Âûäåëÿåì ìûøüþ íåîáõîäèìûå ëèíèè: Line 9, Line 10, Line 11, Line 12 è
íàæèìàåì Ok. Íàïîìíèì, ÷òî ïåðå÷èñëåííûå âûøå ëèíèè ñîñòîÿò èç ìíîæåñòâà
îòðåçêîâ, êîòîðûå íàäî ïîñëåäîâàòåëüíî âûäåëèòü è óäàëèòü.

Ïåðåõîä îáðàòíî â ãëîáàëüíóþ äåêàðòîâó ñèñòåìó êîîðäèíàò

Utility Menu > WorkPlane > Change Display Cs to > Global Cartesian,
Utility Menu > Plot > Replot.

Íå çàáûâàéòå ïîñëå êàæäîãî âûïîëíåííîãî ïóíêòà ñîõðàíÿòü ïðîãðàììíûé êîä !

Çàïèñü log-ôàéëà áàçû äàííûõ

Utility Menu > File > Write DB Log File > Write Database Log to >
spring.log, Ok.
Ïîñëå âûïîëíåíèÿ ïåðå÷èñëåííûõ êîìàíä óäîáíî ïîñìîòðåòü ðåçóëüòàòû ïîñòðî-
åíèé â èçîìåòðèè:
Utility Menu > PlotCtrls > Pan, Zoom, Rotate > Iso.

Îïðåäåëåíèå òèïà ðåøàåìîé çàäà÷è

Main Menu > Preferences > Structural > Ok.

Îïðåäåëåíèå ñâîéñòâ ìàòåðèàëà

Main Menu > Preprocessor > Material Props > Material Models.

• Â îêíå De�ne Material Model Behavior âûáèðàåì Structural > Linear
> Elastic > Isotropic.

∗Êîìàíäà BSPLIN, P. Ïðè èñïîëüçîâàíèè êîìàíäû ïîÿâëÿåòñÿ îêíî âûáîðà B-Spline è
ïîñëåäîâàòåëüíîñòü äåéñòâèé òàêàÿ æå, êàê ïðè âûçîâå ñîîòâåòñòâóþùèõ ïóíêòîâ ìåíþ.
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• Ââîäèì òðåáóåìûå çíà÷åíèÿ óïðóãèõ ïîñòîÿííûõ
(ìîäóëÿ óïðóãîñòè EX = 2.1E11 è êîýôôèöèåíòà Ïóàññîíà PRXY = 0.3)
è íàæèìàåì Ok.

• Çàäàäèì ïëîòíîñòü ìàòåðèàëà:
Â îêíåDe�ne Material Model Behavior âûáèðàåì Structural > Nonlinear
> Density.
Â ïîÿâèâøåìñÿ îêíå Density for Material Number 1 ââîäèì çíà÷åíèå
ïëîòíîñòè ñòàëè DENS = 14E3 è íàæèìàåì Ok.

• Çàêðûâàåì îêíî De�ne Material Model Behavior.

• Çàïèñûâàåì ñâîéñòâà ñîçäàííîãî ìàòåðèàëà (êà÷åñòâåííîé óãëåðîäèñòîé
êîíñòðóêöèîííîé ñòàëè) â îòäåëüíûé ôàéë:

Main Menu > Preprocessor > Material Props > Write to File.
Âûáèðàåì ëîãè÷åñêèé äèñê, äèðåêòîðèþ è óêàçûâàåì èìÿ, ñ êîòîðûì íåîá-
õîäèìî ñîõðàíèòü ôàéë, íàïðèìåð material.mp∗

Âûáîð òèïà ýëåìåíòà ðàçáèåíèÿ

Main Menu > Preprocessor > Element Type > Add > Structural Beam
> 3D 3 node 189 > Ok > Close.

Âûáîð ïîïåðå÷íîãî ñå÷åíèÿ áàëî÷íûõ ýëåìåíòîâ

Main Menu > Preprocessor > Sections > Beam > Common Sections.

• Â ïåðâîé ñåêöèè îêíàBeam Tool óêàçûâàåì íîìåð 1, â âûïàäàþùåì ñïèñêå
Sub Type îïðåäåëÿåì ôîðìó ïîïåðå÷íîãî ñå÷åíèÿ áàëêè: âûáåðåì äâóòàâ-
ðîâîå.

• Âî âòîðîé ñåêöèè îêíà Beam Tool îñòàâëÿåì óñòàíîâêè "ïî óìîë÷àíèþ":
Centroid.

• Â òðåòüåé ñåêöèè îêíà Beam Tool îïðåäåëÿåì çíà÷åíèå ïàðàìåòðîâ ñå÷å-
íèÿ â ñîîòâåòñòâèè ñ ÷åðòåæîì (ðèñ. 3.8).

• Âî ÷åòâåðòîé ñåêöèè îêíà Beam Tool óñòàíàâëèâàåì óðîâåíü êà÷åñòâà ðàç-
áèåíèÿ 3.

∗Ïðè èñïîëüçîâàíèè â äðóãèõ ïðèìåðàõ äàííîé ìîäåëè ëèíåéíîãî èçîòðîïíîãî ìàòåðèàëà,
ñëåäóåò âîñïîëüçîâàòüñÿ ïóíêòîì ìåíþ:
Main Menu > Preprocessor > Material Props > Read from File.
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W1 =  0.0002

W2 =  0,0001

W3 =  0.0004

= 0.00001

t2 = 0.00001

t3

t1 = 0.00001

Ðèñ. 3.8. Ïîïåðå÷íîå ñå÷åíèå è ðàçìåðû äâóòàâðà.

• Äëÿ ïðîñìîòðà ýñêèçà ïîïåðå÷íîãî ñå÷åíèÿ â ïÿòîé ñåêöèè îêíàBeam Tool
íàæèìàåì êíîïêó Preview. Ïîñëå ýòîãî â îñíîâíîì îêíå ïîÿâèòñÿ ýñêèç
ïðîôèëÿ∗ äâóòàâðîâîãî ñå÷åíèÿ.

• Äëÿ ïðîñìîòðà ðàçáèåíèÿ ïîïåðå÷íîãî ñå÷åíèÿ â ïÿòîé ñåêöèè îêíà Beam
Tool íàæèìàåì êíîïêó Meshview. Ïîñëå ýòîãî â îñíîâíîì îêíå ïîÿâèò-
ñÿ ýñêèç êîíå÷íî-ýëåìåíòíîãî ðàçáèåíèÿ ïîïåðå÷íîãî ñå÷åíèÿ. Íàæèìàåì
êíîïêó Ok.

Âêëþ÷åíèå íóìåðàöèè è îòîáðàæåíèå ëèíèé∗

Utility Menu > Plot Ctrls > Numbering > Line number,
Utility Menu > Plot > Lines.

Ïîñòðîåíèå ðàçáèåíèÿ áàëî÷íûìè ýëåìåíòàìè

• Âûçûâàåì Main Menu > Preprocessor > MeshTool.

• Â òðåòüåé ñåêöèè Size Controls îêíà MeshTool íàæèìàåì Lines Set.

• Ñ ïîìîùüþ ïîÿâèâøåãîñÿ îêíà Mesh Lines ñíà÷àëà âûáèðàåì ñïëàéí è
ââîäèì êîëè÷åñòâî ðàçáèåíèé 70. Íàæèìàåì êíîïêó Ok.

• Çàòåì îïÿòü â ðàçäåëå Size Controls îêíàMeshTool íàæèìàåì Lines Set.

• Ñ ïîìîùüþ ïîÿâèâøåãîñÿ îêíàMesh Lines âûáèðàåì îñòàâøèåñÿ ëèíèè è
ââîäèì êîëè÷åñòâî ðàçáèåíèé 20. Íàæèìàåì êíîïêó Ok.

∗Ïðîôèëü ïîñòðîåííîãî ñå÷åíèÿ ìîæíî òàêæå óâèäåòü, âîñïîëüçîâàâøèñü ïóíêòîì ìåíþ:
Main Menu > Preprocessor > Sections > Beam > Plot Section. È óêàçàòü íîìåð ñå÷åíèÿ,
êîòîðîå íåîáõîäèìî ïîñìîòðåòü (â íàøåì ñëó÷àå âñå áàëêè îäèíàêîâîãî ñå÷åíèÿ 1).

∗Êîìàíäà LPLOT, All
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• Íàæèìàåì êíîïêó Mesh.

• Ñ ïîìîùüþ ïîÿâèâøåãîñÿ îêíàMesh Lines íåîáõîäèìî óêàçàòü âñå ëèíèè,
èëè âûáðàòü Pick All.

Íå çàáûâàéòå ïîñëå êàæäîãî âûïîëíåííîãî ïóíêòà ñîõðàíÿòü ïðîãðàììíûé êîä !

Çàïèñü log-ôàéëà áàçû äàííûõ

Utility Menu > File > Write DB Log File > Write Database Log to >
spring.log, Ok.

Ïåðåõîä îáðàòíî â ãëîáàëüíóþ äåêàðòîâó ñèñòåìó êîîðäèíàò

Utility Menu > WorkPlane > Change Display Cs to > Global Cartesian,
Utility Menu > Plot > Replot.

Ââåäåíèå îãðàíè÷åíèé è íàãðóçîê

• Îòîáðàæàåì ëèíèè è èõ íîìåðà.

• Çàäàåì óñëîâèÿ æåñòêîé çàäåëêè íà ëèíèÿõ L1, L2, L3, L4:
Main Menu > Preprocessor > Loads > Apply > Structural >
Displacement > On Lines. Âûáèðàåì ëèíèè, íàæèìàåì êíîïêó Ok.

• Â ïîÿâèâøåìñÿ îêíå âûáèðàåì ALL DOF, ÷òî ñîîòâåòñòâóåò çàêðåïëåíèþ
âñåõ ñòåïåíåé ñâîáîäû íà óêàçàííîé ëèíèè,

Lab2 DOFs to be constrained > All DOF

VALUE Displañement value > 0 > Ok.

Ñèëà òÿæåñòè∗ îïðåäåëÿåòñÿ â ANSYS âåëè÷èíîé è íàïðàâëåíèåì óñêîðåíèÿ ñâî-
áîäíîãî ïàäåíèÿ. Ìàññà èññëåäóåìîãî òåëà âû÷èñëÿåòñÿ àâòîìàòè÷åñêè ïî çàäàí-
íîé ïëîòíîñòè è îáúåìó êîíñòðóêöèè. Ïðåäïîëîæèì, ÷òî ñèëà òÿæåñòè äåéñòâóåò
â íàïðàâëåíèè îñè OZ.

• Main Menu > Preprocessor > Loads > De�ne Loads > Apply >
Structural > Inertia > Gravity > Global.
Â ïîÿâèâøåìñÿ îêíå Apply Gravitational Acceleration â ïîëå ñ ìåòêîé
ACELZ ââîäèì çíà÷åíèå 9.8 ì/c2.

• Íàæèìàåì êíîïêó Ok.

∗Êîìàíäà ACEL, , , 9.8
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Ðåøåíèå çàäà÷è

Main Menu > Solution > Solve > Current LS > Ok.

Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General PostProc > Plot Results > Contour Plot > Nodal
Solution > DOF Solution > Z � component of displañement > Ok.
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Iso > Close.

1

MN

MX

X

Y

Z

                                                                                -.002811
-.002499

-.002187
-.001874

-.001562
-.001249

-.937E-03
-.625E-03

-.312E-03
0

APR  4 2012
15:11:23

PLOT NO.   1

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
UZ       (AVG)
RSYS=0
DMX =.003718
SMN =-.002811

Ðèñ. 3.9. Äåôîðìàöèÿ ïðóæèíû ïîä äåéñòâèåì ñèëû òÿæåñòè.
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Ãëàâà 4

Ïðîãðàììèðîâàíèå â ïàêåòå Ansys

Êàê óæå îòìå÷àëîñü ðàíåå, ïîëüçîâàòåëü ïàêåòà Ansys ìîæåò ñàì ñîçäàâàòü
ïðîãðàììû, â êîòîðûõ íóæíî ïîñëåäîâàòåëüíî ïåðå÷èñëèòü êîìàíäû äëÿ äîñòè-
æåíèÿ íåîáõîäèìîãî ðåçóëüòàòà. Òåêñò ïðîãðàììû ìîæåò áûòü íàïèñàí â ëþáîì
ðåäàêòîðå è ñîõðàíåí ñ ðàñøèðåíèåì log èëè dat. Äëÿ çàïóñêà ïðîãðàììû íóæ-
íî âîéòè â ïàêåò ANSYS Mechanical APDL> Utility Menu > File> Read
input from..., ïîñëå ÷åãî âûáðàòü ñîîòâåòñòâóþùèé ôàéë. Åñëè ïðîãðàììà íå
ñîäåðæèò îøèáîê, òî ïîñëå åå âûïîëíåíèÿ ïîÿâèòñÿ ñîîáùåíèå Solution is done,
÷òî ãîâîðèò îá óñïåøíîì âûïîëíåíèè ïðîãðàììû. Äàëåå íóæíî çàêðûòü âñå äèà-
ëîãîâûå îêíà è ïðîñìîòðåòü ðåçóëüòàòû â MainMenu > GeneralPostProc.

Äàëåå ìû ïðèâåäåì íåñêîëüêî ïðîãðàìì, äëÿ òîãî ÷òîáû ïðîäåìîíñòðèðîâàòü
ðàçëè÷íûå ïðèåìû ðåøåíèÿ èäåíòè÷íûõ çàäà÷. Â òåëå ïðîãðàììû òåêñò, êîòîðûé
èäåò ïîñëå çíàêà "!"ÿâëÿåòñÿ êîììåíòàðèåì è ANSYS åãî èãíîðèðóåò.

Ðàñ÷åò ëþáîé çàäà÷è â ïàêåòåANSYS óñëîâíî ìîæíî ðàçáèòü íà ñëåäóþùèå
ýòàïû:

1. Ëþáàÿ ïðîãðàììà â ïàêåòå ANSYS íà÷èíàåòñÿ ñî âõîäà â ïðåïðîöåññîð
ïîñðåäñòâîì êîìàíäû /prep7.

Äàëåå èäåò ïîñòàíîâêà çàäà÷è. Cîçäàåòñÿ ìîäåëü, ò. å. ñòðîèòñÿ ïîâåðõíîñòü
èëè îáúåì. Äëÿ çàäàíèÿ ãåîìåòðèè â ïàêåòå ANSYS åñòü ìíîæåñòâî ñïî-
ñîáîâ. Çàòåì çàäàåòñÿ òèï ýëåìåíòà ðàçáèåíèÿ ìîäåëè, åãî ñâîéñòâà. Ïîñëå
ñîçäàíèÿ ìîäåëè è ðàçáèåíèÿ åå íà ýëåìåòû íåîáõîäèìî çàäàòü ãðàíè÷íûå
óñëîâèÿ.

2. Âûáîð èññëåäîâàíèÿ èëè òèï àíàëèçà. Ñ ïîìîùüþ êîìàíäû /solu çàõîäèì
â ðåøàòåëü. Òàì ìû çàäàåì òèï àíàëèçà è äîïîëíèòåëüíóþ èíôîðìàöèþ î
êîëè÷åñòâå ñîáñòâåííûõ ÷àñòîò, åñëè ïîñòàâëåíà çàäà÷à î êîëåáàíèÿõ, à òàê-
æå ìåòîä ðàñ÷åòà. Ýòîò áëîê çàâåðøàåòñÿ êîìàíäàìè solve è �nish. Ïåðâàÿ
êîìàíäà íóæíà äëÿ çàïóñêà ðåøåíèÿ, âòîðàÿ äëÿ âûõîäà èç ðåøàòåëÿ.

Íåñêîëüêî ñëîâ íàäî ñêàçàòü î, òàê íàçûâàåìûõ, ïðîöåññîðàõ, êîòîðûå èñïîëü-
çóþòñÿ â êàæäîé ïðîãðàììå, ñîñòàâëåííîé â ïàêåòå Ansys.
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Âñå êîìàíäû â ïàêåòå Ansys, ñîãëàñíî ôóíêöèîíàëüíûì íàçíà÷åíèÿì, ñãðóï-
ïèðîâàíû ïî îïðåäåëåííûì ïðîöåññîðàì. Áîëüøèíñòâî êîìàíä, êàê ïðàâèëî, âû-
ïîëíÿþòñÿ òîëüêî â îïðåäåëåííîì ïðîöåññîðå. Íàïðèìåð, êîìàíäà çàäàíèÿ òèïà
ýëåìåíòà âåðíà òîëüêî â /prep7. Íî åñòü è êîìàíäû, êîòîðûå âåðíû â ëþáîì
ïðîöåññîðå. Ãðàíè÷íûå óñëîâèÿ ìîæíî çàäàâàòü êàê â /prep7, òàê è â /solu.
Ïðè ðàáîòå ñ Help â êîíöå îïèñàíèÿ êàæäîé êîìàíäû ýòî óêàçûâàåòñÿ. Âûõîä
èç ëþáîãî ïðîöåññîðà îñóùåñòâëÿåòñÿ êîìàíäîé �nish.

4.1. Ñâîáîäíûå êîëåáàíèÿ ñòåðæíÿ

Ïðåäñòàâëåííàÿ íèæå ïðîãðàììà äåëàåò ðàñ÷åò ïåðâûõ 10 ÷àñòîò è ñîîòâåò-
ñòâóþùèõ èì ôîðì êîëåáàíèé ñòåðæíÿ ñî ñëåäóþùèìè ïàðàìåòðàìè: ïëîòíîñòü
ìàòåðèàëà ρ = 73 · 103 êã/ì3, ìîäóëü Þíãà E = 2.07 · 1011 Í/ì2, êîýôôèöèåíò
Ïóàññîíà ν = 0.3, còîðîíà ïîïåðå÷íîãî ñå÷åíèÿ h = 0.02 ì, ïëîùàäü ïîïåðå÷-
íîãî ñå÷åíèÿ S ì2, ìîìåíò èíåðöèè ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ J ì4, äëèíà
ñòåðæíÿ l = 10 ì.

/PREP7
/TITLE, Vibration of beam
h=0.02
S=h*h
J=S*h*h/12
ET,1,BEAM3
R,1,S,J,h
MP,EX,1,2.07e11
MP,NUXY,1,0.3
MP,DENS,1,73E3
K,1 ! Çàäàåì òî÷êó ñ íîìåðîì 1 è êîîðäèíàòàìè (0,0,0) ïî óìîë÷àíèþ
K,2,10 ! Çàäàåì òî÷êó ñ íîìåðîì 2 è êîîðäèíàòàìè (10,0,0)
L,1,2 ! Ïðîâîäèì ïðÿìóþ ëèíèþ ïî òî÷êàì 1 è 2
ESIZE½40 ! Ðàçáèâàåì åå íà 40 ýëåìåíòîâ
LMESH,1
NSEL,S,LOC,X,0 ! Âûäåëÿåì óçåë c àáñöèññîé x=0
D,ALL,UY ! Íà âûäåëåííûé óçåë íàêëàäûâàåì îãðàíè÷åíèå íà ñìåùåíèå â
íàïðàâëåíèè îñè Y
NSEL,S,LOC,X,10 ! Âûäåëÿåì óçåë c àáñöèññîé x=10
D,ALL,UX½½ ,UY ! Íàêëàäûâàåì îãðàíè÷åíèå íà ñìåùåíèå â íàïðàâëåíèè
îñåé OX è OY
NSEL,ALL
FINISH
/SOLU
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ANTYPE, MODAL ! Ìîäàëüíûé àíàëèç (ò. å. îïðåäåëåíèå ÷àñòîò è ôîðì
êîëåáàíèé)
MODOPT, SUBS,10 ! Ìåòîä Subspace iteration,
SOLVE
FINISH

Ïîñëå çàâåðøåíèÿ âûïîëíåíèÿ ïðîãðàììû äëÿ òîãî ÷òîáû ïîñìîòðåòü çíà÷å-
íèÿ ïåðâûõ äåñÿòè ÷àñòîò, íóæíî âîéòè â ãëàâíîå ìåíþ

Main Menu > General Postproc > Results Summary.

4.2. Óñòîé÷èâîñòü ñòåðæíÿ ïîä äåéñòâèåì îñåâîé
íàãðóçêè

Â ýòîé çàäà÷å îïðåäåëÿåòñÿ êðèòè÷åñêàÿ íàãðóçêà, äåéñòâóþùàÿ íà ñòåðæåíü
ñ ìîäóëåì Þíãà E = 2.07·1011 Í/ì2, êîýôôèöèåíòîì Ïóàññîíà ν = 0.3, còîðîíîé
ïîïåðå÷íîãî ñå÷åíèÿ h = 0.02 ì, ïëîùàäüþ ïîïåðå÷íîãî ñå÷åíèÿ S ì2, ìîìåíòîì
èíåðöèè ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ J ì4, äëèíîé l = 100 ì. Ýòè ïàðàìåòðû
ââîäÿòñÿ â íà÷àëå ïðîãðàììû. Ïåðâûé èç íèõ çàäàåòñÿ êîìàíäîé MP, à äðó-
ãèå êîìàíäîé R, ãäå MP � Material Properties (ñâîéñòâà ìàòåðèàëà), R � real
constants (äåéñòâèòåëüíûå ïîñòîÿííûå ïàðàìåòðû).

/PREP7
/TITLE, BUCKLING OF A BAR UNDER AXEAL LOAD
Young=2.07e11 ! Ìîäóëü Þíãà
nu=0.3 ! Êîýôôèöèåíò Ïóàññîíà
h=0.02 ! Còîðîíà ïîïåðå÷íîãî ñå÷åíèÿ
S=h*h ! Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ
J=S*h*h/12 ! Ìîìåíò èíåðöèè ïîïåðå÷íîãî ñå÷åíèÿ
ET,1,BEAM3 ! Còåðæíåâîé ýëåìåíò
R,1,S,J,h ! Ïëîùàäü, ìîìåíò è ñòîðîíà ïîïåðå÷íîãî ñå÷åíèÿ
MP,EX,1,Young ! Îïðåäåëåíèå ñâîéñòâ ìàòåðèàëà
MP,NUXY,1,nu
N,1 ! Çàäàåì óçåë ñ íîìåðîì 1 è êîîðäèíàòàìè (0,0,0) ïî óìîë÷àíèþ
N,11½100 ! Çàäàåì óçåë ñ íîìåðîì 11 è êîîðäèíàòàìè (0,100,0)
FILL
E,1,2
EGEN,10,1,1
FINISH
/SOLU
ANTYPE,STATIC ! Ñòàòè÷åñêèé àíàëèç
PSTRES,ON ! Ïîäêëþ÷àåì âû÷èñëåíèå íàïðÿæåíèé
D,1,ALL ! Æåñòêàÿ çàäåëêà â óçëå ñ íîìåðîì 1
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F,11,FY,-1 ! Åäèíè÷íàÿ íàãðóçêà íà íåçàêðåïëåííîì êîíöå
SOLVE
FINISH
/SOLU
ANTYPE,BUCKLE ! Èññëåäîâàíèå óñòîé÷èâîñòè
BUCOPT,REDUC,1 ! Èñïîëüçóåòñÿ ìåòîä Householder äëÿ îïðåäåëåíèÿ
ïåðâîé êðèòè÷åñêîé íàãðóçêè
MXPAND,1
M,2,UX,11,1 ! Ýòà êîìàíäà ïîêàçûâàåò íàïðàâëåíèå ñìåùåíèÿ óçëîâ ñî 2 ïî
11 âêëþ÷èòåëüíî
SOLVE
FINISH
/POST1
SET,FIRST
PLDISP,1 ! Âûâîäèì íà ýêðàí 1 ôîðìó ïîòåðè óñòîé÷èâîñòè (ðèñ. 4.1)
FINISH

Ðèñ. 4.1. Ïðîãèá ñòåðæíÿ ïîä äåéñòâèåì îñåâîé íàãðóçêè.
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4.3. Ñèñòåìû êîîðäèíàò

Â ïðåäûäóùèõ ïðèìåðàõ êîîðäèíàòû òî÷åê è óçëîâ ïî óìîë÷àíèþ çàäàâàëèñü
â ãëîáàëüíîé äåêàðòîâîé ñèñòåìå êîîðäèíàò. Îäíàêî ïðè ìîäåëèðîâàíèè ñëîæ-
íûõ îáúåêòîâ áûâàåò óäîáíåå ââîäèòü ëîêàëüíûå ñèñòåìû êîîðäèíàò. Îíè ìîãóò
îïðåäåëÿòñÿ ìåñòîïîëîæåíèåì åå öåíòðà è óãëàìè ïîâîðîòà êîîðäèíàòíûõ îñåé
ïî îòíîøåíèþ ê íåïîäâèæíûì äåêàðòîâûì êîîðäèíàòàì. Êîîðäèíàòû óçëîâ è
òî÷åê â òàêîì ñëó÷àå ìîãóò áûòü çàäàíû îòíîñèòåëüíî îäíîé èç ëîêàëüíûõ ñè-
ñòåì. Êðîìå òîãî, Ansys ïîçâîëÿåò çàäàâàòü íàðÿäó ñ äåêàðòîâûìè ñèñòåìàìè
êîîðäèíàò îïðåäåëåííûå âèäû êðèâîëèíåéíûõ ñèñòåì.

Êàê òîëüêî ìû çàäàåì î÷åðåäíóþ ëîêàëüíóþ ñèñòåìó êîîðäèíàò, îíà àâòîìà-
òè÷åñêè ñòàíîâèòñÿ àêòèâíîé, ò. å. âñå êîîðäèíàòû óçëîâ è òî÷åê áóäóò çàäàâàòü-
ñÿ èìåííî â ýòîé ñèñòåìå êîîðäèíàò. Åñëè æå ìû õîòèì àêòèâèðîâàòü îäíó èç
ðàíåå îïðåäåëåííûõ ñèñòåì èëè îäèí èç âèäîâ ãëîáàëüíîé ñèñòåìû, íàäî âîñïîëü-
çîâàòüñÿ êîìàíäîé csys, kcn, ãäå kcn � íîìåð ññûëêè íà ðàíåå îïðåäåëåííóþ
ñèñòåìó (>10).

Ïîä kcn äëÿ ãëîáàëüíîé ñèñòåìû çàðåçåðâèðîâàíû ñëåäóþùèå íîìåðà: 0 �
äëÿ äåêàðòîâîé ñèñòåìû, 1 � äëÿ öèëèíäðè÷åñêîé, 2 � äëÿ ñôåðè÷åñêîé è 4 �
äëÿ ðàáî÷åé ïëîñêîñòè.

Îäíà èç êîìàíä, ââîäÿùàÿ ëîêàëüííóþ ñèñòåìó êîîðäèíàò, âûãëÿäèò òàê:
local,kcn,kcs,xc,yc,zc,thxy,thyz,thzx,par1,par2, ãäå kcn � ïðîèçâîëüíûé

íîìåð ññûëêè, êîòîðûé â äàëüíåéøåì áóäåò îïðåäåëÿòü ýòó ñèñòåìó â êîìàí-
äå csys (îí äîëæåí áûòü íå ìåíüøå 10), kcs � îïðåäåëÿåò òèï êîîðäèíàòíîé
ñèñòåìû:

0 èëè cart � äåêàðòîâà;
1 èëè cylin � öèëèíäðè÷åñêàÿ (îñíîâàíèåì öèëèíäðà ìîæåò áûòü êðóã èëè

ýëëèïñ);
2 èëè sphe � ñôåðè÷åñêàÿ;
3 èëè toro � òîðîèäàëüíàÿ;
thxy � ïåðâûé ïîâîðîò âîêðóã îñè z
(Oxyz → Ox1y1z1, Oz1 = Oz);
thyz � âòîðîé ïîâîðîò âîêðóã îñè x
(Ox1y1z1 → Ox2y2z2 Ox2 = Ox1 );
thzx � òðåòèé ïîâîðîò âîêðóã îñè y
(Ox2y2z2 → Ox3y3z3 Oy3 = Oy2);
xc, yc, zc � êîîðäèíàòû öåíòðà íîâîé ñèñòåìû, êîòîðûå çàäàþòñÿ â ãëî-

áàëüíîé äåêàðòîâîé ñèñòåìå, par1 èñïîëüçóåòñÿ äëÿ öèëèíäðè÷åñêîé, ñôåðè÷å-
ñêîé èëè òîðîèäàëüíîé ñèñòåì: ïðè kcs = 1 èëè 2 par1 = y/x; ïðè kcs = 3
par1 � íàèáîëüøèé ðàäèóñ òîðà, par2 èñïîëüçóåòñÿ äëÿ ñôåðè÷åñêîé ñèñòåìû
(par2 = z/x).
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Ðèñ. 4.2. Ñâÿçü ìåæäó ñèñòåìàìè êîîðäèíàò è óãëàìè ïîâîðîòà.

Êîìàíäà clocal çàäàåò ëîêàëüíóþ ñèñòåìó êîîðäèíàò òî÷íî òàê æå, êàê è
local. Îòëè÷èå ýòîé êîìàíäû îò êîìàíäû local ñîñòîèò â òîì, ÷òî öåíòð íîâîé
ñèñòåìû çàäàåòñÿ â àêòèâíîé ñèñòåìå êîîðäèíàò.

Êîîðäèíàòû öåíòðà, à òàêæå óçëîâ è òî÷åê â ðàçíûõ ñèñòåìàõ êîîðäèíàò çà-
äàþòñÿ â ñëåäóþùåì ïîðÿäêå: x, y, z � â äåêàðòîâîé ñèñòåìå, R, θ, Z � â öèëèí-
äðè÷åñêîé ñèñòåìå, R, θ, φ � â ñôåðè÷åñêîé ñèñòåìå è R, θ, φ � â òîðîèäàëüíîé
(ñì. ðèñ. 4.3).

Êðîìå ëîêàëüíûõ è ãëîáàëüíûõ ñèñòåì êîîðäèíàò, îïðåäåëÿþùèõ ëîêàëüíóþ
ãåîìåòðèþ îáúåêòîâ, ñóùåñòâóåò åùå è óçëîâàÿ ñèñòåìà êîîðäèíàò, êîòîðàÿ ïîç-
âîëÿåò çàäàòü ãðàíè÷íûå óñëîâèÿ â êîíêðåòíîì óçëå. Óçëîâàÿ ñèñòåìà êîîðäè-
íàò äëÿ êàæäîãî óçëà ñâîÿ è íå ðàñïðîñòðàíÿåòñÿ íà âñþ êîíñòðóêöèþ èëè íà åå
÷àñòü.

Êàæäûé óçåë èìååò ñâîþ ñîáñòâåííóþ ñèñòåìó êîîðäèíàò, êîòîðàÿ ïî óìîë-
÷àíèþ ïàðàëëåëüíà ãëîáàëüíîé (íåçàâèñèìî îò òîãî, â êàêîé àêòèâíîé ñèñòåìå
óçåë áûë îïðåäåëåí). Îñè óçëîâîé êîîðäèíàòíîé ñèñòåìû îïðåäåëÿþò íàïðàâëå-
íèÿ è ïëîñêîñòè, â êîòîðûõ óçåë ìîæåò äâèãàòüñÿ èëè ñâîáîäíî âðàùàòüñÿ ïðè
íàëîæåíèè íà íåãî ñâÿçåé.

Îäèí èç ñïîñîáîâ çàäàòü óçåë � èñïîëüçîâàòü êîìàíäó n, îò àíãëèéñêîãî ñëîâà
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Ðèñ. 4.3. Ñâÿçü ìåæäó äåêàðòîâûìè è êðèâîëèíåéíûìè ñèñòåìàìè êîîðäèíàò.

"node" (óçåë):
n,k,x,y,z,thxy,thyz,thzx,

ãäå k � íîìåð óçëà, x,y,z � åãî êîîðäèíàòû, à thxy,thyz,thzx � óãëû ïîâîðîòà
óçëîâîé ñèñòåìû (ðèñ. 4.2).

4.4. Çàäàíèå ãðàíè÷íûõ óñëîâèé

Äëÿ òîãî ÷òîáû çàäàòü êàêèå-ëèáî ãðàíè÷íûå óñëîâèÿ íà îïðåäåëåííîì óçëå
(èëè ñîâîêóïíîñòè óçëîâ), òî åãî (èõ) íóæíî ïðåäâàðèòåëüíî âûäåëèòü. Ñäåëàòü
ýòî ìîæíî ñëåäóþùèì îáðàçîì:

nsel,s,node½nmin,nmax,inc,
ãäå s îçíà÷àåò, ÷òî âûäåëÿåòñÿ íîâîå ìíîæåñòâî óçëîâ, node ãîâîðèò î òîì,
÷òî ñåé÷àñ ìû áóäåì âûäåëÿòü íîìåðà óçëîâ, nmin è nmax � íîìåðà ïåðâîãî è
ïîñëåäíåãî óçëîâ, inc � øàã íóìåðàöèè óçëîâ. Ïóñòü â äàííîì ñëó÷àå ó íàñ îäèí
óçåë, ïîýòîìó nmin = nmax.

Îãðàíè÷åíèÿ â óçëå çàäàþòñÿ ñ ïîìîùüþ ìåòîê: ux, uy, uz, rotx, roty, rotz,
ãäå ïåðâûå òðè îçíà÷àþò çàêðåïëåíèå ïåðåìåùåíèé ïî ñîîòâåòñòâóþùèì îñÿì,
à îñòàëüíûå òðè � çàêðåïëåíèå âðàùåíèé âîêðóã ñîîòâåòñòâóþùèõ îñåé, êîòî-
ðûå, êàê áûëî ñêàçàíî âûøå, îïðåäåëÿþòñÿ â óçëîâîé ñèñòåìå êîîðäèíàò. Åñëè
ìû õîòèì ââåñòè óñëîâèÿ øàðíèðíîãî îïèðàíèÿ íà îäíîì èç êîíöîâ ñòåðæíÿ,
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ðàñïîëîæåííîãî âäîëü îñè OX, òî ñíà÷àëà âûäåëÿåì óçëû, à äàëüøå âîçìîæíû
âàðèàíòû:

à) Êîíåö øàðíèðíî çàêðåïëåí:
d,all,ux½½ ,uy, ãäå all � òîëüêî ÷òî âûäåëåííûå óçëû, à ux è uy � îãðàíè÷åíèÿ
íà ñìåùåíèÿ ïî íàïðàâëåíèÿì îñåé OX è OY .

á) Êîíåö âðàùàåòñÿ è ïåðåìåùàåòñÿ âäîëü îñè OX (òàê íàçûâàåìûé, "öèëèí-
äðè÷åñêèé øàðíèð"):
d,all,uy½½½
Â ýòîì ñëó÷àå ìû íàêëàäûâàåì îãðàíè÷åíèå òîëüêî ïî îñè OY :

Ñëåäóþùàÿ ïðîãðàììà äåìîíñòðèðóåò èñïîëüçîâàíèå êîìàíä, î êîòîðûõ ìû
ðàññêàçûâàëè â ýòîì ðàçäåëå.

4.5. Êîëåáàíèÿ ñîïðÿæåííûõ ñòåðæíåé

Ðàññìàòðèâàþòñÿ êîëåáàíèÿ ñîïðÿæåííûõ ñòåðæíåé ïðè ñêîëüçÿùåé çàäåëêå
íà äâóõ êîíöàõ (ðèñ. 4.4). Â äàííîì ñëó÷àå ýòî îçíà÷àåò, ÷òî êîíöû ñòåðæíåé
íå ìîãóò âðàùàòüñÿ è äâèãàþòñÿ òîëüêî ïî íàïðàâëÿþùèì, ïàðàëëåëüíûì îñÿì
ñòåðæíåé.

Ðèñ. 4.4. Ñîïðÿæåííûå ñòåðæíè ïðè ñêîëüçÿùåé çàäåëêå íà äâóõ êîíöàõ.

/PREP7
h=0.02
S=h*h
J=S*h*h/12
ET,1,BEAM3
R,1,S,J,h
MP,EX,1,2.07e11
MP,NUXY,1,0.3
MP,DENS,1,73E3
l1=240 ! Äëèíà ïåðâîãî ñòåðæíÿ
n1=40
l2=120 ! Äëèíà âòîðîãî ñòåðæíÿ
n2=20
beta=45
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n,1,0,0,0,0,0,0
n,2,l1/n1,0,0,0,0,0
ngen,n1,1,2,2,1,l1/n1,0,0
clocal,11,0,l1,0,0,beta,0,0
ngen,n2+1,1,n1+1,n1+1,1,l2/n2,0,0
n,n1+n2+1,l2,0,0,beta,0,0
e,1,2 egen,n1+n2,1,1,1,1
nsel,s,node½1,1,1
d,all, uy½½ ,rotz
nsel,s,node½n1+1*(n2+1),n1+1*(n2+1),1
d,all, uy½½ ,rotz
NSEL,ALL
�nish
/solu
ANTYPE,MODAL ! Îïðåäåëåíèå ÷àñòîò è ôîðì êîëåáàíèé.
MODOPT,SUBS,5, ! Ìåòîä Subspace iteration, âûâîäèòñÿ 5 ôîðì è ÷àñòîò
êîëåáàíèé.
mxpand,5,
SOLVE
�nish
/post1
set,next
/dscale,1,
pldisp,0
prnsol,u

4.6. Ñòàòè÷åñêèé àíàëèç öèëèíäðè÷åñêîé îáîëî÷êè

Â ýòîé ðàáîòå ðàññìàòðèâàåòñÿ öèëèíäðè÷åñêàÿ îáîëî÷êà, èìåþùàÿ äëèíó 5
ìåòðîâ, ðàäèóñ - 1 ì, òîëùèíó - 0.1 ì, ìîäóëü Þíãà - 1000 Í/ì2, êîýôôèöè-
åíò Ïóàññîíà - 0.1. Ýòè ñêàëÿðíûå ïàðàìåòðû îáîëî÷êè îïðåäåëÿþòñÿ îáû÷íî â
íà÷àëå ïðîãðàììû. Çàòåì ñîçäàåòñÿ ïîâåðõíîñòü ðàññìàòðèâàåìîé îáîëî÷êè, ðàç-
áèâàåòñÿ íà ýëåìåíòû, çàäàþòñÿ ãðàíè÷íûå óñëîâèÿ æåñòêîé çàäåëêè íà êðàÿõ.
Ê ïîâåðõíîñòè îáîëî÷êè ïðèêëàäûâàåòñÿ ðàâíîìåðíîå âíåøíåå äàâëåíèå âåëè-
÷èíîé - 500 Í/ì2. Â ñàìîé ïðîãðàììå ââîäèòñÿ äàâëåíèå ñî çíàêîì ¾ìèíóñ¿, ÷òî-
áû ïîä÷åðêíóòü, ÷òî îíî âíåøíåå, à íå âíóòðåííåå. Äàëåå çàïóñêàåòñÿ ðåøåíèå
ïîñòàâëåííîé çàäà÷è è â çàâåðøåíèè ðàñ÷åòîâ - ïðîñìîòð ðåçóëüòàòîâ ðàáîòû.
Ýòè äåéñòâèÿ âûïîëíÿþòñÿ àíàëîãè÷íî ïðåäûäóùèì ðàáîòàì. Íèæå ïðåäëàãà-
åòñÿ âîçìîæíûé âàðèàíò ïðîãðàììû äëÿ ñòàòè÷åñêîãî àíàëèçà öèëèíäðè÷åñêîé
îáîëî÷êè.
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/PREP7 ! Íà÷àëî ëþáîé ïðîãðàììû â ANSYS
/TITLE, Cylindricall shell under external pressure
ANTYPE,STATIC ! Ñòàòè÷åñêèé àíàëèç
height = 5 ! Äëèíà îáîëî÷êè
radius = 1 ! Ðàäèóñ îñíîâàíèÿ îáîëî÷êè
thicknes = 0.1 ! Òîëùèíà îáîëî÷êè
exx = 1000 ! Ìîäóëü Þíãà
nyu = 0.1 ! Êîýôôèöèåíò Ïóàññîíà
elemlen =0.05 ! Äëèíà ýëåìåíòà ðàçáèåíèÿ
ET,1,SHELL63½1 ! Òèï ýëåìåíòà
R,1,thicknes ! Real constants (òîëùèíà îáîëî÷êè)
MP,EX,1,exx ! Material properties (ìîäóëü Þíãà)
MP,NUXY,1,nyu ! Material properties (êîýôôèöèåíò Ïóàññîíà)
K,1,radius,0,0 ! Keypoints (Ïîñòðîåíèå òî÷åê)
K,2,radius,0,height
K,3,0,0,0
K,4,0,0,height
L,1,2 ! Lines (Ïîñòðîåíèå ëèíèè ïî òî÷êàì 1 è 2)
AROTAT,1½½½3,4,360,4 ! Ïîñòðîåíèå ïîâåðõíîñòè ïóòåì âðàùåíèÿ ëèíèè 1

âîêðóã îñè, îïðåäåëÿåìîé òî÷êàìè 3 è 4,
íà óãîë 360, ñ ïîñòðîåíèåì 4 ñåãìåíòîâ

ESIZE,elemlen ! Çàäàíèå äëèíû êàæäîãî ýëåìåíòà
AMESH,1,4, ! Ðàçáèåíèå ïîâåðõíîñòè íà ýëåìåíòû
NUMMRG,NODE ! Ïåðåíóìåðîâêà âñåõ óçëîâ
LSEL,S,LINE½6,12,2 ! Âûäåëèòü ëèíèè ñ 6 ïî 12 ñ øàãîì 2
DL,ALL½ALL,0 ! Çàêðåïèòü óêàçàííûå âûøå ëèíèè
LSEL,A,LINE½5,11,2 ! Âûäåëèòü ëèíèè ñ 5 ïî 11 ñ øàãîì 2
DL,ALL½ALL,0 ! Çàêðåïèòü óêàçàííûå âûøå ëèíèè
LSEL,ALL

Çàäàíèå âíåøíåãî äàâëåíèÿ, äåéñòâóþùåãî íà ïîâåðõíîñòü îáoëî÷êè

Main Menu > Solution > De�ne Loads > Apply > Pressure > On Areas.
Ùåëêíèòå íà ÷åòûðå ôðàãìåíòà, îáðàçóþùèå ïîâåðõíîñòü äàííîé öèëèíäðè÷å-
ñêîé îáîëî÷êè, íàæìèòå Ok è ââåäèòå âåëè÷èíó âíåøíåãî äàâëåíèÿ -500.

Ðåøåíèå

Main Menu > Solution > New Analysis > Static > Ok.
Main Menu > Solution > Solve > Current LS > Ok.

Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General PostProc > Plot Results > Contour Plot >
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Deformed Shape > Ok.
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Iso > Close.

Çàïèñü log-ôàéëà áàçû äàííûõ

Utility Menu > File > Write DB Log File > Write Database Log to >
shell.lgw, Ok.
Íà ðèñ. 4.5 ïîêàçàí ïðîãèá îáîëî÷êè ïîä äåéñòâèåì ðàâíîìåðíîãî âíåøíåãî äàâ-
ëåíèÿ, ïðè óñëîâèè, ÷òî îáà êðàÿ îáîëî÷êè áûëè æåñòêî çàêðåïëåíû.

Ðèñ. 4.5. Äåôîðìàöèÿ öèëèíäðè÷åñêîé îáîëî÷êè ïîä äåéñòâèåì ðàâíîìåðíîãî âíåø-

íåãî äàâëåíèÿ, ïðè óñëîâèè, ÷òî îáà êðàÿ îáîëî÷êè æåñòêî çàêðåïëåíû.

4.7. Öèêëû è îïåðàòîðû óñëîâíîãî ïåðåõîäà

Öèêëû ïðèìåíÿþòñÿ äëÿ ìíîãîêðàòíîãî ïîâòîðåíèÿ íåêîòîðûõ êîìàíä ñ ïî-
øàãîâûì èçìåíåíèåì îïðåäåëåííûõ ïàðàìåòðîâ. Öèêë ìîæíî çàäàòü, íàïðèìåð,
ñëåäóþùèì îáðàçîì:

*do, i, mini, maxi,inc
! Äàëåå èäåò áëîê êàêèõ-ëèáî êîìàíä;
*enddo,

çäåñü i ìåíÿåòñÿ îò mini äî maxi c øàãîì inc.
Òàêæå öèêë ìîæíî çàäàòü êîìàíäîé *repeat, êîòîðàÿ äîëæíà èäòè ñðàçó ïî-
ñëå îïåðàòîðà, êîòîðûé ìû õîòèì ïîâòîðèòü íåñêîëüêî ðàç. Åå ñèíòàêñèñ áóäåò
òàêèì:

*repeat, ntot, vinc1, vinc2, . . . vinc11,
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ãäå ntot � ýòî ÷èñëî ïîâòîðåíèé ïðåäûäóùåé êîìàíäû, âêëþ÷àÿ è åå ñàìó, à
vinc1,. . . , vinc11 � ýòî øàã, ñ êîòîðûì èçìåíÿåòñÿ êàæäûé èç åå ïàðàìåòðîâ.

Â ïðèìåðå, ïðèâåäåííîì íèæå, çàäàåòñÿ ýëåìåíò â óçëàõ 1 è 2 è ãåíåðèðóåòñÿ
5 ðàç, âêëþ÷àÿ è ñàì ýëåìåíò. Ïàðàìåòðû ïåðâîé êîìàíäû èçìåíÿþòñÿ ñ øàãîì 1.

e,1,2
*repeat,5,1,1
Â ïàêåòåAnsys åñòü åùå îäíî î÷åíü óäîáíîå ñðåäñòâî äëÿ êîíòðîëÿ âõîäÿùåé

è âûõîäÿùåé èíôîðìàöèè � óñëîâíûå îïåðàòîðû. Â ïðîñòåéøåì ñëó÷àå óñëîâ-
íûé îïåðàòîð âûãëÿäèò ñëåäóþùèì îáðàçîì:

*if, val1,eq,val2, then
! Äàëåå èäåò êîìàíäíûé áëîê
*endif .

Çäåñü áëîê êîìàíä, çàêëþ÷åííûé ìåæäó îïåðàòîðàìè *if è *endif, âûïîëíÿåòñÿ
ïðè óñëîâèè val1 = val2. Çíàê ðàâåíñòâà çàäàåòñÿ îïöèåé eq. Âìåñòî íåå ìîãóò
áûòü è äðóãèå:

lt ( vl1 < vl2) gt (vl1 > vl3) ne (vl1 ̸= vl2)
le (vl1 ≤ vl4) ge (vl1 ≥ vl5)

ablt ( |vl1| ≤ |vl6|) abgt(|vl1| ≥ |vl7|)
Åñëè íåîáõîäèìî îðãàíèçîâàòü áîëåå äâóõ âàðèàíòîâ èñïîëíåíèÿ ïðîãðàììû, òî
ìîæíî ïðåäëîæèòü ñëåäóþùóþ ñõåìó:

*if, vl1,eq,vl2,then
! Äàëåå èäåò êîìàíäíûé áëîê
*elseif, vl1,eq,vl3
! Äàëåå èäåò êîìàíäíûé áëîê
*elseif, vl1,eq,vl4
! Äàëåå èäåò êîìàíäíûé áëîê
*else
! Äàëåå èäåò êîìàíäíûé áëîê
*endif.

Â ýòîé êîíñòðóêöèè âûïîëíÿåòñÿ òîëüêî îäèí áëîê â çàâèñèìîñòè îò çíà÷åíèÿ
âåëè÷èíû vl1. Íèæå ïðèâåäåíà ïðîãðàììà, â êîòîðîé èñïîëüçóþòñÿ ýòè îïåðà-
òîðû.

4.8. Öèëèíäðè÷åñêàÿ îáîëî÷êà ïåðåìåííîé òîëùèíû ñî ñêîøåí-
íûì êðàåì

Çäåñü ðàññìàòðèâàåòñÿ êðóãëàÿ öèëèíäðè÷åñêàÿ îáîëî÷êà ñ êîñîñðåçàííûì
êðàåì (ðèñ. 4.6) è ïåðåìåííîé òîëùèíîé [18]. Îáîëî÷êà áåðåòñÿ ñ ìîäóëåì Þí-
ãà exx = 1.93 · 1011 Í/ì2 , êîýôôèöèåíòîì Ïóàññîíà nyx = 0.3 è ïëîòíîñòüþ
ìàòåðèàëà ro = 7860 êã/ì3.
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Äëèíà îñåâîé ëèíèè îáîëî÷êè height = 3, óãîë ñðåçà β = 45o, à åå òîëùèíà
ìåíÿåòñÿ ïî çàêîíó

th = th0 · (1 + gm(1 + sin((2((i− 1/2)pi/n))))).

Òèï àíàëèçà îáóñëàâëèâàåòñÿ çàäàíèåì âåëè÷èíû sl â íà÷àëå ïðîãðàììû. Åñ-
ëè sl = 0, òî èññëåäóåòñÿ çàäà÷à îá óñòîé÷èâîñòè ðàññìàòðèâàåìîé îáîëî÷êè
ïîä äåéñòâèåì ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ, åñëè sl = 1, òî ðàññ÷èòûâàþòñÿ
÷àñòîòû è ôîðìû ñîáñòâåííûõ êîëåáàíèé.

s

R

R h

lc

O

Ðèñ. 4.6. Ïðîäîëüíîå è ïîïåðå÷íîå ñå÷åíèÿ îáîëî÷êè.

Íà ðèñ. 4.7 ïðåäñòàâëåíà ïåðâàÿ ôîðìà êîëåáàíèé ðàññìàòðèâàåìîé îáîëî÷êè.
Îòìåòèì, ÷òî ôîðìû êîëåáàíèé ëîêàëèçóþòñÿ âáëèçè íàèáîëåå ñëàáîé îáðàçóþ-
ùåé öèëèíäðè÷åñêîé îáîëî÷êè. Íèæå ïðèâîäèòñÿ ëèñòèíã ïðîãðàììû.

/PREP7
/TITLE, Cylindricall shell with slanted edge for eta=1.3
n=50 ! ×èñëî ðàçáèåíèé âäîëü îêðóæíîñòè
m=50 ! ×èñëî ðàçáèåíèé âäîëü îáðàçóþùåé
et,1,shell63
/units,si
beta=45 ! Óãîë íàêëîíà
exx=1.93e11 ! Ìîäóëü Þíãà
nyx=0.3 ! Êîýôôèöèåíò Ïóàññîíà
ro=7860 ! Ïëîòíîñòü ìàòåðèàëà
th0=0.001
eta=1.3
sl=1 ! Ðàñ÷åò ÷àñòîò è ôîðì êîëåáàíèé
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Ðèñ. 4.7. Ôîðìà êîëåáàíèé êîñîñðåçàííîé öèëèíäðè÷åñêîé îáîëî÷êè

gm=(eta-1)/2
pi=4*atan(1) !3.1415926
height=3 ! Äëèíà îáîëî÷êè
Çàäàåì öèêë äëÿ ãåíåðàöèè ëîêàëüíûõ ñèñòåì è óçëîâ.
*do,i,1,m+1,1
eps=1/cos(pi*beta*(i-1)/(180*m))
*if,beta,ne,0,then ! (beta íå 0)
local,11+i,1,0,0,height/sin(pi*beta/180)*sin(pi*beta*(i-
1)/(180*m)),0,beta*(i-1)/m,0,eps
*else,
local,11+i,1,0,0,height*(i-1)/m,0,0,0
*endif
*if,i,ne,m+1,then
k,(i-1)*n+1,1,0,0
nkpt,n*(i-1)+1,n*(i-1)+1 !
ngen,n,1,n*(i-1)+1,n*(i-1)+1,1,0,360/n,0
*else, ! Íà ýòîì êðàþ ìû çàäàåì ãðàíè÷íûå óñëîâèÿ, ïîýòîìó
çäåñü âñå óçëû ïîâîðà÷èâàåì íà beta ãðàäóñîâ
( ãðàíè÷íûå óñëîâèÿ çàäàþòñÿ â óçëîâîé ñèñòåìå êîîðäèíàò)
n,(i-1)*n+1,1,0,0,0,beta,0
ngen,n,1,n*(i-1)+1,n*(i-1)+1,1,0,360/n,0
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*endif
*enddo
Ñîçäàåì ýëåìåíòû
*do,i,1,n,1
*do,j,1,m,1
th=th0*(1+gm*(1+sin((2*((i-1/2)*pi/n))) ))
ne=i+n*(j-1)
MP,EX,1,exx
MP,NUXY,1,nyx
MP,DENS,1,ro
r,ne,th
type,1
real,ne
*if,i,lt,n,then ! (i<n)
e,i+(j-1)*n,i+1+(j-1)*n,i+1+j*n,i+j*n
*else
e,j*n,1+(j-1)*n,1+n*j,(j+1)*n
*endif
*enddo
*enddo
NSEL,S,node½1,n,1 ! Âûäåëÿåì óçëû
d,all,uy, ! Çàäàåì óñëîâèÿ øàðíèðíîãî îïèðàíèÿ ïðè ñêîëüçÿùåé çàäåëêå
d,all,ux
nSEL,s,node½n*m+1,n*(m+1),1
d,all,uy,
d,all,ux,
nsel,all
�nish
*if,sl,eq,0,then
/SOLUTION
ANTYPE,STATIC ! Ñòàòè÷åñêèé àíàëèç
PSTRES,ON ! Ïîäêëþ÷àåì ðàñ÷åò íàïðÿæåíèé
sf,all,pres,-1, ! Çàäàåì êîýôôèöèåíò íîðìàëüíîãî äàâëåíèÿ
Solve
Finish
/solution
ANTYPE, BUCKLE ! Èññëåäîâàíèå óñòîé÷èâîñòè ñ âûâîäîì ïåðâîé ôîðìû
ïîòåðè óñòîé÷èâîñòè
BUCOPT, subsp, 6 ! Ìåòîä Subspace
MXPAND,6,
M,n+1,all,m*n,1 Íàïðàâëåíèÿ ñìåùåíèé è âðàùåíèé óçëîâ ñ n+1 ïî m*n
âêëþ÷èòåëüíî, all � îçíà÷àåò âñå ñòåïåíè ñâîáîäû
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FINISH
*else
/solution
antype, modal
modopt, subsp,10
solve
�nish
*endif
/post1
set,�rst
/dscale,1,
pldisp,0
prnsol,u
�nish

Â ðàáîòå [18] ïðîâåäåíû èññëåäîâàíèÿ ÷àñòîò è ôîðì ñîáñòâåííûõ êîëåáàíèé êî-
ñîñðåçàííîé öèëèíäðè÷åñêîé îáîëî÷êè ïåðåìåííîé òîëùèíû, à òàêæå ïðèâåäåíû
ðåçóëüòàòû âû÷èñëåíèé êðèòè÷åñêîãî äàâëåíèÿ äëÿ òàêîé îáîëî÷êè.
Â òàáë. 3 ïðåäñòàâëåíû çíà÷åíèÿ êðèòè÷åñêîãî äàâëåíèÿ äëÿ îáîëî÷êè ñî ñëåäóþ-
ùèìè ïàðàìåòðàìè R = 1 ì, lc = 3, h0 = 0.001, β = 45◦, ν = 0.3, E = 1.93·1011 Ïà,
η = hm/h0, h0 = h(0) = 1− r− e, hm = h(π) = 1− r+ e, ãäå e � ðàññòîÿíèå ìåæäó
öåíòðàìè êðóãîâ.

Òàáëèöà 3

Êðèòè÷åñêîå äàâëåíèå, Ïà
η Àñèìïòîòèêà ÌÊÝ (ANSYS)

1.10 2858 2857
1.30 4143 4084
1.45 4354 4351
3.00 4988 4989
4.00 5238 5201
5.00 5454 5375

Â òàáë. 4 ïîêàçàíû âåëè÷èíû ñîáñòâåííûõ ÷àñòîò äëÿ êîñîñðåçàííîé öèëèíäðè-
÷åñêîé îáîëî÷êè ïåðåìåííîé òîëùèíû. Ïëîòíîñòü ìàòåðèàëà îáîëî÷êè ρ = 7860
êã/ì3, à îñòàëüíûå ïàðàìåòðû òàêèå æå, êàê â çàäà÷å óñòîé÷èâîñòè îáîëî÷êè.
Êàê âèäíî èç òàáë. 3 è òàáë. 4 îòíîñèòåëüíàÿ ïîãðåøíîñòü àñèìïòîòè÷åñêèõ ðå-
çóëüòàòîâ ïî-ñðàâíåíèþ ñ ÷èñëåííûìè ñîñòàâëÿåò 1.5% â çàäà÷å óñòîé÷èâîñòè è
ìåíåå 8% â çàäà÷å êîëåáàíèé.
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Òàáëèöà 4

Ñîáñòâåííûå ÷àñòîòû, s−1

η Àñèìïòîòèêà ÌÊÝ (ANSYS)
1.0 24.833 24.144
2.0 34.715 33.123
4.0 48.585 45.082
5.0 49.666 47.625

4.9. Èññëåäîâàíèå äåôîðìàöèé íà ïîâåðõíîñòè ãëàçíîé îáîëî÷êè
ïîä äåéñòâèåì ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ.

Z

X

Y

1

2

3

4 5

Ðèñ. 4.8. Ñôåðè÷åñêàÿ îáîëî÷êà.

Â ïîñëåäíåå âðåìÿ ïðîâîäèòñÿ ìíîãî èññëåäîâàíèé, ïîñâÿùåííûõ áèîìåõàíè-
êå ãëàçà è ïðèìåíåíèþ òåîðèè îáîëî÷åê â îôòàëüìîëîãèè. Ïîýòîìó ìû ïðåäëà-
ãàåì ñòóäåíòàì ïðîâåñòè ñàìîñòîÿòåëüíóþ ðàáîòó â ýòîé îáëàñòè íà îñíîâå óæå
ïîëó÷åíûõ çíàíèé ïî ðàáîòå â ïàêåòå ANSYS. Íóæíî áóäåò ïðîäåëàòü ñëåäóþùèå
ýòàïû:

1. Íàðèñîâàòü òî÷êè 1, 2, 3, 4, 5 (ñì. ðèñ. 4.8). Êîîðäèíàòû òî÷åê 1 è 3 âû÷èñ-
ëèòü ñàìîñòîÿòåëüíî, ó÷èòûâàÿ ñìåùåíèå îò êðàÿ âäîëü îñè OX íà 0.05*r.
Îòìåòèì, ÷òî òî÷êè 1, 2, 3 äîëæíû ïðèíàäëåæàòü îäíîé îêðóæíîñòè, ïî-
ýòîìó ïðè ïîäñ÷åòå èõ êîîðäèíàò íåîáõîäèìî ó÷èòûâàòü, ÷òî îíè äîëæíû
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óäîâëåòâîðÿòü óðàâíåíèþ îêðóæíîñòè x2 + y2 = r2. Òî÷êè 4 è 5 çàäàþò îñü
OX.

2. Èçîáðàçèòü äóãó îêðóæíîñòè, ïðîõîäÿùóþ ÷åðåç òî÷êè 1, 2, 3.

3. Èçîáðàçèòü îáîëî÷êó ãëàçà, ïîëó÷åííóþ âðàùåíèåì ïîñòðîåííîé äóãè âî-
êðóã ïðÿìîé, çàäàâàåìîé òî÷êàìè 4 è 5.

4. Íà ëèíèÿõ ñðåçà çàäàòü ãðàíè÷íûå óñëîâèÿ æåñòêîãî çàêðåïëåíèÿ.

5. Ïðèìåðíûé ïëàí ïðîãðàììû â ïàêåòå ANSYS:

/PREP7
/TITLE, Glazz
ANTYPE,Static
thicknes = 0.0001 ! Òîëùèíà ñêëåðû
exx=31.3E6 ! Ìîäóëü Þíãà
nyu=0.45 ! Êîýôôèöèåíò Ïóàññîíà
radius=0.012 ! Ðàäèóñ ãëàçà
mass=0.007 ! Ìàññà ãëàçà
dens= ? ! Ïëîòíîñòü ðàñc÷èòàòü â ANSYS, çíàÿ ìàññó è ðàäèóñ øàðà.
elemlen=0.001 ! Äëèíà ýëåìåíòà â ðàçáèåíèè
ET,1,SHELL63½1
R,1,thicknes
MP,EX,1,exx
MP,NUXY,1,nyu
MP,DENS,1,dens
K,1, ! Êîìàíäà äëÿ çàäàíèÿ êîîðäèíàò òî÷åê
LARC, ! Ïîñòðîåíèå äóãè îêðóæíîñòè ïî òî÷êàì 1, 2, 3
AROTAT, ! Ïîñòðîåíèå ñôåðè÷åñêîé îáîëî÷êè ïóòåì âðàùåíèÿ ëèíèè
ESIZE,elemlen
AMESH,1,4
NUMMRG,NODE
6. Äàëåå íåîáõîäèìî ïðèëîæèòü ê ïîñòðîåííîé ïîâåðõíîñòè ðàâíîìåðíîå

âíåøíåå (èëè âíóòðåííåå) äàâëåíèå, çàäàòü óñëîâèÿ çàêðåïëåíèÿ è âûâåñòè íà
ýêðàí äåôîðìèðîâàíóþ ãëàçíóþ îáîëî÷êó.

7. Ïðîêîììåíòèðîâàòü ïîëó÷åííûå ðåçóëüòàòû.

4.10. Ñîïðÿæåííûå îáîëî÷êè

Â äàííîé ïðîãðàììå ðàññìàòðèâàþòñÿ äâå îáîëî÷êè, ñîïðÿæåííûå ïî ïàðàë-
ëåëè. Êîíñòðóêöèè òàêîãî òèïà øèðîêî èñïîëüçóþòñÿ â ñîâðåìåííîé òåõíèêå, â
àâèà - è ðàêåòîñòðîåíèè. Îäíà èç îáîëî÷åê èìååò öèëèíäðè÷åñêóþ ïîâåðõíîñòü,
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äðóãàÿ - êîíè÷åñêóþ. Íèæå ïðèâîäèòñÿ ëèñòèíã ïðîãðàììû. Ñâîéñòâà ìàòåðèà-
ëà, âûñîòû îáîëî÷åê, ðàäèóñû îñíîâàíèé, òîëùèíà çàäàþòñÿ â íà÷àëå ïðîãðàì-
ìû.

/PREP7 ! Íà÷àëî ëþáîé ïðîãðàììû â ANSYS
/TITLE, CONNECTED SHELLS
height1 = 0.4 ! Âûñîòà öèëèíäðè÷åñêîé îáîëî÷êè
height2 = 0.4 ! Âûñîòà êîíè÷åñêîé îáîëî÷êè
height = height1+height2 ! Îáùàÿ äëèíà êîíñòðóêöèè
radius1 = 0.2 ! Ðàäèóñ îñíîâàíèÿ öèëèíäðè÷åñêîé îáîëî÷êè
radius2 = 0.01 ! Ðàäèóñ îñíîâàíèÿ êîíè÷åñêîé îáîëî÷êè
thicknes = 0.00143 ! Òîëùèíà îáîëî÷åê
exx = 2.06E11 ! Ìîäóëü Þíãà
nyu = 0.3 ! Êîýôôèöèåíò Ïóàññîíà
dens = 7860 ! Ïëîòíîñòü ìàòåðèàëà
elemlen = 0.02 ! Äëèíà ýëåìåíòà ðàçáèåíèÿ
ET,1,SHELL63½1 ! Òèï ýëåìåíòà
R,1,thicknes ! Real constants (òîëùèíà îáîëî÷êè)
MP,EX,1,exx ! Material properties (ìîäóëü Þíãà)
MP,NUXY,1,nyu ! Material properties (êîýôôèöèåíò Ïóàññîíà)
MP,DENS,1,dens ! Material properties (ïëîòíîñòü ìàòåðèàëà)
K,1,0,0,0 ! Keypoints (Ïîñòðîåíèå òî÷åê)
K,2,0,0,height1
K,3,2*radius1,0,height
CIRCLE,1,radius1, ! Ïîñòðîåíèå îêðóæíîñòåé � îñíîâàíèé îáîëî÷åê)
CIRCLE,2,radius1, !
CIRCLE,3,radius2, !
ASKIN,1,5 ! Çàäàíèå ïîâåðõíîñòåé îáîëî÷åê
ASKIN,2,6 !
ASKIN,3,7 !
ASKIN,4,8 !
ASKIN,5,9 !
ASKIN,6,10 !
ASKIN,7,11 !
ASKIN,8,12 !
ESIZE,elemlen ! Çàäàíèå äëèíû êàæäîãî ýëåìåíòà
AMESH,1,8, ! Ðàçáèåíèå ïîâåðõíîñòè íà ýëåìåíòû
NUMMRG,NODE ! Ïåðåíóìåðîâêà âñåõ óçëîâ
LSEL,S,LINE½1,4,1 ! Âûäåëèòü ëèíèè ñ 1 ïî 4 ñ øàãîì 1
DL,ALL½ALL,0 ! Çàêðåïèòü óêàçàííûå âûøå ëèíèè
LSEL,S,LINE½9,12,1 ! Âûäåëèòü ëèíèè ñ 9 ïî 12 ñ øàãîì 1
DL,ALL½ALL,0 ! Çàêðåïèòü óêàçàííûå âûøå ëèíèè
LSEL,ALL
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Ýòà ïðîãðàììà ñ÷èòûâàåòñÿ â ANSYS, à çàòåì âûáèðàåòñÿ âèä èññëåäîâàíèé
(êîëåáàíèÿ èëè óñòîé÷èâîñòü ïîä äåéñòâèåì âíåøíåãî èëè âíóòðåííåãî äàâëåíèÿ)
è çàïóñêàåòñÿ ðåøåíèå çàäà÷è. Ïðîñìîòð ðåçóëüòàòîâ âûïîëíÿåòñÿ àíàëîãè÷íî
ïðåäûäóùèì ðàáîòàì. Íèæå ïðåäñòàâëåíà îäíà èç ôîðì êîëåáàíèé ñîïðÿæåííûõ
îáîëî÷åê. Êàê âèäíî èç ðèñ. 4.9 äåôîðìàöèè çàòðàãèâàþò ïîâåðõíîñòü òîëüêî
êîíè÷åñêîé îáîëî÷êè âáëèçè íàèáîëåå äëèííîé îáðàçóþùåé êîíóñà. Ïîâåðõíîñòü
öèëèíäðè÷åñêîé îáîëî÷êè îñòàåòñÿ íåäåôîðìèðîâàííîé. Ìîæíî ïîäîáðàòü ïàðà-
ìåòðû îáîëî÷åê òàêèì îáðàçîì, ÷òî ôîðìû êîëåáàíèé áóäóò çàòðàãèâàòü òîëüêî
öèëèíäðè÷åñêóþ ïîâåðõíîñòü èëè îäíîâðåìåííî îáå îáîëî÷êè.

1

 CONNECTED SHELLS                                                               

APR 10 2012
11:39:08

PLOT NO.   1

DISPLACEMENT

STEP=1
SUB =2
FREQ=325.033
DMX =1.296

Ðèñ. 4.9. Îäíà èç ôîðì êîëåáàíèé ñîïðÿæåííûõ îáîëî÷åê.

4.11. Ìàññèâû

Èíîãäà äàííûå óäîáíî õðàíèòü â óïîðÿäî÷åííîì âèäå, äëÿ ýòîãî ñóùåñòâóþò
ìàññèâû. Â Ansys ïðåäóñìîòðåíî ìíîãî ñïîñîáîâ çàäàíèÿ ìàññèâîâ. Îäíà èç
êîìàíä, êîòîðàÿ ââîäèò ìàññèâ, èìååò âèä

*dim, Par, Type, IMAX, JMAX, KMAX, Var1, Var2, Var3, ãäå Par �
èìÿ ìàññèâà, Type � îäèí èç ñëåäóþùèõ òðåõ âèäîâ: array, char èëè table. Ñàìè
äàííûå ââîäÿòñÿ â ìàññèâ ïîñðåäñòâîì ðàçíûõ êîìàíä, â ÷àñòíîñòè, ñ ïîìîùüþ
êîìàíäû *set:
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*set, par, value,val2, val3,val4,val5,val6, val7,val8,val9,val10,
ãäå par � èìÿ ìàññèâà, value,.....val10 � âåëè÷èíû, êîòîðûå ââîäÿòñÿ, íà÷èíàÿ
ñ íåêîòîðîãî íîìåðà. Íàïðèìåð, åñëè ìû õîòèì çàäàòü ÷èñëîâîé ìàññèâ ñ èìåíåì
A è ðàçìåðíîñòüþ 3 íà 3, íàäî íàïèñàòü:

*dim,A,array,3,3.
×òîáû ââåñòè ñàìè ÷èñëà â ìàññèâ, íàäî âîñïîëüçîâàòüñÿ êîìàíäîé

*set, A(1,1),2.3, 5, 7.6,
÷òî áóäåò ðàâíîñèëüíî îïåðàöèÿì ïðèñâàèâàíèÿ:

A(1, 1) = 2.3, A(2, 1) = 5, A(3, 1) = 7.6.
Äëÿ ââîäà îñòàëüíûõ ÷èñåë, íàäî âîñïîëüçîâàòüñÿ òîé æå êîìàíäîé åùå äâà ðàçà,
â êàæäîé èç êîòîðûõ áóäåò ñòîÿòü A(1,2), A(1,3) ñîîòâåòñòâåííî. Ïåðâûé èíäåêñ
(íîìåð ñòðîêè) òàê æå áóäåò ìåíÿòüñÿ îò 1 äî 3.

Âìåñòî êîìàíäû *set ìîæíî èïîëüçîâàòü òàêóþ çàïèñü
A(1, 1) = 2.3, 5, 7.6.

4.12. Ìàêðîñû

Ïðè íàïèñàíèè îñíîâíîé ïðîãðàììû èíîãäà áûâàåò íåîáõîäèìî ïîâòîðèòü
íåêîòîðûå ïîñëåäîâàòåëüíîñòè äåéñòâèé íåñêîëüêî ðàç, íî ñ ðàçíûìè ïàðàìåò-
ðàìè. Äëÿ ýòîãî â ïàêåòå Ansys ïðåäóñìîòðåíà âîçìîæíîñòü ñîçäàâàòü ìàêðîñû
èëè, èíà÷å, èõ íàçûâàþò ïîäïðîãðàììàìè, êàê â ëþáîì ÿçûêå ïðîãðàììèðîâà-
íèÿ. Â äàííîì ïàêåòå ìàêðîñû ìîæíî ñîçäàâàòü ðàçíûìè ñïîñîáàìè, â òîì ÷èñ-
ëå ïèñàòü ïðîãðàììû è ñîõðàíÿòü èõ â îòäåëüíûõ ôàéëàõ. Â Ansys ýòè ôàéëû
èìþò ðàñøèðåíèå mac. Âîçìîæíîñòü ñîçäàâàòü ìàêðîñû ñóùåñòâåííî îáëåã÷à-
åò íàïèñàíèå îñíîâíîé ïðîãðàììû, â êîòîðîé ýòè ìàêðîñû ïðè íåîáõîäèìîñòè
âûçûâàþòñÿ.

4.13. Êîëåáàíèÿ öèëèíäðè÷åñêèõ îáîëî÷åê
ñîïðÿæåííûõ ïîä óãëîì

Â êà÷åñòâå ïðèìåðà ïðèâåäåì ïðîãðàììó ïî èññëåäîâàíèþ êîëåáàíèé ñîïðÿ-
æåííûõ ïîä óãëîì öèëèíäðè÷åñêèõ îáîëî÷åê (ðèñ. 4.10). Â íåé äâà ðàçà âûçûâà-
åòñÿ ìàêðîñ äëÿ ñîçäàíèÿ óçëîâ.

Äëèíà îñåâîé ëèíèè îäíîé îáîëî÷êè 0.8 ì, à äëèíà îñåâîé ëèíèè âòîðîé îáî-
ëî÷êè 1.6 ì.

Îáùèå ôèçè÷åñêèå è ãåîìåòðè÷åñêèå ïàðàìåòðû äâóõ îáîëî÷åê òàêîâû: ìî-
äóëü Þíãà E = 2 · 1011Í/ì2, ïëîòíîñòü ρ = 7860 êã/ì3, êîýôôèöèåíò Ïóàññîíà
nu=0.3, òîëùèíà îáîëî÷åê h = 0.00001 ì.

/PREP7
/TITLE, Vibration of connected cylindricall shell
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Ðèñ. 4.10. Ñîïðÿæåííûå öèëèíäðè÷åñêèå îáîëî÷êè.

n=120 ! ×èñëî ýëåìåíòîâ âäîëü îêðóæíîñòè
m1=80 ! ×èñëî ýëåìåíòîâ ïî îáðàçóþùåé ïåðâîé
m2=40 ! è âòîðîé îáîëî÷êè
et,1,shell63
/units, si
beta=0.01 ! Óãîë íàêëîíà
exx=2e11 ! Ìîäóëü Þíãà
nyx=0.3 ! Êîýôôèöèåíò Ïóàññîíà
ro=7860 ! Ïëîòíîñòü ìàòåðèàëà
th0=0.00001 ! Òîëùèíà îáîëî÷åê
R=0.20
l1=4*R
l2=2*R
pi=4*atan(1)
R,1,th0
MP, EX,1,exx
MP,NUXY,1,nyu
mp,dens,1,ro
local,12,1,0,0,0,0,0,0,1
n,1,R,0,0,0,0,0
ngen,n,1,1,1,1,0,360/n,0
local,13,1,0,0,l1,0,beta,0,1/cos(beta*pi/180),
n, 1+m1*n,R,0,0,0,0,0,
ngen,n,1,1+m1*n,1+(0+m1)*n,1,0,360/n,0,

63



clocal,14,1,0,0,0,0,beta,0,1
clocal,15,1,0,0,l2,0,0,0,1
n, 1+(m1+m2)*n,R,0,0,0,2*beta,0,
ngen,n,1,1+(m1+m2)*n,1+(m1+m2)*n,1,0,360/n,0,
/psymb,cs,1
csys,0
*ulib, nod, mac, ïîëíûé ïóòü ê ôàéëó ! Èñïîëüçîâàíèå áèáëèîòåêè
ìàêðîñîâ (ôàéëà ñ èìåíåì nod.mac)
*use, nd,n,m1,0 ! Ìàêðîñ äëÿ ñîçäàíèÿ óçëîâ ïåðâîé îáîëî÷êè
*use, nd,n,m2,m1 ! Ìàêðîñ äëÿ ñîçäàíèÿ óçëîâ âòîðîé îáîëî÷êè
m=m1+m2
e,1,2,n+2,n+1, egen,n-1,1,1,1,1
egen,m,n,1,n-1,1,
e,n,1,n+1,2*n,
egen,m,n,(n-1)*m+1,(n-1)*m+1,1,
NSEL,S,node½1,n,1 !
D,ALL,ux½½ ,uy
nSEL,s,node½n*m+1,n*(m+1),1
D,ALL,ux½½ ,uy
nsel,all
/solution
antype,modal
modopt,subsp,7
outres,all,7
solve
�nish
/post1
set ,
�rst
/dscale,1,
pldisp,6
prnsol,u
�nish

Ôàéë, â êîòîðîì çàïèñàí ìàêðîñ nd èìååò èìÿ nod.mac è ñîäåðæèò ñëåäóþùèé
òåêñò:

nd
*do, k,1,arg1,1
*do, i,1, arg2-1, 1
ndx=nx(k+arg1*arg3)+(nx(k+arg1*(arg2+arg3))-
nx(k+arg1*arg3))/arg2*i
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ndy=ny(k+arg1*arg3)+(ny(k+arg1*(arg2+arg3))-
ny(k+arg1*arg3))/arg2*i
ndz=nz(k+arg1*arg3)+(nz(k+arg1*(arg2+arg3))-
nz(k+arg1*arg3))/arg2*i
n, k+(arg3+i)*arg1,ndx,ndy,ndz
*enddo
*enddo

Àðãóìåíòû arg1, arg2, arg3 ïîäñòàâëÿþòñÿ â *use,...,arg1, arg2, arg3. Â âû-
øåïðèâåäåííîì ìàêðîñå ôóíêöèè nx(k), ny(k), nz(k) ÿâëÿþòñÿ êîîðäèíàòàìè
óçëà ñ íîìåðîì k. Ôàéë ñ ðàñøèðåíèåì .mac, ñîäåðæàùèé íåñêîëüêî ìàêðîñîâ
âûãëÿäèò ñëåäóþùèì îáðàçîì.

èìÿ ïåðâîãî ìàêðîñà
! Äàëåå èäåò áëîê êîìàíä
/eof
èìÿ âòîðîãî ìàêðîñà
! Äàëåå èäåò áëîê êîìàíä
/eof
èìÿ n-ãî ìàêðîñà
! Äàëåå èäåò áëîê êîìàíä
/eof

4.14. Ñâîáîäíûå êîëåáàíèÿ è
óñòîé÷èâîñòü òðåõñëîéíîé ïëàñòèíû
ïîä äåéñòâèåì òîðöåâîé íàãðóçêè

Ðàññìàòðèâàåòñÿ ïðÿìîóãîëüíàÿ ïëàñòèíà (ðèñ. 4.11), äëèíîé 3 ì è øèðè-
íîé 1 ì, ñîñòîÿùàÿ èç òðåõ ñëîåâ [6]. Òîëùèíà h êàæäîãî ñëîÿ, à òàêæå íàáîð
ñâîéñòâ êàæäîãî ìàòåðèàëà (ρ � ïëîòíîñòü, E � ìîäóëü Þíãà, ν � êîýôôèöèåíò
Ïóàññîíà) óêàçàíû â òàáë. 5. Äåôîðìàöèÿ òðåõñëîéíîé ïëàñòèíû ïðè äåéñòâèè
òîðöåâîé íàãðóçêè èçîáðàæåíà íà ðèñ. 4.13.

Òàáëèöà 5

Íîìåð ñëîÿ h, ì ρ, êã/ì3 E, êã/ì2 ν
1 0.001 2 ·103 2 · 1010 0.3
2 0.002 2 ·103 3 · 1010 0.3
3 0.003 8 ·103 4 · 1010 0.3

×òîáû ïîëüçîâàòåëü ìîã ëó÷øå ðàçîáðàòüñÿ â ýòîé è ïîñëåäóþùèõ ïðîãðàììàõ,
ñäåëàåì íåêîòîðûå ïîÿñíåíèÿ.

65



Ðèñ. 4.11. Òðåõñëîéíàÿ ïëàñòèíà.

Ìíîãîñëîéíûå îáîëî÷êè ñòðîÿòñÿ íà ýëåìåíòàõ òèïà shell99 èëè shell91.
×òîáû îòäåëèòü îäèí ñëîé îò äðóãîãî, ïðè îïðåäåëåíèè êîíñòàíò, çàäàþòñÿ íî-
ìåðà ññûëîê, êîòîðûå ïîòîì èñïîëüçóþòñÿ â êîìàíäå mat. Îïðåäåëåííîìó íî-
ìåðó ñîïîñòàâëÿeòñÿ ñîîòâåòñòâóþùèé íàáîð ñâîéñòâ ìàòåðèàëà. Íîìåðà ñëîåâ
ñëåäóþò ïî âîçðàñòàíèþ â òîì ïîðÿäêå, â êîòîðîì çàäàþòñÿ êîíñòàíòû è, ñîîò-
âåòñòâóþùèå èì, íîìåðà ññûëîê. Ñàì ìíîãîñëîéíûé ýëåìåíò, êàê ïîêàçàíî íà
ðèñ. 4.12. îäíîçíà÷íî îïðåäåëÿåòñÿ çàäàíèåì ñëåäóþùèõ âåëè÷èí:

E, I,J,K,L,M,N,O,P,
ãäå E � êîìàíäà, çàäàþùàÿ ýëåìåíò, à I,J,...P � íîìåðà óçëîâ, ïî êîòîðûì
ñòðîèòñÿ äàííûé ýëåìåíò.

Íàðÿäó ñ ÷åòûðåõóãîëüíûì ýëåìåíòîì â Ansys ñóùåñòâóåò åùå òðåóãîëüíûé,
êîòîðûé òàê æå çàäàåòñÿ çàäàåòñÿ âîñåìüþ óçëàìè, òðè èç êîòîðûõ ñîâïàäàþò.
Óçåë âûáèðàåòñÿ â îäíîé èç âåðøèí òðåóãîëüíèêà. Åñëè ýòî óçåë O (ðèñ. 4.12),
òîãäà ýëåìåíò áóäåò çàäàâàòüñÿ òàê:

E,J,O,O,I,N,O,P,M (ñðàâíèòå ñ ïðåäûäóùåé êîìàíäîé).
Ñëåäóåò îáðàòèòü âíèìàíèå íà ïîðÿäîê çàäàíèÿ óçëîâ îòíîñèòåëüíî âûáðàííîãî
óçëà. Åñëè ìû òîò æå ýëåìåíò çàäàäèì, íàïðèìåð, òàêèì îáðàçîì:

E, I,J,O,O,M,N,O,P, òî Ansys âûäàñò ñîîáùåíèå îá îøèáêå. Åñëè ñìîòðåòü
ñâåðõó íà ýëåìåíò, ïîñòðîåííûé íà óçëàõ ïðîòèâ ÷àñîâîé ñòðåëêè, òî ñëîè áó-
äóò íóìåðîâàòüñÿ ñíèçó ââåðõ (ðèñ. 4.12). ×òîáû çàäàòü ñâîéñòâà èçîòðîïíîãî
ìàòåðèàëà ïî êàæäîìó ýëåìåíòó, íåîáõîäèìî ó÷åñòü íàïðàâëåíèÿ îñåé ëîêàëü-
íîé ñèñòåìû êîîðäèíàò, îðèåíòèðîâàííîé â êàæäîì ýëåìåíòå îòäåëüíî, ïðè÷åì
åå öåíòð äîëæåí íàõîäèòñÿ â óçëå, ñ êîòîðîãî ìû íà÷èíàåì çàäàâàòü ýëåìåíò
(ñðàâíèòå çàäàíèå íåâûðîæäåííîãî ýëåìåíòà íà ðèñ. 4.12).

Ýòî êàñàåòñÿ íå òîëüêî ìíîãîñëîéíûõ, íî è îäíîñëîéíûõ ýëåìåíòîâ, (íàïðèìåð,
ýëåìåíòîâ òèïà shell63, êîòîðûå óæå èñïîëüçîâàëèñü ðàíåå), à ñâîéñòâà ìàòåðèà-
ëà ïðåäïîëàãàëèñü îäèíàêîâûìè ïî âñåì íàïðàâëåíèÿì. Îðèåíòàöèÿ êîîðäèíàò-
íûõ îñåé â ýëåìåíòå shell63 îñòàíåòñÿ òàêîé æå, êàê è â shell99 ïðè îòñóòñòâèè
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Ðèñ. 4.12. Ìíîãîñëîéíûé ýëåìåíò è åãî ñâÿçü ñ ñîáñòâåííîé ñèñòåìîé êîîðäèíàò.

ñðåäèííûõ óçëîâ, à öåíòð êîîðäèíàòíîé ñèñòåìû äîëæåí íàõîäèòñÿ â óçëå, ñ
êîòîðîãî íà÷èíàåò ñîçäàâàòüñÿ ýëåìåíò. Ïðè ýòîì óçëû, ñîñòàâëÿþùèå ýëåìåíò,
ïåðå÷èñëÿþòñÿ â íàïðàâëåíèè ïðîòèâ ÷àñîâîé ñòðåëêè. ×òîáû óáåäèòüñÿ â òîì,
÷òî íàáîð ñâîéñòâ ìàòåðèàëà ïî êàæäîìó ñëîþ çàäàí ïðàâèëüíî, íàäî âûáðàòü
Utility Menu > List > Properties > layer data..., ïîñëå ÷åãî ïîÿâèòñÿ äèàëî-
ãîâîå îêíî, ãäå ïîëüçîâàòåëü ìîæåò óêàçàòü èíôîðìàöèþ, êîòîðóþ íåîáõîäèìî
âûâåñòè íà ýêðàí, (íàïðèìåð, ïëîòíîñòü ìàòåðèàëà, ìîäóëü Þíãà è ò. ä.).

/prep7
/units, si ! Ñèñòåìà åäèíèö Ñè
dp=3 !
hp=1 !
h1=0.001 ! Òîëùèíà 1 ñëîÿ
h2=0.002 ! Òîëùèíà 2 ñëîÿ
h3=0.003 ! Òîëùèíà 3 ñëîÿ
sl=0 ! sl=0 ñîîòâåòñòâóåò êîëåáàíèÿì, sl=1 � óñòîé÷èâîñòè
rectg,-dp/2,dp/2,-hp/2,hp/2,
lsel,s,loc,y,hp/2
lsel,a,loc,y,-hp/2
u_pr=30
lesize,all½ ,u_pr
allsel
lsel,s,loc,y,-hp/2,hp/2
u_t=30
lsel,s,loc,x,dp/2
lsel,a,loc,x,-dp/2
lesize,all½ ,u_pr
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/pnum,node,1
et,1,shell99,
amesh,all
keyopt,1,2,0 ! Òî åñòü òîëùèíà ïîñòîÿííàÿ
r,1,3 ! Çàäàåì 3 ñëîÿ
rmore,
rmore,1½h1,2½h2,
rmore,3½h3
mat,1
mp,dens,1,2e3
mp,nuxy,1,0.3
mp,ex,1,2e10
mat,2
mp,dens,2,2e3
mp,nuxy,2,0.3
mp,ex,2,2e10
mat,3
mp,dens,3,8e3
mp,nuxy,3,0.3
mp,ex,3, 8e10
nsel,s,loc,x,dp/2 ! Âûäåëåíèå óçëîâ íà îäíîé èç ñòîðîí ïëàñòèíû
d,all,all ! Æåñòêîå çàêðåïëåíèå âûäåëåííûõ óçëîâ
nsel,s,loc,x,-dp/2 ! Âûäåëåíèå óçëîâ íà ïðîòèâîïîëîæíîé ñòîðîíå ïëàñòèíû
F,all,Fx,1 ! Ïðèëîæåíèå ñèëû ê âûäåëåííûì ðàíåå óçëàì
nsel,inve
m,all,all,
nsel,all
�nish
*if,sl,eq,0,then
/SOLU
ANTYPE,STATIC ! Ñòàòè÷åñêèé àíàëèç
PSTRES,ON ! Âû÷èñëåíèå íà÷àëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî
ñîñòîÿíèÿ
solve
FINISH
*else
/solu
ANTYPE, BUCKLE ! Èññëåäîâàíèå óñòîé÷èâîñòè
BUCOPT, subsp, 10 ! Ìåòîä Subspace iteration
MXPAND,10
FINISH
/solution
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antype,modal
modopt,subsp,10 ! Âû÷èñëèòü 10 ÷àñòîò è ôîðì êîëåáàíèé
subsp,10
solve
�nish
/post1
set, �rst
/dscale,1,
pldisp,6
prnsol,u
�nish
*endif

Ðèñ. 4.13. Äåôîðìàöèÿ òðåõñëîéíîé ïëàñòèíû ïðè äåéñòâèè òîðöåâîé íàãðóçêè.
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Ãëàâà 5

Ñîâìåñòíîå èñïîëüçîâàíèå ìåòîäîâ
GUI è Command

5.1. Ðàñ÷åò ÷àñòîò è ôîðì ñîáñòâåííûõ êîëåáàíèé êðûëà ïëàíåðà

Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû

/prep7 Íà÷àòü ðàáîòó â ïðåïðîöåññîðå

et,1,plane42 • Âûáðàòü èç áèáëèîòåêè òèï
ýëåìåíòà;

• Main Menu > Preprocessor >
Element Type > Add >

• 1 � íîìåð òèïà ýëåìåíòà; Structural > Solid >
• plane42 � íàçâàíèå ýëåìåíòà
â áèáëèîòåêå.

Quad 4node 42 > Apply

et,2,solid45 • Âûáðàòü èç áèáëèîòåêè òèï
ýëåìåíòà;

Structural > Solid >
Brick 8node 45 > Ok >

• 2 � íîìåð òèïà ýëåìåíòà; Close
• solid45 � íàçâàíèå ýëåìåíòà
â áèáëèîòåêå.

mp,ex,1,38000 • Çàäàòü ñâîéñòâà ìàòåðèàëà; • Main Menu > Preprocessor >
• ex � ìîäóëü Þíãà; Material Props > Constant >
• 1 � íîìåð ìàòåðèàëà; Isotropic > 1 > Ok >
• 38000 � âåëè÷èíà ìîäóëÿ
Þíãà.

Young's modulus EX > 38000 >

mp,nuxy,1,0.3 • Çàäàòü ñâîéñòâà ìàòåðèàëà; Poisson's ratio PRXY > 0.3 >
• nuxy � êîýôôèöèåíò Ïóàññî-
íà;
• 1 � íîìåð ìàòåðèàëà;
• 0.33 � âåëè÷èíà êîýôôèöè-
åíòà.
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
mp,dens,1,1e-3 • Çàäàòü ñâîéñòâà ìàòåðèàëà; • Main Menu > Preprocessor >

• dens � ïëîòíîñòü; Material Props > Nonlinear >
• 1 � íîìåð ìàòåðèàëà; Density DENS > 1e-3 >
• 1e-3 � âåëè÷èíà ïëîòíîñòè. Ok

k,1,0,0,0 • Çàäàòü òî÷êó; • Main Menu > Preprocessor >
• 1 � íîìåð òî÷êè; Create > Keypoints >
• 0,0,0 � êîîðäèíàòû òî÷êè. In Active CS > . . . > Apply

k,2,2,0,0 • Çàäàòü òî÷êó; Keypoint number > 2 >
• 2 � íîìåð òî÷êè; X, Y, Z Location in active CS >
• 2,0,0 � êîîðäèíàòû òî÷êè. 2,0,0 > Apply

k,3,2.3,0.2,0 • Çàäàòü òî÷êó; Keypoint number > 3 >
• 3 � íîìåð òî÷êè; X, Y, Z Location in active CS >
• 2.3,0.2,0 � êîîðäèíàòû òî÷êè. 2.3,0.2,0 > Apply

k,4,1.9,0.45,0 • Çàäàòü òî÷êó; Keypoint number > 4 >
• 4 � íîìåð òî÷êè; X, Y, Z Location in active CS >
• 1.9,0.45,0 � êîîðäèíàòû òî÷-
êè.

1.9,0.45,0 > Apply

k,5,1,0.25,0 • Çàäàòü òî÷êó; Keypoint number > 5 >
• 5 � íîìåð òî÷êè; X, Y, Z Location in active CS >
• 1,0.25,0 � êîîðäèíàòû òî÷êè. 1,0.25,0 > Apply

lstr,1,2 • Ïîñòðîèòü ïðÿìóþ ëèíèþ ïî
äâóì òî÷êàì â ãëîáàëüíîé
ñèñòåìå êîîðäèíàò;

• Main Menu > Preprocessor >
Create > Straight Line >
Âûáðàòü ìûøüþ òî÷êè 1 è 2 >

• 1 � íà÷àëüíàÿ òî÷êà; Apply
• 2 � êîíå÷íàÿ òî÷êà.

lstr,5,1 • Ïîñòðîèòü ïðÿìóþ ëèíèþ ïî
äâóì òî÷êàì â ãëîáàëüíîé
ñèñòåìå êîîðäèíàò;

• Main Menu > Preprocessor >
Create > Straight Line >
Âûáðàòü ìûøüþ òî÷êè 5 è 1 >

• 5 � íà÷àëüíàÿ òî÷êà; Ok
• 1 � êîíå÷íàÿ òî÷êà.

bsplin,2,3,4,5½ , • Ïîñòðîèòü ñïëàéí ïî òî÷êàì; • Main Menu > Preprocessor >
-1,0,0, • 2,3,4,5½ , � íîìåðà òî÷åê; Create > Splines >
-1,-0.25,0 • -1,0,0 � êîîðäèíàòû âåêòîðà,

íàïðàâëåííîãî ïî êàñàòåëüíîé
ê ñïëàéíó â íà÷àëüíîé òî÷êå.

With Options > Spline thru KPs
> Âûáðàòü ìûøüþ òî÷êè
2, 3, 4, 5 > Ok >

• -1,-0.25,0 � êîîðäèíàòû âåê-
òîðà, íàïðàâëåííîãî ïî êàñà-
òåëüíîé ê ñïëàéíó â êîíå÷íîé
òî÷êå.

Start tangent > -1,0,0 >
Ending tangent > -1,-0.25,0 >
Ok
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
al,1,3,2, • Ñãåíåðèðîâàòü ïëîñêóþ ôè-

ãóðó, îãðàíè÷åííóþ ëèíèÿìè;
• Main Menu > Preprocessor >
Create > Areas >

• 1,3,2 � íîìåðà ëèíèé (óêàçû-
âàþòñÿ ïîñëåäîâàòåëüíî òàê,
÷òîáû ñôîðìèðîâàëñÿ çàìêíó-
òûé êîíòóð);

Arbitrary > By Lines >
Âûáðàòü ìûøüþ ëèíèè > Ok

esize,0.05 • Çàäàòü âåëè÷èíó ýëåìåíòîâ; • Main Menu > Preprocessor >
• 0.05 � äëèíà ýëåìåíòà âäîëü
ëèíèè � ãðàíèöû ðàçáèâàåìîé
ïëîùàäè;

Meshing > Size Cntrls >
Manual Size > Global > Size
[Size Element edge length >
0.05 > Ok]

amesh,1 • Cãåíåðèðîâàòü óçëû è ðàç-
áèòü ïëîñêèå îáúåêòû íà ýëå-
ìåíòû;

• Main Menu > Preprocessor >
Meshing > Mesh >
Areas > Free >

• 1 � ãåíåðèðîâàòü ñåòêó â
ïëîñêîé ôèãóðå ïîä íîìåðîì 1.

Âûáðàòü ïëîñêóþ ôèãóðó ìû-
øüþ > Ok

esize½10 • Çàäàòü ÷èñëî ðàçáèåíèé ïî
ðåáðó äëÿ ãåíåðàöèè îáúåìíîé
ñåòêè;

• Main Menu > Preprocessor >
Meshing > Size Cntrls >
Global > Size >

• 10 � ÷èñëî ðàçáèåíèé âäîëü
íàïðàâëÿþùåé ëèíèè.

No of Element devision > 10 >
Ok

type,2 • Âûáðàòü ýëåìåíò èç ñïèñêà; • Main Menu > Preprocessor >
• 2 � íîìåð ýëåìåíòà (îáúåì-
íûé).

Modeling > Create > Elements
> Elem Attributes >
Element type number >
2 Solid45 > Ok

vext,all½ ½ ,10 • Ñîçäàòü äîïîëíèòåëüíûé
îáúåì âûòÿãèâàíèåì ïîâåðõ-
íîñòè;

• Main Menu > Preprocessor
> Operate > Extrude/Sweep >
By X, Y, Z O�set > Âûáðàòü

• all½ , � âñå ïîâåðõíîñòíûå ýëå-
ìåíòû;

ìûøüþ ïîâåðõíîñòü > Ok >
O�set for extrusion >

• ½10 � âûòÿãèâàíèå âäîëü îñè
Z, êîëè÷åñòâî ðàçáèåíèé 10.

0 > 0 > 10 > Ok

/view½1,1,1 • Çàäàòü íàïðàâëåíèå ïðîñìîò-
ðà;

• Utility Menu > PlotCtrls >
View Settings > View Direction

• ½ � ïî óìîë÷àíèþ êîìàíäà
ïðèìåíÿåòñÿ ê îêíó ñ íîìåðîì
1;

[XV, YV, ZV Coords of view
point > 1, 1, 1 > Ok]
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
/ang,1 • Çàäàòü ïîâîðîò èçîáðàæåíèÿ; • Utility Menu > PlotCtrls >

• ½ � êîìàíäà ïðèìåíÿåòñÿ ê
îêíó ñ íîìåðîì 1. Ïî óìîë÷à-
íèþ âåðòèêàëüíîé ñòàíîâèòñÿ
îñü Y .

Pan - Zoom - Rotate

/rep • Ïîâòîðèòü ïðåäûäóùóþ êî-
ìàíäó.

Êîìàíäà íå ìîæåò áûòü âû-
ïîëíåíà èç ìåíþ.

eplot • Ïîêàçàòü íà ýêðàíå ñåòêó. • Utility Menu > Plot >
Elements

�nish • Çàêîí÷èòü ðàáîòó â ïðåïðî-
öåññîðå.

Âûïîëíÿòü íå îáÿçàòåëüíî.

/solu • Íà÷àòü ðàáîòó â ïðîöåññîðå.
antype, modal • Îïðåäåëèòü òèï àíàëèçà; • Main Menu > Solution >

• modal � ÷àñòîòíûé. • Analysis Type > New analysis
> Modal > Ok

modopt,lanb,5 • Çàäàòü îïöèè ÷àñòîòíîãî àíà-
ëèçà;

• Main Menu > Solution >
Analysis Options >

• lanb � ìåòîä Ëàíöîøà; Mode extraction method >
• 5 � ÷èñëî îïðåäåëÿåìûõ ìîä. Lanczos > No of modes to

extract > 5 > Ok > Ok
esel,u,type½1 • Çàäàòü âûáîð ýëåìåíòîâ; • Utility Menu > Select >

• u � èñêëþ÷èòü èç âûáðàí-
íûõ;

Entities > Elements >
By attributes > Elem type
num

• type � èñêëþ÷èòü ýëåìåíòû
ïî íîìåðó òèïà;

Min, Max, Inc > 1 > Unselect >
Apply

• ½1 � èñêëþ÷èòü ýëåìåíòû òè-
ïà 1 (ïëîñêèå).

nsel,s,loc,z,0 • Çàäàòü âûáîð óçëîâ; • Utility Menu > Select >
• s � íîâûé âûáîð; Entities > Nodes >
• loc � ïî ïîëîæåíèþ â àêòèâ-
íîé ñèñòåìå êîîðäèíàò;

By location > Z coordinates >
Reselect > Min, Max > 0 > Ok

• z � ïî êîîðäèíàòå z;
• 0 � âûáðàòü óçëû ñ êîîðäè-
íàòîé z=0.
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
d,all,all • Çàêðåïèòü êðûëî ïëàíåðà

(îãðàíè÷èòü ñòåïåíè ñâîáîäû â
óçëàõ);

• Main Menu > Solution >
Loads > Apply > Structural >
Displacement > On Nodes >

• all � âî âñåõ âûáðàííûõ óç-
ëàõ;

Pick all > DOFs to be
constrained > All DOF >

• all � ïðèñâîèòü íóëåâûå çíà-
÷åíèÿ âñåì âîçìîæíûì ñìåùå-
íèÿì.

Ok

nsel,all • Âûáðàòü óçëû; • Utility Menu > Select >
• all � âñå óçëû. Entities > Nodes >

By Num/Pick > Reselect > Ok
> Pick all

mxpand,5 • Çàäàòü ÷èñëî èçâëåêàåìûõ
ìîä äëÿ çàïèñè â ôàéë ðàñ÷åò-
íûõ ìàòåðèàëîâ;

• Main Menu > Solution >
Analysis Options > NMODE
No of modes to extract >

• 5 � ÷èñëî ìîä. 5 > Ok > Ok

1

X

Y

Z

                                                                                

OCT 31 2012
11:37:47

PLOT NO.   1

ELEMENTS

U

Ðèñ. 5.1. Êðûëî ïëàíåðà ñ çàäàííûìè ãðàíè÷íûìè óñëîâèÿìè.
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
solve • Íà÷àòü âû÷èñëåíèÿ. •Main Menu > Solution > Solve

> Current LS >OK
�nish • Çàêîí÷èòü ðàáîòó â ïðåïðî-

öåññîðå
Âûïîëíÿòü íå îáÿçàòåëüíî

/post1 • Íà÷àòü ðàáîòó â ïîñòïðîöåñ-
ñîðå

set,list,2 • Îïðåäåëèòü, êàêèå äàííûå
ñëåäóåò ïðî÷èòàòü èç ôàéëà
ðåçóëüòàòîâ;

• Main Menu > General
Postproc > Read Results >
By Load Step >

• list � ñóììàðíûå äàííûå íà
êàæäîì øàãå íàãðóæåíèÿ;

Substep number > 5 > Ok

• 2 � à òàêæå çàãîëîâêè è êîì-
ìåíòàðèè, åñëè îíè åñòü.

set, �rst • Îïðåäåëèòü, êàêèå äàííûå
ñëåäóåò ïðî÷èòàòü èç ôàéëà
ðåçóëüòàòîâ;

• Main Menu > General
Postproc > Read Results >
First Set>

• �rst � ïðî÷èòàòü ðåçóëüòàòû
âû÷èñëåíèÿ ïåðâîé ìîäû.

pldisp, 0 • Ïîêàçàòü íà ýêðàíå äåôîðìè-
ðîâàííóþ êîíñòðóêöèþ;

• Main Menu > General
Postproc > Plot Results >

• 0 � òîëüêî äåôîðìèðîâàí-
íóþ ôîðìó.

Deformed Shape > Items to be
plotted > Def shape only > Ok

anmode,10, 0.5 • Âûâåñòè íà ýêðàí àíèìèðî-
âàííûå êîëåáàíèÿ;

• Utility Menu > PlotCtrls >
Animate > Mode shape >

• 10 � ÷èñëî êàäðîâ; No of frames to create > 10 >
• 0.5 � ïðîäîëæèòåëüíîñòü ïðî-
ñìîòðà êàæäîãî êàäðà â ñåêóí-
äàõ.

Time delay > 0.5 > Ok

set, next • Îïðåäåëèòü, êàêèå äàííûå
ñëåäóåò ïðî÷èòàòü èç ôàéëà
ðåçóëüòàòîâ;

• Main Menu > General
Postproc > Read Results >
Next Set>

• next � ïðî÷èòàòü ðåçóëüòàòû
âû÷èñëåíèÿ ñëåäóþùåé ìîäû.

pldisp, 0 • Ïîêàçàòü íà ýêðàíå äåôîðìè-
ðîâàííóþ êîíñòðóêöèþ;

• Main Menu > General
Postproc > Plot Results >

• 0 � òîëüêî äåôîðìèðîâàí-
íóþ ôîðìó.

Deformed Shape > Items to be
plotted > Def shape only > Ok
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Êîìàíäà Îïèñàíèå êîìàíäû Ïóòü âûïîëíåíèÿ êîìàíäû
anmode,10, 0.5 • Âûâåñòè íà ýêðàí àíèìèðî-

âàííûå êîëåáàíèÿ;
• Utility Menu > PlotCtrls >
Animate > Mode shape >

• 10 � ÷èñëî êàäðîâ; No of frames to create > 10 >
• 0.5 - ïðîäîëæèòåëüíîñòü ïðî-
ñìîòðà êàæäîãî êàäðà â ñåêóí-
äàõ.

Time delay > 0.5 > Ok

�nish • Çàêîí÷èòü ðàáîòó â ïðåïðî-
öåññîðå

Âûïîëíÿòü íå îáÿçàòåëüíî
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PLOT NO.   1

DISPLACEMENT

STEP=1
SUB =3
FREQ=23.211
DMX =27.592

Ðèñ. 5.2. Òðåòüÿ ôîðìà êîëåáàíèé êðûëà ïëàíåðà.
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Ãëàâà 6

Âû÷èñëèòåëüíàÿ ãèäðîäèíàìèêà

6.1. Ñèììåòðè÷íîå îáòåêàíèå óñòóïà ïîòîêîì âÿçêîé íåñæèìàåìîé
æèäêîñòè

A
B

C D

E

FK

L
.

.

.

.

.

.

.

.

x

y

.1
A

Ðèñ. 6.1. Ïðîäîëüíîå ñå÷åíèå ñèììåòðè÷íîãî ðàñøèðÿþùåãîñÿ êàíàëà.

Ðàññìàòðèâàåòñÿ ïëîñêàÿ ñèììåòðè÷íàÿ çàäà÷à îáòåêàíèÿ àáñîëþòíî òâåðäî-
ãî âûñòóïà ïîòîêîì æèäêîñòè∗. Ãåîìåòðèÿ ïðîäîëüíîãî ñå÷åíèÿ (ñì. ðèñ. 6.1)
çàäàåòñÿ õàðàêòåðíûìè òî÷êàìè A, B, D, F, K, L. Òâåðäàÿ ñòåíêà � âûñòóï
ALKF.
Íà âõîä êàíàëà ABA1 ïðè ñòàíäàðòíûõ àòìîñôåðíûõ óñëîâèÿõ ïîäàåòñÿ âîç-
äóõ ñî ñêîðîñòüþ Vx = 10 ì/c, Vy = 0 ì/c. Ñðåäà ïðåäïîëàãàåòñÿ íåñæèìàåìîé,

∗Äàííàÿ ðàáîòà ïðåäñòàâëåíà â êíèãå [20] Øàáàðîâ Â.Â. Ãèäðîãàçîäèíàìè÷åñêèå çàäà÷è
// Ïðèìåíåíèå ñèñòåìû ANSYS ê ðåøåíèþ çàäà÷ ìåõàíèêè ñïëîøíîé ñðåäû. Ïðàêòè÷åñêîå
ðóêîâîäñòâî. 2006. ñ. 139 � 153.
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ðåæèì òå÷åíèÿ � òóðáóëåíòíûì, ìàññîâûìè ñèëàìè ïðåíåáðåãàåì. Ãðàíè÷íûìè
óñëîâèÿìè äëÿ ñèñòåìû òðàíñïîðòíûõ óðàâíåíèé ÿâëÿþòñÿ:

• Óñëîâèÿ íà âõîäå: Vx = 10 ì/c, Vy = 0 ì/c íà AB;

• Óñëîâèÿ ñèììåòðèè: Vy = 0 ì/c íà BCD;

• Óñëîâèÿ ïðèëèïàíèÿ: Vx = 0 ì/c, Vy = 0 ì/c íà ALKF;

• Óñëîâèÿ íà âûõîäíîé ãðàíèöå: äàâëåíèå p = 0 Í/ì2 íà DEF.

Âûáîð ïàêåòà ïðîãðàìì ãèäðîãàçîäèíàìèêè

Main Menu > Preference > FLOTRAN CFD > Ok.

Îïðåäåëåíèå òèïà êîíå÷íîãî ýëåìåíòà

Main Menu > Preprocessor > Element Type > Add > 2D Flotran 141∗

> Ok > Close.

Ñîçäàíèå ðàñ÷åòíîé îáëàñòè

1. Ââîä õàðàêòåðíûõ òî÷åê.

Main Menu > Preprocessor > Modeling > Create > Keypoints > In
Active CS.

Â âûïàäàþùåé òàáëèöå Create Keypoins In Active Coordinate Systems
ïîñëåäîâàòåëüíî ââîäÿòñÿ íîìåðà è êîîðäèíàòû (â ìåòðàõ) òî÷åê A, B, D,
E, F, K, L:

(ò. A) Keypoint > 1 > x = 1, y = 1 > Apply,
(ò. B) Keypoint > 2 > x = 1, y = 1.5 > Apply,
(ò. C) Keypoint > 3 > x = 2, y = 1.5 > Apply,
(ò. D) Keypoint > 4 > x = 9, y = 1.5 > Apply,
(ò. E) Keypoint > 5 > x = 9, y = 1 > Apply,
(ò. F) Keypoint > 6 > x = 9, y = 0.9 > Apply,
(ò. K) Keypoint > 7 > x = 2, y = 0.9 > Apply,
(ò. L) Keypoint > 8 > x = 2, y = 1 > Ok.

Îòîáðàæàåì íà ýêðàí íîìåðà òî÷åê:

∗Ýëåìåíò FLOTRAN 141 èñïîëüçóåòñÿ äëÿ ðåøåíèÿ 2D � çàäà÷. Ïî óìîë÷àíèþ ñ÷èòàåòñÿ,
÷òî çàäà÷à ïëîñêàÿ, à ñèñòåìà êîîðäèíàò � äåêàðòîâà. Äëÿ ðåøåíèÿ ïëîñêèõ çàäà÷ â ïîëÿð-
íîé ñèñòåìå êîîðäèíàò èëè îñåñèììåòðè÷íûõ çàäà÷ ñëåäóåò â îêíå Element Types èñïîëüçîâàòü
êíîïêó OPTIONS è âûáðàòü â îêíå Element coordinate system ñîîòâåòñòâóþùóþ ñèñòåìó êî-
îðäèíàò. Âñå äàëüíåéøåå ðåøåíèå çàäà÷è, âêëþ÷àÿ çàäàíèå ãðàíè÷íûõ óñëîâèé, áóäåò ïðîèñ-
õîäèòü â âûáðàííîé ñèñòåìå.
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Utility Menu > Plot Ctrls > Numbering > Keypoints number,

Utility Menu > Plot Keypoints.

2. Ñîçäàíèå è îòðèñîâêà ëèíèé.

Main Menu > Preprocessor > Modeling > Create > Lines > Straight
Line.

Ëåâîé êíîïêîé ìûøè ïîñëåäîâàòåëüíî îòìå÷àåì ïî äâå òî÷êè (íà÷àëî è
êîíåö ñîçäàâàåìîé ïðÿìîé ëèíèè):

Line 1 Keypoints > 1 > 2,
Line 2 Keypoints > 8 > 3,
Line 3 Keypoints > 5 > 4,
Line 4 Keypoints > 1 > 8,
Line 5 Keypoints > 2 > 3,
Line 6 Keypoints > 3 > 4,
Line 7 Keypoints > 8 > 5,
Line 8 Keypoints > 7 > 6,
Line 9 Keypoints > 7 > 8,
Line 10 Keypoints > 6 > 5.

Çàêðûâàåì îêíî Create Straight Lines, Ok. Óêàçàííàÿ ïîñëåäîâàòåëü-
íîñòü íà÷àëà è êîíöà ëèíèè ñâÿçàíà ñ óäîáñòâîì äàëüíåéøèõ äåéñòâèé ïî
ïîñòðîåíèþ óïîðÿäî÷åííîé íåîäíîðîäíîé ñåòêè.

Îòîáðàæàåì íà ýêðàí íîìåðà ëèíèé:

Utility Menu > Plot Ctrls > Numbering > Line number,

Utility Menu > Plot Lines.

3. Ñîçäàíèå è îòðèñîâêà ïëîùàäåé.

Main Menu > Preprocessor >Modeling > Create > Areas > Arbitrary
> By Lines.

Ëåâîé êíîïêîé ìûøè ïîñëåäîâàòåëüíî óêàçûâàåì ëèíèè, îãðàíè÷èâàþùèå
ïëîùàäü:

Area 1 Lines > 1 > 5 > 2 > 4,
Area 2 Lines > 2 > 6 > 3 > 7,
Area 3 Lines > 7 > 10 > 8 > 9.

Çàêðûâàåì îêíî Create Area by Lines, Ok. Ðàñ÷åòíàÿ îáëàñòü ñîçäàíà.

Ïîñòðîåíèå êîíå÷íî-ýëåìåíòíîé ñåòêè

Ïåðåä ïîñòðîåíèåì ñåòêè îòîáðàçèì ëèíèè è èõ íîìåðà íà ýêðàíå (ñì. ï. 2).
Äàëåå ïðîâîäèì ðàçáèåíèå ýòèõ ëèíèé.
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Main Menu > Preprocessor > Meshing > Size Ctrls > Manual > Size >
Lines > Picked Lines.
Ëåâîé êíîïêîé ìûøè îòìå÷àåì ëèíèè, íàæèìàåì Ok. Â ïîÿâèâøåìñÿ îêíå
Element Sizes â òàáëèöó ââîäèì êîëè÷åñòâî äåëåíèé óêàçàííûõ ëèíèé NDIV
(No. of element divisions), à òàêæå ÷èñëî, õàðàêòåðèçóþùåå íåðàâíîìåðíîñòü ðàç-
áèåíèé óêàçàííûõ ëèíèé SPACE (Spacing ratio)∗:

Lines 1, 2, 3 7, 8 4, 5 10 6 9
NDIV No. of element divisions 10 80 10 10 80 10
SPACE Spacing ratio 1 10 0.1 0.1 10 10

Ñòðîèì óïîðÿäî÷åííóþ êîíå÷íî-ýëåìåíòíóþ ñåòêó:

Main Menu > Preprocessor > Meshing > MeshTools > Areas > Mapped
> 3 or 4 sided > Pick All.
Òàêèì îáðàçîì, ðàñ÷åòíàÿ îáëàñòü ðàçáèòà íà 1700 ýëåìåíòîâ, îáùåå êîëè÷åñòâî
óçëîâ 1811. Ýòà èíôîðìàöèÿ ïîëó÷åíà èç ñëåäóþùåãî ðàçäåëà:
Utility Menu > List > Elements > Nodes + Attributes, à òàêæå List >
Nodes.

Çàäàíèå ìîäåëè òå÷åíèÿ æèäêîñòè

Main Menu > Preprocessor > Flotran Set Up > Solution Options.
Â äèàëîãîâîé ïàíåëè Flotran Solution Options âûáèðàþòñÿ ñëåäóþùèå îïöèè:

Steady State ñòàöèîíàðíîå òå÷åíèå,
Adiabatic òå÷åíèå ñ ïîñòîÿííîé ïîëíîé ýíòàëüïèåé,
Turbulent ðåæèì òå÷åíèÿ òóðáóëåíòíûé,
Incompressible æèäêîñòü íåñæèìàåìàÿ.

Âûáîð àëãîðèòìà ðåøåíèÿ

Main Menu > Preprocessor > Flotran Set Up > Algorithm Ctrl.
Â äèàëîãîâîé ïàíåëè Algorithm Control âûáèðàåì àëãîðèòì Simplen∗.

Óïðàâëåíèå ïðåðûâàíèåì çàäà÷è, âûâîäîì ðåçóëüòàòîâ íà ýêðàí è â âûõîäíîé
ôàéë (*.r�)

∗Âåëè÷èíà SPACE îïðåäåëÿåò ñòåïåíü è íàïðàâëåíèå ñãóùåíèÿ òî÷åê, êîòîðûìè äå-
ëèòñÿ óêàçàííàÿ ëèíèÿ. Ïî óìîë÷àíèþ ðàçáèåíèå ëèíèé ðàâíîìåðíîå (SPACE = 1). Åñ-
ëè SPACE > 1, òî òî÷êè, êîòîðûìè ðàçáèâàåòñÿ ëèíèÿ, ñãóùàþòñÿ ê åå íà÷àëó; åñëè
0 < SPACE < 1, òî òî÷êè ñãóùàþòñÿ ê êîíöó ëèíèè. Åñëè -1 < SPACE < 0, òî ñãóùåíèå
òî÷åê çàäàåòñÿ ê ñåðåäèíå ëèíèè, ïðè SPACE < -1 òî÷êè îäèíàêîâî ñãóùàþòñÿ êàê ê íà÷àëó,
òàê è ê êîíöó ëèíèè.

∗Àëãîðèòì Simplen ðåàëèçóåò ïðîåêöèîííûé ìåòîä ðåøåíèÿ óðàâíåíèé äèíàìèêè æèäêî-
ñòè â âàðèàíòå, ðàçðàáîòàííîì ãðóïïîé Ïàòàíêàðà, è îáëàäàåò óëó÷øåííûìè ïîêàçàòåëÿìè
ñõîäèìîñòè ïî ñðàâíåíèþ ñ äðóãèìè âàðèàíòàìè àëãîðèòìîâ ñåìåéñòâà Simple.
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Main Menu > Preprocessor > Flotran Set Up > Execution Ctrl.
Â îòêðûâøåéñÿ äèàëîãîâîé ïàíåëè Steady State Control Setting ñëåäóåò çà-
äàòü ÷èñëî ãëîáàëüíûõ èòåðàöèé EXEC = 1000 è ÷èñëî èòåðàöèé, ÷åðåç êîòîðîå
ïîïîëíÿåòñÿ âûõîäíîé ôàéë, SUMF = 50. Ïðè íåîáõîäèìîñòè â ýòîé äèàëîãîâîé
ïàíåëè ìîæíî çàäàòü äîïîëíèòåëüíûå êðèòåðèè ïðåðûâàíèÿ. Â ðåøàåìîé çàäà÷å
ïÿòü íåèçâåñòíûõ ôóíêöèé: Vx, Vy, p, κ, è ε. Åñëè â ïðîöåññå ðåøåíèÿ äëÿ âñåõ
ýòèõ ôóíêöèé áóäóò âûïîëíåíû óñëîâèÿ

N∑
i=1

|φk
i − φk−1

i |

N∑
i=1

|φk
i |

≤ Termφ,

òî ðåøåíèå çàäà÷è áóäåò îñòàíîâëåíî. Â äàííîé ôîðìóëå N � îáùåå ÷èñëî óçëîâ,
φ = {Vx, Vy, p, κ, ε}, Termφ � çàäàâàåìàÿ â ñîîòâåòñòâóþùèõ ñòðîêàõ òàáëèöû
Termination Criteria ïàíåëè Steady State Control Setting òî÷íîñòü ðåøåíèÿ
çàäà÷è ïî êàæäîé èñêîìîé ôóíêöèè.

Çàäàíèå ñâîéñòâ æèäêîñòè

Main Menu > Preprocessor > Flotran Set Up > Fluid Properties.
Â ñîîòâåòñòâèè ñ ïîñòàâëåííîé çàäà÷åé ôèçè÷åñêèå ñâîéñòâà æèäêîñòè (èëè âîç-
äóõà) ñ÷èòàåì íåèçìåííûìè. Îñòàâëÿåì ïðåäëîæåííûå ïî óìîë÷àíèþ óñëîâèÿ â
òàáëèöå Fluid Properties è íàæèìàåìOk. Ââîäèì â ñîîòâåòñòâóþùèõ êîëîíêàõ
ïîÿâèâøåãîñÿ äèàëîãîâîãî îêíà çíà÷åíèå ïëîòíîñòè âîçäóõà (density) ρ = 1.225
êã/ì3 è äèíàìè÷åñêîé âÿçêîñòè (viscosity) µ = 0.0000181 Í·c/ì2.

Çàäàíèå ãðàíè÷íûõ óñëîâèé

Main Menu > Preprocessor > Loads > De�ne Loads > Apply > Fluid
CFD > Velocity > On Lines.

• Ëåâîé êíîïêîé ìûøè óêàçûâàåì âõîäíóþ ãðàíèöó � Line 1, Ok. Â äèàëî-
ãîâîì îêíå ââîäèì Vx = 10, Vy = 0. Â ïîëåApply to endpoints (ïðèëîæèòü
è â ãðàíèöàõ ëèíèè) ñòàâèì Yes è íàæèìàåì Ok.

Çàäàäèì ãðàíè÷íûå óñëîâèÿ íà äðóãèõ ëèíèÿõ:

• Íà ëèíèÿõ 4, 8, 9 (òâåðäàÿ ñòåíêà) çàäàåì óñëîâèÿ ïðèëèïàíèÿ: Vx = 0,
Vy = 0.

• Íà ëèíèÿõ 5, 6 çàäàåì óñëîâèå ñèììåòðèè: Vy = 0. Ïðè çàäàíèè óñëîâèé
ñèììåòðèè ïîëå äëÿ Vx îñòàâëÿåì ñâîáîäíûì � çíà÷åíèå ãîðèçîíòàëüíîé
ñîñòàâëÿþùåé ñêîðîñòè íà ýòîé ëèíèè áóäóò îïðåäåëÿòüñÿ ðåøåíèåì çàäà-
÷è.
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• Çàäàåì ãðàíè÷íîå óñëîâèå íà âûõîäíîé ãðàíèöå:

Fluid CFD > Pressure DOF > On Lines.

Ëåâîé êíîïêîé ìûøè óêàçûâàåì âûõîäíóþ ãðàíèöó ðàñ÷åòíîé îáëàñòè �
ëèíèè 3, 10 è íàæèìàåì Ok. Â ïîÿâèâøåìñÿ äèàëîãîâîì îêíå Apply Pres
on lines â ïîëå Pres Pressure Value ââîäèì 0 (èçáûòî÷íîå äàâëåíèå íà
âûõîäíîé ãðàíèöå), äàëåå Ok.

Ãðàíè÷íûå óñëîâèÿ äëÿ íåèçâåñòíûõ ôóíêöèé κ − ε ìîäåëè ôîðìèðóþòñÿ ïî
óìîë÷àíèþ àâòîìàòè÷åñêè.

Ðåøåíèå

Main Menu > Solution > Run Flotran.
Ïðîöåññ ðåøåíèÿ çàäà÷è îòîáðàæàåòñÿ â îêíå âûâîäà ANSYS.

Ïðîñìîòð ðåçóëüòàòîâ

Main Menu > General Postproc > Read Results > Last Set.

• Ïîñòðîåíèå âåêòîðíîãî ïîëÿ ñêîðîñòåé

Main Menu > General Postproc > Plot Results > Vector Plot > Predefended
> Ok.
Â ãðàôè÷åñêîì îêíå ANSYS ìîæíî ïðåäñòàâèòü èíòåðåñóþùèé ôðàãìåíò ðàñ-
÷åòíîé îáëàñòè â óâåëè÷åííîì ìàñøòàáå ñ ïîìîùüþ êîìàíäû
Utility Menu > Plot Ctrls > Pan, Zoom, Rotate > Box Zoom.
Óêàçàòü ìûøüþ, íå îòïóñêàÿ åå ëåâîé êíîïêè, íóæíûé ôðàãìåíò îáëàñòè.

• Ïîñòðîåíèå è îòîáðàæåíèå ëèíèé òîêà

Main Menu > General Postproc > Plot Results > Flow Trace.
Ýòî ìåíþ ïîçâîëÿåò ïîñòðîèòü è îòîáðàçèòü ëèíèè òîêà, ïðîõîäÿùèå ÷åðåç çà-
äàííûå òî÷êè ðàñ÷åòíîé îáëàñòè.
Ñ ïîìîùüþ êîìàíäû De� Trace Pt â äèàëîãîâîì îêíå ââîäÿòñÿ àáñöèññû è, ÷å-
ðåç çàïÿòóþ, îðäèíàòû òî÷åê, ÷åðåç êîòîðûå áóäóò ïðîõîäèòü ëèíèè òîêà. Ïîñëå
ââîäà êîîðäèíàò êàæäîé òî÷êè � Apply, çàòåì ââîä êîîðäèíàò ñëåäóþùåé òî÷êè
è ò. ä., çàòåì Ok. Ëèáî ïðÿìî íà ýêðàíå óêàçàòü òî÷êè, ÷åðåç êîòîðûå ñëåäóåò
ïðîâåñòè ëèíèè òîêà.
Äëÿ îòîáðàæåíèÿ ëèíèé òîêà Plot Results > Plot Flow Trace.

• Îïåðàòèâíûé çàïðîñ ÷èñëåííûõ ðåçóëüòàòîâ â óçëàõ

Main Menu > General Postproc > Query Results > Subgrid Solution.
Îòêðûâàåì îêíî Query Subgrid Solution Data è âûáèðàåì èäåíòèôèêàòîð
èíòåðåñóþùåé ïåðåìåííîé, çàòåì Ok. Êóðñîðîì óêàçûâàåì óçåë è íàæèìàåì
ëåâóþ êíîïêó ìûøè: íà ýêðàíå âûñâå÷èâàåòñÿ ÷èñëåííîå çíà÷åíèå óêàçàííîé
ïåðåìåííîé â ýòîì óçëå.

82



• Àíèìàöèÿ

Äëÿ ñîçäàíèÿ àíèìàöèîííîé êàðòèíû äâèæåíèÿ ÷àñòèö âäîëü ëèíèé òîêà èñ-
ïîëüçóåì
Utility Menu > Plot Ctrls > Animate > Particle Flow.

Â îòêðûâøåéñÿ äèàëîãîâîé ïàíåëè íåîáõîäèìî çàäàòü:

No. of frames to create � êîëè÷åñòâî êàäðîâ, èç êîòîðûõ ñîñòîèò
àíèìàöèîííàÿ êàðòèíà,

Time delay � âðåìÿ çàäåðæêè ìåæäó êàäðàìè
â ïðîöåññå àíèìàöèè,

Particle Spacing factor � îïöèÿ, èïîëüçóåìàÿ äëÿ îïðåäåëåíèÿ
ðàññòîÿíèÿ ìåæäó ñîñåäíèìè ÷àñòè-
öàìè íà ëèíèè òîêà,

Particle Size factor � ïîïåðå÷íûé ðàçìåð ÷àñòèö íà ýêðàíå
(åñëè 0, òî âìåñòî ÷àñòèö áóäåò ëèíèÿ),

Particle Length fraction � ïåðåìåííàÿ, èñïîëüçóåìàÿ äëÿ îïðåäåëå-
íèÿ äîëè ëèíèè òîêà, çàíèìàåìîé ÷àñòè-
öàìè (÷åììåíüøå ýòà âåëè÷èíà, òåììåíü-
øå ïðîäîëüíûé ðàçìåð ÷àñòèö íà ýêðàíå),

Mxloop Max number of loops � öåëàÿ âåëè÷èíà, îãðàíè÷èâàþùàÿ ÷èñëî
îáîðîòîâ ÷àñòèö âîêðóã ÿäåð âèõðåé
(èñïîëüçóåòñÿ äëÿ óäîáñòâà âèçóàëèçàöèè
â ðàéîíå ÿäðà âèõðÿ),

Item to be contoured along trace � óêàçàòåëü ôóíêöèè (Vx, Vy, p, è ò. ä.),
÷èñëåííûå çíà÷åíèÿ êîòîðîé âèçóàëèçè-
ðóþòñÿ öâåòàìè âäîëü ëèíèè òîêà.

6.2. Îáòåêàíèå øàðà ïîòîêîì âÿçêîé íåñæèìàåìîé æèäêîñòè. Çà-
äà÷à Ñòîêñà.

Çàäà÷ó îá îáòåêàíèè àáñîëþòíî òâåðäîãî øàðà âÿçêîé íåñæèìàåìîé æèäêî-
ñòüþ (ñì. ðèñ. 6.2) âïåðâûå ðåøèë Ñòîêñ â 1851 ã. [16], äëÿ ýòîãî îí èñïîëüçîâàë
ïðèáëèæåííûé ìåòîä, êîòîðûé çàêëþ÷àåòñÿ â ïðåíåáðåæåíèè â îñíîâíûõ óðàâ-
íåíèÿõ äâèæåíèÿ èíåðöèîííûìè ÷ëåíàìè è âíåøíèìè ñèëàìè. Â ðàáîòàõ [8], [10]
ïðèâåäåíî ðåøåíèå òàêîé çàäà÷è â ñëó÷àå, êîãäà ñôåðà ÿâëÿåòñÿ àáñîëþòíî æåñò-
êîé, ò.å. äåôîðìàöèè ïîâåðõíîñòè íå ðàññìàòðèâàþòñÿ, è äâèæåíèå æèäêîñòè
îñóùåñòâëÿåòñÿ ïðè ìàëûõ ÷èñëàõ Ðåéíîëüäñà. Â ñòàòüå [13] èññëåäîâàíà çàäà÷à
î äåôîðìàöèè òîíêîé óïðóãîé ñôåðè÷åñêîé îáîëî÷êè ïîä âëèÿíèåì íåðàâíîìåð-
íîãî âíåøíåãî äàâëåíèÿ, äåéñòâóþùåãî ñî ñòîðîíû ïîòîêà âÿçêîé íåñæèìàåìîé
æèäêîñòè. Ïîëó÷åíû ïðèáëèæåííûå âûðàæåíèÿ äëÿ êîìïîíåíòîâ ïåðåìåùåíèé.
Ïðèâåäåíî ñðàâíåíèå àíàëèòè÷åñêèõ è ÷èñëåííûõ ðåçóëüòàòîâ, âûïîëíåííûõ â
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ïàêåòå ANSYS íà îñíîâå ïðåäëàãàåìîé íèæå ïðîãðàììû. Âñëåäñòâèå îñåâîé ñèì-
ìåòðèè çàäà÷è äëÿ ìîäåëèðîâàíèÿ â ïàêåòå ANSYS äîñòàòî÷íî ðàññìîòðåòü ïî-
ëóïðîñòðàíñòâî.

Ðèñ. 6.2. Ïðîäîëüíîå ñå÷åíèå çàäà÷è: øàð, îáòåêàåìûé ïîòîêîì âÿçêîé íåñæèìàåìîé

æèäêîñòè.

Ãåîìåòðèÿ ïðîäîëüíîãî ñå÷åíèÿ (ñì. ðèñ. 6.3) çàäàåòñÿ õàðàêòåðíûìè òî÷êà-
ìè 1 � 10. Ëèíèÿ L1 � ïîëóîêðóæíîñòü (òâåðäàÿ ñòåíêà). Íà âõîä (ëèíèÿ L8)
ïîäàåòñÿ æèäêîñòü ñî ñêîðîñòüþ Vx = 0.3 ì/c, Vy = 0 ì/c. Ñðåäà ïðåäïîëàãàåòñÿ
íåñæèìàåìîé, ðåæèì òå÷åíèÿ � òóðáóëåíòíûì, ìàññîâûìè ñèëàìè ïðåíåáðåãàåì.
Ãðàíè÷íûìè óñëîâèÿìè äëÿ ñèñòåìû òðàíñïîðòíûõ óðàâíåíèé ÿâëÿþòñÿ:

• Óñëîâèÿ íà âõîäå: Vx = 0.3 ì/c, Vy = 0 ì/c íà ëèíèè L8;

• Óñëîâèÿ ñèììåòðèè: Vy = 0 ì/c íà íà ëèíèÿõ L7, L4, L2, L10;

• Óñëîâèÿ ïðèëèïàíèÿ: Vx = 0 ì/c, Vy = 0 ì/c íà ëèíèè L1;

• Óñëîâèÿ íà âûõîäíîé ãðàíèöå: äàâëåíèå p = 0 Í/ì2 íà íà ëèíèè L11.

Ðèñ. 6.3. Ãåîìåòðèÿ ðàñ÷åòíîé ìîäåëè.

84



Ñîçäàíèå ðàñ÷åòíîé îáëàñòè ïðåäñòàâëåíî íèæå â âèäå ïðîãðàììíîãî êîäà:

/PREP7 ! Íà÷àëî ëþáîé ïðîãðàììû â ANSYS
/TITLE, Sphera in viscous �uid
ET,1,FLUID141 ! èëè, ìîæíî çàïèñàòü êîðî÷å: ET,1,141
denw=1.e2 ! Ïëîòíîñòü æèäêîñòè
visw=1. ! Âÿçêîñòü æèäêîñòè
velocity=0.3 ! Ñêîðîñòü íàáåãàþùåãî ïîòîêà
radius = 0.5 ! Ðàäèóñ ñôåðû
a=3 ! Ðàçìåðû ðàñ÷åòíîé îáëàñòè
b=2
c=9

Â ïàêåòå ANSYS âîçìîæíû ðàçëè÷íûå âàðèàíòû ïîñòðîåíèÿ ïîëóîêðóæîñòè,
îäèí èç êîòîðûõ ñîñòîèò â ïðåäâàðèòåëüíîì ïîñòðîåíèè ïîëóêðóãà è ïîñëåäóþ-
ùåì óäàëåíèè åãî ïëîùàäè:
Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Partial Annulus.
Ëåâîé êíîïêîé ìûøè îòêðûâàåì îêíî Part Annular Circ Area, â êîòîðîì óêà-
çûâàåì àáñöèññó è îðäèíàòó öåíòðà ïîëóîêðóæíîñòè, Rad � ðàäèóñ, Theta �
öåíòðàëüíûé óãîë ïîëóîêðóæíîñòè â ãðàäóñàõ � 180, íàæèìàåì Ok. Çàòåì óäà-
ëÿåì ïëîùàäü ïîëóêðóãà:
Main Menu > Preprocessor > Modeling > Delete > Areas Only è óêàçû-
âàåì ëåâîé êíîïêîé ìûøè íà ïîëóêðóã, íàæèìàåì Ok.
Äàëåå Utility Menu > Plot > Multi-Plots.
Òàêæå ðåêîìåíäóåòñÿ óäàëèòü è íèæíþþ ãðàíèöó ïîëóîêðóæíîñòè:
Main Menu > Preprocessor > Modeling > Delete > Line and Below
è óêàçûâàåì ëåâîé êíîïêîé ìûøè íà ðàäèóñû íèæíåé ãðàíèöû, íàæèìàåì Ok.
Äàëåå ïðèâîäèòñÿ ïðîãðàììíûé êîä, êîòîðûé ñîîòâåòñòâóåò ïðåäëîæåííûì âû-
øå äåéñòâèÿì ìåòîäà GUI.

CYL4,0,0,radius,180, , ! Ðèñóåì äóãó îêðóæíîñòè
ADELE,1
GPLOT
FLST,2,2,4,ORDE,2
FITEM,2,2
FITEM,2,-3
LDELE,P51X, , ,1
NUMMRG,ALL, , , ,LOW ! Ïåðåíóìåðàöèÿ òî÷åê è ëèíèé
NUMCMP,ALL

Äàëåå ââîäèì äîïîëíèòåëüíûå òî÷êè, îïðåäåëÿþùèå ãðàíèöû áëèæíåé îáëàñòè
òå÷åíèÿ, ñîçäàåì ãðàíèöû è ñàìó îáëàñòü.
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k,3,a,0,0 ! Ââîäèì äîïîëíèòåëüíûå òî÷êè
k,4,-a,0,0
k,5,a,b,0
k,6,-a,b,0
k,7,c,b,0
k,8,c,0,0
k,9,-c,b,0
k,10,-c,0,0

L,1,3 ! Ñòðîèì ïðÿìûå ëèíèè
L,3,5
L,2,4
L,4,6
L,5,6
L,4,10
L,10,9
L,9,6
L,3,8
L,8,7
L,7,5
/TRIAD,OFF ! Îòêëþ÷àåì âûâîä íà ýêðàí êîîðäèíàòíîé ñèñòåìû
/REPLOT

Ñîçäàíèå è îòðèñîâêà ïëîùàäåé âûïîëíÿåòñÿ àíàëîãè÷íî ïðåäûäóùåé çàäà÷å.

Íå çàáûâàéòå ïîñëå êàæäîãî âûïîëíåííîãî ïóíêòà ñîõðàíÿòü ïðîãðàììíûé êîä !

Main Menu > Preprocessor > Modeling > Create > Areas > Arbitrary
> By Lines.
Ëåâîé êíîïêîé ìûøè ïîñëåäîâàòåëüíî óêàçûâàåì ëèíèè, îãðàíè÷èâàþùèå ïëî-
ùàäü

Area 1 Lines > 5 > 7 > 8 > 9,
Area 2 Lines > 1 > 4 > 5 > 6 > 3 > 2,
Area 3 Lines > 3 > 12 > 11 > 10.

Çàêðûâàåì îêíî Create Area by Lines, Ok.

Ïåðåä ïîñòðîåíèåì ñåòêè îòîáðàçèì ëèíèè è èõ íîìåðà íà ýêðàíå. Äàëåå ïðîâî-
äèì ðàçáèåíèå ýòèõ ëèíèé.
Main Menu > Preprocessor > Meshing > Size Ctrls > Manual > Size >
Lines > Picked Lines.

Lines 3, 5, 8, 11 7, 9, 10, 12 2 4 1, 6
NDIV No. of element divisions 15 35 20 20 20
SPACE Spacing ratio 1 1 10 10 1.
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Çàòåì íóæíî âûïîëíèòü ñëåäóþùèå äåéñòâèÿ:

1. Ïîñòðîèòü óïîðÿäî÷åííóþ êîíå÷íî - ýëåìåíòíóþ ñåòêó.

2. Çàäàòü ìîäåëü òå÷åíèÿ è ñâîéñòâà æèäêîñòè.

3. Çàäàòü ãðàíè÷íûå óñëîâèÿ.

4. Çàïóñòèòü ðåøåíèå çàäà÷è.

5. Âûïîëíèòü ïðîñìîòð ðåçóëüòàòîâ.

Äëÿ íàãëÿäíîñòè âèçóàëèçàöèè îòîáðàçèì ñèììåòðè÷íóþ îòíîñèòåëüíî ïëîñêî-
ñòè Y = 0 ÷àñòü òå÷åíèÿ:

Utility Menu > Plot Ctrls > Style > Symmetry Expansion > Periodic >
Cyclic Symmetry > Re�ect about XZ.

6.3. Ìîäåëèðîâàíèå öèðêóëÿöèè êðîâåíîñíûõ ïîòîêîâ ïðè ðàçëè÷-
íûõ ïàòîëîãèÿõ êðîâåíîñíûõ ñîñóäîâ

Ñàìîñòîÿòåëüíàÿ ðàáîòà ñòóäåíòîâ îñíîâàíà íà êîìáèíàöèè ïðåäûäóùèõ äâóõ
ðàáîò. Íåîáõîäèìî ñìîäåëèðîâàòü ôðàãìåíò êðîâåíîñíîãî ñîñóäà ëèáî ñ ðàñøè-
ðÿþùåéñÿ ñòåíêîé, ëèáî, íàîáîðîò, ñóæàþùèéñÿ. Òàêèå ïàòîëîãèè êðîâåíîñíûõ
ñîñóäîâ âîçìîæíû ïðè àíåâðèçìàõ èëè ñòåíîçàõ êðîâåíîñíûõ ñîñóäîâ.
Àíåâðèçìà (ãðå÷. aneurysma ðàñøèðåíèå) � ðàñøèðåíèå ïðîñâåòà êðîâåíîñíîãî
ñîñóäà èëè ïîëîñòè ñåðäöà âñëåäñòâèå ïàòîëîãè÷åñêèõ èçìåíåíèé èõ ñòåíîê èëè
àíîìàëèè ðàçâèòèÿ. Ïðè÷èíîé ìîãóò ñëóæèòü âðîæäåííûå èëè ïðèîáðåòåííûå
äåôåêòû ñðåäíåé îáîëî÷êè ñîñóäîâ. Àíåâðèçìà ìîæåò èìåòü ôîðìó îãðàíè÷åííî-
ãî âûïÿ÷èâàíèÿ ñîñóäèñòîé ñòåíêè èëè ðàâíîìåðíî óâåëè÷åííîãî ïðîñâåòà ñîñóäà
íà îïðåäåëåííîì ó÷àñòêå
Êîìïðåññèîííûé ñòåíîç ÷ðåâíîãî ñòâîëà � çàáîëåâàíèå, îáóñëîâëåííîå ýêñòðà-
âàçàëüíûì ñäàâëåíèåì ÷ðåâíîãî ñòâîëà áðþøíîé àîðòû ñðåäèííîé äóãîîáðàçíîé
ñâÿçêîé äèàôðàãìû, íîæêàìè äèàôðàãìû èëè íåéðîôèáðîçíîé òêàíüþ ÷ðåâíîãî
ñïëåòåíèÿ.
Ïîñòàðàéòåñü ñàìîñòîÿòåëüíî ñìîäåëèðîâàòü ïðîöåññ, èçîáðàæåííûé íà ðèñ. 6.4.

87



1

X

Y

Z

                                                                                
0

2.80169
5.60338

8.40508
11.2068

14.0085
16.8102

19.6118
22.4135

25.2152

FEB 25 2013
15:05:02

PLOT NO.   1

VECTOR

STEP=1
SUB =1
/EXPANDED
V
NODE=1035
MIN=0
MAX=25.2152

Ðèñ. 6.4. Ðàñïðåäåëåíèå ñêîðîñòåé êðîâåíîñíîãî ïîòîêà ïðè ñòåíîçå ñîñóäà.

6.4. Ìîäåëèðîâàíèå æèäêîñòíîãî ïîòîêà â õèìè÷åñêîì ìèêñåðå

Ðàññìàòðèâàåòñÿ òðåõìåðíàÿ çàäà÷à îá èññäåäîâàíèè æèäêîñòíûõ ïîòîêîâ â
õèìè÷åñêîì ìèêñåðå∗. Õèìè÷åñêèé ìèêñåð (ðèñ. 6.5) ñîñòîèò èç äâóõ òàíãåíöè-
àëüíî ïîäâîäÿùèõ ïàòðóáêîâ, êîíè÷åñêîãî îáúåìíîãî òåëà è îäíîãî âåðòèêàëüíî
ðàñïîëîæåííîãî ñëèâíîãî ïàòðóáêà.

1. Çàïóñêàåì Start > ANSYS > Workbench.

2. Â äåðåâå ïàíåëåé âûáèðàåì çàêëàäêó Fluid Flow CFX, íàæèìàåì íà íåå
(èëè ïåðåòàñêèâàåì åå â ïðàâîå ïîëå � îêíî Project Schematic).

3. Äëÿ òîãî, ÷òîáû ñëåäèòü çà ïîÿâëåíèåì íîâûõ ôàéëîâ, âîçíèêàþùèõ âî
âðåìÿ ðàáîòû, íàæìåì View > Files.

∗Ïðîöåäóðà èñïîëüçîâàíèÿ ýñêèçîâ (Sketches) â ANSYS Design Modeler äëÿ ñîçäàíèÿ
òâåðäîòåëüíîé òðåõìåðíîé CAD � ìîäåëè è ñîçäàíèå ðàñ÷åòíîé ñåòêè õèìè÷åñêîãî ìèêñåðà
ïîäðîáíî ïðåäñòàâëåíà íà ñàéòå www.ansys.msk.ru â ðàçäåëå "Âèäåî-óðîêè".
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Ðèñ. 6.5. Ñåòî÷íàÿ ìîäåëü õèìè÷åñêîãî ìèêñåðà.

4. Â ïîÿâèâøåìñÿ ìåíþ âûáèðàåì çàêëàäêó Geometry. Çàïóñêàåòñÿ Design
Modeler. Â îòêðûâøåìñÿ ìåíþ îñòàâëÿåì ñèñòåìó åäèíèö â ìåòðàõ è íà-
æèìàåì Ok.

5. Äëÿ ìîäåëèðîâàíèÿ òåëà âðàùåíèÿ ñîçäàäèì ýñêèç (Sketch) â ïëîñêîñòè
ZX. Íàæèìàåì íà ZX Plane

6. Äàëåå íàæèìàåì íà èêîíêó ñ èçîáðàæåíèåì ÷åëîâåêà, ñìîòðÿùåãî íà ïëîñ-
êîñòü.

7. Â äåðåâå ïðîåêòà Tree Outline çàêðûâàåì çàêëàäêóModeling è îòêðûâà-
åì çàêëàäêó Sketching.

8. Â ïîÿâèâøåìñÿ îêíå Sketching Toolboxes âûáèðàåì çàêëàäêó Setting è
óñòàíàâëèâàåì ôîíîâóþ ñåòêó:

• Íàæèìàåì Grid è óñòàíàâëèâàåì ãàëî÷êè â îêîøêàõ Show in 2D è
Snap.

• Íàæèìàåì Major Grid Spacing è ââîäèì çíà÷åíèå 1 ì.

• Íàæèìàåì Minor Steps per Major è ââîäèì çíà÷åíèå 2.

• Íàæèìàåì Zoom.

9. Âûáèðàåì çàêëàäêó Draw > Polyline è ðèñóåì êîíòóð � ñêåëåò ìèêñåðà
(ðèñ. 6.6), çàâåðøèâ äåéñòâèå íàæàòèåì ïðàâîé êíîïêîé ìûøè Close End
è Generate.

10. Ñòðîèì ïîâåðõíîñòü âðàùåíèÿ: Utility Menu > Revolve, ñíà÷àëà íàæè-
ìàåì íà îñü âðàùåíèÿ OZ íà ðèñóíêå, à çàòåì íà Apply â ëåâîì íèæíåì
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3 м

1 м

1 м

2 м

2 м

Z

X

Ðèñ. 6.6. Êîíòóð � ñêåëåò õèìè÷åñêîãî ìèêñåðà.

îêíå Details of Revolve è ñíîâà íàæèìàåì Generate. Ïîñëå âûïîëíåíèÿ
ýòîé êîìàíäû óäîáíî ïîñìîòðåòü ðåçóëüòàòû ïîñòðîåíèé â èçîìåòðèè.

11. Ñêðîåì îáúåìíûé âèä, îñòàâèì òîëüêî êîíòóð ìèêñåðà:

Utility Menu > View > Wireframe.

12. Ñîçäàåì ïåðâûé ïàòðóáîê:

• Â òîì æå ïëàíå ZX Plane ñîçäàåì âòîðîé ýñêèç (Sketch2). Íàæèìàåì
íà èêîíêó New Sketch â âåðõíåé ãðàôè÷åñêîé ñòðîêå.

• Â äåðåâå ïðîåêòà âûáèðàåì Sketch2, íàæèìàåì çàêëàäêó Sketching.

• Âûáèðàåì çàêëàäêó Draw > Circle è ðèñóåì îêðóæíîñòü ñ ðàäèóñîì
R = 0.5 ì è êîîðäèíàòàìè öåíòðà x = 1, z = 1, çàâåðøèâ äåéñòâèå
íàæàòèåì Generate.

• Ïåðåéäåì â èçîìåòðèþ è íàæìåì íà êëàâèøó Extrude â âåðõíåé ãðà-
ôè÷åñêîé ñòðîêå.

• Âûïîëíèì âûòÿæêó êðóãà ïåðïåíäèêóëÿðíî ïëàíó ZX Plane íà 5 ìåò-
ðîâ. Â ëåâîì íèæíåì îêíå Details of Extrude óñòàíàâëèâàåì ñëåäó-
þùèå çíà÷åíèÿ:
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Base Object: Sketch2
Extent Type: Fixed,
Direction: Normal,
PD1, Depth: 5.

• Hàæèìàåì Generate.

13. Âûâåäåì íà ýêðàí îáúåìíûé âèä êîíñòðóêöèè:

Utility Menu > View > Shaded Exterior.

14. Âòîðîé ïàòðóáîê äîëæåí ðàñïîëàãàòüñÿ ñèììåòðè÷íî îòíîñèòåëüíî îñèOX
è èìåòü êîîðäèíàòû öåíòðà îêðóæíîñòè x = 1, z = −1 è ðàäèóñ R = 0.5 ì.
Äëÿ ýòîãî:

• Ñêðîåì îáúåìíûé âèä, îñòàâèì òîëüêî êîíòóð ìèêñåðà:

Utility Menu > View > Wireframe.

• Â òîì æå ïëàíå ZX Plane ñîçäàåì òðåòèé ýñêèç (Sketch3). Íàæèìàåì
íà èêîíêó New Sketch â âåðõíåé ãðàôè÷åñêîé ñòðîêå.

• Â äåðåâå ïðîåêòà âûáèðàåì Sketch3, íàæèìàåì çàêëàäêó Sketching.

• Âûáèðàåì çàêëàäêó Draw > Circle è ðèñóåì îêðóæíîñòü, çàâåðøèâ
äåéñòâèå íàæàòèåì Generate.

• Hàæìåì íà êëàâèøó Extrude â âåðõíåé ãðàôè÷åñêîé ñòðîêå.

• Âûïîëíèì âûòÿæêó êðóãà ïåðïåíäèêóëÿðíî ïëàíó ZX Plane íà 5 ìåò-
ðîâ. Â îêíå Details of Extrude óñòàíàâëèâàåì ñëåäóþùèå çíà÷åíèÿ:

Base Object: Sketch3
Extent Type: Fixed,
Direction: Reversed,
PD1, Depth: 5.

• Hàæèìàåì Generate.

• Âûâåäåì íà ýêðàí îáúåìíûé âèä êîíñòðóêöèè:

Utility Menu > View > Shaded Exterior.

15. Çàêðûâàåì ðàçäåë Design Modeler. Â ïîÿâèâøåìñÿ ìåíþ âûáèðàåì çà-
êëàäêó Mesh.

16. Â äåðåâå ïðîåêòà íàæèìàåì íà Mesh > Generate Mesh. Çàïóñêàåòñÿ àâ-
òîìàòè÷åñêàÿ ãåíåðàöèÿ ñåòêè. Óáåäèâøèñü â òîì, ÷òî àâòîìàòè÷åñêè ñãå-
íåðèðîâàííàÿ ñåòêà íå ÿâëÿåòñÿ ðåãóëÿðíîé, äåëàåì óëó÷øåíèå êà÷åñòâà
ñåòî÷íîãî ðàçáèåíèÿ, äëÿ ýòîãî íàæèìàåì íà Mesh > Insert > Method
> MultiZone. Â ëåâîì íèæíåì îêíå Details of Mesh óñòàíàâëèâàåì Free
Mesh Type > Tetra.
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17. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Body è âûäåëÿåì âñþ ïîñòðîåííóþ îá-
ëàñòü.

18. Íå âûõîäÿ çà ïðåäåëû âûäåëåííîé ïîâåðõíîñòè, ïðàâîé êíîïêîé ìûøêè
îòêðûâàåì êîíòåêñòíîå ìåíþ, â êîòîðîì íàõîäèì Create Name Selection
è ââîäèì íàçâàíèå Fluid äëÿ íàøåé îáëàñòè.

19. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Surface, âûäåëÿåì ïëîñêîñòü ïåðâîãî
âõîäíîãî îòâåðñòèÿ, Create Name Selection è ââîäèì íàçâàíèå In1 äëÿ
ïåðâîãî âõîäíîãî îòâåðñòèÿ.

20. Àíàëîãè÷íî âûäåëÿåì ïëîñêîñòü âòîðîãî âõîäíîãî îòâåðñòèÿ è íàçûâàåì åå
In2.

21. Òàêèå æå äåéñòâèÿ íàäî ïîâòîðèòü äëÿ ïëîñêîñòè âûõîäíîãî îòâåðñòèÿ è
íàçâàòü Out.

22. Çàêðûâàåì ðàçäåë Mesh.

23. Â ïëàíå çàäà÷è îñóùåñòâëÿåì Mesh > Update.

24. Ïåðåõîäèì â ñëåäóþùèé ðàçäåë Setup. (Äâîéíûì ùåë÷êîì ìûøè).

25. Ïðåäïîëàãàåòñÿ, ÷òî â íàøåé çàäà÷å ñóùåñòâóåò íåêîòîðûé óñòàíîâèâøèéñÿ
ðåæèì òå÷åíèÿ, ïîýòîìó ìû âûáèðàåìAnalyse type > Stady State > Ok.

26. Â ðàçäåëå Default Domain â çàêëàäêå Basic Settings â ïåðâîé ñòðîêå
Location âûáèðàåì Fluid, â ñòðîêå Material � Water.

27. Â çàêëàäêå Fluid Models â áëîêå Heat Transfer âûáèðàåì Options >
Thermal Energy. Íàæèìàåì Ok.

28. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Boundary.
Ââîäèì íàçâàíèå Inlet1. Íàæèìàåì Ok.
Basic Settings: Location � In1.
Boundary Detailes: Normal Speed � 2 m/sec

Temperature � 315 K.
Íàæèìàåì Ok.

29. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Boundary.
Ââîäèì íàçâàíèå Inlet2. Íàæèìàåì Ok.
Basic Settings: Location � In2.
Boundary Detailes: Normal Speed � 2 m/sec

Temperature � 285 K.
Íàæèìàåì Ok.
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30. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Boundary.
Ââîäèì íàçâàíèå Outlet. Íàæèìàåì Ok.
Basic Settings: Location � Out.
Boundary Detailes: Relative Pressure � 0 Pa

Pressure Pro�le Blend � 0.05.
Íàæèìàåì Ok.

31. Â äåðåâå ïðîåêòà â ðàçäåëå Solver Control > Basics Settings. Âûáèðàåì
ñõåìó Upwind. Â ðàçäåëå Convergence Control >Min Iterations > ×èñ-
ëî èòåðàöèé � 100. Ñòàâèì ãàëî÷êó ó ïîëîñû Conservation Target � 1%.
Íàæèìàåì Ok.

32. Ïåðåõîäèì â ñëåäóþùèé ðàçäåë Solution. (Äâîéíûì ùåë÷êîì ìûøè).

33. Â Initial Options âûáèðàåì Initial Conditions. Çàïóñêàåì íà ñ÷åò (Start
Run).

34. Ïåðåõîäèì â ñëåäóþùèé ðàçäåë Results.

35. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Locations > Plane. Íàæèìàåì Ok.

36. Â ïîÿâèâøåìñÿ îêíå âûáèðàåìYZ Plane è ñòàâèì ñìåùåíèå ïî êîîðäèíàòå
x= 1 m.

37. Íà ïàíåëè èíñòðóìåíòîâ âûáèðàåì Contour. Íàæèìàåì Ok.

38. Äëÿ òîãî, ÷òîáû ïîñìîòðåòü ðàñïðåäåëåíèå òåìïåðàòóð â óêàçàííîì ñå÷å-
íèè ìèêñåðà, âûáèðàåì Location > Plane 1 è Variable > Temperature.
Íàæèìàåì Apply è ïðîñìàòðèâàåì ðåçóëüòàòû, ïîâåðíóâ ðèñóíîê.

39. Äëÿ âûâîäà íà ýêðàí ëèíèé òîêà íåîáõîäèìî íà ïàíåëè èíñòðóìåíòîâ âû-
áðàòü Streamline è íàæàòü Ok.

40. Â ïîÿâèâøåìñÿ îêíå íàæèìàåì StartFrom è âûäåëÿåì äâà âõîäà æèäêî-
ñòè: Inlet1 è Inlet2. Çàòåì Apply.

41. Â çàêëàäêåColor âûáèðàåì Mode > Variable > Temperature > Apply.

42. Äëÿ çàïóñêà àíèìàöèîííîãî ðåæèìà âûáèðàåì Tools > Animation, âûáè-
ðàåì Streamline è âûäåëÿåì Plane 1. Çàòåì Ok.
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Ãëàâà 7

Ìîäåëèðîâàíèå òâåðäûõ òåë â
ìîäóëå Workbench

7.1. Ïîñòðîåíèå òâåðäîòåëüíîé ìîäåëè
ñ ïîìîùüþ êîìàíäû Extrusion

Â ýòîì ðàçäåëå ìû ïîêàæåì âîçìîæíîñòè êîìàíäû Extrusion∗ (âûäàâëèâà-
íèå). Äëÿ ýòîãî ìû ñîçäàäèì ïëîñêèé ðèñóíîê (Sketch) L � îáðàçíîé ôîðìû,
êàê ïîêàçàíî íà ðèñ. 7.1, è "âûäàâèì"èç íåãî îáúåìíîå òâåðäîå òåëî (ðèñ. 7.2).

a

b

ñ

b

a

ñ =

=

= 35 mm

40 mm

10 mm

Ðèñ. 7.1. Cå÷åíèå äåòàëè L -shape.

1. Çàïóñòèòå ANSYS Workbench.

2. Äàëåå â ìåíþ Toolbox íàéäèòå ñòðîêó Geometry. Ïåðåòàùèòå åå â ïðàâîå
îêíî Project Schematic. Äâàæäû êëèêíóâ íàGeometry, âõîäèì â ðàçäåë
Design Modeler.

∗Äàííàÿ ðàáîòà ïðåäñòàâëåíà â êíèãå [9] Kent L. Lawrence Structural and Thermal Analysis
using the ANSYS Workbench Release 13 Environment. SDC Publications. USA. 2010.
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Ðèñ. 7.2. Äåòàëü L - shape - extrude.

3. Âûáåðèòå ìèëèìåòð çà åäèíèöó äëèíû. Çàòåì Ok.

4. Â îêíå Tree Outline âûáåðåòå XYÐlane. Çàòåì êëèêíèòå íà èêîíêó Look
at Face/Plane ñ èçîáðàæåíèåì ãîëîâû ÷åëîâåêà íà ïàíåëè èíñòðóìåíòîâ.

5. Âûáåðèòå çàêëàäêó Sketching. Çàòåì Draw > Line.

6. Íàæèìàÿ íà ëåâóþ êíîïêó ìûøè â íà÷àëå è êîíöå ëèíèè, ïîñòðîéòå íåîá-
õîäèìûé ðèñóíîê.

• Èñïîëüçóéòå äîïîëíèòåëüíûå èíñòðóìåíòû äëÿ òîãî, ÷òîáû èçîáðà-
çèòü òî÷íî âåðòèêàëüíûå (V) èëè ãîðèçîíòàëüíûå (H) ëèíèè. Äëÿ ýòî-
ãî âûáåðèòå Sketching > Constraints > Horozontal è ëåâîé êíîïêîé
ìûøè ñäåëàéòå, íàïðèìåð, âåðõíþþ ëèíèþ ãîðèçîíòàëüíîé.

• Ïîñòàðàéòåñü íàðèñîâàòü ëèíèè çàäàííîãî êîíêðåòíîãî ðàçìåðà. Äëÿ
ýòîãî èñïîëüçóéòå îïöèè Sketching > Dimensions > General. Íà-
æìèòå íà ëåâóþ êíîïêó ìûøè è, íå îòïóñêàÿ åå, ïåðåìåñòèòå îáîçíà-
÷åíèå ðàçìåðà â óäîáíîå ìåñòîïîëîæåíèå.

• Çàìåòüòå, ÷òî âåðõíÿÿ ãîðèçîíòàëüíàÿ ëèíèÿ èìååò òàêóþ æå äëèíó,
êàê ïðàâàÿ âåðòèêàëüíàÿ. ×òîáû óäîâëåòîðèòü ýòîìó óñëîâèþ, âûáå-
ðèòå Sketching > Constraints > Equal length è ùåëêíèòå ëåâîé
êíîïêîé ìûøè íà óêàçàííûå ëèíèè.

• Ïðîäåëàéòå ïðîöåäóðó ñ ðàññòàíîâêîé ðàçìåðîâ äëÿ âñåõ ëèíèé ðè-
ñóíêà. Òåêóùèå âåëè÷èíû ðàçìåðîâ íàõîäÿòñÿ â íèæíåì ëåâîì îêíå
Details View > Details of Sketch1. Çäåñü æå ìîæíî îòðåäàêòèðî-
âàòü âñå íåîáõîäèìûå âåëè÷èíû. Äëÿ ýòîãî íàæìèòå ëåâîé êíîïêîé
ìûøè íà êîíêðåòíóþ âåëè÷èíó è ââåäèòå æåëàåìîå çíà÷åíèå.
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• Åñëè âàì íóæíî ÷òî-ëèáî èçìåíèòü èëè óäàëèòü, òî ìîæíî âûïîëíèòü
Undo èëè Delete.

• Ïîñëå çàâåðøåíèÿ ðèñóíêà íàæìèòå íà èêîíêó Generate íà ïàíåëè
èíñòðóìåíòîâ.

7. Âûïîëíèòå Modeling > Sketch1 > Extrude äëÿ "âûäàâëèâàíèÿ"L � ñå-
÷åíèÿ âäîëü îñè Z. Ãëóáèíà ïðîöåäóðû "âûäàâëèâàíèÿ"ïîêàçàíà â íèæíåì
ëåâîì îêíå Details View > Details of Extrude1 > Depth. Â íàøåì
ïðèìåðå Depth = 100 mm.

8. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ.

9. Ïîñìîòðèòå íà ðèñóíîê â èçîìåòðèè Right click > View > Isometric èëè
íàæìèòå íà ñðåäíþþ êíîïêó ìûøè è âðàùàéòå îáúåêò.

10. Ñîõðàíèòå ñâîþ ðàáîòó File > Save Project > L � shape1.*.

7.2. Ïîñòðîåíèå òâåðäîòåëüíîé ìîäåëè
ñ ïîìîùüþ êîìàíäû Revolve

Â ýòîì ðàçäåëå ìû âîçüìåì çà îñíîâó ðèñ. 7.1, ñîçäàííûé â ïðåäûäóùåé ðàáî-
òå, è ïðèìåíèì ê íåìó ïðîöåäóðó âðàùåíèÿ âîêðóã îñè Y . Â ðåçóëüòàòå ïîëó÷èì
íîâîå òâåðäîå òåëî (ðèñ. 7.3).

Ðèñ. 7.3. Äåòàëü L - shape - revolve.

1. Çàïóñòèòå Workbench è îòêðîéòå ôàéë L � shape.*.

2. Óäàëèòå Extrude1 èç äåðåâà ïðîåêòà (Tree Outline) è ñîõðàíèòå äàííóþ
ðàáîòó ñ íîâûì èìåíåì, íàïðèìåð, L � shape2.*.
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3. Ëåâîé êíîïêîé ìûøêè íàæìèòå íà Sketch1 â äåðåâå ïðîåêòà, à çàòåì íà
èêîíêè Display Plane è Look at Face/Plane.

4. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ.

5. Âûïîëíèòå êîìàíäó Revolve, íàæàâ íà îäíîèìåííóþ èêîíêó.

6. Â îêíå Details View > Details of Revolve1 íàæìèòå íà

• Axis è âûáåðèòå îñü Y , à çàòåì Apply;

• Angle è ââåäèòå âåëè÷èíó óãëà ïîâîðîòà, íàïðèìåð, 120 deg.

7. Íàæìèòå íà èêîíêóGenerate íà ïàíåëè èíñòðóìåíòîâ. Ïîëó÷åíî òåëî âðà-
ùåíèÿ.

8. Ñîõðàíèòå ñâîþ ðàáîòó File > Save Project > L � shape2.*.

7.3. Ïîñòðîåíèå òâåðäîòåëüíîé ìîäåëè
ñ ïîìîùüþ êîìàíäû Sweep

Â ýòîé ðàáîòå ìû ïîñòðîèì êðóã è âûòÿíåì åãî âäîëü íåêîòîðîé äóãè (ðèñ. 7.4),
÷òîáû ïðîèëëþñòðèðîâàòü òðåòèé âèä ìîäåëèðîâàíèÿ òâåðäûõ òåë ñ ïîìîùüþ
êîìàíäû Sweep.

Ðèñ. 7.4. Ïîñòðîåíèå òâåðäîòåëüíîé ìîäåëè ñ ïîìîùüþ êîìàíäû Sweep.

1. Çàïóñòèòå Design Modeler è íàðèñóéòå êðóã äèàìåòðà 4 ìì â ïëîñêîñòè
XY .

2. Cîõðàíèòå äàííóþ ðàáîòó ñ íîâûì èìåíåì, íàïðèìåð, Sweep.*.
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3. Íàðèñóåì ïóòü, âäîëü êîòîðîãî áóäåò "âûäàâëèâàòüñÿ"êðóãîâîå ïîïåðå÷íîå
ñå÷åíèå, ÷òîáû ïîëó÷èòü â ðåçóëüòàòå îáúåìíîå òâåðäîå òåëî. Äëÿ ýòîãî â
îêíå Tree Outline âûáåðåòå YZÐlane. Çàòåì êëèêíèòå íà èêîíêó Look at
Face/Plane ñ èçîáðàæåíèåì ãîëîâû ÷åëîâåêà íà ïàíåëè èíñòðóìåíòîâ.

4. Âûáåðèòå çàêëàäêó Sketching. Çàòåì Draw > Arc by 3 Points.

5. Íàæèìàÿ íà ëåâóþ êíîïêó ìûøè â íà÷àëå è êîíöå ëèíèè, ïîñòðîéòå ïîëó-
êðóã ðàäèóñà 20 ìì.

6. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ.

7. Âûïîëíèòå êîìàíäó Sweep, íàæàâ íà îäíîèìåííóþ èêîíêó.

8. Â äåðåâå ïðîåêòà Tree Outline íàæìèòå íà Sketch1, çàòåì â îêíå Details
View > Details of Sweep1 íàæìèòå íà

• Pro�le è ïðîâåðüòå, ÷òîáû òàì áûëî íàïèñàíî Sketch1, à çàòåìApply;

9. Â äåðåâå ïðîåêòà Tree Outline íàæìèòå íà Sketch2, çàòåì â îêíå Details
View > Details of Sweep1 íàæìèòå íà

• Path è ïðîâåðüòå, ÷òîáû òàì áûëî íàïèñàíî Sketch2, à çàòåì Apply;

10. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ.

11. Ñîõðàíèòå ñâîþ ðàáîòó File > Save Project > Sweep.*.

7.4. Ïîñòðîåíèå îòâåðñòèé â òâåðäîòåëüíûõ ìîäåëÿõ

Â ýòîì ðàçäåëå ìû âîçüìåì çà îñíîâó äåòàëü, èçîáðàæåííóþ íà ðèñ. 7.2, ñäåëà-
åì â íåé öèëèíäðè÷åñêîå îòâåðñòèå, à çàòåì äîáàâèì çàêðóãëåíèå íà âíóòðåííèé
óãîë è ñðåæåì ôàñêó íà îäíîì èç ðåáåð. Â ðåçóëüòàòå ïîëó÷èì íîâîå òâåðäîå
òåëî (ðèñ. 7.5).

1. Çàïóñòèòå Workbench è çàãðóçèòå ôàéë ñ ãîòîâîé ãåîìåòðèåé (ðèñ. 7.2).

2. Âûáåðèòå Selection Filter: Model Faces (3D), íàæàâ íà îäíîèìåííóþ
èêîíêó íà ïàíåëè èíñòðóìåíòîâ è âûäåëèòå ëåâîé êíîïêîé ìûøè ïîâåðõ-
íîñòü, íà êîòîðîé áóäåò íàõîäèòñÿ îòâåðñòèå.

3. Â âåðõíåì ìåíþ âûáåðèòå Create > New Plane.

4. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ.

5. Âûáåðèòå Plane4 â äåðåâå ïðîåêòà Tree Outline, à çàòåì íà èêîíêó Look
at Face/Plane.
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Ðèñ. 7.5. Äåòàëü L - shape - chamfer.

6. Íàðèñóåì êðóã: Sketching > Draw > Circle.

Â îêíå Details View ïðîêîíòðîëèðóéòå ðàçäåë Dimensions:

• äèàìåòð îòâåðñòèÿ 10 ìì;

• ðàñïîëîæåíèå ïî öåíòðó, îòíîñèòåëüíî äëèíû äåòàëè, è íà ðàññòîÿíèè
8 ìì îò öåíòðà êðóãà äî êðàÿ äåòàëè.

7. Âûïîëíèòå Modeling > Sketch2 > Extrude.

8. Â îêíå Details of Extrude:

• â ðàçäåëå Operate âûáåðèòå Cut Material;

• â ðàçäåëå Extent Type âûáåðèòå Through All.

9. Íàæìèòå íà èêîíêóGenerate íà ïàíåëè èíñòðóìåíòîâ. Îòâåðñòèå ñîçäàíî.

10. Ñîõðàíèòå ñâîþ ðàáîòó File > Save Project > L � shape4.*.

11. Äëÿ ñîçäàíèÿ ñêðóãëåíèÿ íà âíóòðåííåì óãëå âûáåðèòå Selection Filter:
Edges, íàæàâ íà îäíîèìåííóþ èêîíêó íà ïàíåëè èíñòðóìåíòîâ è âûäåëèòå
ëåâîé êíîïêîé âíóòðåííåå ðåáðî äåòàëè.

12. Â âåðõíåì ìåíþ âûáåðèòå Create > Fixed Radius Blend.

13. Â îêíå Details View > Geometry > Apply.

14. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ. Ñêðóãëåíèå ñîçäà-
íî.
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15. Äëÿ ñîçäàíèÿ ñðåçà ôàñêè íà âíåøíåì ðåáðå äåòàëè âûáåðèòå Selection
Filter: Edges, íàæàâ íà îäíîèìåííóþ èêîíêó íà ïàíåëè èíñòðóìåíòîâ è
âûäåëèòå ëåâîé êíîïêîé îäíî èç âíåøíèõ ðåáåð äåòàëè.

16. Â âåðõíåì ìåíþ âûáåðèòå Create > Chamfer.

17. Â îêíå Details of Chamfer > Geometry > Apply.

18. Íàæìèòå íà èêîíêó Generate íà ïàíåëè èíñòðóìåíòîâ. Ôàñêà ñðåçàíà.
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