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Ââåäåíèå

Îäíèì èç îñíîâíûõ íàïðàâëåíèé èññëåäîâà-
íèé â îáëàñòè ñîâðåìåííîé àâèàöèîííîé òåõíè-
êè ÿâëÿåòñÿ ñíèæåíèå ìàññû êîíñòðóêöèè ïðè âû-
ïîëíåíèè ðàçíîîáðàçíûõ ôóíêöèîíàëüíûõ òðåáî-
âàíèé [1—7]. Â âîïðîñàõ âûáîðà ñèëîâûõ ñõåì àã-
ðåãàòîâ ëåòàòåëüíûõ àïïàðàòîâ ìèíèìàëüíîé ìàñ-
ñû âàæíóþ ðîëü âûïîëíÿþò ìåòîäû òîïîëîãè÷åñ-
êîé îïòèìèçàöèè, àêòèâíî ðàçðàáàòûâàåìûå ïîñ-
ëåäíèå òðè äåñÿòèëåòèÿ [8—14]. Íà âåñîâóþ ýô-
ôåêòèâíîñòü ôþçåëÿæåé ñàìîëåòîâ ñóùåñòâåííîå
âëèÿíèå îêàçûâàåò âûáîð ñèëîâîé ñõåìû êîíñò-
ðóêöèè (ÑÑÊ) â çîíàõ âûðåçîâ ïîä ëþêè. Âûðå-
çû óìåíüøàþò æ¸ñòêîñòü êîíñòðóêöèè â ðàäèàëü-
íîì è ïðîäîëüíîì íàïðàâëåíèè, âûçûâàþò êîí-
öåíòðàöèþ óñèëèé è íàïðÿæåíèé â îáøèâêå. Äëÿ
êîìïåíñàöèè áîëüøèõ âûðåçîâ â ôþçåëÿæàõ
îáû÷íî ïðèìåíÿþòñÿ óñèëåííûå øïàíãîóòû, ðàñ-
ïîëîæåííûå ïî ïåðåäíåìó è çàäíåìó êðàÿì âûðå-
çà, áàëêè èëè áèìñû âäîëü ïðîäîëüíûõ êðàåâ âû-
ðåçà è óãëîâûå äóáë¸ðû ñ íàðóæíîé è âíóòðåííåé
ñòîðîíû îáøèâêè [15].

Â ñòàòüå [16] ïðåäëîæåíà ìåòîäèêà òîïîëîãè-
÷åñêîé îïòèìèçàöèè îêàíòîâêè âûðåçîâ ñ ñóùå-
ñòâåííîé êðèâèçíîé, â îñíîâó êîòîðîé ïîëîæåíû
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Ïðåäëàãàåòñÿ ìåòîäèêà òîïîëîãè÷åñêîé îïòèìèçàöèè êîíñòðóêöèè ôþçåëÿæà â çîíå áîëüøîãî âûðåçà íà îñ-
íîâå êîíöåïöèè ïîëíîíàïðÿæ¸ííîñòè ñ ó÷¸òîì ôóíêöèîíàëüíûõ îãðàíè÷åíèé íà îáîáù¸ííûå ïåðåìåùåíèÿ
îáøèâêè íà êîíòóðå âûðåçà. Äëÿ ñèíòåçà îáúåêòà ïðîåêòèðîâàíèÿ èñïîëüçóåòñÿ ñïåöèàëüíàÿ ìîäåëü ìåòîäà êî-
íå÷íûõ ýëåìåíòîâ íà îñíîâå äåôîðìèðóåìîãî òâ¸ðäîãî òåëà ïåðåìåííîé ïëîòíîñòè. Ïðèâîäèòñÿ ÷èñëåííûé ïðèìåð
ïðîåêòèðîâàíèÿ îòñåêà ôþçåëÿæà ñ ïðÿìîóãîëüíûì âûðåçîì, äåìîíñòðèðóþùèé ðàáîòîñïîñîáíîñòü ïðåäëàãàå-
ìîé ìåòîäèêè è íîâîå òåõíè÷åñêîå ðåøåíèå, íàéäåííîå íà å¸ îñíîâå.

Êëþ÷åâûå ñëîâà: ôþçåëÿæ, ëþê, ñèëîâàÿ ñõåìà, îïòèìèçàöèÿ, òåëî ïåðåìåííîé ïëîòíîñòè, ïðî÷íîñòü, æ¸ñò-
êîñòü, îáîáù¸ííûå ïåðåìåùåíèÿ, âåñîâàÿ îöåíêà.

èäåè î ïîèñêå ðàöèîíàëüíûõ ïóòåé ïåðåäà÷è âíóò-
ðåííèõ óñèëèé â êîíñòðóêöèè [17], êîíöåïöèÿ
ïîëíîíàïðÿæ¸ííîñòè (ÏÍÏ) è ìàòåìàòè÷åñêàÿ
ìîäåëü äåôîðìèðóåìîãî òâ¸ðäîãî òåëà ïåðåìåííîé
ïëîòíîñòè Â.À. Êîìàðîâà [8]. Ïðåäëîæåíà ÑÑÊ,
ñîäåðæàùàÿ ýëåìåíòû, ñîâîêóïíîñòü êîòîðûõ
îáðàçóåò âäîëü êîíòóðà âûðåçà ïðîñòðàíñòâåííóþ
òîíêîñòåííóþ ðàìó ñ çàìêíóòûìè è ïîëûìè ñå-
÷åíèÿìè. Ïîêàçàíî, ÷òî ýòî òåõíè÷åñêîå ðåøåíèå
ïîçâîëÿåò ïîëó÷èòü ýôôåêòèâíûå ïî ìàññå êîí-
ñòðóêöèè ôþçåëÿæà ïðè âûïîëíåíèè óñëîâèé
ïðî÷íîñòè.

Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ ðàçâèòèå
ìåòîäèêè òîïîëîãè÷åñêîé îïòèìèçàöèè îêàíòîâ-
êè âûðåçà â ôþçåëÿæå, îñíîâàííîå íà ó÷¸òå îãðà-
íè÷åíèé íà îáîáù¸ííûå ïåðåìåùåíèÿ [18—23]
îáøèâêè íà êîíòóðå âûðåçà â çîíå êîíöåíòðàöèè
íàïðÿæåíèé.

Òîïîëîãè÷åñêàÿ îïòèìèçàöèÿ ôþçåëÿæà

Ïóñòü çàäàíà äîïóñòèìàÿ ãåîìåòðè÷åñêàÿ îá-
ëàñòü îáú¸ìîì V, âíóòðè êîòîðîé ìîãóò ðàñïîëà-
ãàòüñÿ ñèëîâûå ýëåìåíòû îêàíòîâêè âûðåçà â
ôþçåëÿæå. Äëÿ öåëåé òîïîëîãè÷åñêîé îïòèìèçà-
öèè ýòà îáëàñòü çàïîëíÿåòñÿ ãèïîòåòè÷åñêîé íå-
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ïðåðûâíîé óïðóãîé ñðåäîé ïåðåìåííîé ïëîòíîñ-
òè è æ¸ñòêîñòè, íàçûâàåìîé äàëåå «çàïîëíèòå-
ëåì», â êîòîðîé ïðî÷íîñòíûå è óïðóãèå õàðàêòå-
ðèñòèêè ëèíåéíî ñâÿçàíû ñ ïëîòíîñòüþ ρ  ìàòå-

ðèàëà [8]:

,E Eρ= ◊                          (1)

,a aσ ρ σ= ◊                        (2)

ãäå , aE σ  — ìîäóëü óïðóãîñòè è äîïóñêàåìîå íà-

ïðÿæåíèå ìàòåðèàëà; , aE σ  — óäåëüíûå õàðàêòå-

ðèñòèêè ïðè åäèíè÷íîé ïëîòíîñòè.
Ïðåäëàãàåòñÿ ìåòîäèêà ïðîåêòèðîâàíèÿ ÑÑÊ

ôþçåëÿæà, ñõåìàòè÷åñêè ïðåäñòàâëåííàÿ íà ðèñ. 1.
Ïðîöåññ òîïîëîãè÷åñêîé îïòèìèçàöèè îñíîâàí íà
ïîýòàïíîì çàìåùåíèè ãèïîòåòè÷åñêîãî ìàòåðèà-
ëà (1) è (2) ýëåìåíòàìè êîíñòðóêöèè, ðåàëèçóþ-
ùèìè ïðèíèìàåìûå òåõíè÷åñêèå ðåøåíèÿ. Â ïðî-
öåññå òîïîëîãè÷åñêîãî ïðîåêòèðîâàíèÿ ðàçðàáà-
òûâàþòñÿ êîíå÷íîýëåìåíòíûå ìîäåëè (ÊÝÌ) äâóõ
òèïîâ.

Ïåðâîíà÷àëüíî â áëîêå 1 ðàññìàòðèâàåòñÿ
«òðàäèöèîííàÿ» ÑÑÊ ñ èçâåñòíûìè ïî ïðîòîòè-
ïàì òåõíè÷åñêèìè ðåøåíèÿìè. Â áëîêå 2 ñîçäà-
¸òñÿ ÊÝÌ ïåðâîãî òèïà (ÊÝÌ-1), ñîäåðæàùàÿ
ñèëîâûå ýëåìåíòû îáúåêòà, ðåàëèçóþùèå èñõîä-
íóþ ÑÑÊ. Âûïîëíÿåòñÿ îïòèìèçàöèÿ ðàñïðåäåëå-
íèÿ ìàòåðèàëà â ýëåìåíòàõ êîíñòðóêöèè (ïàðàìåò-
ðè÷åñêàÿ îïòèìèçàöèÿ) [24], îöåíèâàåòñÿ âåñîâàÿ
ýôôåêòèâíîñòü êîíñòðóêöèè è ïðîâåðÿåòñÿ âû-
ïîëíåíèå ôóíêöèîíàëüíûõ òðåáîâàíèé, ïðåäúÿâ-
ëÿåìûõ ê íåé. Äàëåå â áëîêå 4 ê ÊÝÌ-1 ïî âñåì

êîíòàêòíûì ïîâåðõíîñòÿì â îáú¸ìå V ïðèñîåäè-
íÿåòñÿ óïðóãàÿ ñðåäà (1) è (2), ìîäåëèðóåìàÿ òð¸õ-
ìåðíûìè êîíå÷íûìè ýëåìåíòàìè, è ïëîòíîñòè
ìàòåðèàëà â ýëåìåíòàõ çàïîëíèòåëÿ ïðèíèìàþò-
ñÿ çà ïðîåêòíûå ïåðåìåííûå. Çàïîëíèòåëü ïîòåí-
öèàëüíî ñîäåðæèò âíóòðè ñåáÿ âñå âîçìîæíûå
âàðèàíòû óñîâåðøåíñòâîâàíèÿ ÑÑÊ çà ñ÷¸ò èçìå-
íåíèÿ ôîðìû è ðàñïîëîæåíèÿ èìåþùèõñÿ ñèëî-
âûõ ýëåìåíòîâ èëè äîáàâëåíèÿ äîïîëíèòåëüíûõ
ýëåìåíòîâ, îáðàçóåìûõ â ìîäåëè ñãóñòêàìè ìàòå-
ðèàëà çàïîëíèòåëÿ. Â áëîêå 4 èñïîëüçóåòñÿ ÊÝÌ
îáúåêòà ïðîåêòèðîâàíèÿ âòîðîãî òèïà (ÊÝÌ-2),
îáúåäèíÿþùàÿ ñîâîêóïíîñòü ñèëîâûõ ýëåìåíòîâ
êîíñòðóêöèè è íåïðåðûâíóþ ñðåäó ïåðåìåííîé
ïëîòíîñòè. Ðàíåå ïîäîáíàÿ êîìáèíèðîâàííàÿ
ìîäåëü ïðèìåíÿëàñü â ðàáîòàõ [25, 26]. Îïòèìè-
çàöèÿ ðàñïðåäåëåíèÿ ìàòåðèàëà â çàïîëíèòåëå
(ñòðóêòóðíàÿ îïòèìèçàöèÿ) ïîçâîëÿåò âûÿâèòü
òåîðåòè÷åñêè îïòèìàëüíóþ êîíñòðóêöèþ è ñ èñ-
ïîëüçîâàíèåì ñòðàòåãèè [8] ðàçðàáîòàòü óñîâåð-
øåíñòâîâàííóþ ÑÑÊ, íàèáîëåå ïðèáëèæåííóþ ñ
òî÷êè çðåíèÿ å¸ ñèëîâîé ðàáîòû ê òåîðåòè÷åñêî-
ìó ðåøåíèþ.

Äàëåå óïðàâëåíèå ïðîöåññîì ïåðåäà¸òñÿ â
áëîê 1, è óñîâåðøåíñòâîâàííàÿ ÑÑÊ ïðèíèìàåò-
ñÿ â êà÷åñòâå èñõîäíîé ÑÑÊ. Ïðîöåññ ïðîåêòèðî-
âàíèÿ ïðîäîëæàåòñÿ, ïîêà î÷åðåäíûå èçìåíåíèÿ
ÑÑÊ ïðèâîäÿò ê ñíèæåíèþ ìàññû êîíñòðóêöèè è
íå èñ÷åðïàíî çàäàííîå ÷èñëî öèêëîâ ïðîåêòèðî-
âàíèÿ (áëîê 3).

Çàäà÷à îïòèìèçàöèè ðàñïðåäåëåíèÿ ìàòåðèà-
ëà â çàïîëíèòåëå ÊÝÌ-2 ôîðìóëèðóåòñÿ ñëåäóþ-
ùèì îáðàçîì.

Ðèñ. 1. Ïðîöåññû ïðîåêòèðîâàíèÿ ÑÑÊ
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Öåëåâîé ôóíêöèåé ÿâëÿåòñÿ ìàññà çàïîëíèòå-
ëÿ â âèäå

1

( ) min,
n

i i
i

m Vρ ρ
=

= ÆÂ                (3)

ãäå n – ÷èñëî êîíå÷íûõ ýëåìåíòîâ ÊÝÌ-2, ìîäå-
ëèðóþùèõ çàïîëíèòåëü; èíäåêñ i îòíîñèòñÿ ê i-ìó
ýëåìåíòó çàïîëíèòåëÿ.

Îãðàíè÷åíèÿ ïåðâîãî ðîäà çàïèñûâàþòñÿ òàê:

min max ( 1,2,..., ),i i i i nρ ρ ρ£ £ =          (4)

ãäå min max,i iρ ρ  — îãðàíè÷åíèÿ ñíèçó è ñâåðõó äëÿ

i-é ïåðåìåííîé ïðîåêòèðîâàíèÿ.
Åñëè ñîîòíîøåíèå (4) âûïîëíÿåòñÿ â ôîðìå

ñòðîãèõ íåðàâåíñòâ, òî ïðîåêòíàÿ ïåðåìåííàÿ
íàçûâàåòñÿ àêòèâíîé, äëÿ ïàññèâíîé ïåðåìåííîé
ïðîåêòèðîâàíèÿ å¸ çíà÷åíèå ñîîòâåòñòâóåò ãðàíè-
öå îáëàñòè ïîèñêà [27].

Îãðàíè÷åíèÿ âòîðîãî ðîäà çàïèñûâàþòñÿ ñëå-
äóþùèì îáðàçîì:

1( ) ( ) 0 ( 1,2,..., );j
j j ag C C j pρ ρ= - £ =       (5)

1 1( ) ( ) 0 ( 1, 2,..., ),j
j j ag j p p pρ σ ρ σ= - £ = + +   (6)

ãäå g — ôóíêöèîíàëüíîå îãðàíè÷åíèå; ,j aC C  —

îáîáùåííîå ïåðåìåùåíèå óçëîâ îáøèâêè ôþçå-
ëÿæà, ðàñïîëîæåííûõ íà êîíòóðå âûðåçà, è åãî äî-
ïóñêàåìîå çíà÷åíèå; p1 — êîëè÷åñòâî îãðàíè÷åíèé
íà îáîáù¸ííûå ïåðåìåùåíèÿ; σ  — ýêâèâàëåíò-
íîå íàïðÿæåíèå â ýëåìåíòàõ çàïîëíèòåëÿ ïî ïðè-
íÿòîé òåîðèè ïðî÷íîñòè; p — îáùåå êîëè÷åñòâî
ôóíêöèîíàëüíûõ îãðàíè÷åíèé; èíäåêñ j îòíîñèòñÿ
ê j-ìó ôóíêöèîíàëüíîìó îãðàíè÷åíèþ.

Îáîáù¸ííîå ïåðåìåùåíèå Cj çàïèñûâàåòñÿ â
âèäå

{ } { }
T

,jjC Q u=                  (7)

ãäå {Qj } — âåêòîð êîýôôèöèåíòîâ ëèíåéíîé êîì-
áèíàöèè ïåðåìåùåíèé óçëîâ ÊÝÌ-2; {u} — âåê-
òîð ïåðåìåùåíèé óçëîâ ÊÝÌ-2.

Â êà÷åñòâå îáîáù¸ííîãî ïåðåìåùåíèÿ Cj ïðè-
íèìàåòñÿ ëèíåéíàÿ äåôîðìàöèÿ â îáøèâêå íà
êðàþ âûðåçà [19], ïîçâîëÿþùàÿ êîíòðîëèðîâàòü
êîíöåíòðàöèþ íàïðÿæåíèé.

Ââîäèòñÿ ôóíêöèÿ Ëàãðàíæà â âèäå

1

( ) ( ) ( ),
p

j j
j

L m gρ ρ λ ρ
=

= + Â                  (8)

ãäå λ  — íåîïðåäåë¸ííûé ìíîæèòåëü Ëàãðàíæà.

Çàïèñûâàþòñÿ íåîáõîäèìûå óñëîâèÿ Êóíà—

Òàêêåðà äëÿ òî÷êè ëîêàëüíîãî ìèíèìóìà *ρ  [27]:

*

1

( )
0 ( 1,2,..., );

i

L
i n

ρ
ρ

∂ = =
∂               (9)

*( ) 0 ( 1,2,..., );j jg j pλ ρ = =             (10)

0 ( 1,2,..., ),j j pλ ≥ =                (11)

ãäå n1 — êîëè÷åñòâî àêòèâíûõ ïåðåìåííûõ ïðî-
åêòèðîâàíèÿ.

Óñëîâèÿ (10) è (11) çàäàþò íàáîð àêòèâíûõ
ôóíêöèîíàëüíûõ îãðàíè÷åíèé. Àêòèâíûìè [27]
íàçûâàþòñÿ ôóíêöèîíàëüíûå îãðàíè÷åíèÿ, äëÿ
êîòîðûõ ñîîòíîøåíèÿ (5)—(6) âûïîëíÿþòñÿ â
ôîðìå ðàâåíñòâà. Ïàññèâíûå ôóíêöèîíàëüíûå îã-
ðàíè÷åíèÿ õàðàêòåðèçóþòñÿ òåì, ÷òî ñîîòíîøåíèÿ
çàïèñûâàþòñÿ â âèäå ñòðîãèõ íåðàâåíñòâ è ìíî-

æèòåëè Ëàãðàíæà jλ  ðàâíû íóëþ.

Ïîñêîëüêó / ,i i im Vρ∂ ∂ =  òî óñëîâèÿ ñòàöèî-

íàðíîñòè ôóíêöèè Ëàãðàíæà (9) çàïèøóòñÿ â âèäå

1
1

1
1 ( 1,2,..., ).

p
j

j
ji i

g
i n

V
λ

ρ=

∂
- ◊ = =

∂Â       (12)

Â ðàìêàõ îáîáù¸ííîãî êðèòåðèÿ îïòèìàëüíî-
ñòè (12) ó÷¸ò îãðàíè÷åíèé ïî óñëîâèÿì ïðî÷íîñ-
òè (6) ïðåäëàãàåòñÿ îñóùåñòâëÿòü íà îñíîâå àëãî-
ðèòìà ÏÍÏ [22]. Òàêîé ïîäõîä ïîçâîëÿåò çíà÷è-
òåëüíî ïîâûñèòü ýôôåêòèâíîñòü àëãîðèòìà îïòè-
ìèçàöèè ðàñïðåäåëåíèÿ ìàòåðèàëà â çàïîëíèòåëå
çà ñ÷¸ò ñâåäåíèÿ îãðàíè÷åíèé íà íàïðÿæåíèÿ (6)
ê îãðàíè÷åíèÿì ñíèçó íà çíà÷åíèÿ ïåðåìåííûõ
ïðîåêòèðîâàíèÿ (4) â ôîðìå

min ( ) max ( 1,2,..., ),ik
i i k

a

k sν σ
ρ ρ

σ
Ê ˆ

= =Á ˜Ë ¯
    (13)

ãäå ikσ  — ýêâèâàëåíòíûå íàïðÿæåíèÿ, âû÷èñëåí-

íûå ïî âûáðàííîé òåîðèè ïðî÷íîñòè äëÿ i-ãî ýëå-
ìåíòà è k-ãî ñëó÷àÿ íàãðóæåíèÿ; s — êîëè÷åñòâî
ñëó÷àåâ íàãðóæåíèÿ; ν  — íîìåð èòåðàöèè.

Ïðåäëàãàåìûé àëãîðèòì îïòèìèçàöèè çàïîë-
íèòåëÿ â ÊÝÌ-2 ïðåäñòàâëåí íà ðèñ. 2.

Â áëîêå 1 â êà÷åñòâå èñõîäíîãî ðàñïðåäåëåíèÿ
ìàòåðèàëà äëÿ ýëåìåíòîâ çàïîëíèòåëÿ ïðèíèìàåòñÿ

(0)
iρ  è çàäàþòñÿ èñõîäíûå çíà÷åíèÿ ìíîæèòåëåé
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Ëàãðàíæà (0)
jλ , íàïðèìåð (0)

11 ( 1,2,..., ).j j pλ = =

Äâèæåíèå â îáëàñòè ïîèñêà ðåàëèçóåòñÿ íà îñíîâå
ïîñëåäîâàòåëüíîãî ÷åðåäîâàíèÿ «ïðîáíûõ» è «ðà-
áî÷èõ» øàãîâ.

«Ðàáî÷èé» øàã õàðàêòåðèçóåòñÿ òåì, ÷òî â áëî-
êå 2 àíàëèçèðóåòñÿ íàïðÿæåííî-äåôîðìèðîâàííîå
ñîñòîÿíèå (ÍÄÑ) êîíñòðóêöèè, ðàññ÷èòûâàþòñÿ

êîýôôèöèåíòû ÷óâñòâèòåëüíîñòè /j iC ρ∂ ∂  è íà

îñíîâå êîíöåïöèè ÏÍÏ ðàññ÷èòûâàþòñÿ ïî ôîð-

ìóëå (13) ïîòðåáíûå ïî ïðî÷íîñòè çíà÷åíèÿ min .iρ

Äëÿ àíàëèçà ÷óâñòâèòåëüíîñòè âåêòîð {Qj }
ïðèíèìàåòñÿ â êà÷åñòâå âèðòóàëüíîé íàãðóçêè
êîíñòðóêöèè [22]. Íà äàííîì ýòàïå êîýôôèöèåí-

òû ÷óâñòâèòåëüíîñòè /j iC ρ∂ ∂  âû÷èñëÿþòñÿ ïî

ôîðìóëå

( ){ } [ ] [ ][ ]{ }
,

q T T
j i i i

i i

C u A K A u

ρ ρ

∂
= -

∂         (14)

ãäå ( ){ }qu  – âîçìîæíûå ïåðåìåùåíèÿ ÊÝÌ-2 ïðè

ïðèëîæåíèè âèðòóàëüíîé íàãðóçêè { }jQ , îïðåäå-

ëÿåìûå ïóòåì ðåøåíèÿ ñèñòåìû ëèíåéíûõ àëãåá-

ðàè÷åñêèõ óðàâíåíèé (q)[ ]{ } { }jK u Q= ; [ ]K  – ìàò-

ðèöà æ¸ñòêîñòè êîíñòðóêöèè ñ çàïîëíèòåëåì;

[ ]iK  — ìàòðèöà æ¸ñòêîñòè i-ãî ýëåìåíòà çàïîëíè-

òåëÿ; [ ]iA  — áóëåâà ìàòðèöà ïåðåõîäà îò ìàòðè-

öû æ¸ñòêîñòè i-ãî ýëåìåíòà çàïîëíèòåëÿ ê ãëî-
áàëüíîé ìàòðèöå; â ÷èñëèòåëå ñîîòíîøåíèÿ çàïè-
ñàíà ðàáîòà âíóòðåííèõ óñèëèé i-ãî ýëåìåíòà çà-

ïîëíèòåëÿ [ ][ ]{ }i iK A u  íà âîçìîæíûõ ïåðåìåùåíè-

ÿõ óçëîâ ýòîãî ýëåìåíòà ( ){ } [ ] .q T T
iu A

«Ïðîáíûé» øàã âûïîëíÿåòñÿ â áëîêå 4 íà îñ-
íîâå ñîîòíîøåíèÿ

1 2( )
( ) ( ) ( )

1

1
( 1,2,..., ),

p
jr r

i i j
ji i

C
i n

V

ν
νρ ρ λ

ρ=

Ê ˆ∂
= - =Á ˜

Á ˜∂Ë ¯
Â  (15)

ãäå r — íîìåð «ïðîáíîãî» øàãà; ν  — íîìåð «ðà-
áî÷åãî» øàãà.

Åñëè ( ) minr
i iρ ρ< , òî ïðèíèìàåòñÿ ( ) minr

i iρ ρ= .

Åñëè ( ) maxr
i iρ ρ> , òî ( ) max .r

i iρ ρ=

Íà ýòàïå «ïðîáíûõ» øàãîâ ñòðîÿòñÿ ëèíåéíûå
àïïðîêñèìàöèè ôóíêöèîíàëüíûõ îãðàíè÷åíèé:

1
( )

( ) ( ) ( ) ( )
1

1

( ) ( 1,2,..., ).
n

jr r
j j i i

i i

C
C C j p

ν
ν νρ ρ

ρ=

∂
= + - =

∂Â  (16)

Âû÷èñëåíèå íîâûõ çíà÷åíèé ìíîæèòåëåé Ëàã-

ðàíæà ( 1)r
jλ +  îñóùåñòâëÿåòñÿ â áëîêå 5:

( )
( 1) ( )

1( 1,2,..., ).
r

jr r
j j

j

C
j p

C
λ λ+ = =       (17)

Ðåêóððåíòíûå ôîðìóëû (15) è (17) ïîçâîëÿþò
èòåðàöèîííî ðàññ÷èòûâàòü ïåðåìåííûå ïðîåêòè-
ðîâàíèÿ ïðè óäîâëåòâîðåíèè êðèòåðèþ îïòèìàëü-
íîñòè (12) ïðè îãðàíè÷åíèÿõ íà îáîáù¸ííûå ïå-
ðåìåùåíèÿ. Â áëîêàõ 4 è 5 ðàñ÷¸òû íà îñíîâå óñ-
ëîâèÿ (5) ïðîèçâîäÿòñÿ äî äîñòèæåíèÿ ñõîäèìî-

Ðèñ. 2. Áëîê-ñõåìà àëãîðèòìà îïòèìèçàöèè çàïîëíèòåëÿ
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ñòè. Åñëè âî âíóòðåííåì öèêëå äîñòèãíóòà ñõîäè-
ìîñòü èëè èñ÷åðïàíî çàäàííîå êîëè÷åñòâî èòåðà-
öèé, ðàññ÷èòàííûå çíà÷åíèÿ ïåðåìåííûõ ïðîåê-
òèðîâàíèÿ ïðèíèìàþòñÿ â êà÷åñòâå èñõîäíûõ è
óïðàâëåíèå ïåðåäà¸òñÿ èç áëîêà 6 â áëîê 2 äëÿ
ðàñ÷¸òà î÷åðåäíîãî ðàñïðåäåëåíèÿ âíóòðåííèõ
óñèëèé â êîíñòðóêöèè. Åñëè øàã â îáëàñòè ïîèñ-
êà ñòàíîâèòñÿ ìàë èëè èñ÷åðïàíî çàäàííîå ÷èñ-
ëî èòåðàöèé, òî ïðîöåññ âû÷èñëåíèé â áëîêå 3
ïðåêðàùàåòñÿ.

Äëÿ îöåíêè ðàáîòîñïîñîáíîñòè ïðåäëàãàå-
ìîé ìåòîäèêè òîïîëîãè÷åñêîé îïòèìèçàöèè
ôþçåëÿæåé ðàññìàòðèâàåòñÿ ìîäåëüíàÿ çàäà÷à.

×èñëåííûé ïðèìåð

Îáúåêòîì èññëåäîâàíèÿ âûáðàí îòñåê ôþçåëÿ-
æà ñàìîë¸òà â çîíå âûðåçà ïîä ëþê ñ ãåîìåòðè÷åñ-
êèìè õàðàêòåðèñòèêàìè, ïðåäñòàâëåííûìè íà
ðèñ. 3.

Ðàññìàòðèâàþòñÿ äâà ðàñ÷¸òíûõ ñëó÷àÿ íàãðó-
æåíèÿ: èçáûòî÷íîå âíóòðåííåå äàâëåíèå 0,15 ÌÏà
è êðóòÿùèé ìîìåíò 3,26 ÌÍ·ì, ïðèëîæåííûé ïî
òîðöàì îòñåêà ôþçåëÿæà. Òî÷êàìè íà ðèñ. 3 ïî-
êàçàíû ìåñòà ïðèëîæåíèÿ íàãðóçîê îò âíóòðåííå-
ãî äàâëåíèÿ, äåéñòâóþùåãî íà äâåðü ëþêà. Äîïó-
ñòèìîå çíà÷åíèå êîýôôèöèåíòà êîíöåíòðàöèè íà-
ïðÿæåíèé íà êîíòóðå âûðåçà ñîñòàâëÿåò 3,5.

Èñïîëüçóåòñÿ êîíñòðóêöèîííûé ìàòåðèàë ñ
õàðàêòåðèñòèêàìè: ìîäóëü Þíãà E = 70000 ÌÏà,

ρ = 2700 êã/ì3, aσ = 350 ÌÏà, êîýôôèöèåíò Ïó-

àññîíà μ = 0,3.

Òðåáóåòñÿ íàéòè ðàöèîíàëüíóþ ÑÑÊ îòñåêà
ôþçåëÿæà ìåæäó øïàíãîóòàìè ¹9 è ¹13.

Àíàëèç ÍÄÑ êîíñòðóêöèè ñ çàïîëíèòåëåì
âûïîëíÿåòñÿ â ñðåäå ñèñòåìû NASTRAN [28], äëÿ

îïòèìèçàöèè ïëîòíîñòè çàïîëíèòåëÿ íà îñíîâå
ïðåäëîæåííîãî àëãîðèòìà ïðèìåíÿåòñÿ ïðîãðàììà
PNP_sr_solid [29].

Èñõîäíàÿ ÑÑÊ ïðåäñòàâëåíà íà ðèñ. 4. Ìàññà
èñõîäíîãî îòñåêà ôþçåëÿæà áåç âûðåçà ðàâíà
113,56 êã. Ìàññà âûðåçàííîãî ìàòåðèàëà ñîñòàâ-
ëÿåò 9,45 êã.

Íà ðèñ. 5 ïîêàçàíà ÊÝÌ-2 îòñåêà ôþçåëÿæà,
â êîòîðîé çàïîëíèòåëü äëÿ óäîáñòâà àíàëèçà è
èíòåðïðåòàöèè ðåçóëüòàòîâ ðàçäåë¸í ïî òîëùèíå
öèëèíäðè÷åñêîé îáîëî÷êè íà 8 ñëî¸â îáú¸ìíûõ
êîíå÷íûõ ýëåìåíòîâ. Îãðàíè÷åíèÿ íà îáîáùåí-
íûå ïåðåìåùåíèÿ (5) çàäàâàëèñü äëÿ 24 ýëåìåí-
òîâ îáøèâêè íà êîíòóðå âûðåçà. Íà îñíîâå ïðåä-
ëîæåííîãî àëãîðèòìà çà 16 èòåðàöèé ïîëó÷åíà
òåîðåòè÷åñêè îïòèìàëüíàÿ êîíñòðóêöèÿ (ÒÎÊ)
îòñåêà ñ âûðåçîì ìàññîé 137,7 êã. Ìàññà â ÒÎÊ,
íåîáõîäèìàÿ äëÿ êîìïåíñàöèè âûðåçà, ñîñòàâëÿ-
åò 33,59 êã. Ýòî çíà÷åíèå â 3,55 ðàçà ïðåâûøàåò
ìàññó ìàòåðèàëà, âûðåçàííîãî èç êîíñòðóêöèè.

Ðèñ. 3. Ãåîìåòðè÷åñêèå îãðàíè÷åíèÿ îòñåêà ôþçåëÿæà

Ðèñ. 4. Ñèëîâàÿ ñõåìà îòñåêà ôþçåëÿæà. Òðàäèöèîííîå
òåõíè÷åñêîå ðåøåíèå: 1 – îáøèâêà ñ íàêëàäêàìè; 2 –
ðÿäîâîé øïàíãîóò; 3 – óñèëåííûé øïàíãîóò; 4 — ñàá-
ëè øïàíãîóòîâ; 5 –äèàôðàãìû; 6 – ïðîäîëüíàÿ áàëêà
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Êàðòèíû ðàñïðåäåëåíèÿ ìàòåðèàëà è óñèëèé â
ÒÎÊ ïðåäñòàâëåíû íà ðèñ. 6. Íàèáîëüøèå çíà÷å-
íèÿ ïëîòíîñòè ïîëó÷åíû â ýëåìåíòàõ âíåøíåãî è
âíóòðåííåãî ñëî¸â çàïîëíèòåëÿ (ðèñ. 6,à,á). Çíà-
÷åíèÿ ïëîòíîñòè â ñåðåäèííûõ ñëîÿõ, ðàñïîëî-
æåííûõ ìåæäó íèìè, íà ïîðÿäîê ìåíüøå. Àíàëèç
ñèëîâîé ðàáîòû ÒÎÊ âûïîëíÿåòñÿ íà îñíîâå ýâ-
ðèñòè÷åñêîé ñòðàòåãèè [8] ñ èñïîëüçîâàíèåì ïî-
òîêîâ ãëàâíûõ óñèëèé (ÏÃÓ) äëÿ çàïîëíèòåëÿ, îï-
ðåäåëÿåìûõ óìíîæåíèåì ãëàâíûõ íàïðÿæåíèé íà
òîëùèíó ñîîòâåòñòâóþùåãî ñëîÿ. Íà ó÷àñòêàõ çà-

ïîëíèòåëÿ ñ íàèáîëüøåé ïëîòíîñòüþ ìàòåðèàëà
ïðåîáëàäàåò îäíîîñíîå íàïðÿæ¸ííîå ñîñòîÿíèå
(ðèñ. 6,â,ã).

Ïîñëå ïðèìåíåíèÿ òð¸õ öèêëîâ ïðîöåññîâ
ïðîåêòèðîâàíèÿ, ïîêàçàííûõ íà ðèñ. 1, ïîëó÷åíà
ÑÑÊ ôþçåëÿæà, ïðåäñòàâëåííàÿ íà ðèñ. 7. Êîí-
ñòðóêöèÿ ñîäåðæèò âíóòðåííþþ ïàíåëü, ñîñòàâ-
ëåííóþ èç ÷åòûð¸õ ÷àñòåé, ðàñïîëîæåííûõ â óã-
ëàõ âûðåçà [30]. ×àñòè âíóòðåííåé ïàíåëè ñìåùå-
íû âíóòðü ôþçåëÿæà îò åãî òåîðåòè÷åñêîãî êîí-
òóðà è äóáëèðóþò îáøèâêó íà ó÷àñòêå âûðåçà.

Ðèñ. 5. ÊÝÌ-2 îòñåêà. Ôðàãìåíò ìîäåëè ñî ñíÿòîé îáøèâêîé è óâåëè÷åííûì ðàêóðñîì çàïîëíèòåëÿ

Ðèñ. 6. Ðàñïðåäåëåíèå ìàòåðèàëà è óñèëèé â çàïîëíèòåëå ÊÝÌ-2: ïëîòíîñòè âî âíåøíåì ñëîå (à) è âíóòðåííåì
ñëîå (á) (êã/ì3), êàðòèíû ÏÃÓ äëÿ ñëó÷àÿ íàãðóæåíèÿ èçáûòî÷íûì âíóòðåííèì äàâëåíèåì âî âíåøíåì ñëîå (â) è
âî âíóòðåííåì ñëîå (ã)

â)

à)

ã)

á)
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Âíóòðåííÿÿ ïàíåëü êðåïèòñÿ ê îáøèâêå çà ñ÷¸ò
ïðîäîëüíûõ è íàêëîííûõ ñòåíîê, óñèëåííûõ è
ðÿäîâûõ øïàíãîóòîâ. Ñîâîêóïíîñòü ñèëîâûõ ýëå-
ìåíòîâ ôîðìèðóåò â óãëàõ âûðåçà çàìêíóòûå è
ïîëûå êîíòóðû, ïîâûøàþùèå æ¸ñòêîñòü êîíñò-
ðóêöèè â çîíå âûðåçà ïîä ëþê â ðàäèàëüíîì è
ïðîäîëüíîì íàïðàâëåíèè.

Ðåçóëüòàòû ïàðàìåòðè÷åñêîé îïòèìèçàöèè
êîíñòðóêöèè ôþçåëÿæà ïî àëãîðèòìó [24] äëÿ
òðàäèöèîííîãî òåõíè÷åñêîãî ðåøåíèÿ, äëÿ ÑÑÊ

Ðèñ. 7. Ñèëîâàÿ ñõåìà îòñåêà ôþçåëÿæà. Íîâîå òåõíè-
÷åñêîå ðåøåíèå: 7 – ïðîäîëüíàÿ ñòåíêà; 8 – íàêëîííàÿ
ñòåíêà; 9 – âíóòðåííÿÿ ïàíåëü

Âåñîâàÿ ñâîäêà ýëåìåíòîâ óñèëåíèÿ âûðåçà â îòñåêå ôþçåëÿæà

ñ ïðîñòðàíñòâåííîé òîíêîñòåííîé ðàìîé âäîëü
êîíòóðà âûðåçà [16] è äëÿ íîâîãî òåõíè÷åñêîãî
ðåøåíèÿ ïðåäñòàâëåíû â òàáëèöå. Ñíèæåíèå ìàñ-
ñû êîíñòðóêöèè, èñïîëüçóþùåé íîâîå òåõíè÷åñ-
êîå ðåøåíèå (ðèñ. 7), ñîñòàâèëî 7,83 êã îòíîñè-
òåëüíî èñõîäíîé êîíñòðóêöèè, ïðåäñòàâëåííîé íà
ðèñ. 4. Êîýôôèöèåíò êîíöåíòðàöèè íàïðÿæåíèé
íà êîíòóðå âûðåçà äëÿ âñåõ ðàññìàòðèâàåìûõ âà-
ðèàíòîâ êîíñòðóêöèè ñîñòàâèë 3,5.

Âûâîäû

Ïðåäëîæåíà ìåòîäèêà òîïîëîãè÷åñêîé îïòè-
ìèçàöèè ôþçåëÿæà â çîíàõ áîëüøèõ âûðåçîâ, ó÷è-
òûâàþùàÿ òðåáîâàíèÿ ïðî÷íîñòè è æ¸ñòêîñòè â
ôîðìå îáîáù¸ííûõ ïåðåìåùåíèé. Äëÿ ìîäåëüíîé
çàäà÷è òîïîëîãè÷åñêîé îïòèìèçàöèè ôþçåëÿæà â
çîíå âûðåçà ïîä ëþê ïîëó÷åíî íîâîå òåõíè÷åñêîå
ðåøåíèå, ïîçâîëÿþùåå ñíèçèòü ìàññó óñèëèâàþ-
ùèõ âûðåç ýëåìåíòîâ íà 16,7% îòíîñèòåëüíî èñ-
õîäíîé êîíñòðóêöèè.
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Abstract

Topological optimization techniques play an
important role while selecting a structural layout of
aggregates for a flying vehicle of minimal mass. The
goal of the presented work consists in increasing weigh
efficiency of the aircraft structure in the stresses
concentration zones. The article proposes a of
topological optimization method for edging of the
cutout for the hatch in the fuselage, based on the full-
stress concept with regard for the functional limitations
on the generalized hull skin displacements at the
cutout contour.

For the design object synthesis, a method, based
on Komarov’s mathematical model of a deformable
solid body with variable density is being applied. An
artificial material with variable density and rigidity,
called a “filler”, in which the strength and elastic
properties linearly depend on density, is being
employed.

Finite element models, integrating the manifold of
the load-bearing elements of the structure and
continuous medium of variable density are being
developed while topological design. Earlier, such
combined model was employed in [25, 26]. The
material distribution in the filler allows revealing
theoretically optimal structure and, using the strategy
[8], developing the structural layout closest to the
theoretical solution from the viewpoint of its stressed
operation. The topological optimization process is
based on stage-by-stage substitution of the filler by
structural elements, realizing the technical decisions
being taken

The article presents a numerical example of the
fuselage compartment design with rectangular cutout,
demonstrating the operability of the suggested
technique. Conventional layout with well-known
prototypes technical solutions is adopted as an initial
structure. The topological optimization resulted in
obtaining new technical solution allowing 16,7%
reduction in the mass of the strengthening members
of the cutout relative to the initial structure. The parts
of the internal panel are shifted inward the fuselage

from its theoretical contour and duplicate the hull skin
at the cutout portion. The internal panel is fixed to the
hull skin by the longitudinal and sloped walls,
reinforced and ordinary bulkheads. The manifold of
stressed elements forms closed and hollow contours in
the cutout corners, enhancing the structure rigidity in
the hatch cutout zone in radial and longitudinal
directions.

Keywords: fuselage, hatch, structural layout,
optimization, variable density body, strength, rigidity,
generalized displacements, weight evaluation.
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