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Àííîòàöèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû êîìïëåêñíûõ ïàðàìåòðè÷åñêèõ èññëåäîâàíèé ïî àíàëèçó
ïðî÷íîñòíûõ, æåñòêîñòíûõ è âåñîâûõ õàðàêòåðèñòèê êîíñòðóêöèè êðûëà áîëüøîãî óäëèíåíèÿ ðå-
ãèîíàëüíîãî ñàìîë¸òà, â ðàìêàõ ïîäêîñíîé è áåñïîäêîñíîé êîíñòðóêòèâíî-ñèëîâûõ ñõåì (ÊÑÑ)
êðûëà, ïîëó÷åííûå íà îñíîâå ÷åòûð¸õóðîâíåâîãî àëãîðèòìà ñ ìîäèôèöèðîâàííûì ìîäóëåì ðàñ÷¸-
òà àýðîäèíàìè÷åñêèõ íàãðóçîê. Èñïîëüçîâàíèå äàííîãî àëãîðèòìà ïîçâîëèëî îáåñïå÷èòü ñóùåñòâåí-
íîå óìåíüøåíèå âðåìåíè è òðóäî¸ìêîñòè ïðîâåäåíèÿ êîìïëåêñíîãî àíàëèçà ïðî÷íîñòè è ìàññû êîí-
ñòðóêöèè ïðè ñîõðàíåíèè âûñîêîé òðåáóåìîé òî÷íîñòè âû÷èñëåíèé. Èñïîëüçóåìàÿ â ñòàòüåå âåð-
ñèÿ ÷åòûð¸õóðîâíåâîãî àëãîðèòìà îñíîâàíà íà òð¸õ ïðèíöèïàõ, ïîçâîëÿþùèõ ñíèçèòü òðóäî¸ìêîñòü
ïîñðåäñòâîì äåêîìïîçèöèè îòäåëüíûõ ñîñòàâëÿþùèõ âû÷èñëèòåëüíîé ïðîöåäóðû: ïðèìåíåíèå ÷å-
òûð¸õ ïðî÷íîñòíûõ ìîäåëåé íà îñíîâå ìåòîäà êîíå÷íîãî ýëåìåíòà (ÌÊÝ) ñ ðàçëè÷íûì óðîâíåì äå-
òàëèçàöèè; ðàçäåëåíèå çàäà÷ ïðî÷íîñòè ïî ñîîòâåòñòâóþùèì óðîâíÿì äåòàëèçàöèè; ñåëåêöèÿ ñëó-
÷àåâ íàãðóæåíèÿ ïî ñòåïåíè êðèòè÷íîñòè, íà îñíîâå ïàðàìåòðè÷åñêèõ ÌÊÝ- è íàãðóçî÷íûõ ìîäå-
ëåé ñ âàðèàöèåé èõ äèñêðåòíîñòè. Â ñòàòüå ïðèâåä¸í ðÿä ïàðàìåòðè÷åñêèõ çàâèñèìîñòåé çíà÷åíèé
ïðî÷íîñòíûõ è âåñîâûõ ïàðàìåòðîâ äëÿ êîíñòðóêöèè êðûëà áîëüøîãî óäëèíåíèÿ, äëÿ ïîäêîñíûõ
è áåñïîäêîñíûõ ÊÑÑ êðûëà ãèïîòåòè÷åñêîãî ðåãèîíàëüíîãî ñàìîë¸òà.
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Abstract

The article presents the results of complex studies on parametric dependencies of the strength, stiffness
and weight characteristics of the wing structure on the values of the set of design parameters for the regional
aircraft with both strut-braced and non-strut-braced layout. A new version of the four-level designing
algorithm, which employs the decomposition principle of loading cases within the framework of parametric
strength and aerodynamic models while searching for the computed loading cases were used while
computational studies conducting.

The article presents the description of the algorithm, which realizes the principle of inflight loading cases,
employing the bond of finite element model of the airframe structure and aerodynamic parametric model
based of the single vortexes method. The ability of both models for automatic dimensionality changing of
loading cases allows ensuring dividing the acceptable loading cases into the groups by the degree of criticality.
This ability allows also the possibility of realizing a multi-stage search procedure, when strength and
aerodynamic models with low dimensionality are being used for all alternative loading cases at the first stage
of the analysis, while at the subsequent stages, the models with higher dimensionality are being used to analyze
the critical cases selected at the first stage.

The modified version of the algorithm demonstrated high performance and reliability for the strength
analysis and design of the wing structures with high level of elastic displacements.

The efficiency of the loading cases decomposition principle in conjunction with other decomposition
principles, such as structure decomposition and decomposition of the strength problems, used within the
framework of the basic four-level algorithm, is demonstrated within the framework of this article on the
example of the hypothetic regional aircraft of 15 tons take-off weight and passenger capacity up to 50 persons.

The values of the wing structure weight, as well as the values of the strut attachment point position on
a wing (which are 50-65% of the semi wingspan depending on the aspect ratio) were obtained. The better
weight efficiency of the wing structure based on the strut-braced layout compared to the non-strut-braced
one was confirmed for the hypothetic regional aircraft under consideration.

Weight savings for the wing structure option with the aspect ratio of 0λ = 11.7 is 12.3%, whereas for

the alternative options with 1λ = 15 and 2λ = 20 the weight savings are 31% and 37 % respectively.

The labor intensity analysis of the parametric strength studies, associated with significant parameters
variations of the airframe external geometry and high levels of elastic displacements of lifting surfaces, revealed
that application of the loading cases principle of decomposition allows no less than tenfold labor intensity
reduction of the strength analysis procedures.

The results of the performed studies have proved the efficiency of the modified four-level algorithm
application for solving the design tasks for:

— An aircraft with non-conventional aerodynamic layouts;
— Regional aircraft, for which the elastic displacements impact on the external aerodynamic loads is

significant.
Keywords: decomposition of loading cases, multilevel strength FEM models, high-aspect ratio wing with

strut, parametric loading models, weight estimation of structure of wing of regional aircraft wing weight
estimate
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Ââåäåíèå

Óñëîâèÿ ýêñïëóàòàöèè ðåãèîíàëüíûõ ñàìîëå-
òîâ èìåþò ðÿä îòëè÷èé îò óñëîâèé ýêñïëóàòàöèè
ñðåäíå- è äàëüíåìàãèñòðàëüíûõ àâèàëàéíåðîâ.
Ãëàâíîå îòëè÷èå — êîðîòêîå âðåìÿ êðåéñåðñêîãî
ïîëåòà è, êàê ñëåäñòâèå, îòñóòñòâèå æ¸ñòêèõ îã-
ðàíè÷åíèé íà àýðîäèíàìè÷åñêèå îáâîäû, êîòî-
ðûå ÿâëÿþòñÿ îïðåäåëÿþùèìè äëÿ ñðåäíå- è
äàëüíåìàãèñòðàëüíûõ ñàìîë¸òîâ, òàê êàê âûòåêà-
þò èç òðåáîâàíèÿ ìàêñèìóìà àýðîäèíàìè÷åñêî-
ãî êà÷åñòâà íà êðåéñåðñêîì ðåæèìå ïîë¸òà. Îä-
íàêî îòñóòñòâèå æ¸ñòêèõ òðåáîâàíèé ê àýðîäèíà-
ìè÷åñêîé ôîðìå äåëàåò çàäà÷ó ïðîåêòèðîâàíèÿ
ñàìîë¸òîâ ìàëîé àâèàöèè áîëåå òðóäî¸ìêîé ïî
ñðàâíåíèþ ñ çàäà÷åé ïðîåêòèðîâàíèÿ ñðåäíå- è
äàëüíåìàãèñòðàëüíûõ ñàìîë¸òîâ èç-çà íåâîçìîæ-
íîñòè ðàçäåëåíèÿ ïðîöåäóðû ïðîåêòèðîâàíèÿ íà
÷àñòè, ò. å. íà ýòàï ôîðìèðîâàíèÿ ïàðàìåòðîâ
âíåøíåé ãåîìåòðèè è ýòàï ïîèñêà ðàöèîíàëüíîé
ÊÑÑ ïðè «çàìîðîæåííûõ» çíà÷åíèÿõ ïàðàìåòðîâ
âíåøíåé ãåîìåòðèè [1, 2]. Äàííàÿ çàäà÷à ñõîæà
ñ çàäà÷åé ïðîåêòèðîâàíèÿ êîíñòðóêöèé äëÿ íå-
òðàäèöèîííûõ êîìïîíîâî÷íûõ ñõåì, êîãäà ïî
ïðè÷èíå îòñóòñòâèÿ íàä¸æíûõ è ñòàáèëüíûõ ðå-
øåíèé äëÿ ðàöèîíàëüíûõ çíà÷åíèé àýðîäèíàìè-
÷åñêèõ ïàðàìåòðîâ íåîáõîäèìî îäíîâðåìåííî
ðàññìàòðèâàòü ïàðàìåòðû âíåøíåé ãåîìåòðèè
ñîâìåñòíî ñ äðóãèìè ïðîåêòíûìè ïåðåìåííûìè
[3, 4]. Òàêèì îáðàçîì, äëÿ ðàññìîòðåííûõ âûøå
òèïîâ ëåòàòåëüíûõ àïïàðàòîâ òðàäèöèîííàÿ (ïîñ-
ëåäîâàòåëüíàÿ) ïðîåêòèðîâî÷íàÿ ïðîöåäóðà, îñ-
íîâàííàÿ íà äåêîìïîçèöèè âñåãî ïðîåêòèðîâî÷-
íîãî ïðîöåññà, íåýôôåêòèâíà, è ïðîåêòèðîâùè-
êàì ïðèõîäèòñÿ èñêàòü èíûå ñïîñîáû ñíèæåíèÿ
òðóäî¸ìêîñòè [5, 6].

Ñóùåñòâóåò ðÿä àïïàðàòíûõ ñïîñîáîâ è ìå-
ðîïðèÿòèé äëÿ ñíèæåíèÿ òðóäî¸ìêîñòè è ñîêðà-
ùåíèÿ âðåìåíè âû÷èñëåíèé, âêëþ÷àÿ: àâòîìàòè-
çàöèþ ðàñ÷¸òíûõ ïðîöåäóð, ñòàíäàðòèçàöèþ èñ-
õîäíîé è âûõîäíîé èíôîðìàöèè, èñïîëüçîâàíèå
ìîùíûõ âû÷èñëèòåëüíûõ öåíòðîâ è ò.ä. Îäíàêî
âûøåïåðå÷èñëåííûå ìåðîïðèÿòèÿ íå ó÷èòûâàþò
ñêðûòûé (÷àñòî çíà÷èòåëüíûé) ïîòåíöèàë ñíè-
æåíèÿ òðóäî¸ìêîñòè, çàêëþ÷àþùèéñÿ â îñîáåí-
íîñòÿõ êîíêðåòíûõ ïðîåêòèðîâî÷íûõ çàäà÷.

Â ðàáîòàõ [7, 8] ïðèâåäåíû ïðèìåðû äåêîì-
ïîçèöèè ðàñ÷¸òíûõ ìîäåëåé ïëàíåðà, ïîçâîëÿþ-
ùèå ñóùåñòâåííî ñîêðàòèòü òðóäî¸ìêîñòü ïðîåê-
òèðîâî÷íîãî ïðîöåññà. Â ðàáîòàõ [9, 10] ðàññìîò-
ðåí äðóãîé ïðèíöèï äåêîìïîçèöèè ïðîöåäóðû
àíàëèçà ïðî÷íîñòè, êîãäà èñïîëüçóþòñÿ ðàçëè÷-
íûå òèïû ðàñ÷¸òíûõ ìîäåëåé: ÷èñëåííûå ÌÊÝ-
ìîäåëè è àíàëèòè÷åñêèå, ïëàñòèííî-áàëî÷íûå
ìîäåëè. Â áàçîâîé âåðñèè ïðîåêòèðîâî÷íîãî
àëãîðèòìà FLA (four level algorithm), êîòîðûé áûë
ðàçðàáîòàí è âàëèäèðîâàí â ÖÀÃÈ äëÿ àíàëèçà
ïðî÷íîñòè è ïðîâåäåíèÿ ïðîåêòèðîâî÷íûõ èññëå-
äîâàíèé êîíñòðóêöèé ïëàíåðà ãðàæäàíñêèõ ñà-
ìîë¸òîâ ñ íåòðàäèöèîííûìè êîìïîíîâî÷íûìè
ñõåìàìè [11, 12], ðåàëèçîâàíû óêàçàííûå âûøå
ìåòîäû ñíèæåíèÿ òðóäî¸ìêîñòè âû÷èñëåíèé.
FLA îáëàäàåò òàêæå ðÿäîì îñîáåííîñòåé, ïîçâî-
ëÿþùèõ äîïîëíèòåëüíî ñíèçèòü òðóäî¸ìêîñòü
âû÷èñëèòåëüíîãî ïðîöåññà:

1. Ãëîáàëüíàÿ ÷åòûð¸õóðîâíåâàÿ ïàðàìåòðè-
çàöèÿ êîíñòðóêöèè ïëàíåðà.

2. Èñïîëüçîâàíèå ÷åòûð¸õ âëîæåííûõ ÌÊÝ-
ìîäåëåé êîíñòðóêöèè ïëàíåðà ñ ðàçëè÷íîé ñòå-
ïåíüþ äèñêðåòíîñòè.

3. Àâòîìàòèçàöèÿ ïðîöåäóðû çàäàíèÿ èñõîä-
íûõ äàííûõ è àíàëèçà ðåçóëüòàòîâ.

4. Ïàðàëëåëüíîå àâòîìàòè÷åñêîå ïîñòðîåíèå
âñïîìîãàòåëüíûõ ÌÊÝ- è àíàëèòè÷åñêèõ ïðî÷íî-
ñòíûõ ìîäåëåé íà îñíîâå åäèíûõ èñõîäíûõ äàííûõ.

5. Èñïîëüçîâàíèå òèïîâîãî ôîðìàòà èñõîäíûõ
è âûõîäíûõ äàííûõ.

Áàçîâûé âàðèàíò FLA ïîêàçàë âûñîêóþ ýô-
ôåêòèâíîñòü ïðè èññëåäîâàíèè ïðî÷íîñòè êîí-
ñòðóêöèé ïëàíåðà ñàìîë¸òîâ ñ íåòðàäèöèîííû-
ìè êîìïîíîâî÷íûìè ñõåìàìè â ðàìêàõ ðÿäà îòå-
÷åñòâåííûõ è çàðóáåæíûõ ïðîåêòîâ [13, 14].

Â äàííîé ðàáîòå áûëè ïðîâåäåíû ïàðàìåòðè-
÷åñêèå èññëåäîâàíèÿ ïðî÷íîñòè è âåñîâûõ õàðàê-
òåðèñòèê ãèïîòåòè÷åñêîãî ðåãèîíàëüíîãî ñàìî-
ë¸òà (äàëåå ñàìîë¸ò Reg15) ñ êðûëîì áîëüøîãî
óäëèíåíèÿ â ðàìêàõ ïîäêîñíîé è áåñïîäêîñíîé
ÊÑÑ (ðèñ. 1).

Êîìïëåêñíîìó èññëåäîâàíèþ êðûëüåâ áîëü-
øîãî óäëèíåíèÿ êàê ñ ïîäêîñíîé, òàê è áåñïîä-
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êîñíîé ÊÑÑ ïîñâÿù¸í ðÿä ðàáîò ïî îïðåäåëåíèþ
ïðî÷íîñòíûõ, æåñòêîñòíûõ, âåñîâûõ è àýðîóïðó-
ãèõ õàðàêòåðèñòèê êîíñòðóêöèé ïëàíåðà ñ èñ-
ïîëüçîâàíèåì àëãîðèòìîâ íà îñíîâå áàëî÷íûõ è
ïëàñòèííûõ àíàëîãèé [15, 16]. Â íàñòîÿùåé ñòà-
òüå èññëåäîâàíèÿ ïî îïðåäåëåíèþ ïðî÷íîñòíûõ,
æåñòêîñòíûõ è âåñîâûõ õàðàêòåðèñòèê ïðîâåäå-
íû íà îñíîâå ïàðàìåòðè÷åñêèõ àýðîäèíàìè÷åñ-
êèõ íàãðóçî÷íûõ äèñêðåòíûõ ìîäåëåé è ïàðàìåò-
ðè÷åñêèõ ïðî÷íîñòíûõ ÌÊÝ-ìîäåëåé äëÿ ñàìî-
ë¸òîâ ñ íåáîëüøîé âçë¸òíîé ìàññîé (äî 15 ò) è
ïðÿìûì êðûëîì.

Ïî ñâîèì õàðàêòåðèñòèêàì èññëåäóåìûé â
íàñòîÿùåé ñòàòüå ãèïîòåòè÷åñêèé ñàìîë¸ò Reg15
áëèçîê ê ðåàëüíîìó ñàìîë¸òó L610 è èìååò õàðàê-
òåðíóþ äëÿ ðåãèîíàëüíûõ ñàìîë¸òîâ êîìïîíî-
âî÷íóþ ñõåìó ñ âåðõíåðàñïîëîæåííûì ïðÿìûì
êðûëîì. Â ðàáîòå áûëè èñïîëüçîâàíû îòêðûòûå
ìàòåðèàëû, ïîëó÷åííûå ðîññèéñêîé ñòîðîíîé
(ÖÀÃÈ) â ðàìêàõ ìåæäóíàðîäíîãî ïðîåêòà ASTRA.
Ðîññèéñêàÿ ÷àñòü ïðîåêòà áûëà ïðîôèíàíñèðîâà-
íà Ìèíèñòåðñòâîì îáðàçîâàíèÿ è íàóêè.

Ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ ïðî÷íîñòíûõ
è âåñîâûõ õàðàêòåðèñòèê ñàìîë¸òà Reg15 îñóùå-
ñòâëÿëèñü íà îñíîâå ìîäèôèöèðîâàííîé âåðñèè
FLA. Öåëü ïðîâîäèìûõ èññëåäîâàíèé ñîñòîÿëà
êàê â ïîèñêå ðàöèîíàëüíûõ çíà÷åíèé êîíñòðóê-
öèîííûõ ïàðàìåòðîâ êðûëà, òàê è â äîïîëíèòåëü-
íîé âàëèäàöèè íîâîé âåðñèè àëãîðèòìà FLA.
Íîâàÿ âåðñèÿ FLA îòëè÷àåòñÿ îò áàçîâîé íàëè-
÷èåì íîâîãî àýðîäèíàìè÷åñêîãî ìîäóëÿ, êîòîðûé
ïîçâîëÿåò ðåàëèçîâàòü ýôôåêòèâíóþ (ïî âðåìåí-
íûì çàòðàòàì) ïðîöåäóðó âû÷èñëåíèÿ ðàñ÷¸òíûõ
ñëó÷àåâ íàãðóæåíèÿ çà ñ÷¸ò ðàçäåëåíèÿ àëüòåðíà-
òèâíûõ àýðîäèíàìè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ íà

ðÿä ãðóïï è èõ àíàëèçà ñ ðàçëè÷íîé ñòåïåíüþ
òî÷íîñòè (òðóäî¸ìêîñòè). Ñíèæåíèå òðóäî¸ìêî-
ñòè è âðåìåííûõ çàòðàò äîñòèãàåòñÿ áëàãîäàðÿ
èñïîëüçîâàíèþ â ìîäóëå ïàðàìåòðè÷åñêèõ íàãðó-
çî÷íûõ ìîäåëåé è ïàðàìåòðè÷åñêèõ ÌÊÝ-ìîäå-
ëåé êîíñòðóêöèè ñ ïåðåìåííîé ðàçìåðíîñòüþ.

Íîâàÿ âåðñèÿ FLA äëÿ ñíèæåíèÿ òðóäî¸ìêî-
ñòè è óâåëè÷åíèÿ ïðîèçâîäèòåëüíîñòè âû÷èñëå-
íèé ðåàëèçóåò òðè ïðèíöèïà äåêîìïîçèöèè: ÷å-
òûð¸õóðîâíåâóþ äåêîìïîçèöèþ êîíñòðóêöèè;
äåêîìïîçèöèþ çàäà÷ àíàëèçà ïðî÷íîñòè; äåêîì-
ïîçèöèþ àëüòåðíàòèâíûõ ñëó÷àåâ íàãðóæåíèÿ â
ðàìêàõ ïðîöåäóðû ïîèñêà êðèòè÷åñêèõ ñëó÷àåâ
íàãðóæåíèÿ. Ýòî äà¸ò âîçìîæíîñòü çíà÷èòåëüíî
ñîêðàòèòü (íå ìåíåå ÷åì â 10 ðàç) òðóäî¸ìêîñòü
è âðåìÿ âû÷èñëèòåëüíîãî ïðîöåññà ïî ñðàâíåíèþ
ñ áàçîâûì âàðèàíòîì FLA íå èìåþùèì âñòðîåí-
íîé ïàðàìåòðè÷åñêîé íàãðóçî÷íîé ìîäåëè.

Íîâàÿ âåðñèÿ FLA ïðåäíàçíà÷åíà äëÿ àíàëèçà
ïðî÷íîñòè è ïðîåêòèðîâî÷íûõ èññëåäîâàíèé,
êîãäà ðàçðàáîò÷èêàì ïðèõîäèòñÿ èìåòü äåëî ñ
áîëüøèì êîëè÷åñòâîì êîìïîíîâî÷íûõ è êîíñò-
ðóêòèâíî-ñèëîâûõ ñõåì, ïðèâîäÿùèõ ê íåîáõî-
äèìîñòè ðàññìàòðèâàòü áîëüøîå ÷èñëî êàê àëü-
òåðíàòèâíûõ âàðèàíòîâ ÊÑÑ, òàê è àëüòåðíàòèâ-
íûõ ñëó÷àåâ íàãðóæåíèÿ, îáóñëîâëåííûõ èçìåíå-
íèåì àýðîäèíàìè÷åñêèõ îáâîäîâ, à òàêæå èçìå-
íåíèåì æåñòêîñòíûõ õàðàêòåðèñòèê ïëàíåðà.

1. Îñíîâíûå ýòàïû êîìïëåêñíîãî àíàëèçà
ïðî÷íîñòè êîíñòðóêöèè â ðàìêàõ FLA
íà ïðèìåðå ðåãèîíàëüíîãî ñàìîë¸òà

Ïðîâåðêà îãðàíè÷åíèé ïî ïðî÷íîñòè ïðåä-
ñòàâëÿåò ñîáîé îäíó èç âàæíûõ è íàèáîëåå òðó-
äî¸ìêèõ ïðîöåäóð ïðè ïðîåêòèðîâàíèè êîíñò-

Ðèñ. 1. Îáùèé âèä ãèïîòåòè÷åñêîãî ðåãèîíàëüíîãî ñàìîë¸òà Reg15 ñ ïîäêîñíûì êðûëîì
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ðóêöèè ïëàíåðà. Àëãîðèòì FLA äà¸ò âîçìîæíîñòü
ñóùåñòâåííî ñîêðàòèòü âðåìÿ è òðóäî¸ìêîñòü
âûïîëíåíèÿ äàííîé ïðîöåäóðû áëàãîäàðÿ îäíî-
âðåìåííîìó èñïîëüçîâàíèþ íåñêîëüêèõ ïðèíöè-
ïîâ äåêîìïîçèöèè.

Íà ðèñ. 2 íà ïðèìåðå êðûëà ãèïîòåòè÷åñêî-
ãî ðåãèîíàëüíîãî ñàìîë¸òà ïîêàçàíà áëîê-ñõåìà
òèïîâîé ÷åòûð¸õóðîâíåâîé äåêîìïîçèöèè êîíñò-
ðóêöèè, ïîëîæåííàÿ â îñíîâó àëãîðèòìà FLA äëÿ
êîìïëåêñíîãî àíàëèçà ïðî÷íîñòè. Äàííàÿ ñõåìà
ïîçâîëÿåò ýôôåêòèâíî ðåàëèçîâàòü åù¸ îäèí

ïðèíöèï äåêîìïîçèöèè — äåêîìïîçèöèþ çàäà÷
ïðî÷íîñòè, ñîñòîÿùóþ â òîì, ÷òî íà êàæäîì
óðîâíå ïðåäñòàâëåíèÿ (äåòàëèçàöèè) êîíñòðóê-
öèè ðåøàþòñÿ îïðåäåë¸ííûå çàäà÷è ïðî÷íîñòè.
×åòûðå òèïà ÌÊÝ-ìîäåëåé èñïîëüçóþòñÿ äëÿ ðå-
àëèçàöèè äâóõ óêàçàííûõ âûøå ïðèíöèïîâ:
ÊÝÌ 1, ÊÝÌ 2, ÊÝÌ 3, ÊÝÌ 4 (ÊÝÌ —êîíå÷-
íî-ýëåìåíòíàÿ ìîäåëü).

Ïîñðåäñòâîì ÊÝÌ1 ðåøàþòñÿ çàäà÷è ïðî÷-
íîñòè íà óðîâíå âñåãî ïëàíåðà, òàêèå, êàê îöåíêà
æ¸ñòêîñòè âñåé êîíñòðóêöèè ïëàíåðà, îïðåäåëå-

Ðèñ. 2. Áëîê-ñõåìà ÷åòûð¸õóðîâíåâîé äåêîìïîçèöèè êîíñòðóêöèè ïëàíåðà
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íèå ðàñ÷¸òíûõ ñëó÷àåâ íàãðóæåíèÿ, àýðîóïðó-
ãîñòü è ò.ä. Ïîñðåäñòâîì ÊÝÌ2 ðåøàþòñÿ çàäà-
÷è ñâÿçàííûå ñ ïîòåðåé óñòîé÷èâîñòè è çàêðèòè-
÷åñêèì ïîâåäåíèåì (post-buckling) îñíîâíûõ îò-
ñåêîâ èëè ãðóïï îòñåêîâ ïëàíåðà. Ïîñðåäñòâîì
ÊÝÌ3 ðåøàþòñÿ çàäà÷è àíàëèçà îáùåãî íàïðÿ-
æ¸ííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ) êîí-
ñòðóêöèè, à òàêæå îáùåé è ìåñòíîé óñòîé÷èâî-
ñòè ïàíåëåé ïëàíåðà. ÊÝÌ4 èñïîëüçóåòñÿ äëÿ ðå-
øåíèÿ çàäà÷ ìåñòíîãî ÍÄÑ, íàïðèìåð äëÿ àíà-
ëèçà êîíöåíòðàöèé íàïðÿæåíèé â êðèòè÷åñêèõ
çîíàõ.

Ïðåäñòàâëåííûå íà ðèñ. 2 (ñïðàâà) ïàðàìåò-
ðè÷åñêèå ÷åòûð¸õóðîâíåâûå ÌÊÝ-ìîäåëè êîíñò-
ðóêöèè ïëàíåðà ñòðîÿòñÿ ïî òèïîâîé ñõåìå íà
îñíîâå çíà÷åíèé áàçîâûõ ïàðàìåòðîâ, ñôîðìè-
ðîâàííûõ â ñïåöèàëèçèðîâàííîé áàçå äàííûõ. Ê
áàçîâûì ïàðàìåòðàì îòíîñÿòñÿ:

• êîëè÷åñòâî îòñåêîâ ïëàíåðà, êîëè÷åñòâî
ñòðóêòóðíûõ ýëåìåíòîâ (ñòåíîê, ëîíæåðîíîâ,
íåðâþð, ïàíåëåé) â êàæäîì îòñåêå, êîëè÷åñòâî
êðèòè÷åñêèõ ôðàãìåíòîâ â êàæäîì ñòðóêòóðíîì
ýëåìåíòå;

• çíà÷åíèÿ ïàðàìåòðîâ, îïðåäåëÿþùèõ ãåî-
ìåòðèþ ïëàíåðà, âêëþ÷àÿ ãåîìåòðèþ îòñåêîâ,
ñòðóêòóðíûõ ýëåìåíòîâ è êðèòè÷åñêèõ çîí â
ñòðóêòóðíûõ ýëåìåíòàõ;

• çíà÷åíèÿ ïàðàìåòðîâ, îïðåäåëÿþùèõ òèï
êîíñòðóêöèè è êîíñòðóêöèîííûé ìàòåðèàë îòñå-
êîâ, äåòàëåé è êðèòè÷åñêèõ çîí;

• çíà÷åíèÿ ïàðàìåòðîâ, îïðåäåëÿþùèõ ðàç-
ìåðíîñòü ìîäåëè è å¸ íàãðóæåíèå.

Ïðî÷íîñòíûå ïàðàìåòðè÷åñêèå ÷åòûð¸õóðîâ-
íåâûå ÌÊÝ-ìîäåëè ïëàíåðà ñòðîÿòñÿ ïî ïðèí-
öèïó âëîæåííîñòè, ò. å. âñå óçëû ìîäåëè ÊÝÌ1
ñîäåðæàòñÿ â ìîäåëè ÊÝÌ2, à âñå óçëû ìîäåëè
ÊÝÌ2 ñîäåðæàòñÿ â ìîäåëè ÊÝÌ3 è ò.ä. Ýòî
ñâîéñòâî ïîçâîëÿåò îáåñïå÷èòü êîððåêòíóþ ïå-
ðåäà÷ó èíôîðìàöèè ñ áîëåå íèçêîãî óðîâíÿ íà
áîëåå âûñîêèé, ÷òî äà¸ò âîçìîæíîñòü ðåøàòü
çàäà÷è ïðî÷íîñòè ïî ÷àñòÿì, èñïîëüçóÿ êîððåê-
òíûå ãðàíè÷íûå óñëîâèÿ, ïîëó÷åííûå ñ áîëåå
íèçêîãî óðîâíÿ.

Íàïðèìåð, íà÷èíàÿ ñ óðîâíÿ ÊÝÌ2 äëÿ îò-
äåëüíûõ îòñåêîâ /ãðóïï îòñåêîâ ìîæåò áûòü êîð-
ðåêòíî ðåø¸í ðÿä ïðî÷íîñòíûõ çàäà÷ ïðè èñ-
ïîëüçîâàíèè çíà÷åíèé óñèëèé, äåôîðìàöèé, ïå-
ðåìåùåíèé â óçëàõ, ðàñïîëîæåííûõ íà ãðàíèöàõ
îòñåêà, ïîëó÷åííûõ èç ìîäåëè ÊÝÌ1. Â ðàìêàõ
FLA ðàçìåðíîñòü ìîäåëè ÊÝÌ1 âûáèðàåòñÿ ìè-
íèìàëüíî âîçìîæíîé äëÿ îáåñïå÷åíèÿ íåîáõîäè-
ìîé òî÷íîñòè ðàñ÷¸òîâ. Ýòà ïðîöåäóðà ëåãêî ðå-
àëèçóåìà áëàãîäàðÿ òîìó, ÷òî ðàçìåðíîñòü ÷åòû-

ð¸õóðîâíåâîé ÌÊÝ-ìîäåëè òàêæå ÿâëÿåòñÿ âàðü-
èðóåìûì ïàðàìåòðîì. Â ðàìêàõ ÷åòûð¸õóðîâíå-
âîãî àëãîðèòìà íà êàæäîì óðîâíå äåòàëèçàöèè
ñîâìåñòíî ñ ÌÊÝ-ìîäåëÿìè ñòðîÿòñÿ óïðîù¸í-
íûå àíàëèòè÷åñêèå ìîäåëè, êîòîðûå îñóùåñòâ-
ëÿþò ïàðàëëåëüíûé àíàëèç ïðî÷íîñòè, æ¸ñòêî-
ñòè è ìàññû.

2. Âûáîð ðàñ÷¸òíûõ ñëó÷àåâ íàãðóæåíèÿ
êîíñòðóêöèè ðåãèîíàëüíîãî ñàìîë¸òà
â ðàìêàõ ìîäèôèöèðîâàííîãî FLA

Ñëåäóåò îòìåòèòü, ÷òî â ðàìêàõ áàçîâîé âåð-
ñèè FLA çíà÷åíèÿ ïàðàìåòðîâ âíåøíåãî àýðîäè-
íàìè÷åñêîãî íàãðóæåíèÿ ðàññìàòðèâàëèñü êàê
èñõîäíûå äàííûå è èìïîðòèðîâàëèñü èçâíå. Ïðè
àíàëèçå ïðî÷íîñòè òðàäèöèîííûõ êîíñòðóêöèé
ñ íèçêèì óðîâíåì óïðóãèõ äåôîðìàöèé íåîáõî-
äèìîñòü èìïîðòà íå ÿâëÿåòñÿ êðèòè÷åñêèì ôàê-
òîðîì ïîâûøåíèÿ òðóäî¸ìêîñòè ïðîâîäèìûõ âû-
÷èñëåíèé. Â íåêîòîðûõ ðàáîòàõ ïîêàçàíî íåñó-
ùåñòâåííîå âëèÿíèå óïðóãîñòè òðàäèöèîííûõ
êîíñòðóêöèé íà ïåðåðàñïðåäåëåíèå íàãðóçîê [17].
Îäíàêî äëÿ ðÿäà êîíñòðóêöèé óïðóãîå ïåðåðàñ-
ïðåäåëåíèå íàãðóçîê ìîæåò áûòü êðèòè÷åñêèì
[18] è ó÷èòûâàòü óïðóãîñòü íåîáõîäèìî óæå íà
íà÷àëüíûõ ýòàïàõ ïðîåêòèðîâàíèÿ [19, 20]. Â
ýòîì ñëó÷àå ïðîöåäóðà èìïîðòà íàãðóçîê ìîæåò
ñòàòü èòåðàöèîííîé è, êàê ñëåäñòâèå, òðóäîçàò-
ðàòíîé. ×òî êàñàåòñÿ íåòðàäèöèîííûõ êîíñòðóê-
öèé ñî ñëîæíûì âçàèìîäåéñòâèåì èõ ñ àýðîäè-
íàìè÷åñêèì ïîòîêîì, òî äëÿ íèõ ÷èñëî èòåðàöèé
ñòàíîâèòñÿ óæå êðèòè÷åñêèì.

Òàêàÿ æå ïðîáëåìà âîçíèêàåò ïðè ïðîåêòè-
ðîâàíèè êîíñòðóêöèé êðûëà, èìåþùåãî áîëüøèå
óïðóãèå äåôîðìàöèè, êîãäà ïîä äåéñòâèåì âíå-
øíèõ íàãðóçîê àýðîäèíàìè÷åñêèå ïîâåðõíîñòè
êðûëüåâ ñóùåñòâåííî îòëè÷àþòñÿ îò ñòàïåëüíûõ
è ïðèõîäèòñÿ ïåðåñ÷èòûâàòü ñàìó ìàòðèöó àýðî-
äèíàìè÷åñêîãî âëèÿíèÿ.

Â äàííîé ðàáîòå ïðè àíàëèçå ïðî÷íîñòíûõ è
âåñîâûõ õàðàêòåðèñòèê ñàìîë¸òà Reg15 áûë èñ-
ïîëüçîâàí ìîäèôèöèðîâàííûé âàðèàíò FLA, â
êîòîðîì â äîïîëíåíèå ê äâóì îïèñàííûì â ðàç-
äåëå 1 ïðèíöèïàì äåêîìïîçèöèè ïðèìåíÿåòñÿ
åù¸ îäèí, ñâÿçàííûé ñ ïðîöåäóðîé âûáîðà ðàñ-
÷¸òíûõ ïîë¸òíûõ ñëó÷àåâ íàãðóæåíèÿ. Äëÿ ðåà-
ëèçàöèè äàííîãî ïðèíöèïà äåêîìïîçèöèè â ìî-
äèôèöèðîâàííîé âåðñèè FLA áûë ñîçäàí è âà-
ëèäèðîâàí íîâûé àýðîäèíàìè÷åñêèé ìîäóëü, ïî-
çâîëÿþùèé îïåðàòèâíî è íàä¸æíî îñóùåñòâëÿòü
ïîèñê êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ äëÿ êðû-
ëüåâ ñ áîëüøèì âëèÿíèåì óïðóãîñòè íà àýðîäè-
íàìè÷åñêèå íàãðóçêè. Äàííûé ìîäóëü ïðîø¸ë óñ-
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ïåøíóþ âàëèäàöèþ â ðàìêàõ ðàáîòû [21] è âêëþ-
÷¸í â íîâóþ âåðñèþ FLA. Ìîäóëü ïîçâîëÿåò íà
îñíîâå ïîëíîé àâòîìàòèçàöèè ïðîöåäóðû ïîñò-
ðîåíèÿ ïàðàìåòðè÷åñêîé àýðîäèíàìè÷åñêîé ìî-
äåëè èçìåíÿòü å¸ ðàçìåðíîñòü â ðàìêàõ èòåðàöè-
îííîé ïðîöåäóðû ðàñ÷¸òà àýðîäèíàìè÷åñêèõ
íàãðóçîê. Òàêîå ñâîéñòâî äèñêðåòíîé àýðîäèíà-
ìè÷åñêîé ìîäåëè â ñî÷åòàíèè ñ àíàëîãè÷íûì
ñâîéñòâîì ïðî÷íîñòíîé ÌÊÝ-ìîäåëè ïîçâîëÿ-
åò çíà÷èòåëüíî ïîâûñèòü áûñòðîäåéñòâèå ïðîöå-
äóðû ïîèñêà ðàñ÷¸òíûõ ñëó÷àåâ íàãðóæåíèÿ ïðè
áîëüøîì êîëè÷åñòâå àëüòåðíàòèâíûõ ñëó÷àåâ íà-
ãðóæåíèÿ.

Ñïîñîáíîñòü îáåèõ ìîäåëåé àâòîìàòè÷åñêè
èçìåíÿòü ðàçìåðíîñòü â ðàìêàõ ïðîöåäóðû ïîèñ-
êà êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ ïîçâîëÿåò
îáåñïå÷èòü ðàçäåëåíèå äîïóñòèìûõ ïîë¸òíûõ
ñëó÷àåâ íàãðóæåíèÿ íà ãðóïïû ïî ñòåïåíè èõ
êðèòè÷íîñòè è äàåò âîçìîæíîñòü ðåàëèçîâàòü
ìíîãîýòàïíóþ ïðîöåäóðó ïîèñêà, êîãäà íà ïåð-
âîì ýòàïå äëÿ àíàëèçà âñåõ àëüòåðíàòèâíûõ ñëó-
÷àåâ íàãðóæåíèÿ èñïîëüçóþòñÿ ïðî÷íîñòíûå è
àýðîäèíàìè÷åñêèå ìîäåëè ñ íèçêîé ðàçìåðíîñ-
òüþ, òîãäà êàê íà ïîñëåäóþùèõ ýòàïàõ äëÿ àíà-
ëèçà âûáðàííûõ íà ïåðâîì ýòàïå êðèòè÷åñêèõ
ñëó÷àåâ íàãðóæåíèÿ èñïîëüçóþòñÿ ìîäåëè ñ óâå-
ëè÷åííîé ðàçìåðíîñòüþ.

Òàêîé àëãîðèòì ïîçâîëÿåò äëÿ êàæäîãî àëü-
òåðíàòèâíîãî âàðèàíòà êîíñòðóêöèè (ïðè îäíî-
âðåìåííîì âàðüèðîâàíèè êîìïîíîâî÷íîé è êîí-
ñòðóêòèâíî-ñèëîâûõ ñõåì) äîñòàòî÷íî îïåðàòèâ-
íî ïðîâîäèòü àíàëèç âñåé îáëàñòè äîïóñòèìûõ
ðåæèìîâ ïîë¸òà.

Îáû÷íî ïðè àíàëèçå ïðî÷íîñòè êîíñòðóêöèé
íà íà÷àëüíûõ ýòàïàõ ïðîåêòèðîâàíèÿ àíàëèçèðó-
åòñÿ îãðàíè÷åííîå êîëè÷åñòâî ñëó÷àåâ íàãðóæå-
íèÿ ïðè âûáîðå ðàñ÷¸òíûõ [22, 23].

Â äàííîé ðàáîòå äëÿ ïîèñêà ðàñ÷¸òíûõ ñëó-
÷àåâ íàãðóæåíèÿ èñïîëüçîâàëàñü ïðîñòåéøàÿ
äâóõèòåðàöèîííàÿ ïðîöåäóðà, â ðàìêàõ îïèñàí-
íîãî âûøå ïðèíöèïà äåêîìïîçèöèè. Áëîê-ñõå-
ìà äàííîé ïðîöåäóðû ïðèâåäåíà íà ðèñ. 3. Íà
ïåðâîì øàãå îïðåäåëÿåòñÿ îáëàñòü äîïóñòèìûõ
ðåæèìîâ ïîë¸òà (ÎÄÐÏ). Ïîñòðîåíèå îáëàñòè äî-
ïóñòèìûõ ðåæèìîâ ïîë¸òîâ ïðîèçâîäèòñÿ â àâ-
òîìàòèçèðîâàííîì ðåæèìå íà îñíîâå ë¸òíî-òåõ-
íè÷åñêèõ õàðàêòåðèñòèê ñàìîë¸òà. Íà äàííîì
øàãå òàêæå îïðåäåëÿåòñÿ êîëè÷åñòâî àëüòåðíà-
òèâíûõ ñëó÷àåâ íàãðóæåíèÿ, êîòîðîå ïðîïîðöè-
îíàëüíî äèñêðåòíîñòè ÎÄÐÏ è õàðàêòåðèçóåòñÿ

ïàðàìåòðàìè ,  ,  M H GΔ Δ Δ :

max min( ) / ;M M M NΔ = -              (1)

max min( ) / ;H H H MΔ = -              (2)

max min( ) / ,G G G LΔ = -                (3)

ãäå N, M, L — ÷èñëåííûå ïàðàìåòðû, îïðåäåëÿ-
þùèå êîëè÷åñòâî äèñêðåòíûõ îáëàñòåé â ÎÄÐÏ.

Â êàæäîé äèñêðåòíîé îáëàñòè ðàñc÷èòûâàþòñÿ
àýðîäèíàìè÷åñêèå íàãðóçêè ïðè ñèììåòðè÷íûõ
ìàí¸âðàõ ñàìîë¸òà ñ ìàêñèìàëüíîé è ìèíèìàëü-
íîé ïåðåãðóçêîé, à òàêæå ïðè ïîðûâàõ íåñïîêîé-
íîãî âîçäóõà. Â íàñòîÿùåé ðàáîòå ðàññìàòðèâà-
ëèñü òîëüêî ñèììåòðè÷íûå ñëó÷àè íàãðóæåíèÿ.
Íà âòîðîì øàãå ïðîöåäóðû îïðåäåëÿþòñÿ ðàöè-
îíàëüíûå çíà÷åíèÿ ðàçìåðíîñòè äëÿ ïàðàìåòðè-
÷åñêèõ ïðî÷íîñòíûõ ÌÊÝ è àýðîäèíàìè÷åñêèõ
äèñêðåòíûõ ìîäåëåé. Íà ýòîì øàãå â õîäå èòå-
ðàöèîííîé ïðîöåäóðû, ïîñðåäñòâîì ñâÿçêè èç
ïðî÷íîñòíîé ÌÊÝ- è äèñêðåòíîé àýðîäèíàìè-
÷åñêîé ìîäåëè, ïðîèçâîäèòñÿ îöåíêà êðèòè÷íî-
ñòè âñåõ àëüòåðíàòèâíûõ ñëó÷àåâ íàãðóæåíèÿ,
ñôîðìèðîâàííûõ íà øàãå 1, è îïðåäåëÿþòñÿ íàè-
áîëåå êðèòè÷íûå èç íèõ. Ñòåïåíü êðèòè÷íîñòè
ñëó÷àåâ íàãðóæåíèÿ îïðåäåëÿåòñÿ ïî êðèòåðèþ
ìèíèìóìà çàïàñîâ ïðî÷íîñòè è óñòîé÷èâîñòè îñ-
íîâíûõ êîíñòðóêòèâíûõ ýëåìåíòîâ ïëàíåðà. Íà
òðåòüåì øàãå ïðîöåäóðû â ïðîñòðàíñòâå ÎÄÐÏ
ôîðìèðóþòñÿ êðèòè÷åñêèå çîíû, êîòîðûå íåîá-
õîäèìî èññëåäîâàòü íà áîëåå äåòàëüíîì óðîâíå.
Äëÿ êàæäîé èç êðèòè÷åñêèõ çîí îïðåäåëÿþòñÿ ïà-
ðàìåòðû äèñêðåòèçàöèè: Ni, Mi, Li, ãäå i — íîìåð
êðèòè÷åñêîé çîíû ÎÄÐÏ, è êîëè÷åñòâî àëüòåð-
íàòèâíûõ êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ. Íà
÷åòâ¸ðòîì øàãå îïðåäåëÿþòñÿ ðàçìåðíîñòè óòî÷-
í¸ííûõ ðàñ÷¸òíûõ ìîäåëåé è ðàñ÷¸òíûå ñëó÷àè
íàãðóæåíèÿ èç ÷èñëà àëüòåðíàòèâíûõ êðèòè÷åñ-
êèõ ñëó÷àåâ íàãðóæåíèÿ. Íà çàêëþ÷èòåëüíîì
øàãå ïðîöåäóðû ôîðìèðóåòñÿ òàáëèöà ðàñ÷¸òíûõ
ñëó÷àåâ íàãðóæåíèÿ.

3. Ðåçóëüòàòû ïàðàìåòðè÷åñêèõ ðàñ÷¸òîâ
êîíñòðóêöèè êðûëà ðåãèîíàëüíîãî ñàìîë¸òà

Îñíîâíûå ëåòíî-òåõíè÷åñêèå õàðàêòåðèñòè-
êè (ËÒÕ) áàçîâîãî âàðèàíòà ñàìîë¸òà Reg15 ïå-
ðå÷èñëåíû â òàáë. 1. Â ðàìêàõ ïàðàìåòðè÷åñêèõ
èññëåäîâàíèé áûë ðàññìîòðåí ðÿä àëüòåðíàòèâ-
íûõ âàðèàíòîâ êîìïîíîâêè ýòîãî ñàìîë¸òà, îò-
ëè÷àþùèõñÿ îò áàçîâîãî óäëèíåíèåì êðûëà,
ñòðîèòåëüíîé âûñîòîé êðûëà, êðóòêîé êðûëà, à
òàêæå íàëè÷èåì è êîíôèãóðàöèåé ïîäêîñà êðû-
ëà. Ïëîùàäü êðûëà â ðàìêàõ ïàðàìåòðè÷åñêèõ èñ-
ñëåäîâàíèé îñòàâàëàñü êîíñòàíòíîé.

Ñõåìà òåõíîëîãè÷åñêîãî äåëåíèÿ êîíñòðóê-
öèè ïëàíåðà áàçîâîé êîìïîíîâî÷íîé ñõåìû ñà-
ìîë¸òà Reg15, êîòîðàÿ ñòàëà îñíîâîé äëÿ ìîäå-
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ëè ÊÝÌ2, ïðèâåäåíà íà ðèñ. 4,à, ãäå ïîêàçàíû
ñõåìû äåòàëèçàöèè íà óðîâíå 2 (óðîâåíü îòñåêîâ).
Àíàëîãè÷íî íà ðèñ. 4,á ïîêàçàíà ñõåìà äåòàëè-
çàöèè íà óðîâíå 3 (äåòàëåé). Ìîäåëè ÷åòâ¸ðòîãî
óðîâíÿ â äàííîé ðàáîòå íå ôîðìèðîâàëèñü

Òèïîâàÿ ñõåìà ïàðàìåòðèçàöèè ïàíåëåé îò-
ñåêà êåññîíà êðûëà â ðàìêàõ ìíîãîóðîâíåâîãî
ïîäõîäà ïðèâåäåíà íà ðèñ. 5. Íà îñíîâå äàííîé
ñõåìû ïàðàìåòðèçàöèè ïàíåëåé ôîðìèðóþòñÿ
ïðî÷íîñòíûå ìîäåëè êðûëà âòîðîãî è òðåòüåãî
óðîâíåé.

Ïðè àíàëèçå êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ
áàçîâîãî âàðèàíòà ñàìîë¸òà Reg15 ïðîñòðàíñòâî
{H-M-G}, áûëî ðàçáèòî íà 226 îáëàñòåé. Çíà÷å-

íèÿ {H-M-G} â öåíòðå êàæäîé îáëàñòè ñîîòâåò-
ñòâîâàëè ïàðàìåòðàì àëüòåðíàòèâíîãî îáîáù¸í-
íîãî ñëó÷àÿ íàãðóæåíèÿ. Îáîáù¸ííûé ñëó÷àé
íàãðóæåíèÿ ñîñòîÿë èç òðåõ ñëó÷àåâ íàãðóæåíèÿ
(ïîë¸ò ñ ìàêñèìàëüíîé è ìèíèìàëüíîé ìàíåâ-
ðåííîé ïåðåãðóçêîé, ïîðûâ). Òàêèì îáðàçîì,
àíàëèç àýðîäèíàìè÷åñêèõ íàãðóçîê ïðîâîäèëñÿ
äëÿ 1130 àëüòåðíàòèâíûõ ñëó÷àåâ íàãðóæåíèÿ.
Ìèíèìàëüíûå çíà÷åíèÿ ïàðàìåòðîâ ðàçìåðíîñ-
òåé ïðî÷íîñòíîé è àýðîäèíàìè÷åñêîé ìîäåëåé
îïðåäåëÿëèñü òðåáóåìîé ïîãðåøíîñòüþ ïðîâîäè-
ìûõ âû÷èñëåíèé, âåëè÷èíà êîòîðîé íå ïðåâûøà-
ëà 10%. Êîëè÷åñòâî óçëîâ ÌÊÝ-ìîäåëè ñîñòàâè-
ëî 15190 äëÿ ïðî÷íîñòíîé è 2140 äëÿ àýðîäèíà-

Ðèñ. 3. Áëîê-ñõåìà ïðîöåäóðû ïîèñêà êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ
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ìè÷åñêîé ìîäåëè. Íà ðèñ. 6 â êà÷åñòâå ïðèìåðà
ïðèâåäåíû ðåçóëüòàòû ïîèñêà êðèòè÷åñêèõ ñëó-
÷àåâ íàãðóæåíèÿ äëÿ áàçîâîé êîìïîíîâî÷íîé
ñõåìû ñàìîë¸òà Reg15.

Îñíîâíûå ïàðàìåòðû ïîëó÷åííûõ êðèòè÷åñ-
êèõ ñëó÷àåâ íàãðóæåíèÿ äëÿ ãèïîòåòè÷åñêîãî
ðåãèîíàëüíîãî ñàìîë¸òà ïðåäñòàâëåíû â òàáë. 2.

Â ðàìêàõ ïàðàìåòðè÷åñêèõ èññëåäîâàíèé
ïðî÷íîñòè êàæäûé àëüòåðíàòèâíûé âàðèàíò êîí-
ñòðóêöèè ïëàíåðà ðàññìàòðèâàëñÿ ñ ïîìîùüþ
îäíîé è òîé æå àâòîìàòèçèðîâàííîé ïðîöåäóðû
ðàñ÷åòà. Ïðîöåäóðà âêëþ÷àëà ïîèñê êðèòè÷åñêèõ
ñëó÷àåâ íàãðóæåíèÿ, ðàñ÷åò àýðîäèíàìè÷åñêèõ è
èíåðöèîííûõ íàãðóçîê, ïðîåêòèðîâî÷íûé ðàñ÷¸ò
êîíñòðóêöèè ñ ïðåäâàðèòåëüíîé îöåíêîé ìàññû.
Êàæäûé âàðèàíò êîíñòðóêöèè áûë îïòèìèçèðî-
âàí ñ ó÷¸òîì ðÿäà îãðàíè÷åíèé, òàêèõ êàê çàïàñ
ïî íàïðÿæåíèÿì/äåôîðìàöèÿì, çàïàñû ïî îáùåé
è ìåñòíîé óñòîé÷èâîñòè, îãðàíè÷åíèÿ ïî ïåðå-
ìåùåíèÿì. Â ðàìêàõ ïàðàìåòðè÷åñêèõ èññëåäî-
âàíèé ïðî÷íîñòè Reg15 â êà÷åñòâå êîíñòðóêöè-
îííîãî ìàòåðèàëà áûëè ïðèíÿòû òèïîâûå àëþ-
ìèíèåâûå ñïëàâû, èñïîëüçóåìûå â êîíñòðóêöè-
ÿõ ñîâðåìåííûõ ãðàæäàíñêèõ ñàìîë¸òîâ, ïðè
ýòîì äëÿ ðàçëè÷íûõ êîíñòðóêòèâíûõ ýëåìåíòîâ
ïðèíÿòû ðàçëè÷íûå ïðî÷íîñòíûå îãðàíè÷åíèÿ.

Ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ âûïîëíåíû ñ
âàðèàöèåé óäëèíåíèÿ êðûëà ãèïîòåòè÷åñêîãî
ñàìîë¸òà ìåñòíûõ âîçäóøíûõ ëèíèé (ÌÂË) â äè-

àïàçîíå çíà÷åíèé îò minλ = 8 äî maxλ = 16, ïðè

Òàáëèöà 1

Îñíîâíûå ËÒÕ áàçîâîé êîíôèãóðàöèè ËÀ

Ðèñ. 4. Îñíîâíûå îòñåêè (à) è îñíîâíûå ïàíåëè (äåòàëè) (á) áàçîâîé êîíôèãóðàöèè ËÀ

Òàáëèöà 2

Ðàñ÷¸òíûå ñëó÷àè íàãðóæåíèÿ êîíñòðóêöèè ïëàíåðà
áàçîâîãî âàðèàíòà Reg15

Õàðàêòåðèñòèêà Çíà÷åíèå 

Ïîòîëîê, ì 10250 

Ìàêñèìàëüíàÿ ïðèáîðíàÿ ñêîðîñòü, 
êì/÷ 

500 

Ìàêñèìàëüíîå ÷èñëî Ìàõà 0.445 

Ìàêñèìàëüíûé ñêîðîñòíîé íàïîð, 
êãc/ì2 

1120 

Âûñîòà íà÷àëà êðåéñåðñêîãî ïîëåòà, ì 7200 

Êðåéñåðñêàÿ ñêîðîñòü, êì/÷ 400 

Êðåéñåðñêîå ÷èñëî Ìàõà 0.36 

Ìàêñèìàëüíàÿ âçëåòíàÿ ìàññà, êã 15000 

Ìàêñèìàëüíàÿ ïîñàäî÷íàÿ ìàññà, êã 13775 

Ìàññà ïîëåçíîé íàãðóçêè, êã 2750 

Ìàññà òîïëèâà (ïðè ìàêñèìàëüíîé 
íàãðóçêå), êã 

2750 

Ìèíèìàëüíàÿ ïîëåòíàÿ ìàññà, êã 12025 

Ïðåäåëüíî-ïåðåäíÿÿ öåíòðîâêà,  
% ÑÀÕ 

7.93 

Ïðåäåëüíî-çàäíÿÿ öåíòðîâêà, % ÑÀÕ 8.155 

Ðàçìàõ êðûëà, ì 26.1 

Ïëîùàäü êðûëà, ì2 58 

Äëèíà ôþçåëÿæà, ì 19.9 

¹  
òî÷êè 

×èñëî  
Ìàõà 

Âûñîòà  
ïîë¸òà, ì 

Ïîë¸òíàÿ  
ìàññà, êã 

14 0.445 2277.78 12025 

226 0.445 10250 14500 

47 0.445 10250 12025 

4 0.39338 0 12025 

196 0.445 2277.78 14500 

219 0.445 7972.22 14500 
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Ðèñ. 5. Ïàðàìåòðû òèïîâûõ ïàíåëåé ïëàíåðà

Ðèñ. 6. Ðàñïðåäåëåíèå ðàñ÷¸òíûõ ñëó÷àåâ â äèàïàçîíå äîïóñòèìûõ ðåæèìîâ ïîë¸òà Reg15
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ýòîì äðóãèå ãåîìåòðè÷åñêèå ïàðàìåòðû êîìïî-
íîâî÷íîé ñõåìû, à òàêæå ë¸òíî-òåõíè÷åñêèå õà-
ðàêòåðèñòèêè îñòàâàëèñü íåèçìåííûìè (ðèñ. 7).
Â ðàìêàõ âàðèàöèè óäëèíåíèÿ êðûëà ïëîùàäü
êðûëà îñòàâàëàñü íåèçìåííîé (ïðîïîðöèîíàëü-
íî ðàçìàõó êðûëà óìåíüøàëèñü õîðäû è ñòðîè-
òåëüíûå âûñîòû êðûëà).

Â ðàìêàõ âàðèàöèè óäëèíåíèÿ êðûëà òàêæå
áûëè ðàññìîòðåíû íåòðàäèöèîííûå ÊÑÑ êðûëà
ñ ïîäêîñîì (óçåë êðåïëåíèÿ ïîäêîñà ê êðûëó
ðàñïîëîæåí íà 55% îò ïîëóðàçìàõà). Íà ãðàôè-
êàõ ïðèâåäåíà çàâèñèìîñòü ìàññû êîíñòðóêöèè
ïëàíåðà, îïòèìèçèðîâàííîé ïî ïðî÷íîñòè, îò óä-
ëèíåíèÿ äëÿ äâóõ âàðèàíòîâ ÊÑÑ êðûëà (ðèñ. 8).

Êàê âèäíî èç ãðàôèêîâ, èñïîëüçîâàíèå ïîä-
êîñà êðûëà ïîçâîëÿåò ñóùåñòâåííî ïîâûñèòü
âåñîâóþ ýôôåêòèâíîñòü êîíñòðóêöèè êðûëà
áîëüøîãî óäëèíåíèÿ. Àíàëîãè÷íûå ðåçóëüòàòû
áûëè ïîëó÷åíû â ðàáîòàõ [22, 23] äëÿ äðóãîãî
êëàññà ñàìîë¸òîâ (ñðåäíåìàãèñòðàëüíûé ïàññà-
æèðñêèé ñàìîë¸ò).

Â ðàìêàõ âàëèäàöèè ìåòîäèêè òàêæå âàðüè-
ðîâàëàñü îòíîñèòåëüíàÿ òîëùèíà ïðîôèëÿ êðû-
ëà áàçîâîé êîíôèãóðàöèè ñàìîë¸òà ÌÂË (ðèñ. 9).
Ñòðîèòåëüíàÿ âûñîòà êðûëà âàðüèðîâàëàñü â äè-
àïàçîíå îò 70 äî 140% ñòðîèòåëüíîé âûñîòû áà-
çîâîé êîíôèãóðàöèè.

Ðèñ. 7. Íàãðóçî÷íûå è ïðî÷íîñòíûå ìîäåëè Reg15 äëÿ ðàçëè÷íûõ çíà÷åíèé ïàðàìåòðà λ

Ðèñ. 8. Çàâèñèìîñòü ìàññû ÊÝÌ îò óäëèíåíèÿ êðûëà Reg15
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Íà ðèñ. 10,à ïðåäñòàâëåíà çàâèñèìîñòü èçãè-
áàþùåãî ìîìåíòà îò ðàçìàõà êðûëà äëÿ íàèáî-
ëåå êðèòè÷íûõ ñëó÷àåâ íàãðóæåíèÿ. Êàê âèäíî èç
ãðàôèêà, âëèÿíèå æ¸ñòêîñòè êîíñòðóêöèè íà óðî-
âåíü íàãðóæåíèÿ íåñóùåñòâåííî. Ìàññà êîíñò-
ðóêöèè ïëàíåðà (ðèñ. 10,á) ñàìîë¸òà ÌÂË ñíè-
æàåòñÿ ñ óâåëè÷åíèåì ñòðîèòåëüíîé âûñîòû êðû-
ëà.

Â ðàáîòå òàêæå ïðîâåäåíû èññëåäîâàíèÿ çà-
âèñèìîñòè èçãèáàþùåãî ìîìåíòà è ìàññû îò çíà-
÷åíèÿ ñòàïåëüíîé êðóòêè êîíöåâîãî ñå÷åíèÿ

êðûëà â äèàïàçîíå îò lα = -5°äî lα = 5°, ïðè ýòîì

ñòàïåëüíàÿ êðóòêà êîðíåâîãî ñå÷åíèÿ êðûëà íå
âàðüèðîâàëàñü. Íà ðèñ. 11,à ïðåäñòàâëåíà çàâè-
ñèìîñòü èçãèáàþùåãî ìîìåíòà äëÿ âàðèàíòîâ ñ
ðàçëè÷íîé êîíöåâîé ñòàïåëüíîé êðóòêè. Íà
ðèñ. 11,á ïðåäñòàâëåíà çàâèñèìîñòü ìàññû ÌÊÝ

ìîäåëè ïëàíåðà îò çíà÷åíèÿ ñòàïåëüíîé êðóòêè
êîíöåâîãî ñå÷åíèÿ.

Çàâèñèìîñòü îòíîøåíèÿ ìàññû êðûëà ñ ïîä-
êîñîì ê ìàññå êðûëà áåç ïîäêîñà (êàæäîãî âàðè-

àíòà) îò ïàðàìåòðà ïêZ  (îòíîñèòåëüíîé êîîðäè-

íàòû óçëà ñòûêà êðûëà ñ ïîäêîñîì) ïðåäñòàâëå-
íû íà ðèñ. 12.

Èç ãðàôèêà íà ðèñ. 12 âèäíî, ÷òî íàèáîëåå ðà-
öèîíàëüíûå ïî ìàññå çíà÷åíèÿ ïàðàìåòðà ïêZ
ñîñòàâëÿþò 50—65% îò ïîëóðàçìàõà êðûëà.

Ðàñ÷¸òíûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ðîëü
ïîäêîñà â ñíèæåíèè ìàññû êðûëà ðàñò¸ò ñ ðîñ-
òîì óäëèíåíèÿ. Äëÿ áàçîâîãî âàðèàíòà êðûëà ñ

0λ = 11.7 ñíèæåíèå ìàññû êðûëà ñîñòàâëÿåò

12,3%, òîãäà êàê äëÿ àëüòåðíàòèâíûõ âàðèàíòîâ

ñ áîëüøèì óäëèíåíèåì 1λ = 15, 2λ = 20 ñíèæåíèå

Ðèñ. 9. Âàðèàöèÿ îòíîñèòåëüíîé òîëùèíû ïðîôèëåé êðûëà ñàìîë¸òà ÌÂË

Ðèñ. 10. Çàâèñèìîñòü çíà÷åíèé èçãèáàþùèõ ìîìåíòîâ ïî ðàçìàõó êðûëà äëÿ êðèòè÷åñêèõ ñëó÷àåâ íàãðóæåíèÿ (à);
ìàññà ÌÊÝ ìîäåëè ïëàíåðà äëÿ ðàçëè÷íûõ âàðèàíòîâ âíåøíåé ãåîìåòðèè (á)
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ìàññû êðûëà ñîîòâåòñòâåííî ñòàíîâèòñÿ ðàâíûì
31  è 37%, â òî âðåìÿ êàê ìàññà ïîäêîñíûõ è
áåñïîäêîñíûõ âàðèàíòîâ ðàñò¸ò ñ óâåëè÷åíèåì
óäëèíåíèÿ.

Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ îòíîñèòåëüíîé
ìàññû êðûëà ñ ïîäêîñîì è áåç ïîäêîñà äëÿ òð¸õ
âàðèàíòîâ óäëèíåíèÿ êðûëà. Ìàññû âñåõ øåñòè
àëüòåðíàòèâíûõ âàðèàíòîâ ïðèâåäåíû ê ìàññå áà-

çîâîãî âàðèàíòà ñ óäëèíåíèåì λ = 11.7 áåç ïîä-
êîñà.

Âûâîäû

Ïðåäñòàâëåí ìîäèôèöèðîâàííûé âàðèàíò
÷åòûð¸õóðîâíåâîãî àëãîðèòìà êîìïëåêñíîãî àíà-
ëèçà ïðî÷íîñòè êîíñòðóêöèé ãðàæäàíñêèõ ñàìî-
ë¸òîâ, àäàïòèðîâàííûé äëÿ ïðîâåäåíèÿ àâòîìà-
òèçèðîâàííîé âàðèàöèè ïàðàìåòðîâ âíåøíåé
ãåîìåòðèè. Äëÿ ðåàëèçàöèè FLA ðàçðàáîòàí íî-
âûé ìîäóëü ïîñòðîåíèÿ ïàðàìåòðè÷åñêèõ àýðî-
äèíàìè÷åñêèõ íàãðóçî÷íûõ ìîäåëåé, êîòîðûé
ïîçâîëÿåò êîððåêòíî ðåøèòü äàííóþ çàäà÷ó ñ
ìèíèìàëüíûìè âðåìåííûìè çàòðàòàìè â ðàìêàõ
ïðîåêòèðîâàíèÿ êîíñòðóêöèè ïëàíåðà ñ íåóñòà-
íîâèâøèìèñÿ çíà÷åíèÿìè ïàðàìåòðîâ âíåøíåé
ãåîìåòðèè.

Ñíèæåíèå òðóäî¸ìêîñòè âû÷èñëèòåëüíûõ
ïðîöåäóð àíàëèçà ïðî÷íîñòíûõ è âåñîâûõ õàðàê-
òåðèñòèê Reg15 íå ìåíåå ÷åì â 10 ðàç áûëî îáåñ-
ïå÷åíî çà ñ÷¸ò îäíîâðåìåííîãî èñïîëüçîâàíèÿ
òð¸õ ïðèíöèïîâ äåêîìïîçèöèè: äåêîìïîçèöèÿ
êîíñòðóêöèè; äåêîìïîçèöèÿ çàäà÷ ïðî÷íîñòè; äå-
êîìïîçèöèÿ ïîë¸òíûõ ñëó÷àåâ íàãðóæåíèÿ.

Ðèñ. 11. Èçãèáàþùèå ìîìåíòû è ìàññû êðûëà ñàìîë¸òà ÌÂË

Ðèñ. 12. Çàâèñèìîñòü îòíîñèòåëüíîé ìàññû êðûëà ñ ïîäêîñîì îò òî÷êè êðåïëåíèÿ ïêZ

Òàáëèöà 3

Îòíîñèòåëüíûå çíà÷åíèÿ ìàññû êðûëà
ñ ïîäêîñîì è áåç ïîäêîñà

Âàðèàíò  Óäëèíåíèå 
m/m0  

áåç ïîäêîñà, % 
m/m0  

ñ ïîäêîñîì, % 

Áàçîâûé 11.7 100 87,7 

1 15 134 93,3 

2 20 183 116,5 
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Â ðàáîòå ïîëó÷åíû çàâèñèìîñòè ìàññû êîí-
ñòðóêöèè êðûëà îò óäëèíåíèÿ, à òàêæå êîîðäè-
íàòû òî÷êè êðåïëåíèÿ ïîäêîñà ê êðûëó (ñîñòà-
âèâøèå 50—65% îò ïîëóðàçìàõà êðûëà, â çàâè-
ñèìîñòè îò óäëèíåíèÿ). Äëÿ ðàññìàòðèâàåìîãî
ãèïîòåòè÷åñêîãî ðåãèîíàëüíîãî ñàìîë¸òà ïîä-
òâåðæäåíà ëó÷øàÿ âåñîâàÿ ýôôåêòèâíîñòü êîí-
ñòðóêöèè êðûëà íà îñíîâå ÊÑÑ ñ ïîäêîñîì ïî
ñðàâíåíèþ ñ áåñïîäêîñíîé ÊÑÑ. Äëÿ âàðèàíòà

êðûëà ñ 0λ = 11.7 ñíèæåíèå ìàññû êðûëà ñîñòà-

âèëî 12,3%, òîãäà êàê äëÿ àëüòåðíàòèâíûõ âàðè-

àíòîâ ñ áîëüøèì óäëèíåíèåì 1λ = 15, 2λ = 20

ñíèæåíèå ìàññû êðûëà ñîñòàâèëî ñîîòâåòñòâåííî
31 è 37%.

Ðåçóëüòàòû ïðîâåä¸ííûõ ïàðàìåòðè÷åñêèõ
èññëåäîâàíèé ïîäòâåðäèëè ýôôåêòèâíîñòü èñ-
ïîëüçîâàíèÿ ìîäèôèöèðîâàííîãî ÷åòûð¸õóðîâ-
íåâîãî àëãîðèòìà äëÿ ðåøåíèÿ ïðîåêòèðîâî÷íûõ
çàäà÷ ïðî÷íîñòè:

— ñàìîë¸òîâ ñ íåòðàäèöèîííûìè êîìïîíî-
âî÷íûìè ñõåìàìè;

— ñàìîë¸òîâ ìàëîé àâèàöèè, äëÿ êîòîðûõ
çíà÷èòåëüíî âëèÿíèå ó÷åòà óïðóãèõ äåôîðìàöèé
ïðè îïðåäåëåíèè âíåøíèõ àýðîäèíàìè÷åñêèõ
íàãðóçîê.

Ñïèñîê èñòî÷íèêîâ

1. Elham A., La Rocca G., van Tooren M.J.L.
Development and implementation of an advanced,
design-sensitive method for wing weight estimation
// Aerospace Science and Technology. 2013. Vol. 29.
No. 1, pp. 100-113. DOI: 10.1016/j.ast.2013.01.012,
2013

2. Schuhmacher G., Murra I., Wang L. et al.
Multidisciplinary Design Optimization of a Regional
Aircraft Wing Box // 9th AIAA/ISSMO Symposium
on Multidisciplinary Analysis and Optimization
(04—06 September 2002; Atlanta, Georgia). DOI:
10.2514/6.2002-5406

3. Werner-Westphal C., Heinze W., Horst P. Structural
sizing for an unconventional, environment-friendly
aircraft configuration within integrated conceptual
design // Aerospace Science and Technology. 2008.
Vol. 12. No. 2, pp. 184–194. DOI: 10.1016/
j.ast.2007.05.006

4. Cavagna L., Ricci S., Travaglini L. NeoCASS: An
integrated tool for structural sizing, aeroelastic analysis
and MDO at conceptual design level // Progress in
Aerospace Sciences. 2011. Vol. 47. No. 8, pp. 621–635.
DOI: 10.1016/j.paerosci.2011.08.006

5. Êîâàëåâñêèé À.Ê., Ëèïèí Å.Ê. Ïðèìåíåíèå àâòîìà-
òèçèðîâàííîãî ïàðàìåòðè÷åñêîãî àíàëèçà äëÿ
âûáîðà ðàöèîíàëüíûõ êîíñòðóêòèâíî-ñèëîâûõ
ñõåì êðûëà // Ó÷åíûå çàïèñêè ÖÀÃÈ. 1989. Ò. 20.
¹ 3. Ñ. 91-100.

6. Êóäðÿøîâ À.Á., Ëèïèí Å.Ê., Øàíûãèí À.Í., Øåâ÷åí-
êî Þ.À. Ïðèìåíåíèå ñèñòåìû ÌÀÐÑ â ïðîåêòè-
ðîâî÷íûõ ðàñ÷åòàõ àâèàöèîííûõ êîíñòðóêöèé //
Ó÷åíûå çàïèñêè ÖÀÃÈ. 1988. Ò. 19. ¹ 4. Ñ. 71-80.

7. Rî�hl P.J., Mavris D.N., Schrage D.P. A Multilevel
Decomposition Procedure for the Preliminary Wing
Design of High-Speed Civil Transport Aircraft // 1st
Industry/Acedemy Symposium on High Speed Civil
Transport Vehicles (4-6 December 1994; Greensboro,
NC). URI: http://hdl.handle.net/1853/6370

8. La Rocca G., van Tooren M.J.L. Knowledge-Based
Engineering Approach to Support Aircraft
Multidisciplinary Design and Optimization // Journal
of Aircraft. 2009. Vol. 46. No. 6, pp. 1875-1885. DOI:
10.2514/1.39028

9. Dorbath F. A Flexible Wing Modeling and Physical
Mass Estimation System for Early Aircraft Design
Stages // Mu �llheim (Baden). 2014. DOI: 10.15480/
882.1159

10. Dorbath F., Gaida U. Large Civil Jet Transport
(MTOM > 40t) — Statistical Mass Estimation //
Luftfahrttechnisches Handbuch, 2011. URL: https:/
/elib.dlr.de/81599/

11. Shanygin A., Fomin V., Zamula G. Multilevel approach
for strength and weight analyses of composite airframe
structures // 27th International Congress of the
Aeronautical Sciences – ICAS’2010 (19-24 September
2010; Nice, France). URL: http://www.icas.org/
icas_archive/icas2010/papers/380.pdf

12. Dubovikov E.A. Novel approach and algorithm for
searching rational nonconventional airframe concepts
of new generation aircrafts // 28th International
Congress of the Aeronautical Sciences - ICAS’2012
(23–28 September 2012; Brisbane, Australia). URL:
https://www.icas.org/icas_archive/icas2012/papers/
445.pdf

13. Final Report Summary - ALASCA (Advanced Lattice
Structures for Composite Airframes). URL: http://
cordis.europa.eu/result/rcn/149775_en.html

14. Final Report Summary - POLARBEAR (Production
and Analysis Evolution For Lattice Related Barrel
Elements Under Operations With Advanced
Robustness). URL: https://cordis.europa.eu/result/
rcn/197045/en

15. Áåçóåâñêèé À.Â., Èøìóðàòîâ Ô.Ç. Âëèÿíèå êâàçè-
ñòàòè÷åñêèõ äåôîðìàöèé íà õàðàêòåðèñòèêè àýðî-
óïðóãîñòè ñàìîëåòà ñ êðûëîì áîëüøîãî óäëèíåíèÿ
// Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòó-
òà. 2017. Ò. 24. ¹ 4. Ñ. 14-25.

16. ×óáàíü Â.Ä., Ñíèñàðåíêî Ò.Â., ×óáàíü À.Â. IMAD.
Èíòåðàêòèâíîå ìíîãîäèñöèïëèíàðíîå ïðîåêòèðî-
âàíèå ëåòàòåëüíûõ àïïàðàòîâ. Ñâèäåòåëüñòâî î
ãîñóäàðñòâåííîé ðåãèñòðàöèè ïðîãðàììû äëÿ ÝÂÌ
RU2020662368. Áþë. ¹10, 13.10.2020.

17. Áàðàíîâñêè Ñ.Â., Ìèõàéëîâñêèé Ê.Â. Âëèÿíèå ó÷åòà
äåôîðìàöèè êðûëà ïðè îïðåäåëåíèè àýðîäèíàìè-
÷åñêèõ íàãðóçîê íà íà÷àëüíûõ ýòàïàõ ïðîåêòèðî-
âàíèÿ // Âåñòíèê Ðîññèéñêîãî óíèâåðñèòåòà äðóæ-
áû íàðîäîâ. Ñåðèÿ: Èíæåíåðíûå èññëåäîâàíèÿ.



75Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 2 Aerospace MAI Journal, vol. 29, no. 2

Ä.Â. Âåäåðíèêîâ, À.Í. Øàíûãèí D.V. Vedernikov, A.N. Shanygin

2020. Ò. 21. ¹ 3. Ñ. 166-174. DOI: 10.22363/2312-
8143-2020-21-3-166-174

18. Ãàðèôóëëèí Ì.Ô., Îðëîâà Î.À. Ó÷åò âëèÿíèÿ óïðó-
ãîé êðóòêè ïðè îáðàáîòêå ðåçóëüòàòîâ èñïûòàíèé
äðåíèðîâàííîé ìîäåëè êðûëà áîëüøîãî óäëèíå-
íèÿ â ÀÄÒ // Ó÷åíûå çàïèñêè ÖÀÃÈ. 2018. Ò. 49.
¹ 5. Ñ. 76-85.

19. Áèðþê Â.È., Ôðîëîâ Â.Ì. Î ðàöèîíàëüíîé êîíñò-
ðóêòèâíî-ñèëîâîé êîìïîíîâêå êðûëà ñ ó÷åòîì íå-
êîòîðûõ àýðîäèíàìè÷åñêèõ òðåáîâàíèé // Ó÷åíûå
çàïèñêè ÖÀÃÈ. 1976. Ò. 7. ¹ 6. Ñ. 134-138.

20. Ëèòâèíîâ Â.Ì., Ëèòâèíîâ Å.Â. Ìåòîäèêà ðàñ÷åòà
ìàññû êðûëà ñàìîëåòà ñ ó÷åòîì îãðàíè÷åíèé ïî
àýðîóïðóãîñòè // Ó÷åíûå çàïèñêè ÖÀÃÈ. 2006. Ò.
37. ¹ 3. Ñ. 63-83.

21. Vedernikov D.V., Shanygin A.N., Mirgorodsky Y.S.,
Levchenkov M.D. Strength Analysis of Alternative
Airframe Layouts of Regional Aircraft on the Basis of
Automated Parametrical Models // Aerospace. 2021.
Vol. 8. No. 3, p. 80. DOI: 10.3390/aerospace8030080

22. Äóáîâèêîâ Å.À. Âëèÿíèå óïðóãèõ õàðàêòåðèñòèê
êîìïîçèòíîãî êðûëà íà âåñ êîíñòðóêöèè // Òðó-
äû ÌÔÒÈ. 2012. Ò. 4. ¹ 2-14. Ñ. 154-163.

23. Àøèõìèí À.Í., Ìèðõàçîâ Ð.Ð., Ôàéçóëëèí À.Ì.,
Õàìçèí À.Ã. Êîíñòðóèðîâàíèå ñëîèñòîãî êîìïîçè-
öèîííîãî ìàòåðèàëà, îáåñïå÷èâàþùåãî ïðî÷íîñòü
êîíñòðóêöèè ïðè çàäàííûõ ñëó÷àÿõ íàãðóæåíèÿ
// Êàçàíñêèé ôèçèêî-òåõíè÷åñêèé èíñòèòóò èìåíè
Å.Ê Çàâîéñêîãî. Åæåãîäíèê. 2016. Ò. 2015.
Ñ. 123-125.

24. Áåçóåâñêèé À.Â., Èøìóðàòîâ Ô.Ç. Àýðîïðî÷íîñò-
íûå èññëåäîâàíèÿ êðûëà áîëüøîãî óäëèíåíèÿ ñ
ïîäêîñîì // Òðóäû ÌÀÈ. 2018. ¹ 103. URL: http:/
/trudymai.ru/published.php?ID=100649

25. Áåçóåâñêèé À.Â., Èøìóðàòîâ Ô.Ç. Èññëåäîâàíèÿ âå-
ñîâîé ýôôåêòèâíîñòè è õàðàêòåðèñòèê àýðîóïðó-
ãîñòè ñàìîëåòà ñ êðûëîì áîëüøîãî óäëèíåíèÿ ñ
ïîäêîñîì // Ïðî÷íîñòü êîíñòðóêöèé ëåòàòåëüíûõ
àïïàðàòîâ: Ñáîðíèê ñòàòåé íàó÷íî-òåõíè÷åñêîé
êîíôåðåíöèè (8—9 äåêàáðÿ 2016; ÖÀÃÈ, Æóêîâ-
ñêèé). Ì.: Èçäàòåëüñêèé îòäåë ÖÀÃÈ, 2017.
Ñ. 287-288.

References

1. Elham A., La Rocca G., van Tooren M.J.L.
Development and implementation of an advanced,
design-sensitive method for wing weight estimation.
Aerospace Science and Technology, 2013, vol. 29, no. 1,
pp. 100-113. DOI: 10.1016/j.ast.2013.01.012, 2013

2. Schuhmacher G., Murra I., Wang L. et al.
Multidisciplinary Design Optimization of a Regional
Aircraft Wing Box. 9th AIAA/ISSMO Symposium on
Multidisciplinary Analysis and Optimization (04—06
September 2002; Atlanta, Georgia). DOI: 10.2514/
6.2002-5406

3. Werner-Westphal C., Heinze W., Horst P. Structural
sizing for an unconventional, environment-friendly
aircraft configuration within integrated conceptual
design. Aerospace Science and Technology, 2008,
vol. 12, no. 2, pp. 184–194. DOI: 10.1016/j.ast.
2007.05.006

4. Cavagna L., Ricci S., Travaglini L. NeoCASS: An
integrated tool for structural sizing, aeroelastic analysis
and MDO at conceptual design level. Progress in
Aerospace Sciences, 2011, vol. 47, no. 8, pp. 621–635.
DOI: 10.1016/j.paerosci.2011.08.006

5. Kovalevskii A.K., Lipin E.K. Uchenye zapiski TsAGI,
1989, vol. 20, no. 3, pp. 91-100.

6. Kudryashov A.B., Lipin E.K., Shanygin A.N.,
Shevchenko Yu.A. Uchenye zapiski TsAGI. 1988,
vol. 19, no. 4, pp. 71-80.

7. Ro �hl P.J., Mavris D.N., Schrage D.P. A Multilevel
Decomposition Procedure for the Preliminary Wing
Design of High-Speed Civil Transport Aircraft. 1st
Industry/Acedemy Symposium on High Speed Civil
Transport Vehicles (4-6 December 1994; Greensboro,
NC). URI: http://hdl.handle.net/1853/6370

8. La Rocca G., van Tooren M.J.L. Knowledge-Based
Engineering Approach to Support Aircraft

Multidisciplinary Design and Optimization. Journal of
Aircraft, 2009, vol. 46, no. 6, pp. 1875-1885. DOI:
10.2514/1.39028

9. Dorbath F. A Flexible Wing Modeling and Physical
Mass Estimation System for Early Aircraft Design
Stages. Mu �llheim (Baden), 2014. DOI: 10.15480/
882.1159

10. Dorbath F., Gaida U. Large Civil Jet Transport
(MTOM > 40t) — Statistical Mass Estimation.
Luftfahrttechnisches Handbuch, 2011. URL: https://
elib.dlr.de/81599/

11. Shanygin A., Fomin V., Zamula G. Multilevel
approach for strength and weight analyses of composite
airframe structures. 27th International Congress of the
Aeronautical Sciences – ICAS’2010 (19—24 September
2010; Nice, France). URL: http://www.icas.org/
icas_archive/icas2010/papers/380.pdf

12. Dubovikov E.A. Novel approach and algorithm for
searching rational nonconventional airframe concepts
of new generation aircrafts. 28th International Congress
of the Aeronautical Sciences - ICAS’2012 (23–28
September 2012; Brisbane, Australia). URL: https://
www.icas.org/icas_archive/icas2012/papers/445.pdf

13. Final Report Summary - ALASCA (Advanced Lattice
Structures for Composite Airframes). URL: http://
cordis.europa.eu/result/rcn/149775_en.html

14. Final Report Summary - POLARBEAR (Production and
Analysis Evolution For Lattice Related Barrel Elements
Under Operations With Advanced Robustness). URL:
https://cordis.europa.eu/result/rcn/197045/en

15. Bezuevskii A.V., Ishmuratov F.Z. Quasi-static
deformations effect on aeroelasticity characteristics of
an aircraft with high aspect ratio wing. Aerospace MAI
Journal, 2017, vol. 24, no. 4, pp. 14-25.



Ä.Â. Âåäåðíèêîâ, À.Í. Øàíûãèí D.V. Vedernikov, A.N. Shanygin

76Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 2 Aerospace MAI Journal, vol. 29, no. 2

16. Chuban’ V.D., Snisarenko T.V., Chuban’ A.V.
Svidetel’stvo o gosudarstvennoi registratsii programmy
dlya EVM “IMAD. Interaktivnoe mnogodistsiplinarnoe
proektirovanie letatel’nykh apparatov”.
No. RU2020662368, 13.10.2020 (Certificate of state
registration of computer programs “IMAD. Interactive
multidisciplinary aircraft design”, no. RU2020662368,
13.10.2020).

17. Baranovski S.V., Mikhailovskii K.V. Vestnik
Rossiiskogo universiteta druzhby narodov. Seriya:
Inzhenernye issledovaniya, 2020, vol. 21, no. 3,
pp. 166-174. DOI: 10.22363/2312-8143-2020-21-3-
166-174

18. Garifullin M.F., Orlova O.A. Uchenye zapiski TsAGI,
2018, vol. 49, no. 5, pp. 76-85.

19. Biryuk V.I., Frolov V.M. Uchenye zapiski TsAGI, 1976,
vol. 7, no. 6, pp. 134-138.

20. Litvinov V.M., Litvinov E.V. Uchenye zapiski TsAGI,
2006, vol. 37, no. 3, pp. 63-83.

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 09.02.2022; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 22.02.2022; ïðèíÿòà
ê ïóáëèêàöèè 01.03.2022.

The article was submitted on 09.02.2022; approved after reviewing on 22.02.2022; accepted for publication
on 01.03.2022.

21. Vedernikov D.V., Shanygin A.N., Mirgorodsky Y.S.,
Levchenkov M.D. Strength Analysis of Alternative
Airframe Layouts of Regional Aircraft on the Basis of
Automated Parametrical Models. Aerospace, 2021,
vol. 8, no. 3, p. 80. DOI: 10.3390/aerospace8030080

22. Dubovikov E.A. Trudy MFTI, 2012, vol. 4, no. 2-14,
pp. 154-163.

23. Ashikhmin A.N., Mirkhazov R.R., Faizullin A.M.,
Khamzin A.G. Kazanskii fiziko-tekhnicheskii institut
imeni E.K Zavoiskogo. Ezhegodnik, 2016, vol. 2015,
pp. 123-125.

24. Bezuevskii A.V., Ishmuratov F.Z. Trudy MAI, 2018,
no. 103. URL: http://trudymai.ru/eng/published.
php?ID=100649

25. Bezuevskii A.V., Ishmuratov F.Z Materialy Nauchno-
tekhnicheskoi konferentsii “Prochnost’ konstruktsii
letatel’nykh apparatov” (8-9 December 2016; TsAGI,
Zhukovskii). Moscow, Izdatel’skii otdel TsAGI, 2017,
pp. 287-288.


