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Abstract

For loading reduction while landing the aircraft landing gear are equipped with the damping system,
consisting, as a rule, of shock absorbers and tire pneumatics. Various landing gear structural schemes are
employed on modern aircraft. Dynamic calculation of the landing gear is one of the most important tasks
of the aircraft design. It is advisable to employ numerical simulation method of an arbitrary holonomic system
motion of rigid bodies using the Lagrange equations of the first kind to simulate the damping system of the
landing gear of various kinematic schemes.

This approach differs from the previously used techniques, such as application of the Lagrange equations
of the second kind, written in generalized coordinates by:

— The versatility of the approach when modeling landing gear struts of various kinematic schemes;
— Representation of the landing gear strut model in object form, i.e. as a set of objects: rigid bodies,

force factors and mechanical constraints, which allows formalizing and automating the process of a landing
gear model developing, and ensures modularity and extensibility of models.

The article considers the landing impact simulation of the mainline plane main landing gear. The landing
gear model consists of the three rigid bodies: the wheel, the shock absorber rod, and the shock absorber
cylinder, together with the loading on one strut. The model includes seven mechanical constraints. Three
force factors are set in the model as well. They are the force of pneumatics compression Pw, the axial force
in the shock absorber Psh and the lift force Pl.

The landing impact calculation of the landing gear was performed for the case of absorption at normal
operational work. Computational results were being compared with the experimental data of impact tests
being performed in the Department of dynamic strength of Siberian Aeronautical Research Institute.

The landing impact parameters of the landing gear calculated by the proposed technique are consistent
with the results of drop tests within the experimental error, which confirms the good agreement of the
mathematical model with the real object.

Keywords: aircraft landing gear, landing gear drop test, holonomic system, Lagrange equations of the
first kind

For citation: Podruzhin E.G., Zagidulin A.R., Shinkarev D.A. Drop testing simulation of the mainline
aircraft landing gear. Aerospace MAI Journal, 2021, vol. 28, no. 4, pp. 106—117. DOI: 10.34759/vst-2021-
4-106-117

Ââåäåíèå

Èçâåñòíî, ÷òî çíà÷èòåëüíàÿ äîëÿ óñòàëîñòíûõ
ïîâðåæäåíèé, âîçíèêàþùèõ â ýëåìåíòàõ êîíñò-
ðóêöèè ïëàíåðà ëåòàòåëüíîãî àïïàðàòà (ËÀ),
ïðèîáðåòàåòñÿ ïðè äâèæåíèè ïî çåìëå ïðè âû-
ïîëíåíèè âçë¸òà, ïîñàäêè, âûðóëèâàíèè íà ñòàðò,
äâèæåíèè ê ìåñòó ñòîÿíêè ïîñëå ïîñàäêè. Çäåñü
îñîáî ñëåäóåò âûäåëèòü ïðîöåññ ïîñàäêè, îñîáåí-
íî â ñëîæíûõ ïîãîäíûõ óñëîâèÿõ (áîêîâîì âåò-
ðå, îãðàíè÷åííîé âèäèìîñòè è ò.ä.). Ïîýòîìó
ïðîöåññ ïðîåêòèðîâàíèÿ àìîðòèçàöèè ËÀ, èñïû-
òàíèÿ îïûòíûõ îïîð øàññè è äîâîäêà èõ ÿâëÿ-
þòñÿ âàæíîé è äîâîëüíî ñëîæíîé çàäà÷åé [1—6].
Ïðè ìîäåëèðîâàíèè è ðàñ÷¸òå àìîðòèçàöèè ËÀ
îíà ïðåäñòàâëÿåòñÿ â âèäå íåñâîáîäíîé ñèñòåìû
òâ¸ðäûõ òåë, îãðàíè÷åííîé íàêëàäûâàåìûìè íà
íå¸ ãîëîíîìíûìè ñâÿçÿìè, è îïèñûâàåòñÿ ñèñ-

òåìîé óðàâíåíèé Ëàãðàíæà ïåðâîãî ðîäà ñ äîïîë-
íèòåëüíûìè óñëîâèÿìè, íàêëàäûâàåìûìè ýòèìè
ñâÿçÿìè [7—17]. Òàêîé ïîäõîä îòëè÷àåòñÿ îò ðà-
íåå èñïîëüçîâàâøèõñÿ ìåòîäèê (íàïðèìåð, íà
îñíîâå óðàâíåíèé Ëàãðàíæà âòîðîãî ðîäà, çàïè-
ñàííûõ â îáîáù¸ííûõ êîîðäèíàòàõ) óíèâåðñàëü-
íîñòüþ ïðè ìîäåëèðîâàíèè îïîð øàññè ðàçëè÷-
íûõ êèíåìàòè÷åñêèõ ñõåì. Ìîäåëü îïîðû øàñ-
ñè ôîðìèðóåòñÿ â âèäå ñîâîêóïíîñòè îáúåêòîâ
òð¸õ òèïîâ: òâ¸ðäûõ òåë, ìåõàíè÷åñêèõ (ãîëîíîì-
íûõ) ñâÿçåé, îãðàíè÷èâàþùèõ äâèæåíèå ñèñòå-
ìû, è ñèëîâûõ ôàêòîðîâ (ñèë è ìîìåíòîâ), ÷òî
äàåò âîçìîæíîñòü èñïîëüçîâàòü ôîðìàëüíûé
ïîäõîä ê ïîñòðîåíèþ ìîäåëè, ìîäèôèöèðóÿ å¸
ïóòåì äîáàâëåíèÿ è óäàëåíèÿ îáúåêòîâ, ñîñòàâ-
ëÿþùèõ ñîâîêóïíîñòü.
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Ðèñ. 1. Ìîäåëü îñíîâíîé îïîðû øàññè ìàãèñòðàëüíî-
ãî ñàìîë¸òà: à — øàðíèðíîå ñîåäèíåíèå; á — ñêîëü-
çÿùåå ñîåäèíåíèå; â — ñêîëüçÿùàÿ çàäåëêà; ã — óïîð

Ìàòåìàòè÷åñêàÿ ìîäåëü

Ðàññìàòðèâàåìûé îáúåêò (îïîðà øàññè) ìî-
äåëèðóåòñÿ ñèñòåìîé òâ¸ðäûõ òåë, äâèæóùèõñÿ â
ïëîñêîñòè (ïëîñêîïàðàëëåëüíîå äâèæåíèå). Ýòî
äâèæåíèå îãðàíè÷èâàåòñÿ íàêëàäûâàåìûìè íà
ñèñòåìó èäåàëüíûìè ãîëîíîìíûìè ñâÿçÿìè:

( ).kC f= x

Çäåñü x — âåêòîð, îïðåäåëÿþùèé ïîëîæåíèå òåë
â èíåðöèàëüíîé (ãëîáàëüíîé) ñèñòåìå îòñ÷¸òà,

( ) ( )1 ; ,
T T

n i i i ix y α= =x x x x

ãäå n — êîëè÷åñòâî òâ¸ðäûõ òåë â ñèñòåìå; xi, yi
— êîîðäèíàòû öåíòðà ìàññ i-ãî òåëà â ãëîáàëü-

íîé ñèñòåìå êîîðäèíàò; iα  — óãîë ïîâîðîòà òâ¸ð-

äîãî òåëà îòíîñèòåëüíî öåíòà òÿæåñòè â ãëîáàëü-
íîé ñèñòåìå êîîðäèíàò.

Îïèñàíèå îäíîñòîðîííåé ñâÿçè, îãðàíè÷èâà-
þùåé ïåðåìåùåíèå òåëà òîëüêî â îäíîì íàïðàâ-
ëåíèè (íàïðèìåð, íåðàñòÿæèìàÿ íèòü èëè óïîð),
îïðåäåëÿåòñÿ íåðàâåíñòâîì [3]

( ), 0.k i jC ≥r r

Äâóñòîðîííÿÿ ñâÿçü îïèñûâàåòñÿ ñîîòíîøå-
íèåì

( ), 0.k i jC =r r

Âñå íàêëàäûâàåìûå íà ñèñòåìó òâ¸ðäûõ òåë
ñâÿçè ñâîäÿòñÿ â âåêòîð-ñòîëáåö C ðàçìåðíîñòè d,
îïðåäåëÿþùåé ÷èñëî íàêëàäûâàåìûõ ñâÿçåé.

Ìàòðè÷íàÿ çàïèñü óðàâíåíèé äâèæåíèÿ ñèñ-
òåìû òâ¸ðäûõ òåë èìååò âèä

,T λ- - =Ma F J 0

äèàãîíàëüíàÿ ìàòðèöà ìàññ M èìååò âèä
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M

ãäå mi — ìàññà i-ãî òåëà; Ii — ìîìåíò èíåðöèè
i-ãî òåëà îòíîñèòåëüíî ñîáñòâåííîãî öåíòðà òÿ-
æåñòè; a — âåêòîð óñêîðåíèé öåíòîâ òÿæåñòè
òâ¸ðäûõ òåë; F — âåêòîð ñèëîâûõ ôàêòîðîâ,

( ) ( )( ) ( )
1 , ,

TT x y
n i i i iF F T= =F F F F

( ) ( ),x y
i iF F — ïðîåêöèè ñóììàðíîé ñèëû, äåéñòâó-

þùåé íà i-å òåëî, íà îñè êîîðäèíàò ãëîáàëüíîé
ñèñòåìû îòñ÷¸òà; Ti — ñóììàðíûé ìîìåíò ñèë,
äåéñòâóþùèõ íà i-å òåëî, îòíîñèòåëüíî åãî öåí-

òðà òÿæåñòè; ( )1

T

dλ λ λ=  — âåêòîð-ñòîëáåö

íåîïðåäåë¸ííûõ ìíîæèòåëåé Ëàãðàíæà; J — ìàò-
ðèöà ßêîáè äëÿ âåêòîðà ôóíêöèé ñâÿçåé, ïîëó-
÷àåìàÿ äèôôåðåíöèðîâàíèåì ôóíêöèé ñâÿçè ïî
âðåìåíè.

Â ñòàòüå ðàññìîòðåíî ìîäåëèðîâàíèå ïîñà-
äî÷íîãî óäàðà îñíîâíîé îïîðû øàññè ìàãèñò-
ðàëüíîãî ñàìîë¸òà. Íà ðèñ. 1 ïðåäñòàâëåíà ìî-
äåëü ðàññìàòðèâàåìîé îïîðû øàññè. Ìîäåëü
ñîñòîèò èç òð¸õ òâ¸ðäûõ òåë: êîëåñà 1, øòîêà
àìîðòèçàòîðà 2, öèëèíäðà àìîðòèçàòîðà 3, ñîâìå-
ñòíî ñ ãðóçîì, ïðèõîäÿùèìñÿ íà îäíó îïîðó.
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Øàðíèðíîå ñîåäèíåíèå à îñè êîëåñà è øòî-
êà àìîðòèçàòîðà îãðàíè÷èâàåò äâå ñòåïåíè ñâî-
áîäû ñèñòåìû è ìîäåëèðóåòñÿ äâóìÿ äâóñòîðîí-
íèìè ñâÿçÿìè. Ôóíêöèÿ ñâÿçè òàêîãî ñîåäèíå-
íèÿ èìååò âèä

а 2 1 ,p p= -C r r

ãäå 1 2,p pr r  — ðàäèóñ-âåêòîðû òî÷åê ñîåäèíåíèÿ

êîëåñà è øòîêà àìîðòèçàòîðà â ãëîáàëüíîé ñèñ-
òåìå êîîðäèíàò.

Ôóíêöèÿ âåêòîðíàÿ, òàê êàê îãðàíè÷èâàþò-
ñÿ äâå ñòåïåíè ñâîáîäû ñèñòåìû òåë. Äèôôåðåí-
öèðóÿ åå ïî âðåìåíè, ïîëó÷èì:

а 2 1
2 2 1 1

2 1

;
pr pr

pr pr

y yd

dt x x
ω ω
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( ) ( )а а
( ) ( )
1 1 2 21 0 ; 1 0 ;x pr x pry y= - - =J J

( ) ( )а а
( ) ( )
1 1 2 20 1 ; 0 1 .y pr y prx x= - = -J J

Çäåñü ,pr pr
i ix y  — êîìïîíåíòû ðàäèóñ-âåêòîðà pr

ir

òî÷êè ïðèëîæåíèÿ ñèëû ê i-ìó òåëó â îòíîñèòåëü-
íîé (ëîêàëüíîé) ñèñòåìå êîîðäèíàò (íà÷àëî îò-
ñ÷¸òà êîòîðîé íàõîäèòñÿ â öåíòðå ìàññ òåëà, íà-
ïðàâëåíèÿ îñåé ãëîáàëüíîé è ëîêàëüíûõ ñèñòåì
êîîðäèíàò ñîâïàäàþò),

,pr p
i i i= -r r r

ãäå ri îáîçíà÷àåò ðàäèóñ-âåêòîð öåíòðà ìàññ i-ãî
òåëà â ãëîáàëüíîé ñèñòåìå êîîðäèíàò.

Ñêîëüçÿùåå ñîåäèíåíèå á, ñâÿçûâàåò øòîê
àìîðòèçàòîðà ñ öèëèíäðîì. Â ñêîëüçÿùåé çàäåëêå

â çàêðåïë¸í öèëèíäð. Ñêîëüçÿùåå ñîåäèíåíèå á
ìîäåëèðóåòñÿ äâóìÿ äâóñòîðîííèìè ñâÿçÿìè,
îãðàíè÷èâàþùèìè ïåðåìåùåíèå äâóõ òî÷åê îä-
íîãî òåëà ïî ëèíèè äðóãîãî òåëà. Òàêîå ñîåäèíå-
íèå èñêëþ÷àåò âçàèìíûé ïîâîðîò è áîêîâîå
ñìåùåíèå îòíîñèòåëüíî ëèíèè ñêîëüæåíèÿ äâóõ
òåë è óìåíüøàåò ÷èñëî ñòåïåíåé ñâîáîäû ñèñòå-
ìû íà äâå åäèíèöû (ðèñ. 2):

( )б
(1) (1)

3 2 3,p pC = - ◊r r n

ãäå (1)
2

pr  — ðàäèóñ-âåêòîð ïåðâîé òî÷êè òåëà 2,

êîòîðàÿ äîëæíà íàõîäèòüñÿ íà ëèíèè, ðàñïîëîæåí-

íîé íà òåëå 3; 3
pr  — ðàäèóñ-âåêòîð òî÷êè òåëà 3,

÷åðåç êîòîðóþ ïðîõîäèò çàäàííàÿ ëèíèÿ; n3 —
âåêòîð íîðìàëè ê çàäàííîé ëèíèè òåëà 3.

Àíàëîãè÷íî çàïèñûâàåòñÿ ôóíêöèÿ ñâÿçè äëÿ
âòîðîé òî÷êè òåëà 2:

( )б
(2) (2)

3 2 3.p pC = - ◊r r n

Ðèñ. 2. Ñêîëüçÿùåå ñîåäèíåíèå á
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Äèôôåðåíöèðóÿ ôóíêöèþ ñâÿçè ïî âðåìåíè,
ïîëó÷èì:

( )

б
(1)

3 2
3 3 3 2 2

3 2

3
3 3 2

3

;

pr pr

pr pr

n
p p

n

y ydC

dt x x

y

x

ω ω

ω

Ê ˆÊ ˆ Ê ˆ
Á ˜= ◊ + - - +Á ˜ Á ˜

Á ˜ Á ˜Á ˜- -Ë ¯ Ë ¯Ë ¯

Ê ˆ
+ ◊ -Á ˜

Á ˜-Ë ¯

n v v

r r

( )

б
(1)

2 3
3 3 3 3

2 3

2

23
3 2

33

3

;

pr pr
T T

pr pr

n
p p

n

y ydC

dt x x

y

x

ω

ω

Ê Ê ˆ Ê ˆ-
Á= - ◊ ◊ +Á ˜ Á ˜

Á ˜ Á ˜Á -Ë ¯ Ë ¯Ë

Ê ˆ
Á ˜ˆÊ ˆ Á ˜

˜+ ◊ -Á ˜ Á ˜Á ˜ ˜- Á ˜Ë ¯ ¯
Á ˜
Ë ¯

n n n n

v

r r
v

б
2(1)

2 3 3
2

;
pr

T
pr

y

x

Ê ˆÊ ˆ-
Á ˜= - ◊ Á ˜

Á ˜Á ˜Ë ¯Ë ¯
J n n

( )б
3 3(1)

3 3 3 3 2
3 3

.
pr n

T p p
pr n

y y

x x

Ê ˆÊ ˆ Ê ˆ
Á ˜= ◊ + ◊ -Á ˜ Á ˜

Á ˜ Á ˜Á ˜- -Ë ¯ Ë ¯Ë ¯
J n n r r

Äëÿ ñêîëüçÿùåé çàäåëêè â êîìïîíåíòû ìàòðè-
öû ßêîáè çàïèñûâàþòñÿ ñëåäóþùèì îáðàçîì:

в

(1)
3(1)

3 (1)
3

;
pr

T
pr

y

x

Ê ˆÊ ˆ-
Á ˜= - ◊ Á ˜

Á ˜Á ˜Ë ¯Ë ¯
J n n

в

(2)
3(2)

3 (2)
3

,
pr

T
pr

y

x

Ê ˆÊ ˆ-
Á ˜= - ◊ Á ˜

Á ˜Á ˜Ë ¯Ë ¯
J n n

ãäå n — âåêòîð íîðìàëè ê íàïðàâëåíèþ ñêîëüæå-
íèÿ â íàïðàâëÿþùèõ èñïûòàòåëüíîãî êîïðà â
ãëîáàëüíîé ñèñòåìå êîîðäèíàò.

Óïîð ã îãðàíè÷èâàåò îäíó ñòåïåíü ñâîáîäû è
ìîäåëèðóåòñÿ îäíîñòîðîííåé ñâÿçüþ (ðèñ. 3):

( )г

22

3 2

1
,

2 2
p p a

C = - -r r

ãäå a — ðàññòîÿíèå ìåæäó òî÷êîé íà øòîêå è
òî÷êîé íà öèëèíäðå àìîðòèçàòîðà ïðè ïîëíîñ-
òüþ âûäâèíóòîì øòîêå.

Ïðîèçâîäíàÿ ôóíêöèè ñâÿçè ïî âðåìåíè:

( ) 3 2ã
3 2 3 3 2 2

3 2

;
pr pr

p p
pr pr

y ydC

dt x x
ω ω

Ê ˆÊ ˆ Ê ˆ
Á ˜= - ◊ + - -Á ˜ Á ˜

Á ˜ Á ˜Á ˜- -Ë ¯ Ë ¯Ë ¯
r r v v

( ) ( )

( ) ( )

2ã
3 2 3 2

2

2

23
3 2 3 2

33

3

;

pr
Tp p p p

pr

pr
Tp p p p

pr

ydC

dt x

y

x

ω

ω

Ê Ê ˆ-
Á= - - - ◊ Á ˜

Á ˜Á Ë ¯Ë

Ê ˆ
Á ˜ˆÊ ˆ Á ˜

˜- - ◊ ◊Á ˜ Á ˜Á ˜˜- Á ˜Ë ¯¯
Á ˜
Ë ¯

r r r r

v

r r r r
v

( ) ( ) 2
ã2 3 2 3 2

2

;
pr

Tp p p p
pr

y

x

Ê ˆÊ ˆ-
Á ˜= - - - ◊ Á ˜

Á ˜Á ˜Ë ¯Ë ¯
J r r r r

( ) ( ) 3
ã3 3 2 3 2

3

.
pr

Tp p p p
pr

y

x

Ê ˆÊ ˆ
Á ˜= - - ◊ Á ˜

Á ˜Á ˜-Ë ¯Ë ¯
J r r r r

Òàêèì îáðàçîì, ìîäåëü âêëþ÷àåò ñåìü ìåõà-
íè÷åñêèõ ñâÿçåé. Ìàòðèöà ßêîáè ñèñòåìû:

Ðèñ. 3. Óïîð ã
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а а

а а

б б

б б

в

в

г г

( ) ( )
1 2

( ) ( )
1 2

(1) (1)
2 3

(2) (2)
2 3

(1)
3

(2)
3

2 3

.

x x

y y

Ê ˆ
Á ˜
Á ˜
Á ˜
Á ˜
Á ˜

= Á ˜
Á ˜
Á ˜
Á ˜
Á ˜
Á ˜
Á ˜Ë ¯

J J 0

J J 0

0 J J

J 0 J J

0 0 J

0 0 J

0 J J

Ñèëîâûå ôàêòîðû (ñèëû è ñîçäàâàåìûå èìè
ìîìåíòû): ñèëà îáæàòèÿ ïíåâìàòèêà êîëåñà Pê,
îñåâàÿ ñèëà, âîçíèêàþùàÿ ïðè îáæàòèè àìîðòè-
çàòîðà Pàì è àýðîäèíàìè÷åñêàÿ ïîäú¸ìíàÿ ñèëà
Pï, äåéñòâóþùàÿ íà ËÀ â ìîìåíò ïîñàäêè.

Ìàòðèöà àêòèâíûõ ñèë:

к

ам

ам п

1 1

2 2

3 3 3

0

; ,

0

i im g

Ê ˆ Ê ˆ
Á ˜ Á ˜

= = -Á ˜ Á ˜
Á ˜ Á ˜Á ˜ Ë ¯Ë ¯

P 0 0 G

P 0 P 0 G G

0 P P G

ãäå mi — ìàññà i-ãî òåëà; g — óñêîðåíèå ñâîáîä-
íîãî ïàäåíèÿ.

Äëÿ âåêòîðà ñèëîâûõ ôàêòîðîâ çàïèñûâàåòñÿ
ñîîòíîøåíèå:

( )1 1 1 1 .
T=F P

Ñèëîâûå ôàêòîðû îò îáæàòèÿ ïíåâìàòèêîâ
êîëåñ (äåôîðìàöèè ïíåâìàòèêîâ ïðè ïîñàäêå) [18]:

( )
( )к к к1

max

0

, ,
1

0

k
P P α

δδ
δ δ

Ê ˆ
Á ˜

= =Á ˜
-Á ˜

Ë ¯

P

ãäå k — æåñòêîñòü ïíåâìàòèêîâ êîëåñ; δ  — îá-

æàòèå ïíåâìàòèêîâ êîëåñ; maxδ  — ìàêñèìàëüíî

äîïóñòèìîå îáæàòèå ïíåâìàòèêîâ êîëåñ (îïðåäå-
ëÿåòñÿ èç ñïðàâî÷íèêà [19]); α = 0…0,5 — êîýô-
ôèöèåíò, ó÷èòûâàþùèé íåëèíåéíîñòü äèàãðàì-
ìû îáæàòèÿ ïíåâìàòèêîâ.

Ñèëîâûå ôàêòîðû îò îáæàòèÿ àìîðòèçàòîðà:

ам

2ам ам

ам ам

( )

( )

( ) ( )
2 2

;

x

y

pr y pr x

P

P

x P y P

Ê ˆ
Á ˜

= Á ˜
Á ˜
Á ˜◊ - ◊Ë ¯

P

ам

3ам ам

ам ам

( )

( )

( ) ( )
3 3

;

x

y

pr y pr x

P

P

x P y P

Ê ˆ-
Á ˜

= -Á ˜
Á ˜
Á ˜- ◊ + ◊Ë ¯

P

( )ам ам

ам

( )

2 3( )

,
; ,

x
p p

y

P P s s

lP

Ê ˆ ¢
= = -Á ˜

Á ˜Ë ¯
l l r r

ãäå Pàì — ìîäóëü âåêòîðà îñåâîé ñèëû â àìîðòè-
çàòîðå ïðè åãî îáæàòèè; I — âåêòîð, ñîåäèíÿþ-

ùèé äâå òî÷êè ïðèëîæåíèÿ ñèëû; ;l = l  0s l l= -

— îáæàòèå àìîðòèçàòîðà; l0 — ðàññòîÿíèå ìåæ-
äó òî÷êàìè ïðèëîæåíèÿ ñèëû íåîáæàòîãî àìîð-
òèçàòîðà; s' — ñêîðîñòü îáæàòèÿ àìîðòèçàòîðà
(ñêîðîñòü äâèæåíèÿ øòîêà îòíîñèòåëüíî öèëèí-
äðà).

Ñõåìà àìîðòèçàòîðà, èñïîëüçóåìàÿ â äèíàìè-
÷åñêîé ìîäåëè, ïðåäñòàâëåíà íà ðèñ. 4. Àìîðòè-

Ðèñ. 4. Ñõåìà àìîðòèçàòîðà
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çàòîð ïðåäñòàâëÿåò ñîáîé æèäêîñòíî-ãàçîâûé
àãðåãàò ñ êàìåðîé 1, ÷àñòè÷íî çàïîëíåííîé ãàçîì,
è äâóìÿ æèäêîñòíûìè êàìåðàìè 2 è 3.

Ìîäóëü âåêòîðà îñåâîé ñèëû â àìîðòèçàòîðå
Pàì îïðåäåëÿåòñÿ èç âûðàæåíèÿ

( )

( )( ) ( ) ( )

ам

23 23
3

1 2 2

,

1 sgn .
2 2

p s

p s

P s s

F s F s
s p F

f f

ξ ρ ξ ρ
μ

=¢

¢ ¢
= + + +¢

Çäåñü F — ïëîùàäü øòîêà àìîðòèçàòîðà; F3 —
ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ òðåòüåé êàìåðû;
μ  — ñóììàðíûé êîýôôèöèåíò òðåíèÿ â áóêñàõ

è óïëîòíåíèÿõ àìîðòèçàòîðà; fp — ïëîùàäü äðîñ-
ñåëüíûõ îòâåðñòèé ìåæäó êàìåðàìè 1 è 2; fs —
ïëîùàäü äðîññåëüíûõ îòâåðñòèé ìåæäó êàìåðà-

ìè 1 è 3; pξ  — êîýôôèöèåíò ãèäðîäèíàìè÷åñ-

êîãî ñîïðîòèâëåíèÿ ïðè äðîññåëèðîâàíèè ïåðå-

òîêà æèäêîñòè ìåæäó êàìåðàìè 1 è 2; sξ  — êî-

ýôôèöèåíò ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ
ïðè äðîññåëèðîâàíèè ïåðåòîêà æèäêîñòè ìåæäó
êàìåðàìè 1 è 3; ρ  — ïëîòíîñòü æèäêîñòè; p1 —

äàâëåíèå ãàçà â êàìåðå 1 [20]:

( ) 1
1 01 011p p sF

χ
Ω= -

ãäå p01 — íà÷àëüíîå äàâëåíèå ãàçà â êàìåðå 1; 01 Ω

— íà÷àëüíûé îáú¸ì ãàçà â êàìåðå 1; 1 χ  — ïîêà-

çàòåëü ïîëèòðîïû ñæàòèÿ ãàçà.
Ñèëîâûå ôàêòîðû îò àýðîäèíàìè÷åñêîé

ïîäúåìíîé ñèëû Y, ïðèëîæåííîé â öåíòðå òÿæå-
ñòè ËÀ:

3п

0

.

0

Y

Ê ˆ
Á ˜

= Á ˜
Á ˜
Ë ¯

P

Ðåçóëüòàòû ðàñ÷¸òà

Âûïîëíåí ðàñ÷¸ò ïîñàäî÷íîãî óäàðà îïîðû
øàññè äëÿ ñëó÷àÿ ïîãëîùåíèÿ íîðìèðîâàííîé
ýêñïëóàòàöèîííîé ðàáîòû. Ðåçóëüòàòû ðàñ÷¸òà
ñðàâíèâàëèñü ñ ýêñïåðèìåíòàëüíûìè äàííûìè
êîïðîâûõ èñïûòàíèé, ïðîâîäèâøèõñÿ â îòäåëå-
íèè äèíàìè÷åñêîé ïðî÷íîñòè ÔÃÓÏ «ÑèáÍÈÀ
èì. Ñ.À. ×àïëûãèíà». Íà ðèñ. 5 ïðåäñòàâëåí îá-
ùèé âèä óñòàíîâêè îïîðû øàññè íà êîïðîâîì
ñòåíäå.

Ïðè ðàñ÷¸òå íåîïðåäåë¸ííûå ìíîæèòåëè
Ëàãðàíæà íà êàæäîì øàãå èíòåãðèðîâàíèÿ óðàâ-
íåíèé äâèæåíèÿ íàõîäèëèñü ñ ïîìîùüþ èòåðà-
öèîííîãî ìåòîäà Ãàóññà—Çåéäåëÿ. Áûëà îïðåäå-
ëåíà îòíîñèòåëüíàÿ ïîãðåøíîñòü ðàñ÷¸òà ïðè
óìåíüøåíèè øàãà èíòåãðèðîâàíèÿ:

1

max

max

100%,
i i

i

i

t t

t
A t

A A

A

δ δ
δ

δε
- -

= ◊

ãäå A — ðàñ÷¸òíûé ïàðàìåòð; tδ  — øàã èíòåãðè-

ðîâàíèÿ ïî âðåìåíè; itAδ  — ïàðàìåòð ïðè ðàñ-

÷¸òå ñ øàãîì èíòåãðèðîâàíèÿ itδ .

Íà ðèñ. 6 ïðèâåäåíà îòíîñèòåëüíàÿ ïîãðåø-
íîñòü ðàñ÷¸òà âåðòèêàëüíîãî ïåðåìåùåíèÿ öåí-
òðà òÿæåñòè h è âåðòèêàëüíîãî óñèëèÿ íà îïîðó
Py ïðè ïîñëåäîâàòåëüíîì óìåíüøåíèè øàãà èí-
òåãðèðîâàíèÿ â äâà ðàçà íà÷èíàÿ ñ 2 ìñ. Äëÿ ðàñ-
÷¸òîâ âûáðàí øàã èíòåãðèðîâàíèÿ ïî âðåìåíè
0,05 ìñ.

Ðàñ÷¸òíûå è ýêñïåðèìåíòàëüíûå äèàãðàììû
âåðòèêàëüíîé íàãðóçêè íà îïîðó øàññè ïî âðå-
ìåíè ïðèâåäåíû íà ðèñ. 7. Äèàãðàììû âåðòèêàëü-
íîãî ïåðåìåùåíèÿ öåíòðà òÿæåñòè è îáæàòèÿ
àìîðòèçàòîðà ïðèâåäåíû íà ðèñ. 8.

Äèàãðàììû ðàáîòî¸ìêîñòè (çàâèñèìîñòè âåð-
òèêàëüíîé íàãðóçêè íà îïîðó îò âåðòèêàëüíîãî
ïåðåìåùåíèÿ) ïðåäñòàâëåíû íà ðèñ. 9.

Âûâîäû

Ïðîâåäåííûå ðàñ÷¸òû ïîñàäî÷íîãî óäàðà äëÿ
îñíîâíîé îïîðû ËÀ ïîêàçûâàþò õîðîøåå ñîâïà-
äåíèå ñ ðåçóëüòàòàìè íàòóðíîãî ýêñïåðèìåíòà.
Ñîîòâåòñòâèå ðàñ÷¸òîâ è äàííûõ ýêñïåðèìåíòà
íàõîäèòñÿ â ïðåäåëàõ ïîãðåøíîñòè èçìåðèòåëü-
íîé àïïàðàòóðû, ïðèìåíÿâøåéñÿ ïðè ïðîâåäåíèè
èñïûòàíèé. ×èñëåííîå èññëåäîâàíèå ñõîäèìîñ-
òè ðåçóëüòàòîâ ðàñ÷åòà ïîêàçûâàåò, ÷òî øàã èí-
òåãðèðîâàíèÿ ïî âðåìåíè ñèñòåìû óðàâíåíèé â
0,05 ìñ äà¸ò îòíîñèòåëüíóþ ïîãðåøíîñòü ïðè
îïðåäåëåíèè îñíîâíûõ ïàðàìåòðîâ â ïðåäåëàõ
0,1%. Òî÷íîñòü òàêîãî ïîðÿäêà çíà÷èòåëüíî ïðå-
âîñõîäèò ïîãðåøíîñòè èçìåðèòåëüíîé àïïàðàòó-
ðû, èñïîëüçóåìîé â èñïûòàíèÿõ. Ïðåäëîæåííàÿ
ìåòîäèêà ìîæåò áûòü èñïîëüçîâàíà è äëÿ àíàëèçà
ïðîñòðàíñòâåííîãî äâèæåíèÿ íåñâîáîäíîé ñèñ-
òåìû òâ¸ðäûõ òåë, ÷òî ïîçâîëÿåò ïðîâîäèòü ðàñ-
÷¸òû îïîð øàññè ËÀ äîñòàòî÷íî ñëîæíûõ êèíå-
ìàòè÷åñêèõ ñõåì, êîòîðûå ÷àñòî ïðèìåíÿþòñÿ íà
ë¸ãêèõ è ñðåäíèõ ËÀ. Êðîìå òîãî, ïîäîáíûé ïîä-
õîä ïîçâîëÿåò ìîäåëèðîâàòü è ïðîâîäèòü ñîîòâåò-
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ñòâóþùèå ðàñ÷¸òû ïðè èñïîëüçîâàíèè òàê íàçû-
âàåìûõ àäàïòèâíûõ àìîðòèçàòîðîâ, æ¸ñòêîñòü
äåìïôåðîâ êîòîðûõ çàâèñèò îò âîçíèêàþùåé ïðè

ïîñàäêå ïåðåãðóçêè â öåíòðå òÿæåñòè ËÀ. Òàêàÿ
ðàáîòà ïðîâîäèòñÿ ñåé÷àñ â èíèöèàòèâíîì ïî-
ðÿäêå.

Ðèñ. 5. Îïîðà øàññè ïðè êîïðîâûõ èñïûòàíèÿõ
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Ðèñ. 6. Îòíîñèòåëüíàÿ ïîãðåøíîñòü ðàñ÷¸òà

Ðèñ. 7. Äèàãðàììû âåðòèêàëüíîé íàãðóçêè Py íà îïîðó øàññè
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Ðèñ. 8. Äèàãðàììû âåðòèêàëüíîãî ïåðåìåùåíèÿ h è îáæàòèÿ àìîðòèçàòîðà s ïî âðåìåíè

Ðèñ. 9. Äèàãðàììû ðàáîòî¸ìêîñòè
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