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Äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè èñïûòàíèé áàëëèñòè÷åñêèõ ìîäåëåé ðàêåò â ãèäðî-

äèíàìè÷åñêèõ áàññåéíàõ íàøëè øèðîêîå ïðèìåíåíèå ãèäðàâëè÷åñêèå óëàâëèâàþùèå

óñòðîéñòâà â âèäå çàïîëíåííîé âîäîé òðóáû ñ ãëóõèì äíèùåì. Äëÿ ëèêâèäàöèè ÿâëå-

íèÿ ãèäðîóäàðà â òîðöå òðóáû ïðåäóñìàòðèâàåòñÿ âîçäóøíûé êîëîêîë. Ðàçðàáîòàííûå

ìàòåìàòè÷åñêàÿ ìîäåëü è ìåòîä ðàñ÷åòà äèíàìèêè áàëëèñòè÷åñêîé ìîäåëè â ãèäðàâ-

ëè÷åñêîì óëàâëèâàþùåì óñòðîéñòâå ïîçâîëÿþò âûáðàòü ãåîìåòðè÷åñêèå ïàðàìåòðû

óëàâëèâàþùåãî óñòðîéñòâà è ïðîâîäèòü òîðìîæåíèå ìîäåëè â çàðàíåå çàäàííîì ðàñ-

÷åòíîì ðåæèìå. Óðàâíåíèå äëÿ ïðîäîëüíîãî äâèæåíèÿ ìîäåëè ïîëó÷åíî èç óðàâíåíèÿ

Ëàãðàíæà. Ïî ïðåäëàãàåìîìó ìåòîäó ñîçäàíà ïðîãðàììà íà ÝÂÌ è âûïîëíåíû ïðèìå-

ðû ðàñ÷åòîâ. Ïðîâåäåíî ñðàâíåíèå ðàñ÷åòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ïîëó÷åí-

íûìè ïðè èñïûòàíèÿõ â ãèäðîáàññåéíå. Íàáëþäàåòñÿ óäîâëåòâîðèòåëüíîå ñîîòâåòñòâèå

ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ, ÷òî ñëóæèò ïîäòâåðæäåíèåì äîñòîâåðíîñòè

è íàäåæíîñòè ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäåëè òîðìîçíîãî ãèäðîäèíàìè÷åñêî-

ãî óñòðîéñòâà. Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïîçâîëÿåò ïðè çàäàííîì ÷èñëå

Ýéëåðà è äëÿ çàäàííîé ìàññû ìîäåëè âûáèðàòü íåîáõîäèìûå äëÿ òîðìîæåíèÿ îñíîâ-

íûå ïàðàìåòðû óëàâëèâàþùåãî òîðìîçíîãî óñòðîéñòâà. Ïðåäëîæåííûé ìåòîä ðàñ÷åòà

ìîæåò áûòü èñïîëüçîâàí äëÿ îïðåäåëåíèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ òîðìîçíîãî è

óëàâëèâàþùåãî óñòðîéñòâà ïðè ïðîâåäåíèè èñïûòàíèé áàëëèñòè÷åñêîé ìîäåëè â ãèä-

ðîáàññåéíå.

Êëþ÷åâûå ñëîâà: ìîäåëü ðàêåòû; ãèäðîäèíàìèêà; ãèäðàâëè÷åñêîå óñòðîéñòâî;

ýêñïåðèìåíò; âîçäóøíûé êîëîêîë.

Ïðè ðàçðàáîòêå ïåðñïåêòèâíûõ ìîðñêèõ ðàêåòíûõ êîìïëåêñîâ íàøåë øèðîêîå
ïðèìåíåíèå ìåòîä áàëëèñòè÷åñêèõ èñïûòàíèé ìîäåëåé â ñïåöèàëèçèðîâàííûõ ãèäðî-
äèíàìè÷åñêèõ áàññåéíàõ. Åãî ïðèìåíåíèå ïîçâîëÿåò íà ðàííèõ ñòàäèÿõ ïðîåêòèðî-
âàíèÿ âûáèðàòü íàèáîëåå îïòèìàëüíûå ïðè çàäàííûõ îãðàíè÷åíèÿõ ãèäðîäèíàìè÷å-
ñêèå ñõåìû ñòàðòà ðàêåò [1]. Äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè èñïûòàíèé è ñîõðàíåíèÿ
ìíîãîðàçîâîãî èñïîëüçîâàíèÿ ìîäåëè ïðèìåíÿþò ðàçëè÷íûå ñèñòåìû óëàâëèâàíèÿ è
òîðìîæåíèÿ ìîäåëè. Íàèáîëåå íàäåæíûìè è áåçîïàñíûìè èç íèõ çàðåêîìåíäîâàëè
ñåáÿ ãèäðàâëè÷åñêèå ñèñòåìû, â êîòîðûõ ìîäåëü ïî íàïðàâëÿþùèì âõîäèò è òîð-
ìîçèòñÿ â çàïîëíåííîé âîäîé öèëèíäðè÷åñêîé òðóáå ñ ãëóõèì äíèùåì [2]. Îäíàêî
ðàçðàáîòêà ìåòîäà èõ ðàñ÷åòà îñòàåòñÿ äî ñèõ ïîð àêòóàëüíîé. Â ñòàòüå ðàçðàáàòû-
âàåòñÿ ìàòåìàòè÷åñêàÿ ìîäåëü è ìåòîä ðàñ÷åòà äèíàìèêè áàëëèñòè÷åñêîé ìîäåëè â
ãèäðàâëè÷åñêîì óëàâëèâàþùåì óñòðîéñòâå, êîòîðûå ïîçâîëÿþò âûáèðàòü åãî ãåîìåò-
ðè÷åñêèå ïàðàìåòðû è ïðîâîäèòü òîðìîæåíèå ìîäåëè â çàðàíåå çàäàííîì ðàñ÷åòíîì
ðåæèìå, ÷òî ïîçâîëÿåò ñíèçèòü ïåðåãðóçêó ìîäåëè è âîçíèêàþùåå èçáûòî÷íîå äàâ-
ëåíèå æèäêîñòè â òðóáå [3]. Îáëàñòè çíàíèé, ñâÿçàííûå ñ èññëåäîâàíèåì äèíàìèêè
áàëëèñòè÷åñêèõ ìîäåëåé ðàêåò, ðàñ÷åòíî-òåîðåòè÷åñêèì è ýêñïåðèìåíòàëüíûì èññëå-
äîâàíèÿì ïîäâîäíîãî ñòàðòà, à òàêæå ñîïóòñòâóþùèå èì ïðîöåññû ñ íåñòàöèîíàðíû-
ìè äâóõôàçíûìè ïîòîêàìè ñ ó÷åòîì òåïëîìàññîáìåíà, ÿâëÿåòñÿ â íàñòîÿùåå âðåìÿ
àêòóàëüíûìè, è èì ïîñâÿùåíû ðàáîòû ìíîãèõ àâòîðîâ [4�8].
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Íà ðèñ. 1 ïðèâåäåíà ñõåìà ãèäðàâëè÷åñêîãî óëàâëèâàþùåãî óñòðîéñòâà, êîòîðîå
ñîñòîèò èç öèëèíäðè÷åñêîé òðóáû ñ ãëóõèì äíèùåì. Ìîäåëü íà÷èíàåò òîðìîçèòüñÿ
ïðè âõîäå íîñêà ìîäåëè â òðóáó (ðèñ. 1 à), áîëåå èíòåíñèâíîå òîðìîæåíèå ïðîèñ-
õîäèò ïîñëå âõîäà íîñêà ìîäåëè â òðóáó (ðèñ. 1 á). Ñ öåëüþ ñìÿã÷åíèÿ ïðîöåññà
òîðìîæåíèÿ, à òàêæå ëèêâèäàöèè âîçìîæíûõ ÿâëåíèé ãèäðîóäàðà (ïèêîâ äàâëåíèÿ
â æèäêîñòè è ïåðåãðóçîê ìîäåëè) â òîðöå òðóáû äîïîëíèòåëüíî ïðåäóñìàòðèâàåòñÿ
âîçäóøíûé êîëîêîë, çàãåðìåòèçèðîâàííûé ýëàñòè÷íîé èëè ëåãêîðàçðóøàåìîé ìåì-
áðàíîé. Ïðè âîçíèêíîâåíèè èçáûòî÷íîãî äàâëåíèÿ â æèäêîñòè ìåìáðàíà ñìåùàåòñÿ
ê òîðöó, äàâëåíèå â îáúåìå êîëîêîëà ïðè ýòîì âîçðàñòàåò. Ïðè âõîäå íîñêà ìîäåëè
â çàòîïëåííóþ òðóáó ìåæäó ìîäåëüþ è òðóáîé îáðàçóåòñÿ êîëüöåâîé çàçîð, ÷åðåç
êîòîðûé âîäà íà÷èíàåò âûòåñíÿòüñÿ èç òðóáû. Ìîäåëü îáû÷íî ïðåäñòàâëÿåò ñîáîé
âûòÿíóòîå òåëî âðàùåíèÿ ñ öèëèíäðè÷åñêèì êîðïóñîì, çàêàí÷èâàþùèìñÿ ïëîñêèì
ñðåçîì, à ïðîôèëèðîâàííàÿ ôîðìà íîñêà áëèçêà ê ñôåðè÷åñêîé.

Ðèñ. 1. Ñõåìû óëàâëèâàþùåãî ãèäðàâëè÷åñêîãî óñòðîéñòâà: à � âõîä íîñêà ìîäåëè, á
� äâèæåíèå â òðóáå

Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êîëüöåâîãî çàçîðà ïðè âõîäå ñôåðè÷åñêîãî íîñêà
â òðóáó çàâèñèò îò êîîðäèíàòû åãî ñå÷åíèÿ x

SÊÇ = π(x2 − 2Rx+R2
T ) ïðè l ≤ R. (1)

Ïîñëå âõîäà íîñêà â òðóáó ïëîùàäü êîëüöåâîãî çàçîðà ñòàíîâèòñÿ ïîñòîÿííîé è îïðå-
äåëÿåòñÿ ðàâåíñòâîì

SÊÇ = π(R2
T −R2) ïðè l > R. (2)

Çäåñü l � ïóòü, ïðîéäåííûé ìîäåëüþ, R, RT � ðàäèóñû ìîäåëè è òðóáû.
Äëÿ îïðåäåëåíèÿ ñêîðîñòè ãðàíèöû VK èñïîëüçóåì èíòåãðàë Êîøè � Ëàãðàíæà

äëÿ òå÷åíèÿ æèäêîñòè â òðóáå

∂φ

∂t
+

V 2
K

2
+

PK

ρ
=

PÆ
ρ

, (3)

Âåñòíèê ÞÓðÃÓ. Ñåðèÿ ≪Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
è ïðîãðàììèðîâàíèå≫ (Âåñòíèê ÞÓðÃÓ ÌÌÏ). 2017. Ò. 10, � 4. Ñ. 56�63
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ãäå φ = xVK � ïîòåíöèàë ñêîðîñòè òå÷åíèÿ â òðóáå, VK = ∂φ/∂x � ñêîðîñòü æèäêîñòè,
PK � äàâëåíèå â âîçäóøíîì êîëîêîëå, PÆ � äàâëåíèå æèäêîñòè â òðóáå, ρ � ïëîòíîñòü
æèäêîñòè. Èç èíòåãðàëà Êîøè � Ëàãðàíæà íàéäåì äèôôåðåíöèàëüíîå óðàâíåíèå äëÿ
ñêîðîñòè ãðàíèöû

dVK

dt
=

PÆ − PK

ρxK

− V 2
K

2xK

, (4)

ãäå xK = L− l + lK . Äèôôåðåíöèàëüíîå óðàâíåíèå ïåðåìåùåíèÿ ãðàíèöû lK

∂lK
∂t

= VK . (5)

Íà÷àëüíûå óñëîâèÿ ïðè t = 0 äëÿ óðàâíåíèÿ (4) VK = 0, äëÿ óðàâíåíèÿ (5) lK = 0.
Â àäèàáàòè÷åñêîì ïðèáëèæåíèè âûðàæåíèå äëÿ äàâëåíèÿ â îáúåìå êîëîêîëà ïðèìåò
âèä

PK = PK0

(
PK0

lK0 − lK

)k

, (6)

ãäå PK0, PK � íà÷àëüíîå è òåêóùåå äàâëåíèÿ â âîçäóøíîì êîëîêîëå, lK0 � íà÷àëüíàÿ
äëèíà âîçäóøíîãî êîëîêîëà, k = 1, 4 � ïîêàçàòåëü àäèàáàòû äëÿ âîçäóõà.

Ñîñòàâëÿþùàÿ êèíåòè÷åñêîé ýíåðãèè òå÷åíèÿ âîäû â òðóáå, âûçâàííîå ñêîðîñòüþ
ìåìáðàíû, çàïèøåòñÿ â âèäå

TK =
ρV 2

K

2
ST (L− l + lK), (7)

ãäå ST � ïëîùàäü ñå÷åíèÿ òðóáû ST = πR2
T , L � íà÷àëüíàÿ êîîðäèíàòà x ãðàíèöû

êîëîêîëà, l � ïóòü, ïðîéäåííûé ìîäåëüþ.
Äèôôåðåíöèàëüíûå óðàâíåíèÿ ïðîäîëüíîãî äâèæåíèÿ ìîäåëè ïîëó÷èì èñõîäÿ èç

çàêîíà êîëè÷åñòâà äâèæåíèÿ, ïðåäñòàâëåííîãî â âèäå óðàâíåíèÿ Ëàãðàíæà [1]

d

dt

∂TΣ

∂V
= F. (8)

Çäåñü ïðîèçâîäíàÿ ïî âðåìåíè d
dt
áåðåòñÿ â ïîäâèæíîé ñèñòåìå êîîðäèíàò, TΣ � ñóì-

ìàðíàÿ êèíåòè÷åñêàÿ ýíåðãèÿ, V � ïðîäîëüíàÿ ñêîðîñòü ìîäåëè â íàïðàâëåíèè OX,
F � ãëàâíûé âåêòîð âñåõ ñèë, ïðèëîæåííûõ ê ìîäåëè, êðîìå óæå ó÷èòûâàåìûõ â
óðàâíåíèè Ëàãðàíæà ñèë âîçäåéñòâèÿ íåâÿçêîé æèäêîñòè.

Èñõîäÿ èç ïðåäñòàâëåííîé íà ðèñ. 1 ñõåìû, çíà÷åíèå TΣ ïðåäñòàâèì â âèäå ñóììû

TΣ = (M + λ)
V 2

2
+ TÊÇ + TK , (9)

ãäåM � ìàññà ìîäåëè, λ � ïðèñîåäèíåííàÿ ìàññà ìîäåëè â æèäêîñòè, TÊÇ � ñîñòàâëÿþ-
ùàÿ âûçûâàåìîãî òå÷åíèÿ âîäû â êîëüöåâîì çàçîðå, TK � ñîñòàâëÿþùàÿ, îáóñëîâëåí-
íàÿ äâèæåíèåì ãðàíèöû ðàçäåëà ≪âîçäóõ-âîäà≫ âîçäóøíîãî êîëîêîëà, ðàññ÷èòûâàå-
ìàÿ ïî ôîðìóëå (7). Èñõîäÿ èç èçâåñòíûõ çàâèñèìîñòåé ïðèñîåäèíåííûõ ìàññ ñôåðû(
λÑÔ = 2

3
πρR3

)
è äèñêà

(
λ = 8

3
ρR3

)
, ïðèáëèæåííîå âûðàæåíèå ïðèñîåäèíåííîé ìàñ-

ñû ìîäåëè, ñîñòîÿùåé èç öèëèíäðè÷åñêîãî êîðïóñà, çàêàí÷èâàþùåãîñÿ ñçàäè ïëîñêèì
ñðåçîì à ñïåðåäè ñôåðè÷åñêèì íîñêîì, çàïèøåì â âèäå

λ =
π

3
ρR3 +

4

3
ρR3 =

π + 4

3
ρR3. (10)
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Âõîäÿùàÿ â (8) ñèëà F , ñâÿçàííàÿ ñî ñâîéñòâàìè âÿçêîñòè æèäêîñòè, îïðåäåëÿåòñÿ
êàê ñèëà âÿçêîãî òðåíèÿ ìîäåëè ñ êîýôôèöèåíòîì Cxf

F = −CxfS
ρu2

2
, (11)

ãäå S = πR2 � ïëîùàäü ìèäåëÿ ìîäåëè. Îäíàêî èç-çà ìàëîé âåëè÷èíû ýòîé ñèëû
äàëåå áóäåì ïîëàãàòü åå ðàâíîé íóëþ (F = 0).

Ñêîðîñòü âûòåñíÿåìîé ÷åðåç êîëüöåâîé çàçîð âîäû u â ñîîòâåòñòâèè ñ óðàâíåíèåì
íåðàçðûâíîñòè è ðàâåíñòâàìè (1), (2) îïðåäåëÿåòñÿ â ñå÷åíèè êîëüöåâîãî çàçîðà ñ
êîîðäèíàòîé x âûðàæåíèÿìè

u =
V (2Rx− x2)− VKR

2
T

(x2 − 2Rx+R2
T )

ïðè l ≤ R,

u =
V R2 − VKR

2
T

R2
T −R2

ïðè l > R.
(12)

Äëÿ îïðåäåëåíèÿ TÊÇ çàïèøåì ïðèðàùåíèå ïðèñîåäèíåííîé ìàññû dm â ñå÷åíèè
êîëüöåâîãî çàçîðà

dm = ρSÊÇdx.

Â ñîîòâåòñòâèè ñ ýòèì ïðèðàùåíèå êèíåòè÷åñêîé ýíåðãèè dTÊÇ ïðåäñòàâèì â âèäå

dTÊÇ =
ρu2

2
SÊÇdx

è TÊÇ íàéäåì êàê èíòåãðàë ïî ïóòè ìîäåëè l

TÊÇ =
ρ

2

∫ l

0

u2SÊÇdx =
ρV 2

2
J,

ãäå J =

∫ l

0

u2

V 2
SÊÇdx.

Ïîñëå ïðîâåäåíèÿ èíòåãðèðîâàíèÿ ñ ó÷åòîì ôîðìóë äëÿ ñêîðîñòè u (12) è SÊÇ (1),
(2), ïîëó÷èì ïðè âõîäå íîñêà ìîäåëè â òðóáó (l ≤ R) è ïðè ïîñëåäóþùåì äâèæåíèè
ìîäåëè â òðóáå (l > R)

J1(l) = π
{
l(l2/3−Rl +R2

T ) + 2lR2
T V̄K+

+
(1− V̄K)

2R4
T√

R2
T −R2

(
arctg

l −R√
R2

T −R2
+ arctg

R√
R2

T −R2

)}
ïðè l ≤ R. (13)

J2(l) = J1(R) + π

(
R2 − V̄KR

2
T

)2
R2

T −R2
(l −R) ïðè l > R. (14)

Çäåñü V̄K = VK/V , J1(R) îïðåäåëÿåòñÿ èç âûðàæåíèÿ äëÿ J1(l) ïðè l = R, òî åñòü

J1(R) = π

{
RR2

T (1 + 2V̄K)−
2

3
R3 +

(1− V̄K)
2R4

T√
R2

T −R2
arctg

R√
R2

T −R2

}
. (15)
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Â ðåçóëüòàòå âûðàæåíèå äëÿ ñóììàðíîé êèíåòè÷åñêîé ýíåðãèè ñ ó÷åòîì ôîðìóë
(9), (10), (13) � (15) ïðèìåò âèä

TΣ(l) =
V 2

2
(M + λ+ ρJ1(l)) +

ρV 2
K

2
ST (L− l + lK) ïðè l ≤ R,

TΣ(l) =
V 2

2
(M + λ+ ρJ1(l) + ρJ2(l)) +

ρV 2
K

2
ST (L− l + lK) ïðè l > R.

Íà îñíîâàíèè óðàâíåíèÿ Ëàãðàíæà (8) è ïîëó÷åííûõ âûðàæåíèé äëÿ TΣ(l) íàéäåì
îñíîâíûå äèôôåðåíöèàëüíûå óðàâíåíèÿ äëÿ ñêîðîñòè äâèæåíèÿ ìîäåëè V :
� ïðè âõîäå íîñêà ìîäåëè â òðóáó:

dV

dt
= − 1

M + λ+ ρJ1(l) + ρV̄ 2
KST (L− l + lK)

(
πρV 2 (2Rl − l2 − V̄KR

2
T )

2

l2 − 2Rl +R2
T

)
ïðè (l ≤ R);

� ïðè äâèæåíèè ìîäåëè â òðóáå:

dV

dt
= − 1

M+λ+ρJ1(R)+ρJ2(l)+ρV̄ 2
KST (L−l+lK)

(
πρV 2 (R

2 − V̄KR
2
T )

2

R2
T −R2

)
ïðè l > R.

Äëÿ çàìûêàíèÿ ñèñòåìû äîáàâèì äèôôåðåíöèàëüíîå óðàâíåíèå äëÿ ïóòè ìîäåëè
dl
dt
= V , à òàêæå óðàâíåíèÿ (4), (5) äëÿ ïåðåìåùåíèÿ ãðàíèöû êîëîêîëà è âûðàæåíèÿ

äëÿ äàâëåíèÿ æèäêîñòè â òðóáå

PÆ = PÆ0 +
ρV 2

2

(2Rl − l2 − V̄KR
2
T )

2

l2 − 2Rl +R2
T

ïðè l ≤ R,

PÆ = PÆ0 +
ρV 2

2

(R2 − V̄KR
2
T )

2

R2
T −R2

ïðè l ≤ R,

ãäå PÆ0 � íà÷àëüíîå äàâëåíèå â òðóáå.
Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ðåàëèçîâàíà â âèäå ïðîãðàììû íà ÝÂÌ.

Èíòåãðèðîâàíèå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé ïðîâîäèëîñü ïðè ýòîì ìåòî-
äîì Ðóíãå � Êóòòû ÷åòâåðòîãî ïîðÿäêà òî÷íîñòè. Ðåçóëüòàòû ðàñ÷åòîâ óäîáíî ïðåä-
ñòàâèòü â áåçðàçìåðíîì âèäå. Ñâÿçü ìåæäó íà÷àëüíîé ñêîðîñòüþ ìîäåëè V0 è íà-
÷àëüíûì äàâëåíèåì â æèäêîñòè PÆ0 âûðàæàåòñÿ ÷èñëîì Ýéëåðà Eu = PÆ0/(ρV

2
0 ).

Çàòåì ââåäåì ñëåäóþùèå áåçðàçìåðíûå ïàðàìåòðû: âðåìåíè t̄ = tV0/D (D = 2R),
ìàññû ìîäåëè M̄ = M/(ρD3), ñêîðîñòè ìîäåëè V̄ = V/V0, ïëîùàäè êîëüöåâîãî çàçîðà
δ = (DT/D)2 − 1, ãäå DT = 2RT íà÷àëüíîé äëèíû âîçäóøíîãî êîëîêîëà l̄K0 = lK0/D
è äëèíû îáúåìà, çàïîëíåííîãî æèäêîñòüþ L̄ = L/D. Äëÿ îïîðíîãî âàðèàíòà ðàñ÷å-
òà ïðèíÿòû ñëåäóþùèå ÷èñëåííûå çíà÷åíèÿ: M̄ = 10, Eu = 0, 67, δ = 0, 27, L̄ = 7,
l̄K0 = 3 è t̄ = 52t. Ðåçóëüòàòû ðàñ÷åòîâ ïðåäñòàâëåíû â âèäå ãðàôèêîâ çàâèñèìîñòåé
V̄ , P̄K , P̄Æ îò t̄, ãäå P̄Æ = PÆ/(ρV 2

0 ), P̄K = PK/(ρV
2
0 ).

Íà ðèñ. 2 � 4 ïðîâîäèòñÿ ñðàâíåíèå ðàñ÷åòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè,
ïîëó÷åííûìè ïðè èñïûòàíèÿõ â ãèäðîáàññåéíå. Íàáëþäàåòñÿ óäîâëåòâîðèòåëüíîå ñî-
îòâåòñòâèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ, ÷òî ñëóæèò ïîäòâåðæäåíèåì
äîñòîâåðíîñòè è íàäåæíîñòè ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäåëè òîðìîçíîãî ãèä-
ðîäèíàìè÷åñêîãî óñòðîéñòâà.
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Ðèñ. 2. Ñðàâíåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ çíà÷åíèé áåçðàçìåðíîé ñêîðîñòè
ìîäåëè V̄

Ðèñ. 3. Ñðàâíåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ êîýôôèöèåíòîâ äàâëåíèÿ P̄æ

Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïîçâîëÿåò ïðè çàäàííîì ÷èñëå Ýéëåðà è
çàäàííîé ìàññå ìîäåëè âûáèðàòü íåîáõîäèìûå äëÿ òîðìîæåíèÿ îñíîâíûå ïàðàìåò-
ðû óëàâëèâàþùåãî òîðìîçíîãî óñòðîéñòâà

(
δ, L̄, l̄K0

)
è íàéäåò èñïîëüçîâàíèå ïðè

ýêñïåðèìåíòàëüíîé îòðàáîòêå ïîäâîäíîãî ñòàðòà ðàêåò.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà 14-08-00128 Ðîññèéñêîãî ôîíäà ôóíäà-

ìåíòàëüíûõ èññëåäîâàíèé.
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Ðèñ. 4. Ñðàâíåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ êîýôôèöèåíòîâ äàâëåíèÿ P̄K
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DYNAMIC ANALYSIS OF A BALLISTIC MISSIBLE MODEL

V.I. Pegov1,2, I.Yu. Moshkin2

1Makeyev SRC, Miass, Russian Federation
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E-mail: ofpat@mail.ru

A hydraulic catching device in the form of a blind water-�lled pipe is widely used

to ensure safety in tests of ballistic missile models in hydrodynamic test tanks. An air

chamber is provided at the pipe end wall to avoid a water-hammer e�ect. The developed

math model and methodology for analyzing dynamics of a ballistic model in a hydraulic

catching device permit to choose geometrical parameters of a catching device and decelerate

the model in preset design conditions. The model longitudinal equation was derived from

the Lagrange equation. The proposed methodology was used to create a software program

and make trial calculations. The calculation data were compared with the experimental

ones obtained during tests in a hydrodynamic tank. The calculation and experimental data

are in good compliance proving adequacy and reliability of the developed math model for

a deceleration hydrodynamic device. In case of the given Euler number and model mass,

the developed math model allows choosing basic parameters of a catching decelerating

device which are required for deceleration. The proposed methodology can be used to de�ne

geometrical parameters of a decelerating and catching device for testing a ballistic model

in a hydrodynamic tank.

Keywords: missile model; hydrodynamics; hydraulic device; test; air chamber.
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