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Îïðåäåëåíèå ýôôåêòèâíîé ñèëû ñâåòîâîãî äàâëåíèÿ
íà äåôîðìèðîâàííûé ðîòîðíûé ñîëíå÷íûé ïàðóñ

Çèìèí Â.Í.1, Íåðîâíûé Í.À.1,* *

1ÌÃÒÓ èì. Í.Ý. Áàóìàíà, Ìîñêâà, Ðîññèÿ

Â ðàáîòå ðàññìîòðåí âîïðîñ îïðåäåëåíèÿ äåôîðìèðîâàííîé ôîðìû ëîïàñòè ðîòîðíîãî ñîëíå÷-
íîãî ïàðóñà è àíàëèçà âëèÿíèÿ çàâèñèìîñòè îïòè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëà ïàðóñà îò ïðî-
äîëüíûõ ìåõàíè÷åñêèõ íàïðÿæåíèé íà åãî äåôîðìèðîâàííóþ ôîðìó è íà âåëè÷èíó ãëàâíîãî
âåêòîðà ñèëû ñâåòîâîãî äàâëåíèÿ. Áûëî ïîëó÷åíî àíàëèòè÷åñêîå âûðàæåíèå äëÿ ïîïåðå÷íîãî
ïðîãèáà ëîïàñòè ðîòîðíîãî ïàðóñà ñ ó÷åòîì è áåç ó÷åòà ïîäîáíîé çàâèñèìîñòè. Â êà÷åñòâå ïðè-
ìåðà áûë âûáðàí ìàòåðèàë ÏÝÒÔ, äëÿ êîòîðîãî áûëà ïðîàíàëèçèðîâàíà ñòåïåíü âëèÿíèÿ äàííîé
çàâèñèìîñòè íà âåëè÷èíó ïðîãèáà êîíöåâîãî ñå÷åíèÿ. Äëÿ ëîïàñòè ïåðñïåêòèâíîãî ñîëíå÷íîãî
ïàðóñà áûëà ðàññ÷èòàíà ïðîåêöèÿ ãëàâíîãî âåêòîðà ñâåòîâîãî äàâëåíèÿ íà îñü âðàùåíèÿ ñ ó÷åòîì
è áåç ó÷åòà äàííîé çàâèñèìîñòè.

Êëþ÷åâûå ñëîâà: ñîëíå÷íûé ïàðóñ; ðîòîðíûé ïàðóñ; êîýôôèöèåíò îòðàæåíèÿ

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ àêòèâíî ðàçâèâàþòñÿ ïðèêëàäíûå èññëåäîâàíèÿ, ñâÿçàííûå ñ èñïîëü-
çîâàíèåì ñîëíå÷íûõ ïàðóñîâ, íàïðèìåð, äëÿ ñâåäåíèÿ ñïóòíèêîâ ñ îðáèòû Çåìëè (ðàáîòû
Ñ.Ï. Òðîôèìîâà [1, 2]), äëÿ ïðîãíîçèðîâàíèÿ äâèæåíèÿ ðåàëüíûõ êîñìè÷åñêèõ àïïàðàòîâ
(Ã.Ê. Áîðîâèí,Ì.Â. Çàõâàòêèí è äð. [3]), äëÿ óïðàâëåíèÿ îðèåíòàöèåé êîñìè÷åñêèõ àïïàðàòîâ
(Í. Êèñëîâ, Ñ.È. Øìàòîâ, À.Ñ. Ìîðäâèíêèí, Å.Í. ×óìà÷åíêî, À.Â. Ìàëàøêèí, À.Í. Ôåäî-
ðåíêî è äð. [4, 5, 6, 7, 8, 9, 10, 11]), äëÿ äðóãèõ íàïðàâëåíèé [12, 13, 14, 15].
Ïåðâîî÷åðåäíîé çàäà÷åé â îáëàñòè ñîëíå÷íûõ ïàðóñîâ ÿâëÿåòñÿ îòðàáîòêà èõ ðàñêðûòèÿ

è àíàëèç äèíàìèêè èõ ïîñëåäóþùåãî ïîâåäåíèÿ. Âìåñòå ñ òåì, äëÿ ñîçäàíèÿ êðóïíîãà-
áàðèòíûõ ñîëíå÷íûõ ïàðóñîâ â áóäóùåì, íåîáõîäèìî ïðîâåñòè àíàëèç âëèÿíèÿ ðàçëè÷íûõ
ôàêòîðîâ íà îïòè÷åñêèå è ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëîâ è, ñëåäîâàòåëüíî, íà
ýôôåêòèâíîñòü öåëåâîãî ïðèìåíåíèÿ êîíñòðóêöèè, íà åãî ïðî÷íîñòü è òåïëîâîé ðåæèì.
Òàêèìè ôàêòîðàìè ìîãóò ÿâëÿòüñÿ: ýôôåêòû ðàäèàöèîííîé è òåìïåðàòóðíîé äåãðàäàöèè,
íåèäåàëüíîñòü ôîðìû ïîâåðõíîñòè, çàâèñèìîñòü îïòè÷åñêèõ è òåðìîäèíàìè÷åñêèõ õàðàê-
òåðèñòèê îò ìåõàíè÷åñêèõ íàïðÿæåíèé, äðóãèå ýôôåêòû [16, 17]. Àíàëèçîì ðàçëè÷íûõ ôàê-
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òîðîâ, âëèÿþùèõ íà âåëè÷èíó ñâåòîâîãî äàâëåíèÿ íà êîñìè÷åñêèå êîíñòðóêöèè, çàíèìàëñÿ
Ä. Øèðñ ñ ñîàâòîðàìè [18, 19, 20, 21, 22].
Öåëüþ ðàáîòû ÿâëÿåòñÿ àíàëèç âëèÿíèÿ îïòè÷åñêèõ íåñîâåðøåíñòâ ìàòåðèàëà ïîëîòíà

ñîëíå÷íîãî ïàðóñà ðîòîðíîãî òèïà â âèäå çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò ïðîäîëü-
íîé äåôîðìàöèè íà åãî äåôîðìèðîâàííóþ ôîðìó è íà ýôôåêòèâíóþ ñèëó ñâåòîâîãî äàâëå-
íèÿ, ïîíèìàåìóþ êàê ïðîåêöèþ ãëàâíîãî âåêòîðà ñâåòîâîãî äàâëåíèÿ íà îñü, íàïðàâëåííóþ
âäîëü îñè âðàùåíèÿ ðîòîðíîãî ñîëíå÷íîãî ïàðóñà. Â ïåðâîé ÷àñòè ðàáîòû çàïèñûâàåòñÿ
äèôôåðåíöèàëüíîå óðàâíåíèå ðàâíîâåñèÿ áåñêîíå÷íî ìàëîãî ýëåìåíòà ëîïàñòè ñîëíå÷íîãî
ïàðóñà, âî âòîðîé ÷àñòè äàííîå óðàâíåíèå ðåøàåòñÿ â ñòàíäàðòíîé ïîñòàíîâêå áåç ó÷åòà
çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò ïðîäîëüíûõ íàïðÿæåíèé, â òðåòüåé ÷àñòè äàííîå
óðàâíåíèå ðåøàåòñÿ ñ ó÷åòîì ëèíåéíîé çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò íàïðÿ-
æåíèé, â ÷åòâåðòîé ÷àñòè ðàññìàòðèâàåòñÿ ÷èñëåííûé ïðèìåð îïðåäåëåíèÿ ìàêñèìàëüíîãî
ïðîãèáà êîíöåâîãî ñå÷åíèÿ ðîòîðíîãî ñîëíå÷íîãî ïàðóñà ïðè íåêîòîðûõ ðåàëèñòè÷íûõ äî-
ïóùåíèÿõ, â ïÿòîé ÷àñòè ñðàâíèâàåòñÿ çíà÷åíèå ïðîåêöèè ãëàâíîãî âåêòîðà ñèëû ñâåòîâîãî
äàâëåíèÿ íà îñü âðàùåíèÿ ïàðóñà ñ ó÷åòîì è áåç ó÷åòà çàâèñèìîñòè îïòè÷åñêèõ õàðàêòåðè-
ñòèê îò äåôîðìàöèé.
Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì èññëåäîâàíèé àâòîðîâ [23, 24, 25].

1. Ïîñòàíîâêà çàäà÷è îá îïðåäåëåíèè äåôîðìèðîâàííîé ôîðìû

Ðàññìîòðèì ëîïàñòü ðîòîðíîãî ñîëíå÷íîãî ïàðóñà (ãåëèîðîòîðà) â ðàìêàõ íèòÿíîãî ïîä-
õîäà [26, 27]. Ïóñòü ëîïàñòü ñîëíå÷íîãî ïàðóñà èìååò øèðèíó b è òîëùèíó ìàòåðèàëà h.
Ïóñòü äëèíà ëîïàñòè L íàìíîãî áîëüøå åå øèðèíû è òîëùèíû. Ëîïàñòü çàêðåïëåíà îäíèì
êîíöîì íà îñè âðàùåíèÿ, âòîðîé æå êîíåö ÿâëÿåòñÿ ñâîáîäíûì. Ïëîòíîñòü ìàòåðèàëà ëîïà-
ñòè ðàâíàm. Ëîïàñòü íàãðóæåíà öåíòðîáåæíûìè ñèëàìè è ñâåòîâûì äàâëåíèåì. Ðàñ÷åòíàÿ
ñõåìà äëÿ îïðåäåëåíèÿ äåôîðìèðîâàííîé ôîðìû ëåíòû ñîëíå÷íîãî ïàðóñà ïðåäñòàâëåíà
íà ðèñ. 1.

𝑥

𝑦

0

𝐿

𝜔
𝑑𝑥

𝑞0

Ðèñ. 1. Ëîïàñòü ðîòîðíîãî ñîëíå÷íîãî ïàðóñà â ïîëå öåíòðîáåæíûõ ñèë

Çàïèøåì óðàâíåíèÿ ðàâíîâåñèÿ áåñêîíå÷íî ìàëîãî ýëåìåíòà ëîïàñòè â ïðîåêöèÿõ íà
îñè êîîðäèíàò. Ïðèíèìàÿ óãëû ïîâîðîòà òîðöåâûõ ñå÷åíèé ìàëûìè, â ïðîåêöèè íà îñü Ox
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ïîëó÷èì:

− σ(x)bh + bhmω2xdx +
(
σ(x) +

dσ(x)

dx
dx

)
bh = 0; (1)

â ïðîåêöèè íà îñü Oy èìååì

− σ(x)bh
dw(x)

dx
+ pn(x)b dx +

(
σ(x) +

dσ(x)

dx
dx

)(
dw(x)

dx
+

d2w(x)

dx2
dx

)
bh = 0, (2)

ãäå σ(x) | ðàñòÿãèâàþùèå íàïðÿæåíèÿ; ω | óãëîâàÿ ñêîðîñòü âðàùåíèÿ; pn | ñâåòîâîå
äàâëåíèå; w| âåëè÷èíà ïîïåðå÷íîãî ïðîãèáà áåñêîíå÷íî ìàëîãî ýëåìåíòà.
Ïðåîáðàçîâàâ (1), èñïîëüçóÿ ãðàíè÷íîå óñëîâèå íà êîíöå ëîïàñòè

σ(L) = 0,

íàéäåì âûðàæåíèå äëÿ âíóòðåííèõ ðàñòÿãèâàþùèõ íàïðÿæåíèé â ëåíòå ëîïàñòè:

σ(x) =
1

2
mω2(L2 − x2). (3)

Óðàâíåíèå (2) çàïèøåì â ñëåäóþùåì âèäå:

pn(x)b dx +
dσ(x)

dx

dw(x)

dx
bh dx + σ(x)

d2w(x)

dx2
h dx +

dσ(x)

x

d2w(x)

dx2
bh dx2 = 0. (4)

Íåîáõîäèìî óñòàíîâèòü âèä çàâèñèìîñòè pn(x). Â äàííîì ñëó÷àå ïðèìåì, ÷òî ñòåïåíü
÷åðíîòû îñâåùåííîé è òåíåâîé ñòîðîí ëîïàñòè îäèíàêîâà, ïðîïóñêàíèå ñâåòà îòñóòñòâóåò,
à îòðàæåíèå ÿâëÿåòñÿ ïîëíîñòüþ çåðêàëüíûì. Èñïîëüçóÿ ïðèíÿòîå äîïóùåíèå î ìàëîñòè
óãëà íàêëîíà òîðöåâîãî ñå÷åíèÿ, áóäåì ñ÷èòàòü, ÷òî ñâåò ïàäàåò íà ïëîùàäêó ïî íîðìàëè ê
åå ïîâåðõíîñòè. Â íàøèõ äîïóùåíèÿõ ïîëó÷èì:

pn(x) =
[1 + ρ(σ(x))]q0

c
. (5)

Ïîäñòàâëÿÿ (5) â (4) è ïðåíåáðåãàÿ âåëè÷èíàìè âòîðîãî ïîðÿäêà ìàëîñòè, ïîëó÷àåì óðàâ-
íåíèå ðàâíîâåñèÿ ëîïàñòè:

[1 + ρ(σ(x))]q0

c
+

d

dx

(
σ(x)

dw(x)

dx

)
= 0. (6)

2. Ðåøåíèå çàäà÷è ïðè îòñóòñòâèè çàâèñèìîñòè
êîýôôèöèåíòà îòðàæåíèÿ îò íàïðÿæåíèé

Â ñëó÷àå, êîãäà êîýôôèöèåíò îòðàæåíèÿ ρ íå çàâèñèò îò ìåõàíè÷åñêèõ íàïðÿæåíèé,
óðàâíåíèå (6) ìîæíî ïðåäñòàâèòü â ñëåäóþùåì âèäå:

(1 + ρ)q0

hc
= − d

dx

(
σ(x)

dw(x)

dx

)
.

Èíòåãðèðóÿ äàííîå óðàâíåíèå è èñïîëüçóÿ ãðàíè÷íîå óñëîâèå íà ñâîáîäíîì êîíöå

σ(L)
dw(L)

dx
= 0, (7)
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ïîëó÷àåì
dw(x)

dx
=

2(1 + ρ)q0

hcmω2(L + x)
.

Èíòåãðèðóÿ äàííîå óðàâíåíèå åùå ðàç, ñ ó÷åòîì ãðàíè÷íîãî óñëîâèÿ íà çàêðåïëåííîì
êîíöå

w(0) = 0, (8)

íàõîäèì âûðàæåíèå äëÿ ïðîãèáà ëîïàñòè ðîòîðíîãî ñîëíå÷íîãî ïàðóñà â ïîñòàíîâêå îòñóò-
ñòâèÿ çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò ðàñòÿãèâàþùèõ íàïðÿæåíèé:

w(x) =
2(1 + ρ)q0

hcmω2
ln

L + x

L
. (9)

3. Ðåøåíèå çàäà÷è ïðè ëèíåéíîé çàâèñèìîñòè
êîýôôèöèåíòà îòðàæåíèÿ îò íàïðÿæåíèé

Ðàññìîòðèì òåïåðü ñëó÷àé, êîãäà êîýôôèöèåíò îòðàæåíèÿ ëèíåéíî çàâèñèò îò ðàñòÿãè-
âàþùèõ íàïðÿæåíèé, ò.å.

ρ(σ) = ρ0 − kσ,

ãäå ρ0|êîýôôèöèåíò îòðàæåíèÿ ïðè íóëåâîì ðàñòÿãèâàþùåì íàïðÿæåíèè, êîòîðîå èñïîëü-
çîâàëîñü ïðè âûâîäå ñîîòíîøåíèÿ (9); k | íåêîòîðûé êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè.
Âûðàæåíèå (6) çàïèøåì â ñëåäóþùåì âèäå:

[1 + (ρ0 − kσ(x))] q0

hc
= − d

dx

(
σ(x)

dw1(x)

dx

)
. (10)

Ïîäñòàâëÿÿ â ëåâóþ ÷àñòü (10) âûðàæåíèå (3) è èñïîëüçóÿ ãðàíè÷íûå óñëîâèÿ (7) è (8),
ïîëó÷àåì:

w1(x) =
2q0

hcmω2

[(
1 + ρ0 −

1

3
kmω2L2

)
ln

L + x

L
+

1

12
kmω2x2

]
.

Íàéäåì òåïåðü ðàçíèöó ìåæäó ïåðåìåùåíèÿìè, ðàññ÷èòàííûìè â ïðåäïîëîæåíèè íà-
ëè÷èÿ çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò ðàñòÿãèâàþùèõ íàïðÿæåíèé è áåç ýòîé
çàâèñèìîñòè. Ñíà÷àëà íàéäåì àáñîëþòíóþ ðàçíèöó

∆w(x) = w1(x)− w(x) =
kq0

hc

(
1

6
x2 − 2

3
L2 ln

L + x

L

)
.

Íàèáîëüøåå îòëè÷èå âåëè÷èíû ïåðåìåùåíèÿ áóäåò íàáëþäàòüñÿ íà çàêðåïëåííîì êîíöå
ëîïàñòè ñîëíå÷íîãî ïàðóñà. Äåéñòâèòåëüíî,

d∆w(xmax)

dx
=

kq0

3hc

x2 + Lx− 2L2

L + x
= 0, xmax = L.

Â òàêîì ñëó÷àå âûðàæåíèå äëÿ ìàêñèìàëüíîãî çíà÷åíèÿ ðàçíèöû ïåðåìåùåíèé ïðèìåò
âèä:

∆wmax =
q0kL2

6hc
(4 ln 2− 1). (11)

Êàê ñëåäóåò èç ôîðìóëû (11), ìàêñèìàëüíîå çíà÷åíèå ðàçíèöû ïåðåìåùåíèé çàâèñèò
òîëüêî îò ðàçìåðîâ ëîïàñòè è ñòåïåíè çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò ðàñòÿãèâà-
þùèé íàïðÿæåíèé.
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4. Îáñóæäåíèå ðåçóëüòàòîâ

Çàïèøåì âûðàæåíèå äëÿ ðàçíèöû ïåðåìåùåíèé â îòíîøåíèè ê ïåðåìåùåíèþ, ðàññ÷è-
òàííîìó áåç ó÷åòà âëèÿíèÿ çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ îò íàïðÿæåíèé, òî åñòü
ïîëó÷èì îòíîñèòåëüíóþ ðàçíèöó:

∆wmax

w(L)
=

4 ln 2− 1

12 ln 2

kL2mω2

1 + ρ
. (12)

Ïðèìåì ñëåäóþùèå ïàðàìåòðû ïàðóñà: L = 1000м; ω = 0,403
рад

с
. Ïàðàìåòðû ïîëîòíà

çàäàäèì êàê äëÿ ìåòàëëèçèðîâàííîé ïëåíêè èç ïîëèèìèäíîãî ìàòåðèàëà [28]: ρ0 = 0,95;
m = 1420

кг

м3
.

Áóäåì ñ÷èòàòü, ÷òî ìàòåðèàë ëåíòû ïàðóñà ÿâëÿåòñÿ ëèíåéíî-óïðóãèì. Äàííàÿ ãèïîòåçà
ÿâëÿåòñÿ äîñòàòî÷íî îáîñíîâàííîé, òàê êàê ëèíåéíûé õàðàêòåð êðèâîé íàãðóæåíèÿ ñîõðàíÿ-
åòñÿ ïðèìåðíî äî ïîëîâèíû îò ïðåäåëüíîãî óäëèíåíèÿ ïðè ðàçðûâå ïëåíî÷íîãî îáðàçöà [29].
Çàäàäèì âåðõíþþ ãðàíèöó äèàïàçîíà äëÿ k = 2 ·10−10Па−1, ÷òî ñîîòâåòñòâóåò óìåíüøåíèþ
êîýôôèöèåíòà îòðàæåíèÿ îò 0,95 äî 0,94 ïðè îòíîñèòåëüíîé äåôîðìàöèè 2%. Çíà÷åíèå
óãëîâîé ñêîðîñòè áûëî âûáðàíî òàêèì, ÷òîáû â òî÷êå çàêðåïëåíèÿ ëîïàñòè âåëè÷èíà ðàñòÿ-
ãèâàþùèõ íàïðÿæåíèé ñîñòàâëÿëà áû 0,5 îò ïðåäåëüíîé ïðî÷íîñòè ïðè ðàçðûâå, ðàâíîé äëÿ
ïîëèèìèäíîé ïëåíêè ïðèáëèçèòåëüíî 231МПа [28].
Èç ñîîòíîøåíèÿ (12) ñëåäóåò, ÷òî â ñëó÷àå ëèíåéíîé çàâèñèìîñòè êîýôôèöèåíòà îòðà-

æåíèÿ îò ðàñòÿãèâàþùèõ íàïðÿæåíèé, ìàêñèìàëüíûé ïðîãèá òàêæå ëèíåéíî èçìåíÿåòñÿ â
çàâèñèìîñòè îò êîýôôèöèåíòà k. Íà ðèñ. 2 âèäíî, ÷òî äåôîðìèðîâàííàÿ ôîðìà ëîïàñòè ðî-
òîðíîãî ñîëíå÷íîãî ïàðóñà ìîæåò çíà÷èòåëüíî îòëè÷àòüñÿ îò èäåàëüíîé: ïðè ìèíèìàëüíîì
çíà÷åíèè êîýôôèöèåíòà k â ðàññìàòðèâàåìîì äèàïàçîíå ïðîãèá êîíöåâîé òî÷êè óâåëè÷èëñÿ
ïðèáëèçèòåëüíî íà 0,5%. Âñëåäñòâèå ýòîãî çíà÷åíèå ãëàâíîãî âåêòîðà ñâåòîâîãî äàâëåíèÿ
íà íåèäåàëüíûé ñîëíå÷íûé ïàðóñ äîëæåí óìåíüøèòüñÿ, ÷òî ïîâëèÿåò íà åãî áàëëèñòè÷åñêèå
ïàðàìåòðû.
Ðàíåå ïðè àíàëèçå ìû ñ÷èòàëè, ÷òî ìàòåðèàë íå ïðîïóñêàåò ñâåò, òîëüêî îòðàæàåò èëè

ïîãëîùàåò åãî. Âûâåäåííûå â ÷àñòÿõ 1 è 2 ñîîòíîøåíèÿ íå ó÷èòûâàþò êîýôôèöèåíò ïðî-
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Ðèñ. 2. Ðåçóëüòàòû ðàñ÷åòà çíà÷åíèÿ ìàêñèìàëüíîãî îòíîñèòåëüíîãî
ïðîãèáà â çàâèñèìîñòè îò êîýôôèöèåíòà ïðîïîðöèîíàëüíîñòè k
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ïóñêàíèÿ ñâåòà, îäíàêî ñóùåñòâóåò ïðèáëèæåííûé ìåòîä ó÷åòà êîýôôèöèåíòà ïðîïóñêàíèÿ
â ñëó÷àå, åñëè îí ìàë [30]. Â ðàìêàõ òàêîãî ïîäõîäà ñ÷èòàþò, ÷òî êîýôôèöèåíò ïðîïóñêàíèÿ
óìåíüøàåò ñèëó ñâåòîâîãî äàâëåíèÿ, äëÿ ïëîñêîãî ýëåìåíòà ñîîòíîøåíèå ìîæíî çàïèñàòü
ñëåäóþùèì îáðàçîì:

dF = P (R)(1 + ρ− τ)(n̂ · ŝ)ŝ dA.

Ðàññìîòðèì ñëåäóþùóþ ãèïîòåçó: óâåëè÷åíèå êîýôôèöèåíòà ïðîïóñêàíèÿ ñ äåôîðìà-
öèåé â òî÷íîñòè ñîîòâåòñòâóåò óìåíüøåíèþ êîýôôèöèåíòà îòðàæåíèÿ. Äðóãèìè ñëîâàìè,
íå áóäåì ó÷èòûâàòü èçìåíåíèå êîýôôèöèåíòà ïîãëîùåíèÿ ñâåòà. Ïðèìåì, ÷òî ñ ðîñòîì
äåôîðìàöèè îò 0 äî 20% êîýôôèöèåíò îòðàæåíèÿ óìåíüøàåòñÿ íà 5% [29].
Ïðèìåì ìîäóëüÞíãà äëÿ ÏÝÒÔ ðàâíûì 2, 7ГПа [29, 31]. Â òàêîì ñëó÷àå ïðè óäëèíåíèè

îáðàçöà íà 20% íàïðÿæåíèÿ ñîñòàâèëè 540 МПа, ïîýòîìó êîýôôèöèåíò k ìîæíî ïðèíÿòü
ðàâíûì k ≈ 9,3 · 10−11 Па−1.
Ïëîòíîñòü ìàòåðèàëà ÏÝÒÔ ñîñòàâëÿåò 1400

кг

м3
[32]. Äëÿ ëîïàñòè ñîëíå÷íîãî ïàðóñà

äëèíîé 1000м, âðàùàþùåéñÿ âîêðóã öåíòðà ñî ñêîðîñòüþ 0,5
рад

с
, ïîëó÷èì, ÷òî óâåëè÷åíèå

ïðîãèáà íà êîíöå ëîïàñòè ñîñòàâèò 0,3%.

5. Îïðåäåëåíèå ïðîåêöèè ãëàâíîãî âåêòîðà ñèëû ñâåòîâîãî äàâëåíèÿ

Îïðåäåëèì âåëè÷èíó ïðîåêöèè âåêòîðà ñâåòîâîãî äàâëåíèÿ íà îñü âðàùåíèÿ ðîòîðíîãî
ñîëíå÷íîãî ïàðóñà. Äëÿ ýòîãî ïðèìåì, ÷òî äåôîðìèðîâàííàÿ ôîðìà ñîëíå÷íîãî ïàðóñà îïðå-
äåëÿåòñÿ ôóíêöèåé w1(x), à ñèëà ñâåòîâîãî äàâëåíèÿ ñâÿçàíà ñ ïðîäîëüíûìè íàïðÿæåíèÿìè.
Äëÿ ýëåìåíòàðíîé ñèëû çàïèøåì âûðàæåíèå:

dF3 =
q0(1 + ρ0 − kσ(x))

c

1√
1 +

(
dw1(x)

dx

)2
b dx. (13)

Çàäàâàÿ òîëùèíó h = 20 мкм è øèðèíó b = 0,5 м äëÿ ðàññìàòðèâàåìîé ëîïàñòè ïàðóñà,
÷èñëåííî èíòåãðèðóÿ (13) â ïàêåòå Wolfram Mathematica [33], ïîëó÷àåì

F3 = 0,004528 Н.

Ñ äðóãîé ñòîðîíû, ðàññ÷èòàåì âåëè÷èíó ñîñòàâëÿþùåé ãëàâíîãî âåêòîðà â ïðåäïîëîæå-
íèè èñêðèâëåííîãî ñîëíå÷íîãî ïàðóñà, ôîðìà êîòîðîãî îïèñûâàåòñÿ ñîîòíîøåíèåì w(x) è
êîýôôèöèåíò îòðàæåíèÿ êîòîðîãî íå çàâèñèò îò äåôîðìàöèé

F ′
3 = 0,004553 Н,

ò.å. âåëè÷èíà ïðîåêöèè ãëàâíîãî âåêòîðà ñèëû ñâåòîâîãî äàâëåíèÿ íà îñü âðàùåíèÿ óìåíü-
øèòñÿ ïðèáëèçèòåëüíî íà 0,5%, ÷òî ñîïîñòàâèìî ñ îòíîñèòåëüíûì óâåëè÷åíèåì ïðîãèáà
êîíöåâîãî ñå÷åíèÿ ëîïàñòè.
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Â ëèòåðàòóðå ðàíåå ðàññìàòðèâàëñÿ âîïðîñ î âëèÿíèè ìàëûõ èçìåíåíèé õàðàêòåðèñòèê
ñîëíå÷íûõ ïàðóñîâ íà èõ äâèæåíèå, ïðè ýòîì ðåçóëüòàòû ìîäåëèðîâàíèå óêàçàëè íà âûñî-
êóþ ÷óâñòâèòåëüíîñòü áàëëèñòè÷åñêèõ ïàðàìåòðîâ ê èçìåíåíèþ âåëè÷èíû ñèëû ñâåòîâîãî
äàâëåíèÿ (ñì., íàïðèìåð, [34, 17]). Òàê, èçìåíåíèå âåëè÷èíû ñâåòîâîãî äàâëåíèÿ íà 1% ïî
îòíîøåíèþ ê èäåàëüíîìó ïàðóñ ïðèâîäèò ê íåâîçìîæíîñòè äîñòèæåíèÿ íåêîòîðûõ öåëåâûõ
îðáèò. Òåì íå ìåíåå, òðåáóåòñÿ óãëóáëåííûé àíàëèç äèíàìèêè öåíòðà ìàññ êîñìè÷åñêîãî
àïïàðàòà ñ ðîòîðíûì ñîëíå÷íûì ïàðóñîì ñ íåñîâåðøåíñòâîì îïòè÷åñêèõ ïàðàìåòðîâ òàêîãî
æå òèïà, êàê óêàçàíî â äàííîé ðàáîòå.

Çàêëþ÷åíèå

Ìû ïîëó÷èëè àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ïîïåðå÷íîãî ïðîãèáà ðîòîðíîãî ñîëíå÷-
íîãî ïàðóñà â äâóõ ïîñòàíîâêàõ: ñ ó÷åòîì çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ ìàòåðèàëà
ïàðóñà îò ïðîäîëüíûõ íàïðÿæåíèé è áåç ó÷åòà ýòîé çàâèñèìîñòè. Äëÿ èìåþùèõñÿ äàí-
íûõ î òîíêîïëåíî÷íûõ ìàòåðèàëàõ áûëè ïîëó÷åíû ÷èñëåííûå çíà÷åíèÿ ýôôåêòèâíîé ñèëû
ñâåòîâîãî äàâëåíèÿ íà ëîïàñòü ïåðñïåêòèâíîãî ðîòîðíîãî ñîëíå÷íîãî ïàðóñà. Ïîëó÷åííûå
çíà÷åíèÿ ïîêàçàëè âàæíîñòü íåîáõîäèìîñòü ó÷åòà ðàññìàòðèâàåìîãî ýôôåêòà èçìåíåíèÿ
îïòè÷åñêèõ õàðàêòåðèñòèê â çàâèñèìîñòè îò íàïðÿæåíèé â ëîïàñòè.
Äàííàÿ ïóáëèêàöèÿ âûïîëíåíà â õîäå ðàáîòû íàä êîñìè÷åñêèì ýêñïåðèìåíòîì <Ïàðóñ-

ÌÃÒÓ> [35].
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This paper presents a review of the references on solar sails, which implies that this subject is
relevant and actively developed by various researchers from around the globe. It points out that
an important role is played by various imperfections, which would affect the parameters of real
solar sails compared to the ideal model. The differential equilibrium equations of the blades of a
heliogyro solar sail considering small deformations are written at the beginning of the article. The
blade is loaded by light pressure and centrifugal forces, and is fixed at one end in the rotation axis
while the other end is free. The differential equation for the blade deflection is obtained. This
equation is solved in a statement that the reflection coefficient is independent on the mechanical
stress. The deflection function has a simple analytical formulation.
The differential equation for the transverse deflection of the solar sail blade is also solved

analytically in the formulation of the linear dependence of the reflection coefficient on the tensile
stress. The results obtained in both derivations are compared at the maximum amount of deflection
of the blade of heliogyro solar sail. It is proved that the maximum difference in the magnitude of
the deflection is achieved at tip section. An analytical expression for the relative change in the
maximum deflection of the sail blades is given. The chart of this dependency is given for the blade
of perspective solar sail with a length of 1000m and made from PET material, which is considered
in the linear-elastic formulation.
To calculate the projection of the resultant vector of light pressure on the axis of rotation the

hypothesis is introduced that the decrease of the reflection coefficient of the material exactly equals
to the increase in the transmittance, and vice versa. Considering this hypothesis for PET material
the proportionality factor is found, showing a decrease of the reflection coefficient with increasing
tensile stress.
The expression for the infinitesimal light pressure force on the blades of the element of blade of a

solar sail in the projection on the axis of rotation is given. This expression is numerically integrated
by two formulations for the ideal and non-ideal solar sail. The numerical value characterizing the
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reduction of the projection of the main vector of the light pressure force for the non-ideal solar
sail is obtained. By analyzing the references it is shown that the obtained difference in the light
pressure is substantial and can lead to a change in ballistic performance of solar sails.
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